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These comments are submitted on behalf of Save the California Delta Alliance. Thank 
you for the opportunity to submit comments and for considering our views. 

 
 
I. The	DEIR	Fails	To	Consider	A	Reasonable	Range	Of	Alternatives.	

 
The stated fundamental purpose of the Project “is to restore and protect the reliability of 
SWP water deliveries . . . .” (DEIR, p. 2-2.) There are many more cost effective and 
reliable ways to achieve that purpose than building a $15,000,000,000–$25,000,000,000 
tunnel under the Delta. Yet the only alternatives studied are a tunnel under the Delta. As 
demonstrated below, there are other more cost effective ways to achieve that basic 
purpose that also have multiple benefits and less environmental impact. The DEIR should 
be revised and recirculated with consideration of several non-tunnel alternatives.  
 
The DEIR’s  basic assumption is that the points of diversion must be moved upstream to: 
1) avoid pumping restrictions due to the presence of endangered fish and to avoid fish 
mortality at the current location; and 2) avoid salt water intrusion expected with sea level 
rise that will inhibit the ability to export water from the current point of diversion; 3) 
avoid salt water intrusion that might occur due to a seismic collapse of Delta levies.  
 
However, there is no reason to believe that moving the intake locations upstream will 
make the intakes any less deadly to endangered and threatened fish species, and reverse 
Old and Middle River Flows that the Project purports to address will just become a 
reverse flow problem at different locations. Likewise the new intake location will create 
its own set of new fish mortality problems, including diverting salmon into the central 
Delta. (NMFS Progress Assessment on the BDCP [Attachment 1].) All salmon that 
spawn in the Delta system must pass the new intake locations. The USFWS has in the 
past issued “red flag comments” that the new intakes might lead to the extirpation of 
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salmon. (Id.) The “state of the art fish screens” theorized to avoid destruction of salmon, 
threadfin shad, and other species are only a concept. They have not been tested. Since all 
of the alternatives depend on these fish screens performing in ways that no other fish 
screen has yet performed, none of the alternatives can be considered viable until the fish 
screen design is validated through physical model testing. Mathematical modeling is 
inadequate to validate the fish screens. (See, e.g., Numerical and Physical Modeling of 
Hydraulic Structures, Mcgill University [Attachment 2].) A number of hydraulic labs test 
hydraulic structure concepts and could test the unproven fish screen concept. 
(https://usbr.gov/tsc/tscorganization/services/8560services.html) 
 (Utah State University: https://uwrl.usu.edu/hydraulics/modeling); 
(Colorado State University: https://hydraulicslab.engr.colostate.edu/hydraulic-model-
studies/) 
 
Moving the intakes upstream to address salt water intrusion abandons the Delta to salt 
water. However a basic purpose of the SWP is to repel salinity from the Delta, as 
provided by the Burns-Porter Act and other laws authorizing the State Water Project and 
authorizing its expansion and operation. The legally required salinity repelling function 
of the SWP is discussed in more detail below. Where, as here, all of the alternatives 
considered are unlawful and/or contrary to the underlying purpose of the larger public 
works being modified, the DEIR of necessity does not consider a reasonable range of 
alternatives. 
 
Water supply is an incidental benefit arising from the need to impound and store water 
upstream in order to have it available for release into the Delta ecosystem at times of 
lower flow when it is needed to repel salinity. That is why the points of diversion were 
placed at the extreme southern end of the Delta in the first place: SWP project designers 
understood that impounded water must flow all the way through the Delta to achieve its 
salinity repelling purpose before it could be diverted to agricultural and municipal use. 
The father of the SWP, former Governor Edmund G. Brown (“Pat Brown”) justified the 
expense of building the SWP based on the need to save the Delta from salt water 
intrusion. Reporting on Brown’s campaign for passage of Proposition One (the Burns 
Porter Act) the San Francisco Chronicle said of Brown that his water plan “is to build 
works to control salt water intrusion into the Delta to save farmlands from becoming an 
alkali wasteland.” (S.F. Chron., Delta Called The Tap for State Water,  Jan. 23, 1959, p.6 
[Attachment 3].) 
 
In light of the above facts, depriving the Delta of its source of fresh water by diverting the 
Sacramento River upstream of the Delta is an “unreasonable method of diversion of 
water” expressly prohibited by the California Constitution. (Cal. Const, Article X, section 
2.) As Pat Brown understood, the fresh water nature of the Delta was a treasure to be 
preserved, not destroyed, by the SWP. As Brown put it, “the Delta is a gift from nature. . 
. [a]bove the Delta we have both a supply of water and the sites to store it. Within the 
delta, we have the natural point of convergence. When we wish to export water to an area 
of need lying to the south, the delta can serve as the pool, if you please, as the tap from 
which the water can flow.” (S.F. Chron., Delta Called The Tap for State Water, Jan. 23, 
1959, p.6.) (Attachment 3.)   
 
When considering beneficial uses of water, such as municipal and agricultural uses, 
DWR must consider competing beneficial uses, including “the relative benefit to be 
derived from (1) all beneficial uses of the water concerned including, but not limited to, 
use for domestic, irrigation, municipal, industrial, preservation and enhancement of fish 
and wildlife, recreational,” and other uses. (Wat. Code § 1243.5.) This must be part of the 
public trust analysis for the Delta Conveyance Project, but no consideration is given by 
the DEIR to the relative benefit of increased instream flows vs drastically reducing flows 
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through the Delta as alternative means of increasing water system reliability, addressing 
sea level rise, and addressing potential earthquake threats. An EIR that does not study 
alternatives required by the Public Trust Doctrine, necessarily fails to consider a 
reasonable range of alternatives within the meaning of CEQA. 
 
No alternative was studied that would address salt water intrusion by strengthening the 
levies and operating the SWP in the way it was designed to be operated: to repel salt 
water from the Delta. Reducing exports by phasing out deliveries south of the Tehachapi 
Mountains (discussed in more detail below) would provide more available water to 
devote to environmental flows and at the same time would make deliveries to central 
valley farmers more reliable. Studies show that the City of Los Angeles can wean itself 
entirely off of imported water at the latest by 2050, and probably earlier. (Mitka, et. Al. 
LA Sustainable Water Project: Los Angeles /City-Wide Overview (University of 
California, 2018) p. 28 [Attachment 4]; UCLA Newsroom, UCLA Study Presents L.A. 
With A Path To Independence From Imported Water (February 28, 2018) [Attachment 
5].) Los Angeles Mayor Eric Garcetti committed  the City of Los Angeles to recycling 
100% of its wastewater by 2035. (Water News Daily, February 25, 2019 [Attachment 6].)  
Phasing out export of Delta water to Southern California over the next 20 to 25 years is 
feasible. Met is unfortunately not as forward thinking as its largest member agencies. 
Committing tens of billions of dollars to the Tunnel Project, that wouldn’t go into 
operation for at least ten years, and probably twenty years or more, at the behest of Met is 
irrational. 
 
As Appendix 5A-F shows, rising sea levels will require that more water be allowed to 
flow through the Delta in order repel salinity in order to maintain the fresh water balance 
in the Delta. Currently, exported water flows through the Delta and performs its salinity 
repelling function before reaching the export pumps. What is needed, is to allow an 
enhanced salinity repelling function by providing more fresh water for instream flow. 
Diverting the Sacramento River upstream of the Delta, as the Project will do, performs 
the opposite function and allows less water to flow through the Delta. 
 
The magnitude of sea level rise is uncertain and precisely how much more water will 
need to be released for instream flow cannot be predicted with certainty. Predictions over 
longer time scales are difficult. More recent evidence suggests that sea level rise may not 
be as great as the assumptions used in Appendix 5A-F. (See Sweet, et. al., Global and 
Regional Sea Level Rise Scenarios for the United States (NOAA 2022) [Attachment 7].) 
However, the best available science tells us that sea levels will rise and increasing fresh 
water releases through the Delta will be successful in repelling rising salt water at 
increasing sea levels. In the medium term, up to 2050, a feasible amount of increased 
instream flow will be sufficient to repel salinity in the Delta. For the contiguous United 
States, the mean scenario predicts .4 meters (1.3 feet) rise at 2050. (Id. at p.14.) 
According to Appendix 5A-4, increased outflows of about 125,000 acre feet annually 
would be sufficient to repel salinity at a sea level rise of 1.8 feet. The most likely 
magnitude of sea level rise can be managed with feasible increases in Delta outflow, over 
the near and medium terms.  
 
DWR based design of the intakes on a scenario of a 10.2 foot rise in seal level at 2100. 
(Appendix 5A F-10.) While the mean scenario in the best scientific studies is 3.9 feet and 
the extreme high scenario is 7.2 feet at 2100. (Sweet, et. al. at 20 [Attachment 7].) The 
median scenario at 2100 can be managed with an increase in outflow of approximately 
1,000,000 acre feet per year, substantially less if  salinity levels are allowed to rise for 
brief periods each season. This is less than the contract amounts allocated to Southern 
California and less than the 1,095,000 acre feet that was exported to Southern California 
on average between 2012 and 2016. (Bulletin 132, Table B5-B.) There will be critically 
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dry years when enough water will not be available to repel salinity entirely but that is not 
justification for abandoning the Delta.   
 
The conclusion presented in the DEIR, that the SWP diversion system should be re-
tooled to put the intakes upstream and thereby eliminate the salt water repelling function 
of exported water, is not supported by the best available science 
 
In order to be lawful, the DEIR must be recirculated to include alternatives that do not 
include moving the point of diversion upstream and include increased instream flow. 
Eliminating export of Delta water south of the Tehachapi Mountains is the obvious 
source of additional water for instream flow. 
 
DWR’s contracts with Met and other Southern California users are no bar to the 
feasibility of alternatives that reduce exports. The law requires DWR to reconsider past 
allocations. Water rights are never vested; whether obtained indirectly by contract or 
directly by appropriative right.  DWR’s Public Trust obligation to fully evaluate reducing 
and eliminating deliveries south of the Tehachapi Mountains is triggered by consideration 
of the Delta Conveyance Project and is discussed in more detail below.  
 
No commentor has a right to have their suggested alternative studied. However, Delta 
Alliance’s Natural Systems Alternative, described in Delta Alliances’ NOP comments 
dated April 17, 2020 (“Delta Alliance NOP Comments”), is one feasible increased 
instream flow alternative that could be studied in a recirculated DEIR. The Delta Alliance 
NOP Comments are attached hereto and incorporated herein in full as a comments on the 
DEIR and on the Project. (Attachment 8.) Other increased instream flow alternatives 
could be devised by DWR and studied as well. 
 
Alternatives in the forthcoming recirculated DEIR must implement the imperatives of the 
Delta Reform Act, including the mandates “to reduce reliance on the Delta in meeting 
California’s future water supply needs” (Wat. Code § 85021) and “restore the Delta 
ecosystem, including its fisheries and wildlife, as the heart of a healthy estuary and 
wetland ecosystem.” (Wat. Code § 85020(c).) Each major project undertaken in the Delta 
must advance these objectives so far as it is feasible. Exports are the major driver of the 
Delta ecosystems precipitous decline. “[T]he condition of the Delta’s watery ecosystem, 
as measured especially by the population of wild salmon and other native fishes, has gone 
critical. The list of causes begins, but does not end, with all those water withdrawals, a 
kind of tax that leaves the system in a condition of chronic drought.” (Delta Plan, p. ES-
2.) 
 
A $15,000,000,000 plus project to re-tool the SWP’s delivery system, where exports are 
the major driver of the Delta ecosystems decline, must consider alternatives that 
fundamentally advance the goals of reducing exports and restoring the Delta ecosystem. 
 

II. The	Project	Violates	The	Public	Trust	Doctrine	And	The	Public	Trust	
Doctrine	Analysis	Contained	In	The	DEIR	Is	Inadequate.	

 
Although the DEIR’s Public Trust analysis cites National Audubon Society v. Superior 
Court (1983) 33 Cal. 3d 419 (“Mono Lake”) 1, it fails to apprehend and consider the basic 
teaching of Mono Lake: that a public agency has the affirmative duty to reconsider water 
rights allocations when the factors in the Mono Lake Public Trust balancing test have 

 
1	The	date	for	the	Mono	Lake	case	provided	by	the	DEIR	citation,	1923,	is	incorrect.	Mono	Lake	was	
decided	in	1983.	
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changed. “The water law of California—which we conceive to be an integration 
including both the public trust doctrine and the board-administered appropriative water 
rights system—permits such a reconsideration: the values underlying that integration 
require it.” (Mono Lake, 33 Cal.3d at 426.) In “summary, the foregoing cases amply 
demonstrate the continuing power of the state as administrator of the public trust, a power 
which extends to the revocation of previously granted rights,” (Mono Lake, 33 Cal.3d at 
440), including water rights, because all water rights in California are “nonvested 
usufructuary rights.” (Id. at 426.) This authority “bars [DWR] or any other party from 
claiming a vested right to divert waters once it becomes clear that such diversions harm 
the interests protected by the public trust.” (Id.)  
 
“In exercising its sovereign power to allocate water resources in the public interest, the 
state is not confined by past allocation decisions which may be incorrect in light of 
current knowledge or inconsistent with current needs.” (33 Cal.3d at 447.) “The state 
accordingly has the power to reconsider allocation decisions even though those decisions 
were made after due consideration of their effect on the public trust.” (Id.) In “review of 
the authority and obligations of the state as administrator of the public trust, the dominant 
theme is the state’s sovereign power and duty to exercise continued supervision over the 
trust.” (Mono Lake, 33 Cal.3d at 437.) Therefore, “parties acquiring rights in trust 
property generally hold those rights subject to the trust, and can assert no vested right to 
use those rights in a manner harmful to the trust.” (Id.) The “foregoing cases amply 
demonstrate the continuing power of the state as administrator of the public trust, a power 
which extends to the revocation of previously granted rights” including water rights, 
whether obtained by contract or appropriative water rights permits. (33 Cal.3d at 440.) 
 
The Mono Lake balancing test, to be applied by DWR to all considerations and 
reconsiderations involving the diversion of water is found at pages 446–447: 
 

As a matter of practical necessity the state may have to approve 
appropriations despite foreseeable harm to public trust uses. In so doing, 
however, the state must bear in mind its duty as trustee to consider the 
effect of the taking on the public trust [citation] and to preserve, so far as 
consistent with the public interest, the uses protected by the trust. 
 

(Mono Lake, 33 Cal.3d 446–447.) The factors to be balanced are the value of one public 
trust use (supply of water to Southern California for municipal and agricultural uses) 
versus the harm to another public trust use (maintaining instream flow for the Delta). The 
deciding factor is the third consideration: the public interest. In 1966, the public interest 
favored construction of Edmonston and the expenditure of large amounts of electricity to 
pump water over the Tehachapi Mountains. Water supply was a public good and little, if 
anything, was known about  global warming. Little was known about alternative sources 
of water now available to Southern California. There appeared to be few, if any, limits on 
electricity supply from abundant fossil fuel sources.  
 
Things have changed. Global warming is a threat and it is in the public interest to avert it. 
Alternative sources of water supply are readily available. Los Angeles policy makers and 
politicians are actively seeking to wean themselves from imported water. The state is 
embarked on an all out effort to achieve deep decarbonization and conserving every watt 
of electricity is crucial to the effort. 
 
The DEIR posits that we are well on the way to limitless renewables so wasting 
electricity is not a concern. This rosy scenario is without support. (See, e.g., Clack, et. al., 
Evaluation of a Proposal for Reliable Low-Cost Grid Power With 100% Wind, Water, 
and Solar (2016) [Debunking cavalier claims for effortless deep decarbonization] 
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(Attachment 9); Williams, et. al., Pathways to Deep Decarbonization in the United States 
(Energy and Environmental Economics Inc. 2014 [Graphically illustrative the complex 
and dauting path ahead to reach deep decarbonization] (Attachment 10). 
 
The existential harm to the Delta ecosystem that is upon us was not known in 1966.  
 
These factors, that did not exist in 1966, now firmly tip the public interest balance in 
favor of ceasing exports over the Tehachapi Mountains. The trust must be protected “so 
far as  feasible.” (Mono Lake, 33 Cal.3d at 426.) It is now feasible to phase out exports of 
Delta water south of the Tehachapi Mountains.  
 
After the appropriate public trust analysis is conducted, DWR should file an application 
with State Water Resources Control Board seeking a change in its appropriative water 
rights permits that would eliminate all areas south of the Tehachapi Mountains as a 
permitted place of use. Met and other south of Tehachapi Contractors will be provided 
due process at such hearings and they can have appropriate input into the timetable for 
phasing out their Delta supplies, including appropriate mitigations to them. Likewise, 
Central Valley Contractors will have the right to be heard on the benefit to them of 
eliminating the severe oversubscription of water rights that will allow more reliable 
supplies for Central Valley agriculture—an achievement of the underlying purpose of the 
Project. In the end, all SWP contractors will have a more reliable supply of water if south 
of Tehachapi exports are phased out. 
 
At this juncture, DWR is required to conduct a thorough public trust analysis applying 
the Mono Lake balancing test. The decision to build the Delta Conveyance Project is a 
decision to continue exporting water over the Tehachapi Mountains for generations to 
come. Met is the driving force behind the Project and will bear the brunt of responsibility 
to repay the bonds. Once the tunnel is built, there will be no practical way for the state to 
exercise its ongoing duty to reconsider public trust implications. The consideration of the 
Delta Conveyance Project is an inflection point that requires reconsideration of exporting 
Delta water south of the Tehachapi Mountains. 
 
 

III. The	Project	Violates	The	Burns	Porter	Act	And	Other	Laws	
Authorizing	The	State	Water	Project	And	Its	Expansion	And	
Operation	Because	The	Project	Is	Designed	To	Increase	Intrusion	Of	
Salt	Water	Into	The	Delta	Instead	Of	Repelling	Salt	Water.	

 
The SWP, like its sister the CVP, has several co-equal purposes, including flood control, 
improvement of navigation, and river regulation. Among the essential purposes 
underlying the construction of both the SWP and the CVP (“the projects”), is the 
repelling of salt water from the Dela by maintaining a constant fresh water barrier: 
 

The major factor affecting water quality in the Delta is saltwater 
intrusion. Delta lands, situated at or below sea level, are constantly 
subject to ocean tidal action. Salt water entering from San Francisco Bay 
extends well into the Delta, and intrusion of the saline tidal waters is 
checked only by the natural barrier formed by fresh water flowing out 
from the Delta. 
 
But as fresh water was increasingly diverted from the Delta for 
agricultural, industrial and municipal development, salinity intrusion 
intensified, particularly during the dry summer months and in years of 
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low precipitation and runoff into the river systems. One of the major 
purposes of the projects was containment of maximum salinity intrusion 
into the Delta. By storing waters during periods of heavy flow and 
releasing water during times of low flow, the freshwater barrier could be 
maintained at a constant level. 
 

(United States v. State Water Resources Control Bd. (1986) 182 Cal.App.3d 82, 107.) 
 
The Project turns the SWP on its head, and converts it into a mechanism that will 
encourage and worsen salt water intrusion. The Project is unlawful because it is contrary 
to the purpose underlying its authorizing legislation. 
 
Likewise, the potential participation of the CVP in the Project is precluded by the salinity 
control purpose of the CVP: 
 

The purpose of the project is to store and conserve flood and waste waters 
of the Sacramento  and San Joaquin Rivers and their tributaries so that the 
entire flow can be used for flood control, improvement of navigation, 
irrigation, the development of hydroelectric power, and the protection of 
the delta lands at the junction of the two rivers against the injury from salt. 
 

(United States v. State Water Resources Control Bd. (1986) 182 Cal.App.3d 82, 135–136, 
quoting Exec. Order (Sept. 10, 1935) p. 560 [Franklin D. Roosevelt (“FDR”)].) 
 
The state Delta Conveyance Project would interfere with the CVP’s ability to carry out its 
salinity repelling purpose and even if the Project were lawful under California Law, 
approval of the Project is forbidden by federal law preemption.  
 
DWR’s argument that salinity levels in the Delta are set by the SWRCB and DWR will 
obey the SWRCB’s mandates misses the point: even if there were no SWRCB salinity 
regulations at all, the SWP’s underlying purpose is to repel salinity from the Delta and its 
design and operation may not be altered to undermine that purpose. The operating criteria 
for the Project must include salinity protection for the Delta as good or better than D-
1641, expressly to remain in effect regardless of any changes to D-1641 by the SWRCB. 
Likewise, the operating criteria for the Project must include maintenance of X2 as good 
or better than current RPA requirements of federal BiOps, expressly to remain in effect 
regardless of any changes in federally mandated X2. 
 

IV. The	DEIR	Fails	To	Analyze	Available	Mitigation	Measures	For	
Significant	Adverse	Impacts	From	Electricity	Consumption	/	Fails	To	
Avoid	Impacts.	

 
Wasteful use of energy is a significant adverse impact as a matter of law. 
 
According to the DEIR, the project will make the SWPs electricity deficit worse by 993  
gigawatt hours annually compared to existing conditions. (DEIR Table 22-12.)  The SWP 
already consumes 2819 more gigawatt hours annually than it generates. That deficit will 
grow with the Project to 3812 gigawatt hours annually. (DEIR Table 22-13.)  The SWP 
runs at a deficit because of the Edmonston Pumping Plant, which pushes Delta water over 
the Tehachapi Mountains to Southern California. The Project adds a new pumping plant 
to supply Bethany Reservoir and increases consumption overall at pumping plants in the 
system. The CVP system, on the other hand, is a net supplier of electricity to the grid 
because it does not effect the gargantuan task of pumping billions of gallons of water 
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over a mountain range. (DEIR Table 22-13.) 
 
From 2012 to 2016 SWP deliveries to Southern California averaged 1,095,000 acre feet 
per year. (Bulletin 132-17, ,table B5-B.) That is 1,488,105,000 tons of water pumped up 
1926 feet every year. That is the most energy intensive way to supply water imaginable. 
Calculations of the embedded energy in an acre foot of water delivered to southern 
California range from over 5,000 kWh/acre foot (see Attachment 1, to Delta Alliances 
April 17, 2020, scoping comments) to over 4600 kWh/acre foot at the assumptions most 
favorable to DWR (see Embedded Energy in Water Studies Study 1: Statewide and 
Regional Water-Energy Relationships, GEI Consultants/Navigant Consulting, August 31, 
2010, p. 61 [Attachment 11].) 
 
There are abundant available alternative sources of water at half or less the energy cost 
available to supply Southern California.  Water reuse supplies water at about 1200 
kWh/acre foot (including reverse osmosis filtration); Even ocean desalination can be 
accomplished at 4000 kWh/acre foot or less. (Attachment 8; Attachment 11, p. 70.)   
 
Taking the reasonable step of replacing mile after mile of green turf landscaping in 
Southern California, much of which is never touched by human or animal, with drought 
tolerant landscaping would save at least hundreds of thousands of acre feet per year and 
perhaps more water than total Delta imports. (Attachment 8, p. 6.) As discussed above, 
replacing imported Delta water with other sources is feasible and Los Angeles policy 
makers and politicians are committed to doing so. 
 
If one were challenged to find a way to waste as much electricity as possible supplying 
water, pumping it from the Delta to Southern California would be it. The Delta 
Conveyance Project is an inflection point. If approved, it is a commitment to continue 
pumping a billion tons of water over a half-mile high mountain range for generations to 
come. As currently configured, SWP deliveries south of the Tehachapi Mountains are a 
“wasteful, uneconomic, inefficient, and unnecessary use of power” within the meaning of 
Public Resources Code section 25002. If the Project is approved, it will be an 
“irreversible commitment of energy” and “threat[] to the state’s environmental quality.” 
(Pub. Res. Code § 25002.) 
  
DWR has failed “to employ a range of measures to reduce wasteful, uneconomical, and 
unnecessary uses of energy” as state policy, codified in Public Resources Code section 
25007, requires. It is “further the policy of the state and the intent of the Legislature to 
promote all feasible means of energy and water conservation and all feasible uses of 
alternative energy and water supply sources.” (Pub. Res. Code § 25008.) To achieve 
these ends “it is necessary that California both protect environmental quality and site new 
powerplants to ensure electricity reliability, improve the environmental performance of 
the current electricity industry and reduce consumer costs.” (Pub. Res. Code § 25009.) 
 
In order to comply with CEQA and with state energy policy, the DEIR must be 
recirculated to survey, analyze, and adopt feasible mitigation and avoidance measures to 
reduce or eliminate the waste of electricity.  
 
The Edmonston Pumping Plant consumes 3,093 gigawatt hours annually, making it the 
largest single point user of electricity in California, and perhaps the world. The SWP 
regenerates some electricity as the water makes its way down the other side from the top 
of the Tehachapi Mountains. But this amounts to only 932 gigawatt hours annually at 
existing conditions, or about 30% of what Edmonston consumes. (DEIR Table 22A-1.) 
An efficient design for regeneration on the way down should be able to recover closer to 
90%. 
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“Water batteries,” or pumping water uphill to storage at times when there is surplus 
electricity in the grid, and then releasing it back down to generate electricity when the 
grid is stressed, are gaining significant attention and acceptance. Also known as “pumped 
storage” these projects are considered feasible where water is pumped uphill just to store 
it for later release to generate electricity. (See, e.g., Water Batteries could store solar and 
wind power for when its needed, National Public Radio, October 14, 2022 [Attachment 
12].) 

Here, DWR is already expending enormous amounts of energy to pump water to 3,000 
feet in elevation, but is only using a small fraction of the potential to generate energy 
coming back down. Storing water at or near the summit of the Tehachapi Mountains 
would provide the ability to recapture much more of the energy used to pump the water 
uphill. It would provide water storage as well. The electric grid and the water system both 
suffer from the same critical need: more storage. A “Tehachapi Summit Reservoir,” 
should be subject to a feasibility study. If feasible, it could be a way to remove 
Edmonston from the “wasteful, uneconomic, inefficient, and unnecessary use of power” 
category.  

Increasing energy storage is a critical need, vital to the effort to decarbonize California’s 
grid. In particular, obtaining energy storage capable of “energy time shift” that is “mostly 
charge when renewable generation is excess and discharge when renewable generation is 
in scarcity” is the “greatest policy challenge going forward” to reach deep 
decarbonization. (Aydin, et. al., Energy Storage Procurement Study (Draft), Lumen 
Energy Strategy, LLC, Prepared for the California Public Utilities Commission, October 
24, 2022 [Attachment 13].) Stored hydro is a form of energy time shift storage.  

These kinds of double benefit projects make sense. Store water because water storage is 
needed and because stored water stores energy. Pump water uphill because it provides 
energy storage and provides water supply to the other side of the mountains. 
Two canyons near the summit that appear on Google Earth to be capable of storing a 
million acre feet or more are candidates for further evaluation. (Attachment 14.)  

Although the ecological harm to the Delta and the oversubscription of available supplies 
inherent in south of Tehachapi contracts probably cannot be overcome, if Delta water 
were to continue being exported to Southern California, some measure to offset the 
energy consumption would have to be implemented. The Tehachapi Summit Reservoir 
would be one measure that should be surveyed in the RDEIR and analyzed so far as a 
feasibility analysis could take it. 

A more immediate and certain available mitigation for energy consumption is a Pump 
Systems Energy Assessment, conducted according to ISO/ASME 14414:2015 by a 
certified Pump Systems Assessment Professional (“PSAP”). According the attached letter 
report from mechanical engineer Alan Werner, energy savings of up to 20 % for the 
SWP’s pump stations may be found by conducting a state of the art energy assessment. 
Since the SWP pumps consume 6744 GWH annually, that could be more than enough to 
offset the increased energy consumption of the Project. Even an energy savings of 5% 
through more efficient pumping would save over 200 GWH annually. That is more 
energy than is consumed by many California counties. (Attachment 15.) Hydraulic pump 
energy efficiency is receiving increasing attention as an area of great potential energy 
savings by the United States Department of Energy and the pump industry. (Attachment 
16.) 
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Replacing some of the pumps may be called for. The Banks Pumping Station, and many 
other SWP pumping stations still use pumps designed and built in the 1960s. (Attachment 
17.) As Mr. Werner points out in the attached letter report, there have been significant 
advances in pump design since then (Attachment 16.). DWR in fact replaced the pumps 
at Edmonston in 2009 with pumps of new design and manufacturing technology, 
achieving a significant energy savings: 

The pump inlet and impellers were designed using computational fluid 
dynamics and finite element analysis to maximize efficiency. Computer 
controlled machining technology was used to form the hydraulic profile of 
the impeller blades and the pump’s water passages for improved 
efficiency. 

(Pumps & Systems, Success Story of the Year 2009 finalists: Hitachi, 12/17/2011.) 
(Attachment 18.) 

Given the age of the SWP pumps, life cycle cost savings with new efficient pumps, 
changes in SWP pumping duty since the original pumps were designed, and further 
changes in duty called for by the Project, the large investment in new pumps may be cost 
effective over the long life cycle of these pumps. 

CEQA requires consideration and analysis of available feasible mitigation measures. A 
Pump Systems Assessment to determine available energy savings should be conducted 
prior to recirculating the DEIR, and all feasible pump system mitigations should be 
adopted as mitigations in the Delta Conveyance Project RDEIR to offset the significant 
adverse environmental impacts from increased energy consumption.  

V. DEIR	Fails	To	Identify	Significant	Impacts	On	Microcystis	And	Fails
To	Identify	And	Analyze	Mitigation	Measures	For	Microcystis.

Microcystis analysis was conducted using DSM2 to model hydraulic residence time. 
DSM2 is not adequate to model hydraulic residence time for Microcystis because it is too 
coarse to pick up changes in localized water bodies. A fine-grain analysis is required.. 
For example, the bays of Discovery Bay suffer from Microcystis and small changes in 
flow can have a significant impact on hydraulic residence time, temperature, water 
column stratification, and irradiance (clarity). 

The DEIR concluded that Microcystis season begins no earlier than June and that 
changes in residence time in June would not be significant because Microcystis blooms in 
June are only minimal. However evidence shows that Microcystis blooms begin earlier 
than June in Discovery Bay and that blooms in June are substantial. (Attachment 19.) 

The bays of Discovery Bay represent possibly the most concentrated human contact with 
Delta water anywhere in the Delta. The configuration of the bays of Discovery Bay 
requires a fine grain analysis. Other locations in the Delta also require a fine grain 
analysis. Water bodies with hydrology that won’t be picked up by DSM2 and have 
intensive human contact include: The Coves at Bethel Island; the bay at Korth’s Pirates 
Lair; St Francis Yacht Club anchorage at Tinsley island; the Bedrooms Anchorage on 
Potato Slough, the Delta Marina at Rio Vista, Stockton Yacht Harbor; Snug Harbor back 
channel on Steamboat Slough, and Minor Slough. Of particular concern due to proximity 
to intakes and subject to reverse flows due to intakes, are the Meadows Anchorage and 
Snodgrass Slough. All of these areas and any others of similar characteristics should be 
subject to fine grain analysis for the months April through November for hydraulic 
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residence time, temperature, water column stratification, and irradiance, in the 
forthcoming Delta Conveyance RDEIR.  

These same factors also implicate impacts for Egeria densa and other invasive weeds. 

VI. Chapters	On	Community	Benefits	and	Community	Engagement	Are
Not	Accurate.

The Chapters on Community Benefits and Community Engagement contain misleading, 
and incomplete information and should be revised to accurately reflect the situation. (See 
Comments of Mario Moreno; Jan McCleery; letters from Karen Mann: Attachment 20) 

VII. Recreation	and	Boating	and	Marinas.

The DEIR fails to disclose, analyze, and mitigate significant adverse impacts on 
recreation and boating. For all alternatives, impacts of intake construction and operation 
remain the same as for California WaterFix. For central alignment alternatives, impacts 
on recreation, boating, and Marias remain substantially the same as for California 
WaterFix.  Delta Alliance’s comments on California WaterFix recreation, boating, and 
Marina impacts are incorporated for the Delta Conveyance Project as if set forth in full 
here. 

VIII. Environmental	Justice.

The	chapter	on	environmental	justice	should	be	revised	to	reflect	honest	
engagement	with	environmental	justice	communities,	particularly	Hood,	after	that	
engagement	takes	place.	To	date	there	has	been	no	concern	on	the	part	of	Project	
planners	for	substantive	changes	to	the	Project	on	environmental	justice	grounds	
and	environmental	Justice	outreach	efforts	have	been,	at	best,	an	exercise	in	box	
checking	rather	than	substantial	engagement.	(See	Comments	of	Mario	Moreno;	Jan	
McCleery;	letters	from	Karen	Mann;	Attachment	20.)	

Thank	you	for	considering	these	comments.	We	look	forward	to	the	RDEIR	as	the	
next	step	in	the	process.	

Sincerely,	

Michael	A.	Brodsky	

Chapters 5 and 6 of the handbook Pump System Optimization are attached
as Attachment 21

macbook16
Michael Brodsky
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NMFS Progress Assessment and Remaining Issues Regarding the 
Administrative Draft BDCP Document1 

4/4/13 

In April 2012, the National Oceanic and Atmospheric Administration’s National Marine Fisheries Service 
(NMFS) submitted our “red flag” comments regarding the previous draft of the Bay Delta Conservation 
Plan (BDCP).  These comments were developed by agency staff to flag those issues that may require 
significant changes to the BDCP and would need to be resolved prior to final submittal of the plan.  Since 
then, NMFS has worked closely with the State and its consultants on the details of the revised BDCP.   
The following is an assessment of the materials provided to NMFS in the December 2012 Administrative 
Draft BDCP document as well as Section 5.5, which was submitted to NMFS in February 2013.  Additional 
draft materials were subsequently submitted to NMFS on March 1st.   We have conducted a cursory 
review of the March 1st materials to confirm that all of the following comments are still applicable, but 
we have not had the opportunity to conduct a complete and thorough review of those newer materials.   

We would like to acknowledge the very significant improvements and progress that have been made in 
the development of the effects analysis and the plan itself over the past year.  DWR has substantially 
amended the proposed plan by reducing the number of planned intakes and overall capacity and 
including significant improvements to operational criteria, including the High Outflow Scenario and 
improvements to South Delta Old and Middle River (OMR) limits.  These changes are in direct response 
to our previous red flags and are critically important to providing for species needs. 

We have experienced excellent cooperation and coordination with the project consultants (ICF 
International) along with the other planning agencies.  There has been significant improvement in the 
expanded analytical methodologies used in the effects analysis and many technical and policy issues 
have been resolved.   Many other technical and plan component issues are currently in active discussion, 
and we are optimistic they can be resolved with additional time, technical resources, and independent 
peer review.  We look forward to continuing our close collaboration with all of the involved parties to 
resolve remaining issues and complete this planning process. 

The first section of this document is intended to provide an assessment of the progress that has been 
made in addressing NMFS’ initial comments provided in April 2012, following our review of the previous 
draft BDCP document.  The format below shows our previous comments from last April, followed by our 
updated assessment of these issues in bold print.  We have categorized the comment headers to allow 
for quick viewing:  

• Critical = Significant disagreement between NMFS and consultant team and/or no significant
progress made to resolve issue.

• Important = Significant progress has been made or is in process of being made on methods.
We have not yet seen the results, or there is disagreement on results, or interpretation of
results that NMFS believes could be resolved with more time and effort.

• Resolved = Red flag is resolved.

1 December 2012/February 2013 version 

Attachment 1
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The second section of this document describes several new comments and issues resulting from our 
review of the current draft of the BDCP (the December 2012/February 2013 version of the document or 
AdminDraft).  These new concerns highlight key areas of the BDCP that will need to be addressed 
between now and the time that the plan and accompanying materials are submitted to us as a complete 
application under section 10 of the ESA.  We have provided, where possible, suggestions for addressing 
these comments and are committed to working closely with our State and Federal partners to find 
resolutions to these issues.  We view these comments as critical to the completion of a successful 
planning effort and generally they should be viewed as very important for resolution, preferably prior to 
issuance of the public draft.  In addition to these comments, NMFS has also submitted more detailed 
technical comments and edits in “track changes” format for each chapter of the BDCP directly to the 
State and its consultants.   

In summary, we note very substantial progress has been made, and we look forward to continue to work 
collaboratively with all parties towards timely completion of this ambitious plan. 

 
Section 1:  Progress Assessment on Resolution of Previous Comments/Issues: 
NMFS List of Issues Unresolved in BDCP Administrative Draft (from 4/2/2012; 
2013 updates in bold print) 

1.1 Hood Diversion Bypass Flows (Critical) 
Previous comment: The Effects Analysis of the Preliminary Proposal (PP) raises concerns over 
reduced flows downstream of the North Delta diversions, especially in winter and spring 
months.  These flows relate to: 

A. Increased frequency of reversed Sacramento River flows at the Georgiana Slough 
junction.  The January 2010 PP rules included a provision that north Delta pumping would not 
increase these reverse flows.  CALSIM II results provided by CH2M-Hill indicate that the PP will 
increase the percent of time Sacramento River flows are reversed, causing increased 
entrainment of juvenile salmonids into the Central Delta.  If the frequency of reverse flows 
increases due to the PP, then the diversion amounts allotted under the PP could not be 
implemented.  The DSM2 analysis of reverse flows in the DPM suggests that tidal marsh 
restoration in the Delta will nearly offset both the effects of sea-level rise and large water 
diversions from the Sacramento River, a conclusion which needs much more explanation in the 
EA (see comment on tidal marsh effects). 

B. Long-term viability of sturgeon populations.  There are concerns that Sacramento 
River flow reductions will impact the reproductive success of white and green sturgeon, which 
have been documented to produce strong year classes mostly in years with high flows in April 
and May (AFRP study).  We do not know if this has been addressed in revised Appendix C.  

1. Further explanation and analysis of the reverse flow issue. 
2. Work with the Services to find a diversion operating scheme that is still likely to be 
permitable after adequate modeling and analysis has been conducted. 
 

Update:  The modeling analysis in the Admin Draft indicates that the Evaluated Starting 
Operations (ESO) will generally result in a reduction in flows below the north Delta diversions, 
but that those reductions will not result in increased duration or magnitude of reverse flows 
at the Georgiana Slough junction.   This conclusion is relatively counter-intuitive and the 
concepts and mechanisms that support this conclusion, and the level of uncertainty around it, 
need to be very clearly explained in thorough detail.  We also recommend independent peer 
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review of these methods and results.  Regardless of the modeling results, the planning parties 
agreed that the north Delta diversions would be operated in a manner that would not result in 
increased frequency, duration or magnitude of reverse flows at the Georgiana Slough 
junction.  Therefore, the description of Conservation Measure 1 (CM1) needs to very clearly 
explain that real-time operations will be managed to insure that diversions in the north Delta 
will not result in increased frequency, duration or magnitude of reverse flows at the 
Georgiana Slough junction.  Such a description is currently missing from CM1. 

With regard to the Delta flows needed for sturgeon reproductive success, the spring outflows 
provided under the High Outflow Scenario (HOS) appear to meet the 25,000 cfs outflow in 
50% of years as recommended in NMFS’ Combined Scenario 5 (CS5) criteria.  The other 
decision tree scenarios do not provide these flow parameters and therefore would not be 
likely to provide the necessary benefits to contribute to the recovery of green sturgeon. 

There are additional concerns with the modeled ESO bypass flows with regard to juvenile 
salmonid survival downstream of the new intakes.   The effects analysis acknowledges that 
there are potential impacts from reduced flows downstream of the intakes, as seen in the 
results of the Newman (2003) analysis, which shows slightly reduced (though not statistically 
significant) survival rates through the Delta, and the Delta Passage Model, which shows a 
slight decrease in smolt survival prior to the addition of survival benefits from Yolo Bypass.   

NMFS has conducted a simple analysis of survival using Newman’s (2003) and Perry’s (2010) 
flow-survival relationships showing average survival rates under different bypass criteria 
levels (provided under separate cover).  This assessment indicates a significant reduction in 
salmonid survival under level 3 pumping criteria for the ESO as compared to Existing Biological 
Conditions (EBC2).  This is a key finding and should be carried through into the net effects 
analysis. 

In summary, our recommendations on this topic are to: 
• Submit the reverse flow analysis and conclusions to independent peer review.
• Amend the HOS decision tree to include the green sturgeon criterion.
• Augment the effects analysis to include NMFS analysis and to highlight magnitude and

certainty of effects associated with Level 3, as compared to Level 2 and Level 1
pumping/bypass criteria.

• Submit the NMFS and ICF analyses of survivals associated with varying
pumping/bypass criteria to independent peer review.

• In light of steps above, seriously consider amending Level 3 pumping/bypass criteria
prior to submitting the section 10 application.

1.2 Salmonid Net Effects (Critical) 
Previous comment: All salmonid species are grouped together, with no separate evaluations for 
the separate ESUs of Chinook salmon or for steelhead.  It is important for the net effects analysis 
to describe individual ESUs/species, and provide full consideration of the life-history diversity 
and timing exhibited by each ESU/species.  We also need the Sacramento River populations and 
San Joaquin populations for Spring-run Chinook, Fall-run Chinook, and Central Valley steelhead 
summarized by river basin, prior to the roll-up by ESU/DPS.  Steelhead life-history and ecology 
especially warrant a separate evaluation.  “Net effects” is useful for comparing alternative 



4 
 

operations, but will not provide the robust effects analysis needed for ESA purposes (see 
comment on ESA baseline). 

Separate all Chinook by ESU, by San Joaquin and Sacramento populations, and separate 
steelhead in all analyses and discussion. 
 

Update:  The initial issue has been addressed.  Each species and Evolutionarily Significant Unit 
(ESU) has a separate analysis.   
 
Now that the analysis has been separated out by species and ESU, we have been able to 
determine the following concerns with the net effects analysis: 
 
The net effects section does not provide a well-integrated assessment of the overall 
population-level effects of the plan.  It is primarily a reporting of disparate segments and a 
summary of the different analyses, without an analytical method or over-arching conceptual 
model to tie them all together (i.e., feed one into another).  It is still a discussion of the 
application of different methods to different life stages.  Results are based on “environmental 
attributes” that are scored for magnitude of effect and uncertainty; the agencies did not have 
an opportunity to assess these scores and there are no tables of these attribute 
magnitude/certainty scores provided for salmon and sturgeon.   
 
During the effects analysis review workshops conducted in November/December 2012, ICF 
and the interagency technical team agreed that the environmental attributes analysis in the 
net effects section should be fundamentally re-worked to make flow a much more robust 
element of the stressor tables by including the “five attributes” of flow (magnitude, timing, 
frequency, duration, and rate of change), how the project would affect each of these 
attributes, and how these changes would affect fish.  These agreements are not reflected in 
the framework of the current environmental attributes analysis and should be incorporated 
into the next draft. 

 
There needs to be a systematic method for selecting the number of attributes that are 
summed in the net effects.  For example, for steelhead, there are four categories of food in 
the summary figure, which doesn’t seem appropriate for salmonids, especially the migrants.  
At the same time, no benefit is assigned to channel margin habitat restoration in the figure.  A 
table showing the summed scores for all attributes would be more helpful than the figure. 
 
The attributes themselves need to be better defined.  E.g., how does “Sacramento River 
Flows” differ from “Sacramento River Habitat” differ from “channel margin” or “riparian”?  A 
conceptual model would help with this.  The assessment should be of the change in these 
factors attributable to the project. 
 
There needs to be a second level of analysis to weight the results by the proportion of each 
life history type exposed to the effect (e.g., the 95% migrants to 5% foragers split for juvenile 
steelhead seems appropriate, but each segment is given equal emphasis in the summary 
figure). 
 
Some QA/QC needs to be done to make sure the conclusions from the text match the 
summary figure (e.g., in steelhead, the figure shows a moderate benefit from Feather River 
flows, but there is no discussion of this in the text). 
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The changes in flows mentioned for some locations need to be translated to their effects on 
water temperature in order to fully understand their impact.  For example, a 28% reduction in 
flow for the American River shown under ESO and HOS in the summer and fall months could 
potentially cause significant temperature issues for juvenile steelhead, as these are the 
months that the river can get very warm in lower-flow years. 

There also needs to be a more systematic method for assigning level of benefit from a CM to a 
species.  For example, in the steelhead net effects section, the sensitivity analysis for non-
physical barriers showed a 0.00 (zero) survival increase in one year, and a 0.03 increase in a 
second year, yet the conclusion was a moderate positive change with moderate certainty.  We 
recommend that a facilitated workgroup including biologists from all five agencies and ICF be 
charged with assigning specific magnitude and certainty scores and documenting the rationale 
and data sources for those determinations. 

As part of the South Delta Research Collaborative, NOAA’s Southwest Fisheries Science Center 
has developed a simple “top-down” conceptual model of south Delta operational effects on 
salmonids, which among other things links hydrodynamics to predation.  We recommend that 
ICF coordinate with the agency staff involved in this collaborative process and exchange 
information on common issues being analyzed in both efforts.   

In summary, our recommendations on this topic are to: 
• Conduct a facilitated workshop with the agencies to identify conceptual models of

operational effects on salmonids and sturgeon and to agree on a model to guide the
quantitative net effects analysis.

• Conduct a facilitated workshop with agencies to discuss and define environmental
attributes and scores, the methodology of combining and weighting scores, and
incorporation of the five attributes of flow.

• Complete a thorough cross-check of conclusions in text against those in figures.
• Explore flow-temperature relationships in upstream areas to provide a better

inference of effects of reduced flow on temperature stress.

1.3 ESA Baseline, Future Conditions, and Climate Change (Important) 
Previous comment: In order to conduct the ESA jeopardy analysis on the PP, the baseline 
condition and projections of future baseline conditions, including effects of climate change, 
need to be re-written to be consistent with the 2009 Biological Opinion and current case law.  
ESA regulations define the environmental baseline as “the past and present impacts of all 
Federal, State, or private actions and other human activities in the action area, the anticipated 
impacts of all proposed Federal projects in the action area that have already undergone formal 
or early section 7 consultation, and the impact of State or private actions which are 
contemporaneous with the consultation in process.”  Implicit in this definition is a need to 
anticipate the future baseline, which includes future changes due to natural processes and 
climate change.  For the ESA jeopardy analysis we add the effects of the proposed action2 to the 

2 Effects of the action refers to the direct and indirect effects of an action on the species or critical habitat, 
together with the effects of other activities that are interrelated or interdependent with that action, that will be 
added to the environmental baseline. 
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environmental baseline to determine if there will be an appreciable reduction in the likelihood 
of survival and recovery of the species (by reducing its reproduction, numbers or distribution).   

Upstream effects associated with climate change need to be in the baseline and future 
conditions, with any effects of the project (in the Delta or associated with upstream 
operations) added to that future condition to determine jeopardy.  A project proposed in 
this type of baseline conditions needs to more than offset its effects in order to alleviate 
a jeopardy finding. 
 

Update: As a result of this comment, ICF is developing a scope to conduct a new “aggregate” 
analysis that meets the needs of FWS and NMFS.  NMFS intends to continue to work with 
them and the other agencies to complete this analysis and incorporate it into the effects 
analysis of the proposed project prior to submitting the section 10 application. 
 
 

1.4 Analysis of Water Temperature Impacts (Important) 
Previous comment: Lethal and sub-lethal water temperature thresholds need to be examined at 
a finer scale.  Currently the effects analysis relies heavily on a Reclamation water temperature 
model which can only estimate monthly values, which have limited value for predicting project 
effects on fish.  In addition, the effects analysis has only presented frequencies of temperature 
threshold exceedances, while the magnitude and duration of exceedance is also very important.  
We do not know if this has been addressed in revised Appendix C. 

1. Provide tables and probability plots of magnitude and duration of temperature 
exceedances at certain upstream locations, by water year type and month. 
2. Technical discussion with Reclamation and CH2MHill about how to post-process data. 
3. Investigate the use of SWFSC’s Sacramento River temperature model to predict project 
effects and make hindcasts of empirical temperatures. 
4. Investigate the use of the new American River temperature (and storage and flow?) 
model 
 

Update: NMFS and ICF are working to develop temperature data presentation methods that 
provide a more useful representation of results.  Daily data will be used when available to 
indicate the magnitude and duration of temperature exceedances at compliance locations.   
These new analytical methodologies have not yet been incorporated into the effects analysis. 

 
 
1.5 Assumption of Habitat Restoration CM Success (Critical) 

Previous comment: In several places, the EA assumes that adverse impacts of the PP will be 
offset by unsubstantiated benefits of habitat restoration.  The EA assumes that all restoration 
will be successful and work as predicted, with little or no evidence to support this prediction and 
no attempt to analyze the potential outcomes of less than perfect success. 

1. It is imperative to avoid language such as “This conservation measure will...”, because 
the anticipated CM outcomes are based on conceptual thinking, not execution.  To be 
able to comprehensively think through the adaptive management and monitoring plan, 
implementers need to try to anticipate a range of responses that must be managed in 
order to be prepared for the uncertainty of the response. 
2. Alternative outcome scenarios should be evaluated to bracket the range of possible 
outcomes from proposed habitat restoration. 
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Update: Language has been altered to reflect uncertainty to an extent, but alternative 
outcome scenarios have not been evaluated; all analyses and results assume that restoration 
activities will be successful.  Alternative outcome scenarios showing varied effectiveness of 
habitat restoration efforts have not been provided, and therefore it is not possible to assess 
the effects of CM1 without the assumed benefits of completely successful habitat restoration.  
The total success of habitat restoration efforts remains highly uncertain, and an appropriate 
analysis should include an evaluation of the biological effects of at least a partial failure of 
efforts that are expected to “improve” conditions. 
 
ICF has indicated that a comprehensive list of previously restored areas and “lessons learned” 
is included in the description of CM3, but we were not able to find the summary of “lessons 
learned”.  The list in Table 3.4.3-5 shows several estuarine aquatic habitat restoration projects 
but the “Results” column does not provide any direct links to improved biological metrics such 
as growth, survival, or abundance of native fishes. 
 

 
1.6       Overreliance on Real-time Operations and Adaptive Management (Important) 

Previous comment: In several places, the EA assumes that adverse impacts of the PP will be fully 
resolved through the implementation of real-time operations and adaptive management. This 
may not always be possible.  For example, long-term trends towards reduced carryover storage 
may not be able to be mitigated using real-time operations. How adaptive management might 
work in this situation has not been fully assessed.  There are going to be limitations on what 
adaptive management and real time operations can accomplish. 

Examine recent (five to ten years) real-time management of the cold water pool in 
Shasta Reservoir to determine both the effectiveness of real-time operations and a range 
of adaptive management options.    
 

Update: The majority of upstream issues have been addressed through major changes in the 
proposed project (not withstanding some remaining issues with egg mortality and juvenile 
survival discussed below).  However, there remains a need to more clearly describe how real-
time operational adjustments will be implemented to achieve some of the stated objectives of 
the water operations.  Specific examples include the need to thoroughly describe how the 
new intakes will be operated to: 1) avoid reverse flows at Georgiana Slough; 2) implement 
pulse protection when monitoring indicates that winter-run Chinook are “riding” a flow pulse; 
and 3) determine when a sufficient percentage of winter-run Chinook have passed the intakes 
to end the pulse protection and initiate standard level 1 pumping procedures.  While it is 
understandable that these real-time criteria have not been developed to date (because they 
have not been necessary to complete CALSIM modeling and run monthly average models of 
effects), we will need greater specificity on real-time operations in order to meet section 10 
permit issuance criteria and complete the underlying Section 7 analysis.  We recommend that 
an interagency technical team be formed immediately to work with ICF to start scoping these 
real-time criteria. 
 
 

1.7        North Delta Diversion Effects (Resolved) 
Previous comment: Mortality rates from predation and other screening effects are difficult to 
predict, as there is a high level of uncertainty associated with predation and other effects on 
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juvenile salmonids.  The estimate of <1% loss at all 5 screens is not sufficient without giving 
additional consideration to higher estimates of mortality (GCID empirical studies showed a 5% 
per screen loss rate, much higher than the <1% used in the DPM). 

1. Bracket the analysis of screen related mortality around a 5% per screen loss 
assumption. 
2. Investigate the use of DWR’s hydrodynamic model to assess local flow alterations at 
the proposed diversion structures, including the creation of predator holding areas.  
Specific questions are whether the model can simulate on-bank structures and the 
additional hydrodynamic effects of active pumping. 
 

Update: This comment has been addressed through the inclusion of a more comprehensive 
analysis of potential screen related mortality including an assessment of a 5% per screen loss 
rate.  The recommendation to conduct a detailed hydrodynamic analysis of the screen face 
area is being advanced by the Fish Facilities Studies Group.   This analysis should be 
incorporated into the effects analysis when it is available. 
 
 

1.8        Predator Control Conservation Measure (Important) 
Previous comment: We agree that predation is a significant risk factor to the listed species, but 
the assumed positive results of this CM are questionable and unsupported (see F.5.4.1.4  in 
Appendix F).  As an example, localized control of striped bass may not be feasible as this species 
exists throughout the Plan area and are highly mobile.  Few specific details have been presented 
on how the CM will be implemented, and an aggressive predator removal program could result 
in significant incidental take of listed species.  Due to the high level of uncertainty, we find it 
very unlikely that we could rely on this measure for any benefits during the permit process.   

Remove this CM measure from the plan, and move it to an experimental research 
program and link to adaptive management.  Reflect this appropriately in the EA. 

   
Update: The authors have generally toned down the level and certainty of beneficial effects 
anticipated from CM15 (Predator Control).  However, the measure still lacks an appropriate 
metric to measure the success (or lack thereof) of the predator control program and seems to 
assume phase 1 (the scoping stage) will show success and phase 2 will be implemented.  There 
is no discussion of what happens if phase 1 shows no benefits from the program.  The 
conservation measure needs to clearly explain how the success of this action will be measured 
(metrics and success criteria).  The analysis of CM15 also needs to take the next step and 
describe the expected outcomes if the measure is less than fully successful.  This is a very 
important element of any analysis of actions whose outcome is highly uncertain and should be 
considered a universal recommendation for all measures where the results of implementation 
have high uncertainty. 
 
 

1.9        Delta Passage Model (Important) 
Previous comment: The Delta Passage Model (DPM) is used as the sole predictor of smolt 
survival in baseline and PP scenarios.  However, the assumptions, inputs, and results are still 
being validated and reviewed. The datasets used in this model are very limited and largely based 
on results from hatchery late-fall run Chinook, which are then being applied to other runs of 
Chinook.   
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Continue refinement and development of DPM.  Weigh validity of results against those 
of other models and relationships.  The use of Newman, 2003 may be another tool to use 
for assessing the survival of fall and spring run smolts through the Delta.   

Update: DPM continues to be refined through discussions with Cramer Fish Sciences and 
NMFS.  Survival analyses based on methods in Newman (2003) have been incorporated into 
the effects analysis, and results of both models showing similar trends for the modeled years 
are discussed in the net effects section.  NMFS recommends that this model continue to be 
used as an informative tool but that the results be closely scrutinized to determine what is 
driving them and if they make sense based on the system as we know it.  NMFS also 
recommends that additional peer review should be conducted – perhaps a reconvening of 
those who participated in the previous workshop in June 2011.  

1.10 Deficient Analysis of Fry Passage/Survival (Important) 
Previous comment: Because the DPM model is only for smolt sized fish, the salmonid analysis is 
insufficient as it provides no information on fry-sized salmonid passage/survival. 

Add qualitative analysis of fry survival based on best available data.  Perhaps add 
time/added mortality to a modified version of an updated DPM model.   

Update: In this new draft, fry growth is analyzed relative to the Yolo Bypass and a fry Particle 
Tracking Model (PTM) analysis was included (See 5C.5.3.7; 5C.5.4.1.4).  ICF has acknowledged 
these analyses need additional agency input for the public draft.  The PTM analysis was 
discussed at recent species-specific meetings where it was determined that it may not be 
appropriate for this application.  NMFS has requested (and ICF is working on) more detailed 
(3- and 7-day) PTM output to allow a closer look at travel time through key reaches, which 
may potentially be linked to fry survival rates through those reaches.  It is generally agreed 
that neutral particle movement does not necessarily mimic the movement of living fish and 
the SWFSC/NMFS life cycle model will include a “smart PTM” component that attempts to add 
more “life-like” movement to the particles, which may provide a better way to analyze fry 
survival.   

1.11 PTM Runs Inadequately Capture Altered North Delta Hydrodynamics (Important) 
Previous comment: PTM model runs did not include conditions in which ND diversions would be 
at the upper limits of allowable pumping (high proportion of total river flow).  The technical 
memo from NMFS and USFWS highlighted the issue and the resolution to the problem.  We will 
need additional modeling runs to adequately assess ND diversion impacts on salmonid travel 
time and route entrainment.  

Do additional PTM analysis following guidelines outlined in NMFS/USFWS memo. 

Update: While it appears from Chapter 5 Appendix B.6 and Appendix C.4.3.2.4 that some of 
the suggested time periods were included, Attachment 5C.A.9 indicates that PTM was run for 
24 representative months.  These are the same months that were used in the previous 
(February 2012) effects analysis draft.  The methods attachment needs to be updated to 
reflect the additional runs. 
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The time periods recommended by NMFS and USFWS were selected based on evaluation of 
impacts of a 15,000 cfs capacity project.  It is possible that different time periods would be 
more appropriate to assess the effects of a 9,000 cfs capacity diversion.  NMFS will continue to 
look into this and determine whether the modeled periods capture an appropriate range of 
effects from the updated project. 
 
 

1.12 D1641 Export/Inflow Ratio (Important) 
Previous comment: Combined north and south Delta exports under the PP exceed the current D-
1641 Delta Export/Inflow standard. (The PP calculation method measures Sac River inflow below 
the North Delta diversions and does not include ND diversions as part of total exports). 

1) Provide summary analysis of differences between PP and EBC by month and water 
year type using alternate E/I calculations. 

2) Show resulting flow data for both calculation methods. 
 

Update: The Export/Inflow (E/I) ratio has been applied two different ways in the three project 
scenarios (ESO, HOS, and LOS).  The “Partial E/I”, which measures Sacramento River inflow 
below the north Delta diversions and excludes north Delta diversions as part of total exports, 
has been applied to ESO and LOS.  However, HOS has been modeled using the “Full E/I”, which 
includes the full Sacramento River inflow upstream of the diversions as inflow and the north 
Delta diversion exports as exports.  This is an inconsistency in approach that raises questions 
about the subsequent analyses.  ICF has indicated that new analyses have been done but have 
not yet been fully incorporated into the effects analysis.  There is placeholder language in CM1 
showing both options but the actual operational criteria to be implemented upon project 
completion has yet to be decided.  NMFS recommends that the “Full E/I” criteria be adopted 
and that this methodology be applied across all scenarios for consistency. 

 
 

1.13 Yolo Bypass (Important) 
Previous comment: Yolo Bypass has great potential for fisheries benefits, but the current EA 
may be overstating the benefits without adequate studies or data to support these conclusions. 
Without project specific plans to help quantify the effects, concerns remain about issues such as 
sturgeon passage, juvenile salmonid survival under lower flow regimes, ability to get juveniles 
into the floodplain through notch and reduction of flows in the mainstem Sacramento River to 
accommodate additional flooding in Yolo Bypass.  Also, some races/runs of salmon may not 
have access to Yolo Bypass. 

Provide project specific plans and consider the risks of managing the floodplain under 
lower flows related to issues above.   

 
Update: ICF has indicated that these project specific plans are not yet available, but risks 
related to stranding, passage, etc., are acknowledged.  See 5.C.5.4.1.  This is another 
conservation measure where a lack of specific designs and operating criteria create significant 
uncertainty as to the efficacy of the measure and level of biological benefits that it will 
provide.  However, the net effects analysis attributes broad success and significant benefits 
from the measure with no analysis of the consequences of less-than-complete success.  We 
suggest that this is another area where an analysis of less than fully successful 
implementation should be conducted to determine the sensitivity of the overall plan to the 
success of this CM. 
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1.14 Channel Margin Habitat (Important) 
Previous comment: Altered flows resulting from the North Delta diversions may result in reduced 
water levels affecting the percentage of time that current wetland and riparian benches are 
inundated. 

Compare anticipated water levels under future scenarios with those in the design 
documents of restored wetlands and riparian benches to analyze potential dewatering of 
those features. 

Update: NMFS and ICF are coordinating to develop and execute an effective analysis of the 
effects of proposed operations on inundation of existing wetland and riparian benches.  We 
will need to assess the results of this analysis with respect to effects on covered fish once the 
analysis is completed.  This analysis should also be submitted to independent peer review. 

1.15 Construction and Maintenance Impacts (Important) 
Previous comment: The EA does not adequately address the potential for adverse impacts on 
sturgeon, fall-run Chinook adults, and steelhead adults, which are generally present in the 
project area during the proposed in-river work windows described for construction and 
maintenance of North Delta facilities. 

Discuss ways of minimizing impacts and implementing mitigation for species not 
protected by work windows.  

Update: NMFS has been working with ICF to incorporate more detail into the construction and 
maintenance impacts analysis.  This has resulted in significant improvements in the analysis.  
However, several elements, particularly regarding the long-term maintenance of the facilities, 
lack the detail and specificity to allow NMFS to conduct a thorough assessment of the amount 
and extent of take that will need to be included in the permit and the section 7 consultation 
analysis for the project.  NMFS generally requires in-water construction projects to be at the 
80% design stage for section 7 consultations, and we will likely need that level of design 
completion to conduct a thorough assessment of the amount and extent of take for this large 
construction project.   We request information from ICF on when this level of design will be 
ready in order to understand the implications for the schedule, if any. 

1.16 Tidal Marsh Impacts on Riverine Flow (Important) 
Previous comment: The effect analysis assumes that restored tidal marsh will act to decrease 
flow reversals, which has not been well explained.  It seems that tidal marsh restoration was 
modeled as a single configuration; there has been no description of that configuration to 
indicate how they were implemented in the hydrodynamic models.  Therefore, there is a lot of 
uncertainty regarding model results. 

Document changes to hydrodynamic models that were implemented to characterize 
tidal marsh restoration. 

Update: ICF has communicated to NMFS that the data that can be provided is limited, and that 
ICF and the California Department of Water Resources (DWR) have provided as much 
specificity as they can.  ICF met with NMFS and other agencies on March 5, 2013, to provide 
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additional information regarding the relationship between restoration and tidal dampening  
as they relate to riverine hydrodynamics, and more specifically to reverse flows near 
Georgiana Slough (See 5.C).  We suggest that the document include a more comprehensive 
narrative of the tidal hydrodynamics and the effects of tidal habitat restoration, including a 
discussion of the RMA modeling conducted on this topic.  Because of the importance of this 
analysis to determining potential project effects on covered fish, we recommend that these 
methods be independently peer reviewed and appropriately characterized for their 
uncertainty. 

1.17 Cumulative Effects Show Long-Term Viability Concerns for Salmon (Critical) 
Previous comment: The analysis indicates that the cumulative effects of climate change along 
with the impacts of the PP may result in the extirpation of mainstem Sacramento River 
populations of winter-run and spring-run Chinook salmon over the term of the permit. 

1) Incorporate operational criteria into the PP that will protect and conserve suitable
habitat conditions in the upper river for the species under the 50 year HCP (these
operational criteria should be designed to meet the performance criteria in the NMFS
BiOp RPA).
2) Convene a 5-agency team of experts specialized in Shasta operations and temperature
management to develop the above described operational criteria.

Update: The current efforts to develop a fully “aggregated” effects analysis should address the 
analytical concerns related to this issue, but the fact that the cumulative effects of the project 
when combined with effects of climate change and other baseline conditions is showing the 
potential extirpation of mainstem Sacramento River populations of winter-run and spring-run 
Chinook salmon over the term of the permit remains as a serious concern.   

The reported OBAN and IOS modeling results indicate a potential issue with either the 
modeling tools (OBAN and IOS), or the author’s assertion that the upstream flows associated 
with EBC2 and ESO are “essentially identical”.  The conclusions in this section state that “The 
majority of the effects of both BDCP and climate change were driven by increases in upstream 
temperatures affecting egg survival, which, relative to the BDCP contribution, is a potential 
modeling artifact and not an actual predicted effect.”  However, ICF has determined that 
these are the best modeling tools available.  The results cannot necessarily be discounted 
because they do not show what was “expected”.  Since these methods were deemed 
acceptable, the results need to be fully acknowledged.   

The results of these models signal a need for further investigation to determine why they are 
not what are “expected”.  It seems that upstream releases between ESO and EBC2 do not 
match as well as thought, as seen in Table C.5.2 2 titled “Difference and Percent Difference in 
Flows in the Sacramento River at Keswick, Year-Round”.  Some summertime and fall months 
in drier years are very different, which may be what is causing the biological models to show a 
negative egg survival response. The table below shows the results of month-to-month 
comparisons of flows out of Keswick for LLT.  It indicates that the ESO flows could be as much 
as 6500 cfs less than EBC2 flows (November) when months are evaluated individually, and not 
grouped by month and water year type.   
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We recommend that ICF work with the Shasta operations experts at Reclamation, and 
possibly a broader workgroup of biological and operations experts to resolve these issues and 
determine if/how the entire project can be operated to insure that BDCP does not cause 
impacts to upstream spawning and rearing habitat in the Sacramento River. 

1.18 Holistic Estuarine Evaluation (Critical) 
Previous comment: The effects analysis should examine synergistic and cumulative ecological 
impacts associated with reducing inflows to an estuary that is already severely degraded, and 
discuss the importance that water quantity, quality, and the natural hydrograph have to the 
ecosystem, as well as the direct impacts on native fish species.  So far, the impacts to fish have 
mostly been examined in a piecemeal fashion (e.g., examining impacts of flow reduction on 
adult homing).        

Incorporate a holistic evaluation of impacts on the estuarine ecosystem.  Include 
discussion of the importance of water quantity, quality, and the natural hydrograph to 
the ecosystem, and the direct impact that changes to these conditions have on native 
fish species. 

Update: The holistic evaluation described above in our previous recommendation does not 
appear in the 2013 Admin Draft of BDCP.  We suggest that ICF use Carlise et al. (2010) as a 
starting point for this discussion.  Carlisle et al. found that in an analysis of over 200 stream 
systems, “biological assessments showed that, relative to eight chemical and physical 
covariates, diminished flow magnitudes were the primary predictors of biological integrity for 
fish and macroinvertebrate communities”.  In other words, the change in flow was a better 
predictor of whether the biotic communities were impaired than variables such as 
temperature, pH, total nitrogen, or urban land cover.  It is also well recognized that 
streamflow reductions can impair the ecological function of downstream estuaries 
(Drinkwater and Frank 1994; Jassby et al. 1995; Loneragen 1999; Flannery et al. 2002; Winder 
et al. 2011). 
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1.19 Burden of Proof (Important) 
Previous comment: Deference should be given to known population drivers and documented 
relationships (e.g., sturgeon recruitment relationship with flows is well documented, though the 
exact mechanism is not completely understood).  Since flow is a key component of habitat for 
aquatic species, do not assume that it can be substituted for by other actions.  

Do not assume that incremental benefits in a conservation measure will compensate for 
known population drivers related to flow. 

Update: There has been significant improvement in the language used to describe the level of 
certainty of potential benefits attributed to those CMs that are less certain in their 
implementability or effectiveness for protecting covered fish.  However there remain some 
instances of overstating/understating of beneficial/detrimental effects.  For instance, the net 
effects analysis concludes that CM2 will “increase floodplain availability and usage and 
improve conditions for juvenile and adult winter-run Chinook salmon”.  However, the 
analytical methods for juveniles suggest only a low or moderate positive change.  There are 
some stated conclusions that are based on analyses that are not yet complete (e.g., bench 
inundation).  Some conclusions suggest that decreases in flows due to the project are “rare” 
because they only occur in some months of drier water years.  But since dry and below normal 
water years can occur 40% of the time, this should not be considered a “rare” occurrence.  
There are numerous additional examples of these types of analytical discrepancies provided in 
the “track-changes” comments on the Admin Draft provided by NMFS. 

1.20 Incomplete Analyses and Documentation (Important) 
Previous comment: The full appendices were not released concurrently with Chapter 5 which 
makes review of the results problematic.   

Provide all appendices/analysis simultaneously so Services can have all pertinent 
information used in Effects Analysis summaries without having to backtrack weeks later. 

Update: While NMFS received the majority of the document on 12/21/12, this did not include 
Chapter 5.5 Effects on Covered Fish.  Appendix 5.B Entrainment was provided on 1/2/13.  
Chapter 5.5 Effects on Covered Fish was provided on 2/7/13.  This lag reduced the ability to 
simultaneously view results in appendices and assess how they were incorporated into 
Chapter 5.5. 

The “complete” Admin Draft was delivered on March 4, 2013.  This presumably includes all 
additional outstanding sections (Section 5.3 Ecosystem and Landscape Effects, Table 5.2-5 
Biological Objectives for Covered Fish and Their Assessment in the Effects Analysis, Tables C.0-
3 and C.0-4 Summary Tables, Appendix 5.I Critical Habitat and Essential Fish Habitat Analyses).  
NMFS has not had an opportunity to conduct a thorough review of this recent submittal. 

Specific documentation for all analytical methods are not included or are outdated or 
incorrect (e.g., SacEFT documentation is outdated according to its developers; OBAN, MIKE21, 
SALMOD, Reclamation Mortality Model documentation is not included at all).  This makes it 
impossible to fully understand how these models were configured or to determine the exact 
drivers of the reported results.  It appears at times that the chapters/appendices were written 
by staff unfamiliar with the model operations and intricacies of results. 
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NMFS suggest that future drafts include updated and correct documentation (manuscripts, 
user’s manuals, etc.) for all analytical methods.  Documentation should include listings of all 
relevant input parameters and relationships.  ICF should also draw on the expertise of the 
developers of specific models to interpret model results, identify uncertainties and 
limitations, and verify the stated conclusions. 

1.21 Insufficient Biological Goals and Objectives (Important) 
Previous comment: The conservation measures are sometimes defining the BDCP species 
objectives, which is insufficient.  30% juvenile through-Delta survival is not a suitable goal for a 
50 year conservation plan. 

 The BDCP objectives should be biological, species-level outcomes. 

Update: This issue has generally been resolved (for salmonid BGOs) through the incorporation 
of the recommendations provided in NMFS’ technical memo on juvenile salmonid through-
delta survival.  However, the text that describes the BDCP’s level of responsibility for 
achieving the through-delta survival objectives does not match what is described in the NMFS 
tech memo on salmonid BGOs.  The tech memo calls for the BDCP to be responsible for 100% 
of the improvement in smolt survival through the Delta, not >50%.  This is because it will be 
impossible to determine causation for any measured increase in through-delta survival rate.  
The specific objectives are interim and should be reevaluated over time.  The actual tech 
memo should be included as an appendix to Chapter 3. 

The biological objectives for sturgeon abundance and productivity (under GRST1) are vague 
and rely too much on “documenting the current distribution” and future studies.  There needs 
to be greater emphasis on the objective to provide adequate adult attraction flows.   

1.22 OMR Flows Unimproved in Drier Water Years (Important) 
Previous comment: Improved OMR flows under the PP occur during wetter years when OMR is 
less of an issue for covered fish.  PP OMR flows are often worse than, or similar to, EBC in drier 
years.  Sacramento Basin fish are most vulnerable to entrainment into the central Delta in drier 
years when Sacramento River flows have the potential to reverse and OMR levels are below -
2,500 cfs.  San Joaquin basin fish are best protected by increased Vernalis flows and/or a HORB 
which the PP does not address. 

1. Analyze the risk in different water year types and with different flow levels in the
Sacramento River.
2. Implement Scenario-6 to help address the adverse impacts seen under the PP.

Update: This issue has generally been addressed by adopting “Scenario 6” into the proposed 
project and including the High Outflow Scenario into the decision tree.   There were additional 
south Delta operational criteria included in the agency recommendations developed in the 
CS5 process.  These included additional protections in the “shoulder” months of the juvenile 
salmonid migratory period (March and June), as well as summer OMR criteria intended to 
provide protections against sturgeon entrainment into the export facilities.   The potential 
biological benefits of these CS5 criteria should be assessed in the effects analysis.   ICF’s 
participation in the South Delta Research Collaborative will provide an important linkage 
between BDCP and the conceptual models and hypotheses emerging from that effort.  This 
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remains a key issue because of the importance of improving survival of emigrating salmonids 
from the San Joaquin River system, which is generally less than 10%.  We recommend 
continued iterations on these operations prior to Plan completion, and between Plan 
completion and full implementation (during ELT). 

1.23 Non-Physical Barriers (Important) 
Previous comment: Assessment of non-physical barriers is inadequate, and the potential 
negative effects of predation associated with non-physical barriers haven’t been assessed. 

Include analysis of potential adverse effects of non-physical barriers. 

Update: This is another instance where the certainty of beneficial effects from a CM is 
overstated in relation to the amount and quality of data on which those conclusions are based.  
The Georgiana Slough non-physical barrier (NPB) effectiveness is based on one year of data 
from high flow conditions.  We have yet to see results from a lower-flow year when reverse 
flows at the Georgiana Slough junction may be more frequent.  It should also be acknowledged 
that under the OCAP Reasonable and Prudent Alternatives (RPA) the development and 
implementation of NPBs would be required if they are found to be effective. 

Also, the way in which the effects of NPBs are described is confusing and potentially 
misleading.  According to Appendix 5C.5.4 Methods, there was a 67% reduction in the 
proportion of fish entering GS/DCC (from 22.1% to 7.4%).  However, in the text it is often 
stated that the NPB provides a “67% deterrence”, which implies that 67% of fish approaching 
the junction would be deterred, and therefore stay in the mainstem.  That is not true.  It would 
be better to describe this as a “67% decrease in proportional entry into GS.” 

1.23.1 Carry-over of OCAP RPA’s on technological improvements to South Delta Facilities (Critical) 
Previous comment: By not carrying forward technological fixes in the South Delta called for in 
the OCAP RPAs into the Conservation Measures, we would expect the effects analysis to 
specifically flag this and analyze it as a degradation to future conditions (as compared to the 
baseline which should include the RPA improvements).  

Add south Delta technological improvement RPA’s to Conservation Measures 

Update: ICF states that “Many RPAs are assumed to be completed prior to the implementation 
of BDCP and/or CM1 and are therefore assumed in the baseline (This is clarified in Tables 3.2-1 
and 5.2-2.)”.  However, all the comparisons in the effects analysis are to current levels of pre-
screen loss and salvage, not to what they might be with these RPA elements implemented.  
Therefore, the results overstate the benefits of the project as compared to an appropriate 
baseline condition which should include these RPA required improvements. 

This same issue is repeated by the fact that the analytical baseline (EBC) does not include 
potential beneficial effects of Yolo Bypass floodplain habitat restoration, and implementation 
of non-physical barriers, both of which are included in the OCAP RPA.  This is a significant flaw 
in the net effects analysis.  The analysis needs a clearly stated caveat of interpretation of 
results to reflect this limitation.  The aggregate analysis should be helpful in addressing these 
beneficial effects in a different framework. 
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1.24 Feasibility of 65K acres of Habitat Restoration (Critical) 
Previous comment: Recent evaluation of land available for habitat restoration indicates 
potential roadblocks to acquiring all the land proposed in the PP.   DWR’s own analysis suggests 
that 65K acres is very unlikely. 

Analyze the potential effects of partial implementation of habitat restoration and 
incorporate alternative actions or measures to compensate for this possibility.  
 

Update: The previous comment from 2012 was referring specifically to tidal wetland habitat.  
Since that time DWR has revised their habitat restoration feasibility analysis and expanded the 
definition of the “tidal natural communities” category to include all tidally influenced habitats 
to be restored under BDCP.  DWR believes that it will be possible to fully achieve the plan’s 
habitat restoration goals.  However, there is no specific analysis of the feasibility of acquiring 
65,000 acres of land appropriate for tidally influenced habitat restoration provided in the 
document.  All related analyses proceed as if restoration will be wholly successful; there are no 
bounding analyses to show the effects of CM1 operations if restoration either cannot be 
completed to the full extent or is not fully successful.  Therefore, our previous 
recommendation stands:  Analyze the potential effects of partial implementation of habitat 
restoration and incorporate alternative actions or measures to compensate for this possibility. 

 
 
 
Section 2: Additional Issues to be Resolved for Public Draft   
 
Chapter 1  

Introduction - Track changes comments submitted separately. 
 

Chapter 2  

Existing Ecological Conditions - Track changes comments submitted separately. 
 
 
Chapter 3 
 
2.1 Decision Tree process needs to include consideration of flow needs for salmonids and 

sturgeon (Section 3.4) 
Modeling results of the HOS indicate that flow requirements intended to address the needs of smelt 
would also be likely to address some of the flow requirements for salmonids and sturgeon identified 
through the CS5 process.  However, the description of the Decision Tree management process states 
that monitoring and research used to determine which “tree branch” would be implemented would only 
look at smelt issues and would not attempt to determine which flow scenario would be appropriate for 
salmonids and sturgeon.  The monitoring and research should also investigate the flow needs of 
salmonids and sturgeon and the determination of which flow scenario will be implemented should be 
based on the needs of all covered species.  There also needs to be a clear understanding that while the 
current Decision Tree would create four possible combinations of spring and fall outflow criteria that 
would be included in the range of potential options for initial study, prior to commencement of 
conveyance operations, there will be a new determination by the permitting agencies specifying what 
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the spring and fall outflow criteria will be at the time the new facility begins to operate.  This 
determination will be based on all best available science, including that developed during the decision 
tree process. 
 
2.2 Sensitivity analysis of likely effects of future increase in south-of-delta storage capabilities 

(Section 3.4) 
There is a high likelihood that south-of-delta storage capabilities will be increased over the 50-year term 
of this permit.  There is also the potential for such an increase in storage capacity to result in water 
operation parameters (pumping rates/timing, OMR flows, I/E ratios, etc.) that differ from those modeled 
in the current analysis.  There needs to be a “sensitivity analysis” of the likely effects of future increase 
in south-of-delta storage capabilities on these operational parameters and the resulting biological 
effects on covered species. 
 
2.3 No description of “operational phasing” of north Delta facilities (Section 3.4 and 3.6) 
The document lacks any language describing the agreement to use “operational phasing” in lieu of 
construction phasing, as agreed to by the BDCP principals.  The plan will need to include significant 
detail on the monitoring and metrics necessary to implement the operational phasing agreement and a 
detailed description of how all aspects of that agreement will be implemented.  We have provided the 
document describing the details of the Principals’ agreement last spring, and these need to be 
accurately reflected in the conservation measures and as a separate section of the adaptive 
management chapter. 
 
2.4 The Role of Adaptive Management (Section 3.6) 
Almost three years ago, the Federal Agencies issued a white paper on application of the Five Point Policy 
to the BDCP (document attached to this memorandum).  It articulated the role of adaptive management 
in the BDCP, saying, in part, that 
 

“The BDCP is a complex, landscape scale, long-term HCP with a high degree of uncertainty as 
to how close the initial conservation measures will come to achieving the plan’s biological 
goals and objectives.  It falls into the category of plans that will be a mixture of the two 
strategies, with initial prescriptions associated with adaptive management, and specific 
biological outcomes defining the ultimate success of the plan.  This type of plan will allow 
management flexibility so the permittee may institute actions necessary to achieve the 
plan’s goals while providing boundaries for future expectations and commitments.  In 
addition, a results-based plan will address uncertainty in the ecosystem and provide the 
conservation assurances required by the Act.  The Services will be challenged to make the 
findings required for permit issuance if the plan does not include clearly defined and 
scientifically supported biological goals and objectives, an adaptive management plan that 
tests alternative strategies for meeting those biological goals and objectives, and a 
framework for adjusting future conservation actions, if necessary, based on what is 
learned.” ( 4/29/2010 memo, page 1) 
 

The adaptive management program created by the BDCP serves the essential functions of (1) assuring 
that alternative conservation measure designs that might more efficiently achieve objectives are studied 
and, where appropriate, implemented; (2) providing a workable framework for deliberating difficult 
management issues and proposing solutions; and (3) providing transparency in the management of the 
BDCP to ensure public confidence that the conservation measures and strategies implemented under 
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the plan are based on the best available science.  We have concerns with the current draft on all three 
of these points. 

2.5 Adaptive Limits (Section 3.6) 
“Adaptive limits” in the BDCP refers to the most extreme sets of operational parameters that might be 
required or authorized to the permittee through the working of adaptive management over the life of 
the permit.  Some discussion of what such parameter-by-parameter limits might be has already 
occurred, but neither the concept of adaptive limits nor a draft example of them is included in the 
current BDCP draft.  This leaves open the question of what commitment of resources might be required 
of the permittee. 

As is clear in both the HCP Handbook and the Five Point Policy, the permittee in an HCP is protected by 
the inclusion of adaptive limits that “clearly state the range of possible operating conservation program 
adjustments due to significant new information, risk or uncertainty.  This range defines the limits of 
what recourse commitments may be required of the permittee.  This process will enable the applicant to 
assess the potential economic impacts of adjustments before agreeing to the HCP.”  65 Fed. Reg. 35253; 
see also HCP Planning Handbook at 3-24 – 3-25.  

In the BDCP, adaptive limits would provide an important assurance that would protect the permittee 
from an open-ended obligation to commit resources irrespective of circumstances.  They would also 
provide an important level of transparency to the permittee and the public regarding the commitments 
represented in the plan.  The range of adaptations to reflect evolving scientific understanding and 
improved information on the effectiveness of the various conservation measures are usually described 
as changed circumstances within an HCP that has high scientific uncertainty, such as this one, and 
therefore do not trigger a formal plan amendment.  Thus, the adaptive limits serve as an important 
guide regarding the boundaries of the anticipated changed circumstances.  

2.6 Role of BGOs (Section 3.3) 
Biological Goals and Objectives form the core of the BDCP.  Biological goals represent the ultimate 
conservation outcomes toward which the plan is striving.  In some cases, achievement of ultimate goals 
lies within the power of the BDCP; in others the achievement of goals depends in part on factors that 
are outside the control of the water projects.  Objectives are lower-level outcomes within each goal that 
are essential to achieving the overarching goal.  To be effective, objectives need to be SMART: specific, 
measurable, achievable, relevant to the goal, and time-bound.  In addition to meeting the other SMART 
criteria, BDCP objectives are “achievable” because they are within the power of the water projects to 
achieve, and essential to BDCP success because they are “relevant to the goal[s].” 
BDCP conservation measures are designed to achieve the biological objectives of the plan.  Because of 
this, BDCP adaptive management will primarily focus on adjustment of the conservation measures to 
achieve the objectives as efficiently as possible.   

The document generally makes it clear that the BGOs will be used to guide the implementation of 
conservation measures, but we have important concerns with the way objectives are used.  

(1) The plan needs to clearly acknowledge and articulate that achieving the outcomes described in
the Objectives is the actual basis of the entire conservation strategy and its constituent conservation
measures.  Continuing to achieve objectives is necessary for progress toward recovery of covered
species and in many cases will be required for compliance with the terms of the BDCP permit.
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(2) The plan needs to clearly articulate that the adaptive management program will focus on 
ensuring that plan objectives are being met.  Indeed, looking at alternative management strategies 
to achieve program objectives is fundamentally what AM is designed to do.  Failure of conservation 
measures to achieve objectives will, therefore, be a basis for the AMT to propose changes to 
conservation measures.  There are several statements of the role of adaptive management in 
chapters 3, 6, and 7 that need to be edited to make this clear. 
 
(3) The plan needs to make clear that objectives are themselves subject to adaptive management.  
Objectives are ultimately based on models describing the relationship of covered species to their 
environments, and changes to those models might occasion any of the following: changing an 
objective either up or down, adding an new objective to reflect improved understanding, removing 
an objective that is superseded or found not to be relevant to achieving its overarching goal.  
Deliberations on these issues is properly a subject for the AMT, with oversight by the AEG, POG, and 
ultimately the fish and wildlife agencies with final authority on adaptive management decisions.  
Though chapter 7 lays out a clear role for the AMT in these matters, section 3.6 is currently 
ambiguous and contradictory on the role of the AMT and how it makes decisions.  Furthermore, 
section 3.6 does not adequately articulate how the AMT will exercise its responsibilities with respect 
to the nine enumerated steps of adaptive management, making it quite unclear whether the AMT is 
appropriately empowered to carry out its mission. 
 
(4) Implementation of the conservation measures as initially described in the plan does not 
constitute the extent of the responsibilities of the Authorized Entities.  Achieving the outcomes 
described in the objectives is the primary responsibility of those implementing the plan. 

 
2.7 Effects of proposed operations on Coordinated Operations Agreement 
There have been frequent discussions within various workgroups and meetings on the potential for 
some proposed operational scenarios to affect the Coordinated Operations Agreement (COA) 
agreement between Reclamation and DWR, but we were unable to find anything in the document 
describing this subject.  If this is truly an issue, and certain operational scenarios intended to benefit 
covered species will require amendments to the COA agreement, this should be described somewhere 
in the document as part of the process necessary to implement the BDCP. 
 
 
Chapter 4  

Covered Activities and Federal Actions - Track changes comments submitted separately. 
 
 
Chapter 5 
 
2.8 Potential project related impacts on upstream egg and juvenile survival continue to be 

predicted in model results (Section 5.5 and Appendix 5.C) 
OBAN, IOS and SacEFT model results continue to indicate that slight differences in Keswick release 
strategies between the ESO and EBC will result in increased egg mortality upstream.  Lower flows in key 
summer and fall months increase egg mortality for winter-run and spring-run Chinook salmon and 
potentially other runs.  SacEFT habitat results show significant impacts on spawning and rearing habitat 
for winter-run that are above and beyond effects of climate change.   
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Critical year egg mortality is very high by the LLT suggesting that a few dry/critical years in a row could 
potentially cause significant impacts to Sacramento River-dependent ESUs over the 50 year permit 
timeframe.  The analysis shows that ESO criteria could result in riskier operations relating to stranding 
risk for juveniles (over two times more low risk years under EBC).  The document should provide full 
SacEFT results – not just a summary of “good” year conditions.  We are also interested in “poor” year 
conditions between the scenarios. 
 
The analysis should provide a better examination of “worst case scenarios” for indicators like juvenile 
production, egg survival, escapement, etc.  ESO appears to have riskier operations that result in half as 
many juveniles in minimum estimates of SALMOD.  It may be useful to develop threshold juvenile 
production estimates (JPEs) of concern that can be compared between scenarios.  
 
2.9 Additional Analysis of Feather River and Oroville Reoperations (Section 5.5 and Appendix 5.C) 
Increased summertime temperatures in the Feather River may have effects on the reproductive success 
of sturgeon, especially for the high outflow scenario.  While the high spring-time Feather River flows 
modeled in HOS could attract sturgeon into the Feather River from the Sacramento River, summertime 
releases are decreased compared to EBC2 to provide for end-of-September storage requirements.  The 
decreased summertime river flows increase water temperatures in the high-flow channel; the resulting 
temperatures reported in the effects analysis would be lethal to sturgeon eggs and embryos. This is not 
discussed in the net effects section because lethal egg temperatures are not considered in the net 
effects conclusions.  NMFS is also concerned with the low frequency with which the ESO and HOS meet 
the recommended minimum spring flows in above normal and below normal water years. 
 
The forecasting method for Oroville releases is not clearly defined in any section.  The effects of relying 
on Oroville to meet HOS spring-time Delta outflow requirements are reviewed in Chapter 5 (Appendix C 
Attachment A), and there are references to reduction of exports to also meet the outflow target.  
Chapter 5 Appendix C.2 presents NMFS’ recommended Feather River flow schedule, but there are 
unexplained modifications and no description of the driving constraints or storage forecasting 
methodology.  While these operations need to be described, the effects analysis should also address any 
influence of the potential temperature compliance point included in the Dec 2012 Settlement 
Agreement for Licensing of the Oroville Facilities.  This would require compliance to 64° F from May-
September in the high flow channel, and the Robinson Riffle criteria for protection of spring-run Chinook 
in the low flow channel, which could be affected as a result of changes in end of May storage and 
resulting diminishment of the cold water pool.   Because of the potential biological importance of re-
operation of Oroville, we recommend that the entire set of decisions and effects analysis be submitted 
for independent peer review to further assist in predicting these effects. 

2.10   Turbidity Reduction Analysis (Chapter 5 and Appendix 5.F) 
While Chapter 5 and Appendix 5.F contain discussion and evaluation of water clarity and the change in 
sediment delivery to the Delta due to the project, it does not specifically address the localized change in 
turbidity or sediment transport that may result due to reduced river velocity downstream of the north 
Delta diversion structures.    
 
ICF could use DSM2 results to evaluate whether any reductions in flow velocity downstream of the 
intakes will reduce sediment transport capacity, causing deposition and reduced turbidity. 
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2.11 Poor linkage between net effects results and achievement of biological objectives (Section 5.5 
and Section 3.3) 

The net effects analysis needs to include a section(s) that specifically ties the results of the net effects to 
the achievement of the BGOs for each species.  We need to be able to determine the likelihood of the 
various operational scenarios actually achieving the BGOs for each species.  A rough examination of this 
issue in the current draft indicates that it may be difficult to meet the through-delta survival objectives 
for salmonids under the proposed operational criteria. 
 
 
Chapter 6 
 
2.12 Expansion of Changed Circumstances and adaptive responses to those Changed Circumstances 

(Section 6.4) 
There are numerous problems with the latter sections of Chapter 6 (Sections 6.4 and 6.5).  The list of 
foreseeable changed circumstances described in Section 6.4 needs to be significantly expanded and the 
range of adaptive responses available to address those changed circumstances is far too narrow and 
limiting.  At a minimum, changed circumstances should consider all foreseeable changes in storage, 
conveyance and operations external to the BDCP conservation measures but that could substantially 
affect the CALSIM runs and therefore the effects analysis that supports the BDCP permit issuance 
criteria.  These include: new North of Delta storage, new South of Delta storage, and new State Water 
Resources Control Board San Joaquin and Delta flow criteria.  In general, we expect any one of these 
would trigger a new analysis of effects and the potential for changes to conservation measures.  The 
Five Agencies will need to review this section and come to agreement on revising its contents prior to 
release of the public draft of the plan.  More detailed comments on the issues with this section of 
Chapter 6 are provided in NMFS’ “track-changes” submittal. 
 
 
Chapter 7 

2.13 Governance 

While many of the important issues regarding the governance of plan implementation have been 
resolved over the last few years, one of the remaining significant issues is the lack of a clear tables and 
graphics describing how entities relate to each other (e.g. organization charts or flow charts) and which 
entities will retain final decision making power over each of the major categories of decisions to be 
made.  We recommend that the “decision table” that was developed in the Principals workshop process 
be included in the document, with any necessary edits, to explain the decision-making process that was 
agreed to in the text.  

There are also some issues regarding the role of the implementing office and its employees that remain 
to be resolved in Chapters 3, 6, and 7.  The plan needs to be clear that adjustment of the conservation 
measures and other actions that are necessarily and appropriately part of adaptive management are to 
be managed and administered by the Adaptive Management Team, and not by the Implementation 
Office or any of its employees, including the Program Manager and the Science Manager. 
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Chapter 8 

Implementation Cost and Funding Sources - Section is pending changes and was not reviewed at this 
time. 

Chapter 9 

Alternatives to Take - Track changes comments submitted separately.  Intend additional review upon 
release of revised version. 

Chapter 10 

Integration of Independent Science - Track changes comments submitted separately.  Intend additional 
review upon release of revised version. 



Numerical and physical modeling of hydraulic structures 

Hydraulic structures are used to control the flow of water in hydropower developments, urban 
drainage and irrigations projects.  Many of these open channel flow design problems are unique 
and have complex boundary conditions due to their site specific geometric design.   Since they 
are insoluble by theory or by reference to standard empirical data, their solution is found either 
by physical hydraulic modeling or, more recently, by numerical modeling.  There is a long 
experience in physical scale modeling which allows for the Froude model results to be 
interpreted by the engineer to aid in the prediction of prototype behavior.  As computing power 
is increasing, the more recent numerical models are offering an alternative.  However for large 
complex problems, before results are used they must be validated as constraints due to time, 
computing power, input boundary conditions and model limitations, cause approximations to be 
used resulting in the flow being inadequately modeled.   

Projects pursued are usually motivated by particular design problems and are done in direct 
collaboration with industry. 

Current Project:  Free surface vortices at hydropower intakes: Free surface vortices may 
significantly reduce turbine efficiency and cause premature mechanical failure when they occur 
at hydropower intakes so preventing their occurrence is a priority during the design and 
optimization of an intake.  This optimization process is particularly important for low-head 
intakes, where the presence of free surface vortices is more frequent. Through predictive 
correlations exist; their reliability is limited to specific geometries, so when a high level of 
confidence is required in the quality of the flow conditions in a proposed intake, the current 
engineering practice is to construct a physical model of the intake to ascertain that no strong 
vortices will occur under the design operating conditions. 
Computational fluid dynamics (CFD) software has presented itself in recent years as an 
appealing alternative to physical scale modeling with the potential to provide detailed velocity 
field data at a lesser cost than physical modeling. However, before CFD can be used with any 
confidence to predict vortex formation at intakes, it must be validated using experimental data 
about approaching flow conditions and corresponding vortex intensities. A number of challenges 
must also be overcome in applying a given CFD code to hydropower intake flow, including 
resolving the large range of physical scales, capturing the free surface deformation and 
efficiently modeling turbulence in the presence of vortices. 

Past projects:   Head loss in flow past fish louvers:   Fish louvers are used at dams to deflect 
the fish away from the hydropower intakes and towards a fish bypass.  Head loss past the 
louvers was investigated for several louver designs.  Spillway aeration:  Spillways are used to 
pass excess water past a dam and for high head dams, the flow down the spillway can reach 
such high velocities that cavitation occurs.  Cavitation, which results in erosion of the spillway 
face, can be prevented by aerating the spillway flow.  Spillway aeration was physically modelled 
and an empirical prediction was developed.   Numerical modelling of flow through a spillway and 
diversion:  a commercial CFD model was used to model the flow through a spillway and 
diversion and the results compared to the physical scale model.  The numerical model 
performed reasonably except for cases with rapidly varying flow.  

Collaborators:   
Graham Holder & Marc Villeneuve, Groupe Conseil LaSalle, Canada 
Dr. Etienne Parkinson, VATech, Switzerland 
IREQ, Montreal, Canada 
ANSYS Canada 
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Student theses:  
Current: 
France Suerich-Gulick (Ph.D.): Complex open channel flows at hydro power intakes. (Collaboration with 

Groupe Conseil LaSalle, VATech, IREQ, Ansys) 
Morrisette, David (M.Eng.): Physical modelling of hydropower intakes.  
Past: 
Gacek, Julian (M.Eng. 2007): Numerical simulation of flow through a spillway and diversion. 

(Collaboration with Groupe Conseil LaSalle)  
Tarek Hamade (M.Eng. 2004): An experimental study on a fish louver system. (Collaboration with Groupe 

Conseil LaSalle) 
Aubel, Tristan (Visiting Research Student from ENSEEINT (INP Toulouse, France) Aerated flow on 

spillways with a ramp offset aerator.   
 
Publications: 
Suerich-Gulick, F., Gaskin S., Villemeuve, M., & Parkinson, E.(2007,) Numerical simulation of a free 

surface vortex formed in the wake of a pier at a hydropower intake, 32
nd

 Congress of IAHR, July 1-6 
2007, Venice, Italy, pp.1-10. 

Suerich-Gulick, F., Gaskin S., Villemeuve, M., Holder, G. & Parkinson, E. (2007 extended abstract, 
poster) Impact of geometry on free surface vortices in a scale model of a hydropower intake, Hydraulic 
Measurements and Experimental Methods, EWRI & IAHR, Lake Placid, New York, Sept 10-12, 
2007.pp 1-5. 
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 International 
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ANSYS CFX & ICEM CFD Conference, Bonn, Germany, 9-11 Nov., 2005. pp. 1- 8. 

Gaskin, S., Aubel, T. & Holder, G. (2003)  Air demand for a ramp-offset aerator as a function of spillway 
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Executive Summary 

Background and Study Area – To achieve water supply sustainability, the City of Los An-
geles (the City) must implement integrated water management (IWM) systems that incorporate all 
components of the urban water cycle (e.g., imported water, local groundwater, captured storm-
water, greywater, treated wastewater, and water conservation). The City has researched, written, 
and begun implementing recommendations from IWM plans and reports that also helped define 
the current capacity of the system. While work on IWM has been ongoing for years, the impacts 
of the recent extreme drought on water supplies throughout California has created a new urgency 
to increase the City’s ability to provide a secure, resilient water supply through local sources.  

In addition to statewide efforts to reduce urban water consumption, many policies and plans 
have been created within the City that address urban water management, integrated resource plan-
ning, stormwater capture, and groundwater management. The Mayor’s Office set aggressive goals 
to increase the sustainability of the City’s water supply in coming decades. The goals included 
completing a comprehensive sustainability plan containing objectives for water supply and con-
servation in the City.  The pLAn was released in April 2015 (Sustainable City pLAn). In an emer-
gency drought directive released in October 2014, the Mayor identified additional accelerated wa-
ter goals including reducing per capita potable water use by 20% by 2017 [from 2014 base-line of 
130 gallons per capita per day (GPCD) to 104 GPCD], cutting the City’s reliance on MWD water 
in half by 2025, and increasing local water supplies (not including the LA Aqueduct) to 50% of 
the City’s water portfolio by 2035.  Shortly thereafter, in April 2015, Governor Brown issued the 
first ever statewide mandatory cut of 25% urban water use due to continuing drought conditions. 

This LA Sustainable Water Project built upon regional research and reports that analyzed com-
ponents of water supply portfolio primarily comprised of local sources (e.g., groundwater, recycled 
water, and stormwater). Through data collection, integration, and analysis of flows of water and 
wastewater throughout the City systems and environment, project researchers identified and re-
fined opportunities to implement IWM.  As water quality regulation in the Los Angeles area cur-
rently drives much of the current water management practices, we examined greater water self-
reliance through this lens. As a result, we used the geographic scope of watersheds to assess Total 
Maximum Daily Load (TMDL) compliance alongside IWM opportunities and challenges that exist 
and must be addressed to improve water quality and maximize local water supply.  

The three previous reports released through this project (available at https://grandchal-
lenges.ucla.edu/happenings/2015/11/13/100-local-water-for-la-county) focused on improving wa-
ter quality and increasing local water supply in LA. The first report focused on the Ballona Creek 
Watershed (BC Watershed), Hyperion Water Reclamation Plant, and underlying groundwater ba-
sins (West Coast Basin, Central Basin, Hollywood Basin, and Santa Monica Basin).  The second 
report focused on the Dominguez Channel and Machado Lake (DC and ML) watersheds, Terminal 
Island Water Reclamation Plant, and West Coast and Central Basin.  The third report focused on 
the LA River (LAR) watershed, Donald C. Tillman and LA-Glendale Water Reclamation Plants, 
and the Upper LA Area Groundwater basins. This final report provides an overview of results from 
previous analyses, presents opportunities for and challenges to implementing IWM and increasing 
local water supply in the LA region, provides an analysis of GHG emissions and the costs and 
benefits of different water supply portfolios, poses a variety of potential mechanisms to fund these 
projects, and includes numerous policy and research recommendations. 

https://grandchallenges.ucla.edu/happenings/2015/11/13/100-local-water-for-la-county/
https://grandchallenges.ucla.edu/happenings/2015/11/13/100-local-water-for-la-county/
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Stormwater – Water quality and beneficial uses in the LA region have been impaired by pol-
lutants from urban runoff including metals, fecal indicator bacteria, trash, and nutrients.  Both dry 
and wet weather runoff carry pollutants to many water bodies in Los Angeles County.  Implement-
ing suites of Best Management Practices (BMPs) is one mechanism to capture and infiltrate, or 
treat and release, this runoff before it reaches downstream water bodies.  In this study, a modified 
version of the US EPA’s System for Urban Stormwater Treatment and Analysis (SUSTAIN) 
model was used to model water quality impacts of implementing various suites of BMPs (including 
vegetated swales, bioretention, dry ponds, infiltration trenches, and porous pavement) in the BC, 
DC, and LAR watersheds.  Modeled scenarios that included combinations of treat-and-release 
BMPs and/or infiltration BMPs (installed on ‘public land’ uses) were designed to capture the 85th 
percentile storm (approximately ¾ of an inch of rain in a 24 hour period). Model simulations fo-
cused on the impairing metal pollutants copper, lead, and zinc because they are conservative pol-
lutants for which sufficient water quality data was available.   

While multiple modeled BMP scenarios were able to manage the 85th percentile storm in these 
watersheds, tradeoffs were present among the scenarios – some were cheaper, some were more 
effective at reducing water quality exceedances or peak flows, and others provided greater water 
supply benefits.  Modeling BMP scenarios with a greater emphasis on treat-and-release BMPs, 
such as vegetated swales and dry ponds, resulted in fewer exceedances of the metals TMDLs as 
more treated “clean” flows were returned to the channel.  However, this emphasis on treat-and-
release approaches provided less potential recharge than those BMP scenarios with a greater em-
phasis on infiltration BMPs.  A combination of treat and release BMPs and infiltration BMPs 
(vegetated swales and infiltration trenches) was low cost, provided groundwater recharge benefits, 
and greatly improved water quality for metals. 

For example, infiltration based BMPs demonstrated the greatest potential groundwater re-
charge in the BC watershed (up to 77% of the runoff and up to 60,000 AFY with 15 inches of 
annual precipitation) and achieved considerable peak flow reduction in large storms (up to 47% 
peak reduction for storms with less than 2” of rain). Though infiltration-based BMPs significantly 
reduced TMDL exceedances compared to no BMPs, they are not as good as treat and release BMPs 
at reducing metals concentration exceedances because infiltration BMPs remove water from the 
channel, lowering the TMDL target at the point of compliance. However, infiltration BMPs re-
move more pollutant load than treat and release BMPs, so they improve the quality of the receiving 
waters as well as offer other potential IWM benefits such as groundwater recharge.  

Implementing these watershed scale BMP programs can offer significant potential to increase 
local water supply.  The range of stormwater volume estimated for potential groundwater recharge 
in the various BMP implementation scenarios in BC was 20,000 to 60,000 AFY, in DC was ap-
proximately 1,000 to 14,000 AFY, and in LAR was 130,000 to 170,000 AFY.  It is, however, 
important to note that the volume of recharged stormwater water available to augment potable 
supply is less than the theoretical maximum infiltrated by BMPs. Additional research is needed to 
better understand the connectivity between surface and groundwater in these basins and quantify 
the water supply contribution of these stormwater recharge projects. 

In addition to implementing watershed-scale BMP programs, source control and source track-
ing efforts to eliminate pollutant loads coming in from the watershed are critical to eliminating 
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exceedances in these watersheds. For example, wet weather exceedances for copper were not elim-
inated even in modeling scenarios in which, for example, the event mean concentrations for indus-
trial land uses in the DC watershed were set to the Waste Load Allocations in the TMDL. Thus, 
identifying and remediating sources of metals throughout the DC watershed is absolutely critical 
to resolving chronic water quality issues in DC.  

A lack of data on the existing flows and runoff water quality, as well as on the performance of 
BMPs over time, was a limiting factor in some of this research, particularly in the DC and ML 
watersheds. Increasing monitoring efforts to include more sampling in DC and ML as well as at 
more of the industrial facilities in the watershed that are potential sources of pollutants, will facil-
itate attaining water quality standards in the DC watershed. The City’s monitoring efforts, planned 
through the Coordinated Integrated Monitoring Programs (CIMP) in these watersheds will also 
provide additional data that can inform future efforts. Monitoring and/or data collection efforts 
matched to specific land use types will enable better characterization of loads in the watershed.   

This type of analysis with modeling provides invaluable information on the potential tradeoffs 
among various BMP programs that all improve water quality.  With this information, decision-
makers can tailor programs, either through design of their own projects or programs to incentivize 
or require the construction of certain BMP types on private or public lands, to create desired out-
comes in each part of the watershed.  For example, infiltration-type BMPs could be preferentially 
selected where the connection of recharged stormwater to a groundwater basin used for water sup-
ply is readily quantifiable.  Elsewhere, treat-and-release BMPs could be preferentially selected 
where the link to groundwater is not readily available or the released stormwater could be diverted 
to a local treatment plant for reuse or to a spreading basin for groundwater recharge. Yet, this 
approach still provides flexibility for implementing managers to devise BMP suites that can actu-
ally be achieved as part of municipal capital investment programs.  

It is also important to consider the impacts of implementing these types of watershed-scale 
water quality-focused BMP programs to manage the 85th percentile storm, particularly those with 
a greater focus on the infiltration-based BMPs that increase the volumes of stormwater recharged 
into the groundwater basins, on other aspects of water management in the City.  This is especially 
relevant for the LAR watershed as these programs could impact the volumes of water flowing 
through the LAR.  For example, modeled average annual flows at Wardlow Gage dropped from 
237,000 AF to between 63,000 and 111,000 AF (a reduction of 53 to 71%) with the implementation 
of various watershed-wide BMP scenarios.   

It is important to note that these modeling analyses only included the water quality impacts 
(for metals) of watershed-scale BMP installation on public lands by stormwater permittees such 
as the City of LA.  The transformation of private land use to more stormwater-friendly develop-
ment will be important to improving water quality for a variety of reasons, including that the land 
area needed for regional BMPs may not be available where it would be most effective (e.g., further 
downstream in the watershed where runoff from larger drainage areas can be captured and treated).  
Watershed-scale BMP programs provide valuable water quality (and potential water supply) ben-
efits that complement the many additional programs and plans happening concurrently in the LAR 
watershed.  One example is the City’s Low Impact Development (LID) ordinance, which reduces 
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runoff from new development and redevelopment on privately owned land.  Through a post-mod-
eling analysis, we assessed the water quality and volume impacts of this LID ordinance as if it 
applied to the entirety of each watershed, instead of just the city of Los Angeles.   

The LID ordinance in LA applies to parcels that create, add, or replace 500 ft.² or more of 
impervious area.  For the presented analysis, we assumed a constant rate of redevelopment (rang-
ing from 15% to 34% for different land uses as in other City of LA reports).  With these assump-
tions, redevelopment under the LID ordinance will reduce the MS4 permit required volume of 
storm water (85th percentile storm) that has to be captured by LA City, LA County, and other cities 
in each watershed by between 19% and 28% by 2035.  This would also result in a reduction in 
annual average loads of zinc and copper by 19% to 28% and 9% to 17%, respectively.  Although 
required LID implementation will not result in water quality compliance on its own, the ordinance 
should result in the construction of thousands of BMPs over decades on private property; this green 
infrastructure, if properly operated and maintained, will improve water quality at minimal cost to 
the City as it will not be implemented by the City, but by private parties.   

These benefits could be greatly magnified by extending the reach of an LID ordinance.  For 
example, a LID retrofit upon sale ordinance that requires stormwater capture or infiltration for all 
parcels should be developed.  The proliferation of LID projects can also be accelerated through 
the use of non-governmental organizations and other partners working with the City.  Non-gov-
ernmental organizations in particular can help on community engagement, implementing LID pro-
jects on private property, schools, parks, alleys, and in parkways, and LID BMP maintenance. The 
combination of watershed-scale BMP programs in concert with multiple efforts to reduce sources 
to the watershed and ramp up BMP implementation on private properties will result in greatly 
improved water quality as well as provide additional local water supply potential.  These programs, 
however, must also include training for installers and property owners to ensure BMPs achieve the 
expected water quality benefits.   

Recycled Water – To maximize the potential to source water locally, the final goal for recy-
cled water in the City should be the reuse of the total volume of wastewater treated within the City 
(except for the brine and residuals generated through the process).  Challenges to maximizing reuse 
within the City are linked to issues of both spatial distribution and available flows.  In the current 
framework of City wastewater distribution and WRPs, there is potentially more demand for recy-
cled water than current supply at certain facilities (e.g., at DCTWRP and at TIWRP) and more 
potential recycled water supply than demand at others (e.g., at HWRP).  For example, TIWRP is 
designed to treat an average daily flow of 30 MGD and currently treats approximately 15 MGD; 
potential future local demands for TIWRP advanced treated recycled water of up to 24.5 MGD 
have been identified.  Increasing volumes of wastewater recycled at HWRP is further complicated 
by its location downhill from much of the City-based demand.  Future studies to identify the most 
effective strategies to maximize reuse of HWRP water should include assessments to increase 
indirect potable reuse to capitalize on the additional storage space in West Coast and Central Ba-
sins.  In addition, the potential to integrate HWRP flows into the Regional Recycled Water Pro-
gram that MWD and the LA Sanitation Districts are currently exploring should be considered. 

The City is currently investigating opportunities to move flows around within its infrastructure 
to maximize the reuse of recycled water based on the current misalignments of local supply and 
demand for recycled water.  As part of the One Water LA efforts, the City is exploring options 
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such as augmenting sewer flows with runoff to increase the volumes available for recycling, re-
configuring sewer alignments to channel wastewater flows to WRPs closest to the most local de-
mand, and building City-owned satellite WRPs to create new recycled water supply where suffi-
cient local demand is present.  

It is critical to quantify flows within and among systems to the greatest extent possible to assess 
foreseeable challenges and opportunities. For example, diverting dry and potentially even some 
wet weather runoff to WRPs would increase the volume of water that could be treated to reusable 
standards, going through these facilities.  However, it is likely that continued gains in outdoor 
conservation will reduce available dry weather runoff, while indoor conservation will further de-
crease WRP flows. Increased implementation of on-site greywater technologies also would reduce 
flow volumes going to WRPs and could increase pollutant concentrations in wastewater effluent 
by removing one of the cleanest wastewater streams from the system, as well as most likely locking 
the use of that water into the potential use at that property.   

These questions are especially important in the LAR, where recycled water is currently being 
discharged from WRPs into the LAR. Some of this flow also goes to support existing habitat and 
recreational features (e.g., Balboa Lake and the Japanese Gardens) before being discharged into 
the LAR.  Non-potable reuses (e.g., irrigation and industrial) also currently provide local demand 
for treated effluent from these WRPs.  The potential combined impacts of both watershed-scale 
BMP implementation and increased reuse of the treated effluent discharged into the LAR could 
significantly impact annual minimum flows.  At Wardlow Gage, for example, modelled baseline 
annual minimum flows were 82-118 cfs, with flows dropping to 22-32 cfs after watershed-wide 
BMP implementation and reusing 50% of the discharged reclaimed water.   

Groundwater – Recharge of both recycled water and captured stormwater can increase the 
volumes of groundwater in storage in local groundwater basins.  Groundwater basins in Los An-
geles provide significant opportunities to store advanced treated recycled water as well as captured 
stormwater that can be used later in times of need. However, contamination by legacy pollutants 
and complex political, legal, and regulatory environments present challenges that need to be ad-
dressed to take full advantage of this local water supply opportunity. This report examines these 
issues in detail, pointing to delicate policy needs and tradeoffs. There are multiple groundwater 
basins that partially underlie the City: the ULARA basins, West Coast Basin, Central Basin, Santa 
Monica Basin, and Hollywood Basin.  

The City has water rights in ULARA, West Coast Basin, and Central Basin, which are all 
adjudicated basins.  Two other local groundwater basins, Santa Monica Basin and Hollywood Ba-
sin, are unadjudicated.  The ULARA groundwater basins include the San Fernando Basin, Sylmar 
Basin, Verdugo Basin, and Eagle Rock Basin; the City holds water rights only in San Fernando, 
Sylmar, and Eagle Rock Basins.  The majority of the City’s groundwater comes from San Fernando 
Basin.  To more fully utilize these groundwater basins, the City has extensive plans to increase 
groundwater recharge into and remediate historical contamination in the San Fernando Basin. 

Available dewatered space in West Coast (120,000 AF) and Central Basins (330,000 AF) pro-
vides potential opportunities to store and extract both recycled water and newly managed storm-
water to increase local water supplies. The City has 1,503 AF of pumping rights in West Coast 
Basin and an allowed pumping allocation of 17,236 AF in Central Basin. The first opportunity for 
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the City to more fully utilize these groundwater basins is to increase pumping capacity to allow 
full extraction of pumping rights in both basins. The City is currently undergoing efforts to expand 
their pumping capacity in Central Basin to allow the extraction of their total adjudicated rights 
volume; the City currently has no pumping capacity in West Coast Basin. Recent amendments to 
the adjudications in West Coast and Central basins also greatly expanded the potential for rights 
holders to increase the conjunctive use of the basin. For example, water augmentation projects 
offer additional opportunities beyond the existing pumping and storage rights for rights holders in 
the basin to store and extract water in these basins in each year.  ULARA also has substantial space 
for storing additional water. 

Multiple plans and projects have identified the potential to greatly increase the volumes of 
stormwater recharged into these groundwater basins.  For example, LADWP’s Stormwater Cap-
ture Master Plan (SCMP) identified goals to capture between 132,000 and 178,000 AFY of storm-
water by 2035.  Plans to increase stormwater recharge include both large-scale centralized and 
smaller-scale distributed projects.  Large-scale projects that will increase surface water recharge 
through enhancing the capability of centralized infiltration sites include the Tujunga Spreading 
Grounds, the Lopez Spreading Grounds, the Big Tujunga Dam, Pacoima Dam, and the Pacoima 
Spreading Grounds (to store and/or infiltrate greater volumes of water). 

Smaller-scale projects to capture stormwater across a wide variety of land use types will also 
increase the recharge of stormwater to groundwater basins.  The Broadway Neighborhood Storm-
water Greenway Project is an excellent example of a collaboration between the City of LA Bureau 
of Sanitation and Department of Water and Power, the Water Replenishment District, and others, 
which covers a 32 acre tributary area and is expected to capture 30 to 40 AFY. This is an example 
of a project that is not only helping to improve water quality, but also the project is monitored to 
quantify the potential water supply benefits of infiltrating runoff.  In addition to increasing the 
volumes of stormwater recharged, the City is planning a large groundwater recharge project that 
will result in up to 30,000 AFY of advanced treated recycled water from DCTWRP being re-
charged into the San Fernando Basin through the Hansen and Pacoima Spreading Grounds.  

Remediation is another important component to increasing the conjunctive use of these 
groundwater basins.  Remediation efforts in ULARA are currently occurring in the North Holly-
wood, Burbank, and Glendale operating units, which pump and treat groundwater for use in local 
water supply.  Additional treatment facilities are expected to be located in North Hollywood, 
Rinaldi-Toluca, and Tujunga wellfields to remediate additional groundwater in the San Fernando 
basin.  Together, these facilities are expected to treat approximately 112 MGD (123,000 AFY) 
when they become operational in 2021.  Design and construction costs are estimated to be around 
$600 million dollars. 

There are many other options to increase the recharge and extraction of water into these basins.  
Additional opportunities for the City to increase their pumping in West Coast and Central basins 
includes purchasing and leasing additional pumping rights, perhaps through offering recycled wa-
ter to industrial users in exchange for a lease on their pumping rights. The brackish plume in West 
Coast Basin, a result of historical seawater intrusion, currently takes up 600,000 AF of space and 
offers another opportunity to increase the extraction and remediation of groundwater, as well as 
create additional space for storing, for example, recharged stormwater.  Additional research into 
opportunities to more fully utilize the capacity of the San Fernando Basin west of Interstate 405 
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or the potential to increase stormwater capture through Sepulveda Basin could also provide addi-
tional capacity for storage, recharge, and extraction. 

Local Water Supplies - We also assessed three water supply portfolios with increasing vol-
umes of locally sourced water from our baseline scenario, LADWP’s water supply in FY 2013-
2014 (WS 2013).  Our second portfolio, WS City 2035, included goals that built off of City docu-
ments such as the pLAn [e.g., sourcing 50% of LA’s water locally by 2035 and reducing consump-
tion to 98.25 gallons per capita per day (gpcd)] and the SCMP.  For WS City 2035, LAA was 
139,400 AFY, MWD was 100,000 AFY, recycled water was 88,500 AFY, groundwater was 
114,100, and stormwater was 37,000 AFY.  We defined our WS Max 2035 portfolio to maximize 
local water supply even further.  Our goal for LAA was 91,000 AFY, stormwater was 58,000 AFY, 
MWD was 35,000 AFY, recycled water was 161,400 AFY, and groundwater remained at 114,100.  
It is important to note that much of the increased local water supply coming from stormwater and 
recycled water would stem from recharge into and extraction from groundwater basins.  The WS 
Max 2035 goals are extremely aggressive as they would result in sourcing approximately 73% of 
the City’s 2035 water supply locally and reducing the imported water to only 27% of total supply.  

The aforementioned supply and demand scenarios raise the possibility of achieving 100% local 
self-sufficiency in Los Angeles, without the addition of coastal desalination plants.  The City can 
come very close to full self-sufficiency if conservation performance mirrors per capita consump-
tion in other parts of the globe, including Australia and numerous European countries.  The WS 
Max 2035 scenario provides a total supply of 459,500 AFY, but 126,000 AFY comes from im-
ported water (91,000 AFY from LAA and 35,000 AFY of purchased water from MWD).  Sub-
tracting the imported water supplies leaves a total of 333,500 AFY from local supplies.  Reducing 
per capita demand from the current 104 gpcd to 75 gpcd would decrease the City’s total demand 
to 365,000 AFY, only 31,500 AFY more than local supplies.  Local source volumes for stormwater 
and groundwater could be higher than those in our portfolios.  For example, the LADWP SCMP 
goals are 132,000 AFY (conservative) and 178,000 AFY (aggressive), which are both greater than 
the subset we used to generate our 58,000 AFY assumption.  These volumes could be far more 
than the shortfall of 31,500 AFY of local water between our WS Max 2035 portfolio and the WS 
Max 2035 (supply) / 75 gpcd consumption (demand) scenario.  

Therefore, if the City continues to implement and accelerate the current goals, programs, and 
projects such as those outlined in the EWMPs, SCMP, the Mayor’s Executive Directive, and the 
Recycled Water Master Planning documents, there is a wide array of potential local water supply 
sources that can be expanded. However, the City also must work very closely with regional part-
ners such as the groundwater watermasters and the Regional Water Quality Control Board to ad-
dress the challenges that are currently in place to moving forward with maximizing the use of 
recycled wastewater and captured stormwater in these watersheds to increase the sustainability of 
the City’s water supplies. 

We also assessed the GHG emissions of these three water supply portfolios (WS 2013, WS 
City 2035, WS Max 2035) to determine the impacts on the emissions of increasing the volumes of 
water that are sourced locally.  Imported water generally has high carbon embeddedness due to the 
energy required to pump water long distances and over hills and mountains; the lowest carbon 
emissions come from the LA Aqueduct, stormwater, and groundwater supplies.  Briefly, the com-
bination of moving towards a more local water supply and decreasing the volume of water required 
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through conservation resulted in a significant decrease in emissions in both WS 2035 portfolios 
compared to WS 2013.  The total supply volume for WS Max 2035 decreased to 459,500 AF, a 
4% decrease from WS City 2035 and a 22% decrease from WS 2013.  Total emissions for WS 
Max 2035 were 187,571 MT of CO2e, which is approximately a 17% decrease from WS City 2035 
and a 70% decrease from WS 2013.   

Changing the power mix to include higher percentages of lower GHG energy sources such as 
renewable energy resulted in a decrease in emissions even with no change in the water supply mix.  
Absolute emissions decreased for all three water portfolios when the energy was generated by PP 
2035 rather than PP 2014 due to the presence of an increased percentage of renewables in PP 2035 
(based on California Senate Bill 350 goal to generate 50% of the state’s electricity from renewable 
sources by 2030) relative to PP 2014.  For example, total emissions decreased by 73% to 50,401 
MT of CO2e for WS Max 2035 (compared to PP 2014) using PP 2035, which reflects a lower 
GHG power mix for all water supplies.  Increasing the amount of locally sourced water to 50% 
from WS 2013 to WS City 2035 resulted in a decrease in total emissions by approximately 63% 
under PP 2014 and 58% under PP 2035.   

Governance, Funding, and Economics – Multiple potential mechanisms to increase sustain-
able funding sources for implementing these water-focused projects are also described in this 
study; funding for operations and maintenance of existing and planned projects is an especially 
critical gap that must be filled to successfully implement integrated water projects to improve wa-
ter quality and increase local water supply.  Large bonds have become an important funding source 
for water projects in California, and may continue to be so, but agencies are limited in using these 
funds only for constructing capital improvement projects. Bond funds typically cannot be used for 
operations and maintenance of projects.  Creating organizations and arrangements with sustainable 
lines of revenue, including Joint Powers Authority agreements, enhanced infrastructure financing 
districts, and public-private partnerships, are all potential governance solutions to be explored. 
Additionally, generating environmental impact bonds can offer innovative revenue sources.   

One of the most critical measures to increase the funding available to implement these projects 
is approving a stormwater funding measure for Los Angeles County or the City, if the County 
measure fails.  The proposed 2018 measure must establish a source of funding for new capital 
stormwater BMP projects, BMP monitoring efficacy, stormwater education and community en-
gagement efforts, and operations and maintenance.  If the 2012 approach was followed, then this 
measure would generate a minimum of $100 million per year for the City, and ideally $150 million.  
The division of funds was 50% for watersheds, 40% for municipalities and 10% for administration, 
education, and monitoring.  Municipality funding should include a community grants program for 
nongovernmental organizations to work with the City to develop and/or maintain smaller scale 
distributed BMPs.  Where feasible, projects should be LID in nature and provide multiple benefits 
to the community and the City.  Quantitative eligibility criteria should be developed for projects 
funded under the watershed allocations (water quality compliance and water supply are the most 
critical benefits, followed by flood control, open space, habitat and recreation benefits, greenhouse 
gas emissions reductions, and reduced heat island impacts), as well as separate criteria for the 
community grants program.  Funding should be allocated in an equitable manner countywide with 
a particular focus on projects in disadvantaged communities.  In light of the substantial MS4 permit 
and TMDL requirements, the watershed projects must provide substantial water quality benefits 
to be eligible for funding. 
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In addition, a dedicated grant writing team should be created to develop and generate support 
for grant proposals to fund City water, water quality, and multi-benefit projects to take better ad-
vantage of available funding opportunities (e.g., the state revolving fund or water bonds).  The 
office should not develop grants that compete with each other for the same funding source and 
could help ensure there is no overlap in departments applying to the same funding source.  The 
grant developer also should be aware of City opportunities to provide match for grant proposals.   

The process of building a more collaborative approach that enables diverse groups of stake-
holders to identify and build the multi-benefit projects needed to transform the City’s infrastructure 
to a local water system should be jumpstarted by creating a temporary, 5-year executive position, 
ideally located in the Mayor’s Office.  This Local Water Director position would lead on local 
water / one water projects to ensure timelines and budgets are met and would report to an executive 
council led by the Mayor.  This council would also include the Deputy Mayor and the heads of 
agencies such as LADWP, LASAN, and BoE to ensure sufficient oversight.  This group would 
jointly hire this position to be in charge of designing and building local water infrastructure.  This 
position would entail working with hired consultants and designated staff from critical departments 
and bureaus and reporting back to the group on a monthly basis to describe successes and elevate 
challenges to implementation that need resolving.   

A cost-benefit analysis of the three potential LADWP water supply portfolios described earlier, 
WS 2013, WS City 2035, and WS Max 2035, was also conducted.  The most critical factors in 
determining long-term cost-effectiveness of policy options are planning time frames and assessed 
values for monetized benefits from local water supply options.  Assessed benefits in this analysis 
included the avoided cost of imported water, reduced GHG emissions, enhanced recreational op-
portunities, and reduced stormwater-related damage. 

For example, the net benefit of WS City 2035 is $4.3 to $5.8 billion, and the net benefit of WS 
Max 2035 is $7.4 to $10.1 billion.  It is important to note that while these values are based on the 
best available data, there is a pressing need for additional high quality and local data on the costs 
and benefits of, in particular, the environmental benefits of putting in additional stormwater cap-
ture.  Therefore, the exact numbers of these analyses may change as additional data is gathered, 
but the overall message that increasing the volumes of local water supply will provide both envi-
ronmental and economic benefits to the region is clear. 

Conclusion - The research undertaken in this project demonstrates the complex interrelation-
ships within urban water management.  The research also highlights potential pathways to a trans-
formation of the City’s historical reliance on imported water to an integrated, green infrastructure, 
water management approach that provides water quality, supply, flood control, habitat, open space 
and other benefits.  Projects that are geared towards managing stormwater to improve water quality 
can also increase local water supply potential.  Groundwater basins provide an opportunity to store 
water, whether that water comes from advanced treated recycled water, captured stormwater, or 
imported water in times of excess.  Additional research, however, is required to quantify the water 
supply benefits of recharged stormwater in local groundwater basins (e.g., if 1 AF of stormwater 
is recharged, how much becomes available for extraction and use as water supply?).  In addition, 
opportunities to expand the conjunctive use of these groundwater basins should be pursued.   
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The City and the LA region have made great strides towards developing and implementing 
IWM approaches, but much more remains to be done to transform local water infrastructure to 
meet or exceed the Mayor’s local water goals.  Several pressing research needs remain to guide 
the implementation of these projects.  For example, developing a coupled surface to groundwater 
model that will enable water managers to determine how much infiltrated water becomes accessi-
ble as water supply is critical.  A comprehensive economic study that better defines the ancillary 
benefits (public health, property values, ecological, etc.) of water treatment strategies and projects 
and facilitates cost-sharing among agencies would provide a better understanding of the benefits 
of these programs.  A study to identify the optimum / minimum flows on the LA River is critical 
to plan IWM in the LAR watershed that provides local water supply potential and improves water 
quality without harming the beneficial uses (e.g., habitat and recreation) in the LAR. 

The regulatory and political environment surrounding water in the LA region provides both 
opportunities and challenges to implementing integrated water management programs that can 
truly address the multiple needs of urban water landscapes.  Water quality BMPs should be con-
sidered within the context of other urban water management needs such as flood control, water 
supply, recreation, and habitat to identify multi-benefit and cost-effective projects.  As more pro-
jects are designed with multiple goals in mind, partnerships will become established, methods of 
quantifying stormwater through the lens of water supply will become better defined, and regula-
tions and policies can be adapted to reflect the equally important goals of cleaning up our surface 
water and increasing our local water supply resiliency in a semiarid region.  Overall, our findings 
are very encouraging. A One Water approach overcomes many of the institutional barriers to water 
self-reliance that will enable a more effective use of the significant water resources in Los Angeles. 
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Background 

Over the last decade, the City of Los Angeles (City) has worked closely with local communities 
and stakeholders to develop an integrated approach to managing water.  The City understood that 
a siloed approach to wastewater, water supply, stormwater, and flood control management was 
inefficient and that integration of its water management programs would result in improved water 
quality, increased local water supplies, and better flood control. The City developed an integrated 
water approach with a series of plans including the Integrated Resources Plan, the Water Quality 
Compliance Master Plan and associated watershed compliance plans [Total Maximum Daily Load 
(TMDL) Implementation Plans, Enhanced Watershed Management Programs (EWMPs), and Co-
ordinated Integrated Water Monitoring Programs (CIMPs), and a Water Supply Plan].  

However, there is still a need for the assessment of integrated water management approaches 
that identify feasible opportunities for City-wide implementation to provide the City with the in-
formation necessary to develop integrated water infrastructure priorities and management frame-
works, as well as garner broader support for implementation and funding. This report examines 
the opportunities and challenges to implementing integrated water management across the City of 
Los Angeles and incorporates the results of the three watershed studies (Ballona Creek Watershed, 
Dominguez Channel Watershed, and LAR Watershed) completed prior to this summary assess-
ment.  In addition to the water quality focus of the three prior reports, the potential for greater 
water self-reliance that can be achieved through implementing integrated water management pro-
grams will also be discussed.    

I. Introduction 

In the face of the recent record drought in California, it is critical to begin implementing inte-
grated water management systems that incorporate all components of the urban water cycle and 
address both improved water quality and reliable water supply.  These components include im-
ported water, local groundwater, captured stormwater, conservation, and treated wastewater. Un-
derstanding the regulatory and management framework that underpins these systems is critical to 
creating a sustainable water supply for the City.  The City has researched, written, and begun 
implementing recommendations from many reports critical to defining the current capacity of the 
system and creating and implementing an integrated water management plan for the City.   

While the City has been working on this issue for many years, the impacts of the recent extreme 
drought on water supplies throughout California created a new urgency to increase water supply 
through local sources and to develop integrated water programs.  The very wet weather in early 
2017 immediately following a prolonged period of drought demonstrated that flood control is still 
critically important and that both infrastructure and planning capacity must be able to meet in-
creasingly variable weather conditions.  A concerted transformation towards greater local water 
self-sufficiency is critical for climate adaptation as well as system resiliency in the face of emer-
gencies.  Integrated water management plans offer the opportunity to improve water quality, max-
imize local water supply, and even to create, restore, or support habitat or recreational uses while 
still maintaining or even enhancing flood control capacity.   
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While the language of drought still is common currency, this report is part of a rethinking of 
California’s precipitation regime that is resulting from climate change.  Extreme drought periods 
– characterized by multiple years with below “average” rainfall – have always occurred periodi-
cally, but are predicted to grow more frequent in future decades.  Rethinking how this new normal 
is characterized will be an important component of developing greater water system resiliency. 
Looking at past precipitation patterns to determine appropriate infrastructure sizing may have been 
appropriate for the 20th century, but increasing climate variability has demonstrated that a more 
prudent approach for determining infrastructure needs would be to utilize climate modeling in 
sizing decision making.   

Regulations and policies covering a broad range of topics, from protecting surface water qual-
ity for human and environmental uses to complying with water rights laws and ensuring the ap-
propriate level of treatment of recycled water for different uses, come into play when undertaking 
integrated water management.  While water quality standards attainment (permits, receiving water 
quality standards, TMDLs, etc.) were the driving objective for the alternatives assessed in the pre-
vious watershed reports issued through this Sustainable LA water project (Ballona Creek, 
Dominguez Channel and Machado Lake, and LAR), many other laws and regulations affect the 
implementation of an integrated water management system.   

This final overview report builds on our previous work and characterizes opportunities for 
implementing integrated water management (IWM) in the City to enhance local water supply ca-
pacity and improve water quality.  It draws on and critically assesses available research outlining 
potential sources of local supply enhancement sources, including groundwater, recycled water, and 
stormwater capture.  The focus of this report is on opportunities and challenges that exist to im-
plementing integrated water management across the City, including comparison and discussion of 
results in previous watershed studies, regulatory and policy challenges throughout the study area, 
and economic and ancillary benefits associated with various integrated water management ap-
proaches.  Further, we will describe potential scenarios to achieve water quality compliance and 
potential opportunities to increase local water supply and resilience through implementing an IWM 
approach in the assessed watersheds and across the City. 

II. Los Angeles Water Supplies 

LADWP receives its water from multiple sources.  LADWP’s water supply portfolio includes 
imported water from the Western and Eastern Sierras in Northern California through the State 
Water Project (SWP), from Owens Valley through the Los Angeles Aqueduct (LAA), and from 
Lake Havasu in Arizona through the Colorado River Aqueduct (CRA).  The City also sources 
potable and non-potable water from groundwater, recycled water, and stormwater supplies.  Due 
to the decrease in availability and reliability of imported water, the City is working toward water 
supply portfolios that increase its resilience.   

In this section, we describe the landscape of current and potential water supplies in the Los 
Angeles region.  Specifically, we identify three potential LADWP water supply portfolios with 
varying percentages of local water: a drought year, WS 2013, using the FY 2013-2014 LADWP 
water supply portfolio; a City-goal based portfolio for 2035, WS City 2035, which builds on goals 
in City documents such as the LADWP Urban Water Management Plan (UWMP) and the LA 



18 | U C L A  I o E S ,  U C L A  G C ,  C S M  F e b r u a r y  2 0 1 8  
 

Sustainable City Plan (pLAn); and a maximum local water supply portfolio for 2035, WS Max 
2035, which maximizes locally sourced water to the greatest extent possible.  A costs and benefits 
analysis and an energy use and greenhouse gas (GHG) emissions analysis were also conducted 
using these water portfolios and will be discussed in later sections. 

A. LADWP Water Supply Background 

a. Imported Water  

LADWP imports water from three main sources, the SWP, the CRA, and the LAA.  LADWP 
purchases imported water, which is a mix of SWP water and CRA water, from MWD.  SWP water 
is stored at two different locations at the terminus of its East and West Branches.1  The West 
Branch conveys water to Castaic Lake in Los Angeles County and the East branch conveys water 
to Lake Perris in Riverside County.  Between 2010 and 2015, the West Branch provided an average 
of 241,671 acre-feet per year (AFY) and the East Branch provided an average of 14,249 AFY for 
LADWPs water supply.2  

SWP water is treated at four different treatment plants: Los Angeles Aqueduct Filtration Plant 
(LAAFP) and Jensen Treatment Plant (Jensen) for the West Branch and Weymouth Treatment 
Plant (Weymouth) and Diemer Treatment Plant (Diemer) for the East Branch.  The second source 
of imported water for MWD is from the Colorado River, conveyed via the CRA.  CRA water from 
Lake Havasu in Arizona comprised an average of 49,199 AFY of LADWP’s water supply between 
2010 and 2015.3  The water is then stored in Lake Mathews in Riverside.  Water sourced from 
both branches of the SWP and the CRA comprise all the water imported through MWD.  The final 
source of imported water is LAA water, which is treated at the LAAFP.  LADWP imported an 
average of 167,008 AFY through the LAA between 2010 and 2015.4  

A common thread among these imported water sources is that water has historically been 
stored in snowpack and can then be captured as the snow melts through spring and early summer; 
LADWP and others in the region have studied the impacts of a changing climate that could reduce 
this snowpack on the region’s water supply, especially in the dry months.  Briefly, although total 
precipitation in the region may stay at a similar volume, it is most likely that more precipitation 
will fall as rain then snow.  Storms will also be flashier; modeling results described in the UWMP 
found high flows and also identified a number of locations along the LAA where flow could be 

                                                 
 

1 Draft 2015 Urban Water Management Plan (UWMP). February 16, 2014. Chapter 12 P. 12-18 
2 LADWP UWMP 2015 p. 12-25 Exhibit 12P 
3 LADWP UWMP 2015 p. 12-25 Exhibit 12P 
4 LADWP UWMP 2015 p. 12-25, Exhibit 12P 
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zero in dry months.5  Climate change also has the potential to decrease SWP flows to areas south 
of the Bay-Delta as well as flows through the CRA.6   

Recent climate modeling work at UCLA found that in the Sierra Nevada, warming and snow 
cover loss create a positive feedback that results in greater warming than previously projected at 
certain elevations. In 2081–2100 under a “business as usual” scenario of increasing GHG concen-
trations, warming averaged across the Sierra Nevada ranged from 7 to 10 degrees Fahrenheit, de-
pending on the month, compared with 1981–2000.  In the typical projected 2081–2100 April, 
snow-covered area decreased by 48%, compared with the typical 1981–2000 April.7   

In another UCLA study, anthropogenic warming was found to have reduced snowpack levels 
during the 2011-2015 California drought by an average of 25% (26-43% at mid-to-low eleva-
tions).8  End-century anthropogenic warming could lead to even greater snowpack reduction dur-
ing drought, 60-85%, depending on GHG emissions levels.9  These smaller snow packs would in 
turn lead to snow melt drying up earlier in the year and, thus, to lower volumes of water coming 
down for use during the summer.  By the end of the century under “business as usual” emissions, 
peak flows are likely to arrive 2 to 3 months earlier than at the end of the 20th century.10  The shifts 
in hydrologic regime could have ramifications on seasonal flooding patterns, the scope of flood 
events, and water temperatures and flows during critical end of summer/early fall time periods for 
aquatic life, including salmon.  From global climate model results, researchers suspect that flows 
will be more variable, and that there will be more frequent and prolonged droughts punctuated by 
extremely wet years.  But to date it is unclear how this will play out at the regional scale in the 
Sierra Nevada.  This is the subject of current research at UCLA. 

b. Groundwater 

LADWP relies on groundwater basins for about 12% of its water supply.11  On average from 
FY11 to FY15, ULARA supplied the City with 89% (59,621 AFY) of its local groundwater, ex-
tracting 58,741 AFY from SFB and 880 AFY from SB (Table 4.1).12  Groundwater remediation 

                                                 
 

5 LADWP UWMP Chapter 12. P.12-11 
6 LADWP UWMP Chapter 12. P.12-13 
7 Walton DB, A Hall, N Berg, M Schwartz, and F Sun, 2017: Incorporating snow albedo feedback into downscaled 
temperature and snow cover projections for California's Sierra Nevada. Journal of Climate, 30(4): 1417-1438. DOI: 
10.1175/JCLI-D-16-0168.1; https://www.ioes.ucla.edu/wp-content/uploads/Summary_Walton_Temperature.pdf  
8 Berg N and A Hall, 2017: Anthropogenic warming impacts on California snowpack during drought. Geophysical 
Research Letters, 44(5), 2511–2518. DOI: 10.1002/2016GL072104; http://research.atmos.ucla.edu/csrl/publica-
tions/Hall/Berg_snowpack_drought_2016.pdf  
9 Berg N and A Hall, 2017: Anthropogenic warming impacts on California snowpack during drought. Geophysical 
Research Letters, 44(5), 2511–2518. DOI: 10.1002/2016GL072104 
10 Schwartz M, A Hall, F Sun, DB Walton, and N Berg, 2017: Significant and inevitable end-of-21st-century ad-
vances in surface runoff timing in California's Sierra Nevada. Journal of Hydrometeorology, submitted.;  Ongoing 
research by Alex Hall’s group and UCLA Grand Challenges 
11 LADWP UWMP. Chapter 6. P. 6-1 
12 LADWP UWMP 2015 p. 6-4, Exhibit 6B 

https://www.ioes.ucla.edu/wp-content/uploads/Summary_Walton_Temperature.pdf
http://research.atmos.ucla.edu/csrl/publications/Hall/Berg_snowpack_drought_2016.pdf
http://research.atmos.ucla.edu/csrl/publications/Hall/Berg_snowpack_drought_2016.pdf
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facilities remove organic and inorganic chemicals (TCE, PCE, DCE, TCP, NDMA; Perchlorate, 
nitrate).  The largest wellfields are in the SFB, where Tujunga, Rinaldi-Toluca, and North Holly-
wood wellfields provide about 88% of the total groundwater from the SFB.13  Erwin/Whitnall, 
Pollock, and Verdugo provide the rest of the supply from the SFB.14  Wells in the 99th Street and 
Manhattan wellfields extract water from the Central Basin and wells in Mission extract from the 
Sylmar Basin.  There are no established facilities in the Eagle Rock Basin.  

c. Recycled Water 

There are four city-owned or co-owned water reclamation plants (WRPs) that provide recycled 
water in the City: Hyperion Water Reclamation Plant (HWRP), Los Angeles Glendale Water Rec-
lamation Plant (LAGWRP), Donald C. Tillman Water Reclamation Plant (DCTWRP), and Termi-
nal Island Water Reclamation Plant (TIWRP).  HWRP treats to secondary levels, LAGWRP and 
DCTWRP treat water to tertiary levels with nitrification/denitrification, and TIWRP produces ad-
vanced treated recycled water.  Average flows to the four City-owned WRPs in 2015 were as 
follows: 240 MGD at HWRP (capacity 450 MGD), 32 MGD at DCTWRP (capacity 80 MGD), 19 
MGD at LAGWRP (capacity 20 MGD), and 14 MGD at TIWRP (capacity 30 MGD).15  

d. Stormwater 

There are two types of stormwater capture systems: centralized systems and distributed pro-
jects.  Centralized systems include regional flood control measures such as spreading grounds, 
flood control basins, and debris basins, as well as dams, reservoirs, and channel networks.16  In the 
2015 LADWP Stormwater Capture Master Plan (SCMP), centralized projects are described as 
those located and engineered to capture large flows and in general, able to capture and infiltrate 
more than 100 AFY.17  Opportunities for large-scale stormwater conservation projects are limited 
due to their large space requirements and are not ideal for highly developed areas.  While many 
centralized systems (e.g., spreading grounds) are gravity fed and thus require no additional energy 
to capture stormwater, there are some scenarios in which stormwater could be captured and stored 
at a lower elevation.  In these cases, some pumping energy could be required to route the captured 
stormwater back up to the spreading grounds as space becomes available.   

Distributed capture is comprised of individual projects located throughout the urban landscape 
of a city.  These projects are characterized by their smaller per project contribution to aquifer 
recharge and limited capture capacity per project.18  Distributed projects can be composed of a 

                                                 
 

13 LADWP UWMP. Chapter 6. P-6-5. The text says that those three account for 268 cfs and that the first two account 
for 70% of the water. If North Hollywood is included, the 268 cfs winds up being about 88% of the total groundwater. 
14 LADWP UWMP. Chapter 6. P 6-5. 
15 OWLA presentation, February 16, 2017 
16 LADWP SCMP 2015 p. 11, Table 2 
17 LADWP SCMP 2015 p. 10 
18 LADWP SCMP 2015 p. 12  
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variety of BMPs that utilize the natural processes of vegetation and soil to manage runoff close to 
the source.  BMPs can be installed in parks, on public and private developments, and on public 
infrastructure.  Further, BMPs can provide ancillary benefits such as wildlife habitat, water quality, 
flood protection, improved air and water quality, and recreation.  Distributed projects are consid-
ered a solution to stormwater capture in heavily urbanized areas that are running out of space for 
larger projects.19  

e. Brackish Groundwater and Seawater Desalination 

In addition to the water supplies described above that are part of LADWP’s current or future 
water supply portfolios, desalination is an additional potential source of water in the region.  There 
are two desalination alternatives potentially applicable in the Los Angeles area: brackish ground-
water desalination and seawater desalination.  LADWP does not currently operate any brackish or 
seawater desalination facilities.  While seawater desalination is not in LADWP’s current water 
resource strategy due to environmental concerns, treating brackish water is a more viable alterna-
tive that is being considered (in the concept phase).20  Brackish water TDS levels range between 
1,000 and 15,000 mg/L; seawater TDS can range between 30,000 and 40,000 mg/L.21  Any desal-
ination process must result in water that meets the range for Secondary Maximum Contaminant 
Level (SMCL) for TDS of 500 mg/L to 1,000 mg/L as established by the SWRCB.22 

There are a few examples of brackish water desalting that are already active in the Los Angeles 
area.  The Robert W. Goldsworthy Desalter (Goldsworthy) and C. Marvin Brewer Desalter 
(Brewer) operate to remediate historical seawater intrusion in WCB; TDS levels at Brewer and 
Goldsworthy are 4,700 mg/L and 1,900 mg/L, respectively.23  The Water Replenishment District 
(WRD) operates Goldsworthy, which has the capacity to extract and treat approximately 2.5 MGD 
(about 2,800 AFY) through reverse osmosis (RO).  After the water passes through the RO process, 
it is re-blended with extracted groundwater that bypassed the main RO process to produce a final 
blended, treated water that is channeled into the Torrance water distribution system for potable 
use. 24  The waste stream that does not pass through the RO process into the potable water system 
is discharged to the regional wastewater collection and treatment system operated by the Sanitation 
Districts of LA County.25  WBMWD operates Brewer, which extracts and treats approximately 

                                                 
 

19 LADWP SCMP 2015 p. 12  
20 UWMP. Chapter 9 P. 9-5,6 
21 Cornejo et al. Carbon Footprint of Water Reuse and Desalination: A Review of Greenhouse Gas Emissions and 
Estimation Tools.  Journal of Water Reuse and Desalination. 2014. P. 243 
22 Todd Groundwater. Salt and Nutrient Management Plan – Central Basin and West Coast Basin Southern Los 
Angeles County, California. 2015. P 32 
23 Todd Groundwater. Salt and Nutrient Management Plan – Central Basin and West Coast Basin Southern Los 
Angeles County, California. 2015. P 49 
24 CH2MHILL. Initial Study: Robert W. Goldsworthy Desalter Expansion Project. 2013. P. 1-1, 1-2 
25 CH2MHILL. Initial Study: Robert W. Goldsworthy Desalter Expansion Project. 2013. P. 3-17 
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1,600 to 2,400 AFY from the West Coast groundwater basin.26  Brewer treatment processes in-
clude cartridge filters and reverse osmosis.  The treated water is blended with other potable water 
then stored on-site in a 5-million gallon storage reservoir.27 

Additional reverse osmosis desalting facilities being planned in the region include the North 
Pleasant Valley Desalter in Camarillo (operated by the City of Camarillo), and the Moorpark de-
salter in Ventura County.  The North Pleasant Valley Desalter would treat about 9,000 AFY of 
groundwater and produce about 7,500 AFY, yielding an 83% recovery rate.28  The Moorpark de-
salter is in preliminary phases, but it would treat about 6,000 AFY and produce 5,000 AFY of 
potable water, with the same recovery rate of the North Pleasant Valley Desalter of 83%.29  A 
typical recovery rate for seawater desalination is 50%.30  A local example of this recovery rate is 
exhibited at the Carlsbad Seawater Desalination Plant: 104 MGD of seawater inflow would pro-
duce 50 MGD of desalinated water, which yields a 48% recovery rate.31  These seawater desali-
nation recovery rates are much lower than the 80%-plus recovery rates described above for local 
brackish groundwater desalters.  This results in a larger volume of concentrated brine as a waste 
product that will require disposal. 

B. LADWP Water Supply Portfolios 

a. Potential Water Portfolios 

Defining the potential local water supply in the Los Angeles of 2035 first requires defining 
what local water supplies in the City looks like.  The City imports water in two different ways, 
through purchasing water imported by the Metropolitan Water District (MWD) via the SWP and 
CRA and through importing its own water from the Eastern Sierra Nevada Mountains through the 
City-owned LAA.  The Mayor’s pLAn and Executive Directive 5 set two distinct goals to increase 
local water supply in LA over the next two decades.  The first is reducing the amount of purchased 
imported water (MWD water) by half from 2013-2014 levels by 2025 and the second is sourcing 
50% of the City’s water locally by 2035.  The pLAn defines locally sourced water as “all local 
groundwater production, historical and future hardware-based conservation savings, centralized 
and distributed stormwater capture and recharge, and all recycled water produced in the City.”  For 
the purposes of defining local water supply in our scenarios, we do not include conservation as a 
component of supply, but rather apply it to create various demand scenarios to demonstrate the 
huge impact conservation can have on the supply that will be needed in the future. 

It is important to note that water demand has greatly decreased since the 2013-2014 water year, 
so the City has already made significant progress towards some of the future demand scenarios 

                                                 
 

26 West Basin Urban Water Management Plan. 2010. Chapter 6. P. 6-4 
27 West Basin Urban Water Management Plan. 2010. Chapter 10. P. 10-5 
28 Padre Associates Inc. Draft Environmental Impact Report: Environmental Assessment for the North Pleasant Val-
ley Groundwater Treatment Facility. 2014. P .5.7-17 
29 Sasek, David. Moorpark Desalter Project Update. 2015. P. 7 
30 Semiat, Raphael. Energy in Desalination Processes. Environmental Science and Technology. Vol. 42, No. 22. 
2008.  
31City of Carlsbad. Precise Development Plan and Desalination Plant Project. Section 3. P. 3-1; 3-18 
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outlined here (e.g., through implementing water conservation programs).  It is also important to 
note that our approach to defining gpcd differs from that of DWP, the pLAn, and the SWRCB 
requirements for reporting gpcd.  For example, per capita water use targets are established for 
potable water demand (e.g., not including NPR use).  In the UWMP, LADWP’s planned recycled 
water supply and water conservation are included in the gpcd targets.  LADWP’s approach and 
gpcd targets are consistent with the pLAn’s goals and the SWRCB’s reporting requirements.  

Our pLAn-based targets vary from those in the UWMP as we took a more one-water approach 
to defining supply and demand in this study.  As mentioned above, rather than including conser-
vation as part of the supply, we used it to inform the supply of water that would be needed in the 
future.  We considered the pLAn goal of 2035 to be a total gpcd (including both potable and non-
potable uses) and counted imported water, recycled water, stormwater, and groundwater as parts 
of the supply.   

Setting accurate goals for local water supply in the future also requires identifying potential 
overlap between components of the future supply (e.g., not double counting stormwater that is 
recharged into the ground as additional local water supply for both stormwater and groundwater).  
Setting goals for the City’s imported water sources, LAA and MWD, is relatively straightforward 
as either less water can be purchased from MWD or less water can be imported through the LAA 
annually to meet these targets.  We kept annual volumes of LAA water greater than those of MWD 
as LAA water requires no energy for transport, has negligible GHG emissions, and is closer to LA 
and under the jurisdiction of LADWP.  In addition, LAA provides two benefits on energy and 
GHG emissions: any water sourced through LAA that replaces MWD water provides a substantial 
energy savings from importing less water as well as provides power as LAA itself generates power 
that is a clean source of energy for the City.32 

Groundwater as a local water supply is mainly comprised of existing groundwater resources 
(water rights, native safe yields, etc.), stormwater recharge, and recycled water recharge.  For ex-
ample, the LADWP UWMP describes the potential to extract around 150,000 AFY of groundwater 
through a variety of mechanisms.  These include pumping (on a safe yield basis) between 106,670 
AFY and 114,670 AFY in average conditions in FY 2039/2040, 30,000 AFY of recycled water 
from DCTWRP recharged through Hansen Spreading Grounds, 15,000 AFY of additional extrac-
tion capacity through credits for recharged stormwater in SFB, and 5,000 AFY of stored water 
credits starting in 2019/2020.33   

To avoid double counting storm water or recycled water recharge, we used the 2035 LADWP 
UWMP groundwater goal for an average water year, 114,070 AFY (rounded up to 114,100 AFY), 
for both WS City 2035 and WS Max 2035 as this number does not include additional groundwater 
pumping due to increased volumes of stormwater and recycled water recharge.  Therefore, in 
thinking about the scenarios presented in this study, it is important to note that some portion of the 

                                                 
 

32 LADWP UWMP 2015 p 12-21. 
33 LADWP UWMP p. 11-4; p ES-19; p ES-18; p. ES-22  
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targets for stormwater and recycled water in the WS 2035 scenarios would become part of the 
water supply through increased groundwater pumping of recharged water volumes.   

The SCMP identifies conservative and aggressive goals by which the City can increase storm-
water capture by 2035.  These SCMP goals are 132,000 AFY (conservative) and 178,000 AFY 
(aggressive); both goals include 64,000 AFY of existing baseline stormwater capture.  Stormwater 
capture potential identified in the SCMP for 2099 is even higher, at 258,000 AFY.34  This potential 
stormwater capture volume is further characterized within the SCMP into centralized capture, dis-
tributed capture, and distributed direct use.  Under the SCMP’s conservative 2035 scenario, cen-
tralized facilities could capture an additional 35,000 AFY, distributed facilities could capture 
31,000 AFY, and distributed direct use facilities could capture 2,000 AFY.35  Under the SCMP’s 
aggressive scenario, centralized facilities could capture an additional 51,000 AFY, distributed fa-
cilities could capture 56,000 AFY, and direct use facilities could capture 7,000 AFY.36 

Stormwater can play a role in increasing local water supplies through increasing the volumes 
recharged into groundwater basins for future use, but more work is needed to better quantify the 
water supply benefits of recharged stormwater.  For example, the UWMP projects a potential to 
increase groundwater extraction by only 15,000 AFY as a result of the 132,000 to 178,000 AFY 
per year of increased stormwater recharge identified in the SCMP.  This results in part from the 
fact that many factors come into play when determining the relationship between the volumes of 
stormwater infiltrated and the resultant increase in water supply.  These variables include ground-
water rights, connectivity between surface water and supply aquifers, infrastructure, existing or 
potential contamination, and others (e.g., adjudication). 

More than 15,000 AFY of captured stormwater needs to be quantified as water supply to fully 
utilize our local potential to recharge and extract groundwater.  Therefore, our WS 2035 storm-
water goals are larger than 15,000 AFY to demonstrate the importance of overcoming the chal-
lenges that make it difficult to quantify stormwater from the supply side because stormwater can 
play an important role in increasing our local water supply sources.  One challenge is that storm-
water recharge is less certain than recycled water recharge, and therefore it is not currently a 1:1 
ratio of recharge and extraction.37  While aggressive, our 2035 goals only include SCMP volumes 
associated with direct use volumes and centralized capture.  These larger projects are more likely 
to be able to be metered to accurately assess the volumes of storm water being captured and infil-
trated into the groundwater basins, which makes these volumes more achievable potential goals 
from the supply side.  Further, there is potential to establish partnerships to recharge and extract 
additional stormwater in West Coast and Central Basins under the amended adjudications.   

                                                 
 

34 LADWP SCMP p. 19, centralized facilities are defined as facilities which could capture greater than 100 AFY on 
an annual average basis, distributed facilities are defined as groundwater recharge projects capturing less than 100 
AFY, and distributed direct use facilities are defined as direct stormwater capture systems under 10 AFY.   
35 LADWP SCMP P. 31 
36 LADWP SCMP P. 31 
37 P. 18 SFB Judgement “In calculating stored Water credit, by reason of direct spreading of imported or reclaimed 
water, Watermaster shall assume that 100% of such spread water reached the ground water in the year spread.” 
Stormwater is not included. It also needs to be determined how much, if any of the additional recharged stormwater 
would be considered ‘new’ water. 
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For our baseline scenario, the LADWP water supply from FY 2013-2014 was used (WS 2013).  
WS 2013 consisted of 441,871 AF of MWD water, 61,024 AFY of LAA water, 79,403 AFY of 
groundwater, and 10,054 AFY or recycled water (Table 2.1).  The two potential 2035 water supply 
portfolios are described in detail in the following paragraphs.  It is important to re-emphasize that 
a portion of the recycled water and the majority of the stormwater volume in these portfolios will 
be an indirect source, where supply is generated via recharge of groundwater.  So, for example, 
the percent of direct supply coming from groundwater in WS City 2035 is 41% (114,100 AFY of 
groundwater, 37,000 AFY of stormwater, and 43,100 AFY of GWR).  

Water Source  WS 2013 
[AFY] 

% WS WS City 
2035 [AFY] 

% WS WS Max 
2035 [AFY] 

% WS 

MWD 441,871 75 100,000 21 35,000 7.5 
LA Aqueduct 61,024 10 139,400 29 91,000 20 
Groundwater 
(net)* 

79,403 13 114,100 24 114,100 25 

Recycled Water 
(irrigation, in-
dustrial) 

10,054 2 45,400 9 161,400 35 

Recycled Water 
(GWR) 

 
 43,100 9 

 
 

Stormwater N/A  37,000 8 58,000 12.5 
Total 592,352 100 479,000 100 459,500 100 

Table 2.1.  3 potential water supply mixes for LA: WS 2013, WS City 2035, WS Max 2035  

WS CITY 2035 

We adjusted City LAA and MWD goals to create WS City 2035 goals that comply with the 
Mayor’s pLAn goal of sourcing 50% of LA’s water locally by 2035 and also generate sufficient 
supply to meet the water demand 479,000 AFY generated by the pLAn goal of 98.25 gallons per 
capita per day (gpcd).  For WS City 2035, we set LAA to 139,400 AFY, which is between the 
annual average from 2011/12 to 2014/15 (123,653 AFY) and the annual average from 2010/11 to 
2014/15 (160,461 AFY).  We set MWD to 100,000 AFY for WS City 2035 to keep the imported 
water supply (MWD + LAA water) below 50% of the required supply (479,000 AFY).  We based 
our 2035 stormwater supply goals on the SCMP volumes that were potentially captured through 
centralized facilities and distributed direct use facilities, 37,000 AFY.   

Finally, for our WS City 2035 recycled water supply goal, we used the 2040 UWMP values of 
45,400 AFY for irrigation and industrial use of recycled water and added 13,100 AFY to the 
UWMP goal of 30,000 AFY for groundwater replenishment with recycled water.38  This increased 
volume was necessary to create a portfolio that met the demand generated by the approximately 
4.35 million people here in 2035 using 98.25 gpcd.  Further, there are additional opportunities, 

                                                 
 

38 UWMP, p. ES-22 
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such as increasing the volume of stormwater captured through diversion to WRPs for treatment 
and infiltration into groundwater basins, to increase flows through WRPs. 

WS MAX 2035 

To maximize local water supply even further in WS Max 2035, we set the goal for LAA at 
91,000 AFY (Table 2.1, adapted from the UWMP 2035 LAA goal of 51,000 AFY for a single dry 
year plus 40,000 AFY to keep LAA higher than MWD).39  As described above, we kept annual 
volumes of LAA water greater than those of MWD as LAA water requires no energy for transport, 
has negligible GHG emissions, and is closer to LA and under the jurisdiction of LADWP.  We 
based our WS Max 2035 stormwater supply goals on the SCMP volumes that were potentially 
captured through centralized facilities and distributed direct use facilities, 58,000 AFY (Table 2.1).   

Our WS Max 2035 MWD goal was set to 35,000 AFY (adapted from UWMP 2040 MWD goal 
of 74,930 AFY for an average year minus 40,000 AFY so MWD supply would be lower than LAA 
and then rounded up from 34,490 AFY, Table 2.1).40  This is an extremely aggressive goal, which 
would result in sourcing approximately 73% of the City’s 2035 water supply locally and reduce 
the imported water to only 27% of total supply.  It is also important to note that with the current 
infrastructure, there are certain areas within the City that can only be served by MWD water and 
the current estimates for the minimum MWD water supply is 66,000 AFY.41  However, opportu-
nities to reduce these volumes further when conditions are appropriate should be explored.  For 
example, would 35,000 AFY or lower be feasible if additional infrastructure to maximize the use 
of the underlying groundwater basins was installed?   

For the WS Max 2035 recycled water goal, we assumed the maximum reuse of the entire avail-
able volume of treated wastewater for the pLAn baseline year, FY 2013-2014: 385,280 AFY.  Of 
this volume, 75,400 AFY is expected to be sent to West Basin Municipal Water District 
(WBMWD) for treatment and reuse mainly outside of the LADWP service area.  An additional 
approximately 6,720 AFY is expected to go to the Dominguez Gap Barrier; neither of these vol-
umes are thus available for reuse within the City.  We further assumed a 20% reduction in 
wastewater flows by 2035 due to increased water conservation and a worst-case recovery rate after 
membrane microfiltration and reverse osmosis (MFRO) treatment of 71%.   

It is important to note that only TIWRP currently has MFRO and that current City plans for 
the future only include installing MFRO at DCTWRP.  However, we explored a future scenario 
where all recycled water was treated with MFRO because this level of treatment allows the re-
claimed water to be used under the widest variety of circumstances (thereby making reusing the 
entire volume more feasible) including, potentially, direct potable reuse.  Further, there is the po-
tential for MFRO capacity to be placed at other WRPs if future planning efforts determine that is 
the best use for this water source.  Based on these assumptions, the WS Max 2035 recycled water 
goal is approximately 161,400 AFY (Table 2.1). 

                                                 
 

39 LADWP UWMP ES-23 
40 LADWP UWMP ES-23 
41 LADWP, personal communication 
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In addition, several demand scenarios were assessed.  UWMP demand projections for 2035 are 
approximately 550,000 AFY (after removing conservation as a part of the supply, Table 2.2), and 
pLAn goals of 98.25 gpcd would result in a demand (for the 4.35 million people projected to be in 
LADWP’s service area by 2035) of 479,000 AFY (Table 2.3).  However, more conservation would 
be required under WS Max 2035 as the total supply generated would be 459,500 AFY.  Decreasing 
demand to meet this supply portfolio would only require additional conservation of a few gpcd 
beyond the pLAn goals (to between 94 and 95 gpcd).42  Further conservation to levels commonly 
seen in Europe and Australia (75 gpcd), could result in a total demand of less than 400,000 AFY.  
Additional conservation, especially indoor conservation, could also reduce flows going through 
WRPs and those interactions must be taken into consideration throughout the planning process. 

LADWP UWMP 2035 Demand Scenarios AFY AFY43 
Dry year (including 143,500 AFY of post-FY14/15 conser-
vation and 300 AFY of stormwater harvesting/direct use) 694,900 551,100 
Average year (including 109,100 AFY of post-FY14-15 con-
servation and 1,600 AFY of stormwater harvesting/direct 
use) 661,800 551,100 

Table 2.2.  Projected City of LA water demand in UWMP.   

Potential 2035 Demand Scenarios AFY AFY 
City-based goal 98.25 gpcd, 4.35 million ppl44 479,000  n/a 
90 gpcd, 4.35 million ppl 440,000  n/a 
75 gpcd, 4.35 million ppl 365,000  n/a 

Table 2.3.  Potential future gpcds.  

b. Getting LA to 100% Local Water 

The aforementioned supply and demand scenarios raise the possibility of achieving 100% local 
self-sufficiency in Los Angeles, without the addition of coastal desalination plants.  As one can 
see, the WS Max 2035 scenario provides a total supply of 459,500 AFY, but 126,000 AFY comes 
from imported water from the LAA (91,000 AFY) and purchased water from MWD (35,000 AFY).  
Subtracting the imported water supplies leaves a total of 333,500 AFY from local supplies.  If per 
capita water demand is reduced from the current 104 gpcd to 75 gpcd, then the City’s total demand 
decreases to 365,000 AFY; only 31,500 AFY more than local supplies.  

The City can come very close to full self-sufficiency if their conservation performance mirrors 
per capita consumption in Australia and numerous European countries.  The reduced consumption 
rate may have an impact on available recycled water because decreased demands often lead to 
reduced sewer flows.  The 2035 pLAn goals call for a 25% reduction, but not all of this reduction 

                                                 
 

42 94 gpcd for 4.35 million ppl would generate a demand of 458,000 AFY.  95 gpcd for 4.35 million ppl would gen-
erate a demand of 465,000 AFY. 
43AFY in this column reflects UWMP demand scenarios after subtracting out the conservation and stormwater har-
vesting/direct use included in the UWMP demand portfolios. LADWP UWMP 2015 p. 11-11 & 11-13. 
44 City of LA pLAn, p. 20. 25% reduction from 131 gpcd by 2025=98.25 gpcd. 
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will be indoor uses; decreases in outdoor uses would not affect wastewater flows.  Thus, we expect 
a smaller percent reduction in wastewater flows than the overall conservation goal and assumed a 
20% reduction in wastewater flows.  As much of the conservation benefit that remains to be gained 
is from the reduction of outdoor irrigation, we don’t expect recycled water supplies to be reduced 
by more than this 20%.  As described above, we also assumed that the majority of this volume 
would undergo MFRO treatment and applied a very conservative recovery rate of 71%. 

The local source volumes for stormwater and groundwater used in the presented scenarios were 
not maximized in the same way as recycled water. As stated previously, the LADWP SCMP goals 
are 132,000 AFY (conservative) and 178,000 AFY (aggressive); both goals include 64,000 AFY 
of existing baseline stormwater capture.  In addition, the stormwater capture potential identified in 
the SCMP for 2099 is even higher, at 258,000 AFY.  These goals are far greater than the subset 
we used from these conservative and aggressive SCMP goals.  Further, there are additional vol-
umes of potential stormwater capture identified in the LA Basin Study, which is described in later 
sections.  Therefore, assuming that a larger percentage of the 258,000 AFY of stormwater captured 
will be available for water supply than our 58,000 AFY assumption, stormwater volumes could 
contribute a great deal more to the City’s water supplies.  These volumes could be far more than 
the projected shortfall of 31,500 AFY in the WS Max 2035 / 75 gpcd consumption scenario. Fur-
ther research (e.g., a new basin safe yield study that quantifies the safe yield restored through these 
recharged stormwater volumes) quantifying the percentage of infiltrated stormwater that truly aug-
ments groundwater supplies will provide greater certainty on the stormwater supply estimates. 

The case for increasing groundwater supply through a more aggressive, adaptive management 
approach is equally strong.  Currently, ULARA is being conservatively managed.  The ULARA 
governance has not established a procedure for determining what percentage of stormwater infil-
trated is actually new water that can be subsequently pumped from the basin for use in a sustainable 
manner. There may be potential to increase sustainable yields of ULARA, as well as an opportunity 
to expand stormwater recharge and extraction in West Coast and Central Basins. Also, the imple-
mentation of the Sustainable Groundwater Management Act (SGMA) in the Santa Monica and 
adjacent basins could provide additional opportunities to increase conjunctive use in those areas. 

One potential additional moderate source of local water could be brackish groundwater desal-
ination.  The West Coast Basin currently has 600,000 AF of capacity impacted by historic sea 
water intrusion.  Desalination of the brackish plume could provide additional water supply as well 
as greatly increased storage capacity in the West Coast Basin.  As with all potential groundwater 
projects, any impacts on existing plumes (e.g., plume migration or spreading) must be considered 
before implementing any projects.  If the City of LA partners with WRD and others on the brackish 
groundwater desalination effort, the City could receive an additional 5,000 AFY or more of local 
water supply.  Thus, with more efficient treatment technologies, more effective stormwater cap-
ture, an improved, adaptive management approach to local groundwater basins that increases their 
conjunctive use, and greatly improved water conservation efforts, the City of LA could become 
100% local water self-sufficient by 2050, if not earlier.  
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III. Stormwater Management 

A. Introduction 

In Los Angeles, pollutant loads carried by both dry weather runoff (from irrigation and other 
uses) and wet weather runoff from rainfall significantly contribute to water quality impairments in 
regional water bodies.  Installing stormwater Best Management Practices (BMPs) that treat and 
release or capture stormwater is one mechanism to reduce the concentrations and loads of pollu-
tants entering watersheds, which improves water quality.  Stormwater capture and/or infiltration 
can provide multiple additional benefits in addition to water quality, including flood control, hab-
itat, and recreational open space benefits.   

In addition, capturing runoff further offers a potential source of local water to supplement im-
ported water supplies, which can be affected by disasters, climate change, upstream environmental 
needs, or rapid increases in the price of imported water.  Recent studies from UCLA have shown 
that while the timing and intensity of precipitation may change, the total amount of precipitation 
in Los Angeles is projected to be roughly the same through the end of the 21st century.45  Captured 
stormwater can also be used to recharge local groundwater basins for use in drier times.  In this 
section, we analyze results from our prior detailed modeling efforts to assess the feasibility of 
various scenarios to achieve compliance with water quality standards in the Ballona Creek (BC), 
Dominguez Channel (DC) and Machado Lake (ML), and Los Angeles River (LAR) watersheds.  
Further, we assess additional benefits, such as the potential to increase water supply through in-
creased stormwater capture, that can result from implementing BMPs improve water quality.46 

B. Watershed Characteristics  

Each watershed has unique economic, socio-demographic, physical, and hydrologic character-
istics, which results in varied costs, pathways to improving water quality, and ancillary benefits 
for each watershed.  Each watershed was delineated using the storm-drain networks linked to the 
outfalls of BC, DC, Wilmington Channel, and the LAR (Figure 3.1).47  The 123 mi2 (78,720 ac) 
BC Watershed includes the Cities of Beverly Hills and West Hollywood, portions of the cities of 
Culver City, Inglewood, Santa Monica, Los Angeles, and unincorporated areas of Los Angeles 
County.48  The City of LA accounts for 85% [105 mi2 (67,200 ac)] of the BC Watershed, which 
drains into the Santa Monica Bay.  BC’s recent hydrologic regime is well-documented, with daily 
flow records starting as early as 1987 and water quality data starting in 1999.49   

                                                 
 

45 http://newsroom.ucla.edu/releases/ucla-researchers-project-southern-california-rainfall-levels-through-end-of-cen-
tury  
46 Sustainable LA Water project reports on BC, DC, LAR; available at https://grandchallenges.ucla.edu/happen-
ings/2015/11/13/100-local-water-for-la-county/  
47 Los Angeles County Storm Drain System Data. Available at http://egis3.lacounty.gov/dataportal/2013/08/08/los-
angeles-county-storm-drain-system/  Accessed on 1/1/2016   
48 Ballona Creek EWMP workplan P. 1-3   
49 LARWQCB Ballona Creek Metal and Toxics TMDL Reconsideration Staff Report (2013), p.7   

http://newsroom.ucla.edu/releases/ucla-researchers-project-southern-california-rainfall-levels-through-end-of-century
http://newsroom.ucla.edu/releases/ucla-researchers-project-southern-california-rainfall-levels-through-end-of-century
https://grandchallenges.ucla.edu/happenings/2015/11/13/100-local-water-for-la-county/
https://grandchallenges.ucla.edu/happenings/2015/11/13/100-local-water-for-la-county/
http://egis3.lacounty.gov/dataportal/2013/08/08/los-angeles-county-storm-drain-system/
http://egis3.lacounty.gov/dataportal/2013/08/08/los-angeles-county-storm-drain-system/
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Figure 3.1: All watersheds delineated with respect to their outfalls.  

The 71 mi2 (45,400 ac) DC Watershed and the 23 mi2 (14,720 ac) ML Watershed are comprised 
of DC Watershed Management Area (DC WMA) members [the Cities of Carson, El Segundo, 
Hawthorne, Inglewood, Lawndale, Lomita, and Los Angeles, Los Angeles County, and the Los 
Angeles County Flood Control District (LACFCD)] as well as other MS4 permittees that work 
independently from the DC WMA.  Only 13.5% [9.59 mi² (6,138 ac)] of land area in the DC 
watershed and approximately 20% [5.05 mi² (3,232 ac)] in the ML watershed are located in the 
City of LA.50  There is a lack of water quantity and quality data for the DC and ML Watersheds 
both temporally and spatially, which is discussed in greater detail in the DC report.51  CIMP mon-
itoring efforts will begin to address some of these gaps as they are implemented. 

The 830 mi2 (531,200 ac) LAR Watershed begins near the confluence of Bell Creek and Ar-
royo Calabasas in the southwest corner of the San Fernando Valley.  The LAR Watershed spans 
from its headwaters in the Santa Monica and San Gabriel Mountains through the Glendale Narrows 
and extends to Long Beach, where the LAR flows into the San Pedro Bay.  The LAR watershed 
was segmented into six reaches for modeling purposes based on the locations of flow gages and 
WRPs.  The City of LA, with 289 mi2 (184,960 ac), accounts for 35% of the LAR Watershed. 

                                                 
 

50 Mika et al., Sustainable LA DC &ML report pg 8 available at: https://escholarship.org/uc/item/2w1916p4  
51 Mika et al., Sustainable LA DC & ML watershed pg 51 available at: https://escholarship.org/uc/item/2w1916p4 

https://escholarship.org/uc/item/2w1916p4
https://escholarship.org/uc/item/2w1916p4
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Land use distributions were also examined for the four watersheds.  The area and percent im-
perviousness for each of the land use types were determined using a 2-acre resolution land cover 
raster from the Southern California Association of Governments (SCAG).52  Single-family resi-
dential (SFR, 43.7%), multi-family residential (MFR, 13.6%), commercial (13.4%), and indus-
trial (9.5%) land uses make up 80% of the total watershed area for the four watersheds (Table 
3.1, Figure 3.2).  This breakdown is important to gain a better understanding of the characteris-
tics of the individual watersheds and provide insight on water quality variations.  

 

Figure 3.2: SCAG land use distribution; legend in order of highest % of watersheds area to lowest. Forested ar-
eas in the northern LAR Watershed are color coded as vacant but not included in the ordering of the % area.  

                                                 
 

52 Southern California Association of Governments Land Use Data. (data set used from 2005) Available at http://gis-
data.scag.ca.gov/Pages/GIS-Library.aspx 

http://gisdata.scag.ca.gov/Pages/GIS-Library.aspx
http://gisdata.scag.ca.gov/Pages/GIS-Library.aspx
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Table 3.1: Size, population, percent impervious, and land use area percentage for each watershed.53 

For example, modeling efforts demonstrated that it is more difficult to eliminate metals ex-
ceedances in the DC Watershed than in the BC or LAR Watershed; one contributing factor is the 
high percentage of industrial area in the DC watershed.  Industrial land use is only 9.5% of all 
four watersheds combined, but accounts for 20.9% of the DC Watershed (compared to 4% in the 
BC watershed and 9.6% in the LAR watershed, Table 3.1).  Industrial land uses are highly im-
pervious with elevated heavy metal pollutant washoff EMCs.  More vacant land also improves 
water quality in modeling results as it is highly pervious, with low heavy metal pollutant washoff 
EMCs (and thus, lower pollutant loadings).  The BC Watershed has both a higher percentage of 
vacant land (13.3%) and lower percentage of industrial land uses (4%) than the DC Watershed 
(2.3% and 20.9%, respectively). 

The total area of each watershed varies widely; LAR is the largest, followed by BC, then DC, 
and then ML (Table 3.1).  Population density also varies but is generally high throughout the study 
area.  The BC Watershed has the highest population density with 13,542 people per mi2, followed 
by ML with 13,148 people per mi2 and DC with 10,070 people per mi2.  The LAR Watershed, 
without the forested area, has the lowest with 9,020 people per mi2 (Figure 3.3); this drops even 
lower, to 5,571 people per mi2, when including the forested area.  Areas with the highest population 
density in some cases overlap with high percentages of MFR land uses (Figures 3.2, 3.3).  The 
lower half of the DC watershed has a generally lower population density, as well as higher per-
centages of industrial and/or commercial land uses.   

                                                 
 

53The LAR Watershed has been broken up into area including the northern forested mountain region and the area 
without this region.  The area without the forested region better compares the urbanized regions of each watershed. 
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Figure 3.3: Population density throughout the LA region based on the 2012 Census.54 The four watersheds are 
delineated with a black outline. 

The industrial land uses also correlate with the areas of the lowest normalized difference veg-
etation index (NDVI) (Figure 3.4).  NDVI is defined as the measure of greenness from vegetation 
where 1 is the highest and 0 is the lowest.  Areas with a low NDVI either have less vegetation or 
the vegetation is more water stressed.  Thus, the industrial land uses exhibit little to no green-
ness.  The DC Watershed has a much lower average NDVI (0.188) than the BC (0.288), LAR 
(0.352), and ML (0.293) Watersheds.  This is likely attributed to the lack of vacant or forested 
areas throughout the DC Watershed.  Additionally, SFR land uses in the DC watershed tend to 
have lower NDVI than the other watersheds.  The lower half of the LAR Watershed also has a 
lower average NDVI than the upper half due to the increase in urbanization and industrial land use 
area in the lower portions of the watershed (Figure 3.4). 

                                                 
 

54 https://www.census.gov/geo/maps-data/data/tiger-data.html  
 

https://www.census.gov/geo/maps-data/data/tiger-data.html
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Figure 3.4: Measured NDVI from water year 2016 for all four watersheds. Colors range from dark green (higher 
NDVI) to dark brown (lower NDVI). Average NDVI for each watershed is listed in the legend. Flow regimes 

The distribution of the 85th percentile storm depths throughout the four watersheds was used 
to determine the 85th percentile storm volumes for each watershed (Figure 3.5, Table 3.2).  The 
DC and ML watersheds have the lowest weighted mean 85th percentile storm depth (0.86 in/24 
hr).  The weighted mean 85th percentile storm depth was 1.04 in/24 hr in both the LAR (including 
the forested area) and BC watersheds.  The runoff coefficient was calculated by comparing the 
total volume of water falling within the watershed area to the actual volume of water observed at 
the outlet of the river channels.  The ML watershed runoff coefficient was assumed to be the same 
as the DC Watershed due to the lack of observed data within the ML Watershed.55  

                                                 
 

55 See Mika et al., Sustainable LA DC & MLwatershed report, Machado Lake section. Available at: https://escholar-
ship.org/uc/item/2w1916p4 

https://escholarship.org/uc/item/2w1916p4
https://escholarship.org/uc/item/2w1916p4
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Figure 3.5: 85th percentile storm depths in inches per 24 hour time period. The area of each storm depth was 
used to determine the 85th percentile storm volume for each watershed. 

  

Table 3.2: Flow regime comparisons between watersheds. Stats for the area not including the northern forested 
area of the watershed is also included.  

A comparison of modeling results among the four watersheds was conducted to further 
analyze the flow regimes and pollutant loading (Table 3.3).  This includes the average annual 
flow volume (AAFV) as well as the average annual load (AAL) of copper, lead, and zinc at the 
outlet for the BC, DC, and LAR Watersheds.  While Water Effects Ratios (WERs) for copper 
have not been developed in the BC or DC Watersheds, wet and dry weather copper WERs have 
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been assessed and approved for reaches and tributaries in the LAR watershed.  Approved LAR 
copper WERs range from 1.32 to 9.69.56 

 

Table 3.3: Comparison of water quantity, quality, and TMDLs between the BC, DC, and LAR Watersheds. 

C. Modeling Set-Up across Watersheds 

To simulate metal loads and flows and the effect of BMP implementation in these watersheds, 
this study utilized the US Environmental Protection Agency (EPA)’s System for Urban Storm-
water Treatment and Analysis Integration (SUSTAIN) Model.  SUSTAIN contains multi-objective 
optimization algorithms and the ability to vary BMP dimensions and performance.  In addition, 
SUSTAIN generates cost curves from output; taken in concert these features allow the user to 
identify optimal BMP suites and ultimately generate BMP scenarios.57  SUSTAIN was selected 
over other stormwater management models due to its ability to model metal load reductions with 
cost, its optimization package, and its interface with ArcGIS.58   

Watershed modeling efforts included an assessment of a variety of BMP scenarios to identify 
opportunities to achieve MS4 permit and TMDL compliance and other ancillary benefits.  Opti-
mization modeling results conducted on each watershed are further discussed in Appendix A.  This 
section of the report concentrates on specific BMP scenarios that were developed and modeled for 
each watershed.  In general, scenarios were compared by the number of days without exceedances 
for wet and dry weather metals TMDLs, average annual pollutant load reduction for each metal, 
storm peak flow reduction, and potential groundwater recharge volumes.  However, variations 
existed between watersheds.  For example, in the BC Watershed, the area of transportation land 
uses was determined differently than in the DC and LAR Watersheds. The BC Watershed utilized 
a transportation area from only the SCAG land use raster, which only allowed the identification of 
major highways due to the resolution of the SCAG land use raster.  In order to more fully represent 
the entire area in the subsequent DC and LAR Watershed analyses, a road map that included all 

                                                 
 

56 Los Angeles River Copper WER Final Report, April 2014, p. ES-4 
57 Shoemaker, L.; Riverson, J.; Alvi, K.; Zhen, J.; Paul, S.; Rafi, T. (2009) SUSTAIN - A Framework for Placement 
of Best Management Practices in Urban Watersheds to Protect Water Quality. User’s Manual, United States Envi-
ronmental Protection Agency. 
58 See the Gold et al., Los Angeles Sustainable Water Project: Ballona Creek Watershed Report for more detail on 
the modeling selection. Available at: https://escholarship.org/uc/item/8s37c04z   

https://escholarship.org/uc/item/8s37c04z
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primary, secondary, and minor roads was analyzed using GIS.  In addition, a variety of BMP sce-
narios with a unique suite of BMPs to capture and treat runoff from different land-use types and 
drainage areas were explored in the BC watershed (Table 3.4).  Scenario 1 applied the NSGA-II 
optimization algorithm to optimize the number of BMPs when runoff was routed to all 5 BMP 
types.  Scenarios 2 and 3 routed water from 85% of the urban watershed to only infiltration BMPs 
(Scenario 2) or treat-and-release BMPs (Scenario 3).  Low impact development (LID) BMPs to 
capture runoff from private or public land uses were utilized in Scenarios 4 and 5, respectively.   

 

Table 3.4: Ballona Creek modeled scenarios and summary stats including the % of watershed routed to BMPs, 
the treatment volume based on BMP units and types, and capital cost. This is only one potential cost within a range. 

It is important to note that the costs for each scenario shown in Table 3.4-3.6 only represent 
one example within a potential range of costs.  The ranges in unit cost varied widely, which is 
further discussed in the Ballona Creek report59; tables 3.4-3.6 reflect the median capital cost of 
BMPs found in Southern California.  For example, while a set cost of $10.07 was used for Vege-
tated Swales in this table, the minimum and maximum cost found in the SUSTAIN BMP cost 
database is $5.37 and $18.53, respectively.  Therefore, the costs in Tables 3.4-3.6 are an example 
of a potential program cost within each scenario rather than an absolute cost of each scenario.  

BC Watershed modeling results demonstrated that routing runoff from 90% of all urban area 
to BMPs, in addition to a pollutant reduction target of at least 60%, is optimal for modeling sce-
narios.60  The pollutant target reduction of 60% was originally chosen for the BC watershed study 
based on the results of a BMP optimization study.61  The LAR and DC watersheds were also set 

                                                 
 

59 Gold et al., Sustainable LA Water Project Ballona Creek Report, page 48. Available at: https://escholar-
ship.org/uc/item/8s37c04z 
60 Gold et al., Sustainable LA Water Project Ballona Creek Report, page 42 42 Available at: https://escholar-
ship.org/uc/item/8s37c04z 
61 Beck, Drew J., Evaluating Best Management Practice Scenarios in Ballona Creek Watershed Using EPA’s SUS-
TAIN Model (2014), Colorado School of Mines, Master’s Thesis.  

https://escholarship.org/uc/item/8s37c04z
https://escholarship.org/uc/item/8s37c04z
https://escholarship.org/uc/item/8s37c04z
https://escholarship.org/uc/item/8s37c04z
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up so that every scenario routed water from 90% of the watershed to BMPs, but optimizations 
were designed around managing the 85th percentile storm rather than a specific pollutant load re-
duction (Appendix A).  Six scenarios (1, 1b, 2, 2b, 3, and 3b) with different suites of BMPs were 
developed and modeled to assess pathways to improving water quality in both the DC and LAR 
watersheds (Table 3.5, 3.6).  Scenario 1 utilizes bioretention (BR), Scenario 2 utilizes vegetated 
swales (VS) and dry ponds (DP), and Scenario 3 utilizes VS and infiltration trenches (IT).  Sce-
nario 1 was largely infiltration-focused (BR is designed to retain water up to 6 inches and allow 
infiltration or evapotranspiration over several days but overflows of stormwater during larger 
storms may occur).  Scenario 2 was focused on treat-and-release (composed of 2 treat-and-release 
BMPs, DP and VS) and Scenario 3 emphasized infiltration (mix of VS and IT, with an emphasis 
on the infiltration-based IT).  Scenarios 1b, 2b, and 3b add porous pavement (PP), which added 
additional infiltration capacity to each of the first three scenarios.   

 

Table 3.5: Dominguez Channel modeled scenarios and summary stats including the % of watershed routed to 
BMPs, the treatment volume based on BMP units and types, and capital cost. 
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Table 3.6: LAR modeled scenarios and summary stats including the % of watershed routed to BMPs, the treat-
ment volume based on BMP units and types, and capital cost. 

The modeling approach used in the DC and LAR watersheds took a more detailed look at what 
watershed-wide BMP approaches were needed to get as close to water quality standard attainment 
as possible in receiving waters.  After initial modeling efforts (scenarios 1-3b) showed that load-
based exceedances were not eliminated after managing the 85th percentile storm, three additional 
modeling scenarios were run in DC to assess further potential to improve water quality.  These 
three scenarios included increasing the volume captured beyond the 85th percentile storm alterna-
tive62 in the MS4 permit (Scenario 4), implementing higher efficiency BMPs (Scenario 5), and 
implementing a copper WER in DC (Scenario 6).  Scenarios 4 to 6b were all built on Scenario 2 
(VS + DP) as it had the fewest remaining load-based exceedances after BMP simulation. More 
specifically, in Scenario 4, the number of BMPs simulated was increased to evaluate the capture 
of a storm volume around the 95th percentile.   

In Scenario 5, the impact of increasing the decay rates of the two modeled BMPs, VS and DP, 
was evaluated.  Treatment efficiency was tested by increasing the 1st order decay rates for each 
BMP in the SUSTAIN simulations (i.e. improved pollutant removal).  Each BMP type takes into 
account inflow time series, concentration time series for each pollutant, and the 1st order decay 
factor/rate (1/hr) for each pollutant to predict the outflow and concentration time series for each 
pollutant.63  The decay factor simulates an exponential decay over time.  The goal was to determine 
the theoretical decay rates needed for zero days of wet weather exceedances.  However, the percent 

                                                 
 

62 Stronger storms can be more expensive to build for, e.g., section 6.1.1 Capture Curves in the SCMP Appendices. 
SCMP technical memo 3, p. 212 of pdf. Available at www.ladwp.com/scmp.  
63 Lai, Dennis, T. Dai, J. Zhen, J. Riverson, K. Alvi, AND L. Shoemaker. SUSTAIN - An EPA BMP Process and 
Placement Tool for Urban Watersheds. In Proceedings, WEF 2007 TMDL Specialty Conference, Belle-vue, WA, 
June 24 - 27, 2007. Water Environment Federation, Alexandria, VA, (2007). 

http://www.ladwp.com/scmp
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pollutant reduction reached a maximum, even when simulating decay rates that were 100 times 
greater than the original rates.  This is most likely due to factors relating to both the BMP design 
and external factors such as the volume of water routed to the BMPs.  Pollutant decay rates mod-
eled were those at which pollutant reduction reached its maximum.   

Aggregated BMP placement in the LAR, DC, and ML Watershed modeling scenarios were 
based on the amount of total land potentially available without substantial land acquisition costs 
for BMP construction (e.g., ‘urban public’ land). 64  The eleven SCAG land uses were grouped 
into ‘urban private,’ which included agriculture, commercial, industrial, MFR, and SFR; ‘urban 
public,’ which included education, recreation, and transportation lands; and ‘water’ (Figure 3.6).   

 

Figure 3.6: Land use distribution in the four watersheds broken up by ‘urban public’, ‘urban private,’ and water-
bodies.  Watersheds are delineated as previously discussed. 

In our modeling efforts, BMP placement was not allowed on ‘water’ uses as there are many 
                                                 
 

64 The ML watershed is unique from the other three watersheds in that nutrients were analyzed rather than metals 
and the watershed also includes a lake.  Thus, scenarios involved modeling BMPs throughout the watershed and 
within Machado Lake.  We analyzed the impact of nutrient TMDLs for total nitrogen and total phosphorous as these 
pollutants pose compliance challenges and are of greatest concern in ML.  As the modeling set-up was very different 
in the ML watershed, the results are not discussed in great detail in this report but the DC and ML watershed report 
contains a full description of these efforts. Where parallels and similarities exist, however, ML results are pulled into 
the discussion.  Please see the Sustainable LA Water Project – DC/ML Report for full details on ML modeling. 
Available at:  http://escholarship.org/uc/item/2w1916p4      

http://escholarship.org/uc/item/2w1916p4
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regulatory hurdles that must be overcome to place a BMP in a water body.  Further, BMPs were 
only placed on ‘urban public’ land uses in these modeling efforts as public lands usually do not 
come with land acquisition costs and are more readily available for BMP placement by the City 
and other public agencies.  For example, placing BMPs on private land would require purchasing 
land or rights of way from private landowners or initiating large programs to encourage or require 
private landowners to install and maintain BMPs on site.  However, even though they were not 
included in these modeling analyses, the conversion of private land uses to more stormwater-
friendly spaces is an important piece of improving surface water quality and increasing potential 
local water supply (e.g., offsetting potable use or providing additional groundwater recharge).  
Therefore, to assess the potential impacts of LID development on private land, we conducted a 
post-modeling analyses that will be discussed later (III.E.a).   

The land use types in ‘urban public’ (education, recreation, transportation, and public parking 
lots) were also chosen for modeling efforts as they were well-distributed throughout all four wa-
tersheds, and thus provided opportunities to model BMPs at many locations throughout the water-
sheds.  Approximately 6.5-8% of the watersheds were covered by ‘urban public’ land uses that 
were considered available for BMP placement.  The area available for BMP implementation on 
transportation land uses for this analysis includes major highways (from SCAG) as well as pri-
mary, secondary, and minor roads (from additional road maps utilized in GIS).  Of the four water-
sheds, BC (7.1%) and ML (7.7%) watersheds had the highest available public land area percentage 
(Table 3.7).  Educational land uses represented the largest available area for BMPs in DC, ML, 
and LAR; transportation represented the largest available area in the BC Watershed (Table 3.7).  
The opportunities for and challenges to increasing stormwater capture on school properties in LA 
is an area of active research as schools offer a large amount of land area that would be able to 
provide significant stormwater capture benefits with BMP implementation.65   

 

Table 3.7: ‘Urban public’ land use breakdown for the four watersheds. 

D. Modeling Results 

a. BMP Scenarios 

Modeled scenarios in the BC watershed were designed to assess the impacts of managing 
stormwater from different land areas as well as with different BMP types. Thus, each modeled 
scenario captured a unique storm volume.  It is important to note that in the BC watershed, unlike 

                                                 
 

65 Treepeople (2015) Unlocking Collaborative Solutions to Water Challenges in the Los Angeles Region: The Power 
of Schools.  https://www.treepeople.org/sites/default/files/pdf/publications/TreePeople%20-
%20The%20Power%20of%20Schools.pdf;   

https://www.treepeople.org/sites/default/files/pdf/publications/TreePeople%20-%20The%20Power%20of%20Schools.pdf
https://www.treepeople.org/sites/default/files/pdf/publications/TreePeople%20-%20The%20Power%20of%20Schools.pdf
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other modeled watersheds, these storm volumes were significantly less than the 85th percentile 
storm volume in BC (3,621 AF, Table 3.8).  Ancillary benefits and water quality criteria generally 
varied with storm volumes managed through BMPs; smaller captured volumes required fewer 
BMPs and thus provided fewer benefits.  For example, BC Scenario 5 (VS+BR+PP), which cap-
tured a significantly lower volume than other scenarios (255 AF from only ‘urban public’ land 
uses), also had a significantly lower cost and BMP area (Table 3.8).  However, BC Scenario 5 also 
resulted in the smallest reduction in both the number of wet and dry weather exceedances and the 
average annual load as a lower volume of stormwater was managed.   

 

Table 3.8: BC decision matrix to evaluate tradeoffs between BMP scenarios. Color scale created in Microsoft 
Excel with Conditional Formatting tool. Dark green to white color for each criteria row; darker is better. 

In general, the number of exceedances per year was lowest in the BC scenarios in which treat-
and-release BMPs were utilized and water was routed from the majority of the watershed to BMPs.  
With the exception of Scenario 5, all modeled scenarios resulted in zero dry weather exceedances 
for copper (lead and zinc were at zero dry weather exceedances in the baseline and remained there 
in the modeled scenarios).  Although these approaches did not enable meeting water quality stand-
ards for copper and zinc all of the time, other factors in the BC watershed (beyond BMPs) will 
also contribute to meeting compliance with copper requirements.  For example, subsequent mod-
eling demonstrated that copper water quality standards could be met if the BC watershed is eligible 
for a copper water effects ratio (WER) of 2.66  In other words, a Cu WER greater than 2 resulted 
in zero wet weather Cu exceedances per year in the modeled baseline scenario.  In addition, the 

                                                 
 

66 Sustainable LA Water BC Report, Water Effects Ratio Analysis p. 60.  Available at: https://escholar-
ship.org/uc/item/8s37c04z  

https://escholarship.org/uc/item/8s37c04z
https://escholarship.org/uc/item/8s37c04z
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implementation of CA SB346, which requires a reduction of copper in brake pads, will decrease 
copper levels in runoff; one study estimates a potential reduction in copper levels by up to 61%67   

The DC and LAR watershed BMP scenarios were designed to manage the 85th percentile storm 
volume to reflect the LA County MS4 permit.  DC BMP scenarios were only run for wet weather 
(metals TMDL only in place for wet weather); LAR BMP scenarios were run for both wet and dry 
weather (metals TMDLs in place for both wet and dry weather).  In addition, as described above, 
BMP scenarios in LAR were modeled with the copper WERs and lead site-specific objectives in 
place but neither DC nor BC have copper WERs in place.68  None of the DC BMP scenarios 
resulted in eliminating load-based exceedances for copper or zinc; 5 to 11 copper exceedances 
remained and 5 to 7 lead exceedances remained after BMP implementation.  The treat-and-release 
Scenario 2 (VS+DP) resulted in the fewest wet weather zinc exceedances per year (Table 3.9).  
However, Scenario 2 did not have the fewest wet weather copper exceedances; exceedances oc-
curred on 100% of wet weather days in Scenario 2 (which also occurred in Scenario 2b, 3, and 3b).   

 

Table 3.9: Dominguez Channel decision matrix for evaluating tradeoffs between BMP scenarios.69  

All modeled BMP scenarios in the LAR watershed resulted in significant improvements in 
water quality but none resulted in eliminating all dry weather metals exceedances.  Scenario 2 
(VS + DP) resulted in the lowest exceedances per year for dry weather TMDLs (Table 3.10) in 
LAR.  While Scenario 2 was also very good in wet weather, with zero exceedances for copper or 

                                                 
 

67 Estimated Urban Runoff Copper Reductions Resulting from Brake Pad Copper Use Restrictions 
https://www.casqa.org/sites/default/files/library/technical-reports/estimated_urban_runoff_copper_reductions_re-
sulting_from_brake_pad_copper_use_restrictions_casqa_4-13.pdf 
68 Mika et al., Sustainable LA Water Los Angeles River Watershed Report. Stormwater modeling section. Available 
at:  https://escholarship.org/uc/item/42m433ps  
69 The color scale was created in Microsoft Excel by using the Conditional Formatting tool and displays a range 
from dark green to white for each criteria row.  Darker colors indicate a better result for that row. 

https://www.casqa.org/sites/default/files/library/technical-reports/estimated_urban_runoff_copper_reductions_resulting_from_brake_pad_copper_use_restrictions_casqa_4-13.pdf
https://www.casqa.org/sites/default/files/library/technical-reports/estimated_urban_runoff_copper_reductions_resulting_from_brake_pad_copper_use_restrictions_casqa_4-13.pdf
https://escholarship.org/uc/item/42m433ps
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lead, Scenario 3 (VS + IT) is slightly better for zinc with two exceedances (compared to three ex-
ceedances for Scenario 2).  In general, for all watersheds analyzed, scenarios with a focus on 
treat-and-release BMPs achieved a lower number of exceedances than scenarios with a focus on 
infiltration BMPs.  Infiltration BMPs, however, often performed better in terms of overall pollu-
tant load reduction.  For example, the average annual load of metals was reduced by 58 to 62% 
in LAR Scenario 2 with treat-and-release BMPs, while the load was reduced by 77 to 80% in 
LAR Scenario 3, which included the infiltration BMP, ITs (Table 3.10).  Different suites of 
BMPs offer different ancillary benefits; infiltration BMPs, for example, can offer greater poten-
tial for recharging local groundwater basins.   

 

Table 3.10: Los Angeles River decision matrix for evaluating tradeoffs between BMP scenarios.70  

These modeling results confirm that making decisions about the best BMP(s) to implement in 
an integrated water management framework requires the consideration of multiple criteria.  Con-
sidering the impacts of the implementation of porous pavement throughout the LAR watershed 
provides a good example of this complexity.  In general, water quality for scenarios including 

                                                 
 

70 TMDLs are in effect in several tributaries within the LAR Watershed as well as the main stem.  The number of 
exceedances per year (rows), split by dry/wet weather and by metal, represent the number of exceedances over the 
entire LAR basin in one year.  This value takes into account the fact that each tributary of the LAR is capable of ex-
ceeding its TMDL once per day, e.g. for eight tributaries with TMDLs, the total number of opportunities to exceed is 
9*365 = 3650 exceedances per year.  The color scale was created in Microsoft Excel by using the Conditional For-
matting tool and displays a range from dark green to white for each criteria row.  Darker colors indicate a better re-
sult for that row. 
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porous pavement as a BMP is poorer (i.e. more exceedances, Table 3.10).  Although water quality 
is relatively worse in these “b” scenarios, the volume of water infiltrated is higher and the BMP 
spatial footprint is lower.  Both of these are important ancillary benefits to consider in a semi-arid 
region that is highly developed and dependent on imported water.   

However, the “b” scenarios that contain porous pavement are also much more expensive, and 
so may not be a feasible option for municipalities that are budget-limited in their decisions to 
satisfy water quality, cost [both capital costs and operations and maintenance (O&M) over time], 
BMP footprint, and infiltration criteria.  However, porous pavement is also an opportunity to de-
crease imperviousness of a developed surface and continue to use the land (e.g. parking lot) as is, 
rather than needing to transform the area both structurally and for use.  The relative intensity and 
cost of O&M needs (and O&M funding sources) of BMPs is another important consideration in 
selecting BMP suites.  It is important to highlight here that there is a dearth of existing BMP O&M 
data that must be filled to better inform future modeling efforts.  All BMP scenarios aided in re-
ducing the peak flow from the 10 simulated water years, with values ranging from a 29% reduction 
(VS+DP) to up to a 57% reduction (PP+VS+IT); the highest flow reduction resulted from a sce-
nario that included porous pavement (Table 3.10).  

The highest performing options in terms of volume of stormwater infiltrated for the LAR wa-
tershed were 3 and 3b (VS+IT and VS+IT+PP, respectively).  These scenarios were expected to 
do well in this regard because infiltration trenches have a large capacity to infiltrate stormwater, 
as does porous pavement.  However, the relative difference in volume infiltrated between 3 and 
3b is fairly insignificant and the cost difference is $1.4 billion (Table 3.10).  Therefore, 3 offers a 
more cost-effective means to infiltrate relatively large volumes of stormwater.  It should be noted 
that the volume of infiltrated stormwater does not necessarily equate to the volume of water that 
will actually reach groundwater aquifers or become available for local supply, a topic that needs 
further research in the LA region. 

Each modeled BMP scenario for the LAR watershed managed the 85th percentile volume of 
stormwater (10,396 AF) and thus all equally complied with the 85th percentile stipulation in the 
MS4 permit.  As previously mentioned, each scenario also routed 90% of the runoff from the entire 
watershed to BMPs that are sited on “public land.”  Thus, runoff from both ‘urban private’ and 
‘urban public’ land uses was being treated in the BMP modeling scenarios.  However, the various 
scenarios had significant differences in costs and in benefits such as water quality, potential infil-
tration, and flood control.  This analysis can enable a decision maker to prioritize their criteria for 
implementation.  For example, if ancillary benefits (e.g., infiltration, BMP footprint, peak flow 
reduction) are valued higher than exceedances, then Scenarios 3 and 3b might be optimal.  If, 
however, the opposite were true, Scenario 2 may be more appropriate.  It is important to empha-
size, however, that this is a relative ranking between the modeled BMP scenarios and thus the 
magnitude of the differences among scenarios should also be considered when prioritizing.  For 
example, the range of dry weather exceedances per year for copper only ranges between 0-2.   

The wet weather TMDLs were applied to the average annual flow volume (AAFV) listed in 
Table 3.3 to  calculate an estimate of the average annual TMDL (AA-TMDL).  An estimate of the 
total allowable loads of pollutants per year based on the AAFV, average annual load (AAL), and 
TMDL numeric targets were calculated.  For example, the DC AAFV of 36,154 AF is multiplied 
by the copper TMDL of 9.7 ug/L, using the appropriate conversions to get units in pounds, to get 
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an AA-TMDL of 956 pounds.  Comparing this number to the modeled baseline AAL of 2,885 
pounds of copper, it is determined that a pollutant load reduction of 67% is required to reach the 
estimated AA-TMDL of 956 pounds (Figure 3.7).  This is a rough estimate to allow comparison 
of pollutant reduction needed to meet TMDL requirements across the three watersheds.  The DC 
Watershed has a higher predicted required pollutant reduction (Figure 3.7).  

 

Figure 3.7: Estimated reduction in average annual loads to meet TMDL. DC requires a larger reduction than BC 
or LAR as TMDL is lower.  

It should be noted that the LAR Watershed approved WER of 3.2 for the copper TMDL is 
applied to the LAR estimate.  Without the WER, the LAR watershed would require a copper 
reduction of 81%, which is higher than the reduction of copper required for the DC Watershed.  It 
should also be noted that the DC analysis utilizes the AAFV and AAL modeled for the full 
watershed rather than the volume and loads modeled at mass emission station, MS28, which 
monitors stormwater from the Upper DC Watershed.  

Modeling results show that eliminating water quality standard exceedances will be difficult for 
some of the watersheds.  For example, eliminating wet weather exceedances for copper and zinc 
in the DC watershed will be very challenging. In the LAR Watershed, dry weather exceedances 
for all metals are still present after implementing BMPs (a combination of treat-and-release and / 
or infiltration BMPs) that can manage the 85th percentile storm volume.  Further modeling con-
ducted on the DC Watershed showed that neither increasing the volume of stormwater captured to 
the 95th percentile storm (Scenario 4) nor increasing the decay rates of the pollutants in the BMPs 
(Scenario 5) was sufficient to eliminate all exceedances.71  However, these watershed-scale BMP 

                                                 
 

71 Mika et al., Sustainable LA Water Project DC and ML Report. https://escholarship.org/uc/item/2w1916p4  
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programs do greatly improve water quality; exceedances are greatly reduced in all watersheds as 
a result of implementing these BMPs.  It is also important to note, as described in greater detail 
below, that these modeling results do not include the other water quality improvement efforts that 
are concurrently occurring in this region.   

Source control and source tracking efforts to eliminate pollutant loads coming in from the wa-
tershed will also be important to achieve compliance with water quality standards in all four wa-
tersheds.  Source reduction is an additional mechanism that will assist in achieving compliance 
with copper water quality standards throughout these watersheds.  For example, California state 
legislation (SB 346) requires copper be reduced to less than 0.5 percent copper by weight in new 
brake pads in cars by 2025 (currently, brake pads contain up to 20% copper with an average of 8% 
by weight).72  This brake pad replacement is expected to greatly reduce copper concentrations in 
urban and stormwater runoff; a recent study found potential reductions in copper in urban runoff 
of as much as 61% if brake pads in essentially all on-road vehicles are at less than 0.5% copper.73    

In addition, as is discussed later in the report, compliance with LID requirements for new and 
redevelopment provides substantial benefits in pollutant load reduction and stormwater infiltra-
tion.  Over the next one to two decades, LID implementation may help lead to water quality stand-
ards attainment in receiving waters if watershed-scale BMP programs successfully manage the 85th 
percentile storm volumes.  Increasing the quality and quantity of water quality data collected and 
available for all four watersheds is necessary to appropriately plan pathways to meeting compli-
ance; monitoring efforts planned through the CIMPs will begin to address some of these gaps.  
Obtaining water quality data that is broad enough to capture the impacts of all potential land uses 
in a watershed and frequent enough to provide both seasonal information and a well-populated 
dataset for analysis is critical to assessing waterbody health and understanding the best approaches 
to attaining water quality standards for impaired water bodies.   

It is important to note again here that the quantitative modeling component only considered 
the implementation of watershed-scale BMPs, not any of the additional measures that will be or 
are being implemented such as management control measures, source control, or BMP implemen-
tation on private land.  In addition, these analyses only included metals impacts and the best sce-
narios for metals may not be the best scenarios for addressing other pollutants in the watershed 
such as trash or bacteria.  The implementation of this type of watershed-scale BMP program does 
provide significant water quality benefits as well as offer the potential to augment local water 
supply and is thus a critical component of eliminating water quality exceedances.  Robust modeling 
such as that outlined here provides the information necessary to address these trade-offs in plan-
ning efforts.  The concurrent implementation of a wide variety of BMP programs of variable sizes 
on multiple land uses, as well as ongoing and planned source reduction mechanisms, will also help 

                                                 
 

72 Senators Kehoe and Simitian. February 25, 2009, amended on June 21, 2010.  CA State Bill Number 346. 
http://www.leginfo.ca.gov/pub/09-10/bill/sen/sb_0301-0350/sb_346_bill_20100621_amended_asm_v92.html; 
https://calpsc.org/mobius/cpsc-content/uploads/2015/01/casqa_SB-346_brake_pad_Fact_Sheet.pdf; 
73 Estimated Urban Runoff Copper Reductions Resulting from Brake Pad Copper Use Restrictions 
https://www.casqa.org/sites/default/files/library/technical-reports/estimated_urban_runoff_copper_reductions_re-
sulting_from_brake_pad_copper_use_restrictions_casqa_4-13.pdf  

http://www.leginfo.ca.gov/pub/09-10/bill/sen/sb_0301-0350/sb_346_bill_20100621_amended_asm_v92.html
https://calpsc.org/mobius/cpsc-content/uploads/2015/01/casqa_SB-346_brake_pad_Fact_Sheet.pdf
https://www.casqa.org/sites/default/files/library/technical-reports/estimated_urban_runoff_copper_reductions_resulting_from_brake_pad_copper_use_restrictions_casqa_4-13.pdf
https://www.casqa.org/sites/default/files/library/technical-reports/estimated_urban_runoff_copper_reductions_resulting_from_brake_pad_copper_use_restrictions_casqa_4-13.pdf


48 | U C L A  I o E S ,  U C L A  G C ,  C S M  F e b r u a r y  2 0 1 8  
 

attain compliance with water quality standards in the studied watersheds.  These BMP programs 
offer far greater water quality and ancillary benefit potential then, for example, a WER. 

b. Potential Impacts on LA River Flows 

In addition to improving water quality and providing additional stormwater recharge potential, 
implementing BMPs to meet water quality standards can also impact flow regimes in the down-
stream waterbodies such as the LAR.  It is important to understand these flow impacts to ensure 
adequate year-round low flows in the LAR to support its designated uses.  In the LAR, a large 
component of dry weather flow is WRP effluent.  As a result, flows in these channels would also 
be affected if treated effluent being discharged by WRPs into the channel is reduced as the volume 
of reused treated effluent increases. To explore this, we assessed the impacts of implementing 
watershed-scale BMP programs to manage the 85th percentile storm and removing additional WRP 
flow from the LAR for reuse in the watershed.  Three percentages (0%, 50%, 100%) of annual 
WRP flow (2004-2013) contribution reductions were assessed to understand how the annual min-
imum flow would respond if some portion (or all) of WRP flow was stored or diverted for supply 
at Wardlow Gage and Glendale Narrows.  Results from this analysis are summarized here, please 
see our previous report on the LAR for additional detail on methodology and analyses.74 

Flows in the LAR have changed greatly over time, and have been influenced by the discharge 
of effluent from three WRPs, wet and dry weather runoff from its urbanized watershed, and 
upwelling of groundwater.  Effluent discharge into the LAR increased in-channel flows every time 
a new WRP came online.  For example, 7Q10 flows in the LAR (using annual minimum flows)  
increased from 42 cfs for the period of record from 1956 to 1985 to 157 cfs for the time period 
between 1986 (when DCTWRP came online) and 2014.  WRP effluent is now the largest compo-
nent of the current volumes; flows in WY 2012-2013 from DCTWRP, LAGWRP, and Burbank 
Water Reclamation Plant (BWRP) combined were approximately 53 MGD.  Historical records 
indicate rising groundwater has contributed 1 to 7 MGD in flows since 1928 and was approxi-
mately 1.6 MGD in WY 2012-2013 (Table 3.11).75  The final flow component is composed of dry 
weather runoff and other urban sources; this volume has ranged from 1 to 11 MGD and was esti-
mated to be approximately 10 MGD in WY 2012-2013.76 

Source Date Flow77 
CFS MGD AFY 

WRPs WY 2012-2013 82 53 56,300 
Urban Runoff Etc. WY 2012-2013 15 10 11,000 
Rising Groundwater WY 2012-2013 2.3 1.6 1,700 

Table 3.11.  Snapshot of flows into LAR from water year 2012-2013 

                                                 
 

74 Mika, K. et al., LA Sustainable Water Project: LA River Watershed (2017). Available at: http://escholar-
ship.org/uc/item/42m433ps 
75 TNC LA River Study 2016 p. 3-30 
76 TNC LA River Study 2016 p. 3-30 
77 TNC LA River Study 2016 p. 3-30, 3-31 

http://escholarship.org/uc/item/42m433ps
http://escholarship.org/uc/item/42m433ps
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Multiple drivers, however, are changing or have the potential to change these patterns of flow 
in the LAR.  Complying with water quality requirements will result in watershed scale implemen-
tation of BMPs to manage stormwater.  These BMPs will likely include a combination of infiltra-
tion-based and treat-and-release systems, which will impact the runoff volumes that flow into the 
LAR channel.  Modeled average annual flows at Wardlow Gage dropped from 237,000 AF to 
between 63,000 and 111,000 AF (a reduction of 53 to 71%) with the implementation of various 
BMP scenarios.  We also observed a reduction in modeled seasonal flows, from 97,000 to 136,000 
AFY (baseline) to between 63,000 and 72,000 AFY (with BMPs, Table 3.12).  Implementing these 
BMPs will also impact the runoff ratio as less water runs off the watershed as a result.  For exam-
ple, the runoff ratio of modeled scenarios in our analysis was roughly equivalent to the runoff ratio 
in the 1950s and 60s when far less of the watershed was paved.78 

Season Modeled Baseline Flows (2003-2014) With BMPs (2003-2014) 
CFS MGD AFY CFS MGD AFY 

Fall 134 87 97,000 91 59 66,000 
Winter 188 122 136,000 100 65 72,000 
Spring 178 115 129,000 89 58 64,000 
Summer 142 92 103,000 87 56 63,000 

Table 3.12.  Modeled median seasonal flows for Wardlow Gage with and without BMPs. 

In addition, the recent focus on increasing local water supplies makes it likely that a higher 
percentage of the treated effluent currently being discharged to the LAR will be diverted to reuse.  
The annual minimum flows at Wardlow Gage and the Glendale Narrows did go to zero in our 
modeled analysis when treated effluent flows were fully diverted to reuse (no effluent was dis-
charged to the LAR) and stormwater BMPs were implemented across the watershed to manage the 
85th percentile storm volume (Table 3.13).  Therefore, there is the theoretical potential for flows 
in the LAR to go to zero through implementing these programs.  Additional research is needed to 
better characterize the potential impacts on low flows. 

Annual Minimum 
Flows 

Glendale Narrows Wardlow Gage 
CFS MGD AFY CFS MGD AFY 

Baseline Flows 60-80 38-52 43,000-
58,000 82-118 53-76 59,000-

85,000 
BMPs + 100% 
WRP 38-43 25-28 28,000-

31,000 45-60 29-39 33,000-
43,000 

BMPs + 50% 
WRP 18-23 12-15 13,000-

17,000 20-30 13-19 16,000-
23,000 

BMPs + 0% WRP 0 0 0 0  0 
Table 3.13.  Annual minimum flows at Glendale Narrows and Wardlow Gage with increased 

reuse of effluent. 

The City has committed to maintaining the Sepulveda Basin lakes, which flow through to the 
LAR.  In 2015, an annual average of 27 MGD (30,000 AFY) was discharged from DCTWRP.  

                                                 
 

78 See Mika et al., Sustainable LA Water Project LA River Watershed report for full discussion of flow study, in-
cluding runoff ratio analysis.  https://escholarship.org/uc/item/42m433ps  

https://escholarship.org/uc/item/42m433ps
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Additional work should be done to assess whether continuing to discharge an annual average of 
27 MGD (30,000 AFY) of effluent is necessary or desirable to support the desired uses and needs 
of the LAR year-round.  With the current volumes of effluent discharge into the LAR, we found 
low flows in the LAR to be approximately 100 cfs (2003 to 2014 data) at Wardlow Gage.  These 
flow levels, however, are far higher than what was occurring at Wardlow Gage in the early to mid-
20th century.  Historical low flows (1956-2013) were noted to be an order of magnitude lower, 
approximately 10 cfs (~10th percentile).  Elsewhere in the LAR, TNC found contemporary dry 
weather flows to be approximately 107 cfs (median) at Station F57C in the LAR (above Arroyo 
Seco).79  In addition, TNC found median historical flows to be less than 13 cfs (pre-1966, median, 
above the Arroyo Seco).80  If watershed stakeholders want the LAR to better mimic the historic 
flow regime, then average minimum flows would have to be significantly reduced. 

TNC’s LAR study also describes a variety of environmental benefits that could result from 
lower, slower flows.  Examples of benefits identified by TNC include: this flow is more consistent 
with historical ecological conditions such as ephemeral surface flows and intermittent sedimenta-
tion; lower flows may foster increased diversity in in-channel vegetation as slower moving waters 
could increase the variety of available habitats; and this habitat diversity may in turn favor native 
animals while also allowing urban tolerant generalists to persist.81  Lower flow requirements in 
the LAR could also free up additional volumes of wastewater for advanced treatment and reuse in 
the watershed.  However, lower flows during the summer would also greatly impact recreational 
uses in the LAR, especially kayaking and wading or bathing.  Therefore, the impact on water 
supply and habitat in the LAR system of sustaining lower flows (e.g., in the 10-13 cfs range) in 
the LAR that more closely reflect historical flows needs to be assessed.   

These analyses show that different watershed management approaches will result in different 
flows available to support the various needs and uses along the LAR.  With this in mind, it is 
critical to accurately define the minimum required flows in the LAR.  With the current volumes of 
effluent discharged into the LAR, we found recent low flows in the LAR to be approximately 100 
cfs (2003 to 2014 data) at Wardlow Gage (based on analysis of daily average flows).  Historical 
low flows (1956-2013), however, were noted to be an order of magnitude lower, approximately 
10 cfs (~10th percentile).  The ramifications to aquatic life and public recreation from these 
changed flows are substantial.  A wide variety of research efforts have been and are occurring in 
the region to better understand the current state of the LAR (existing habitats, flows, etc.) and 
identify opportunities to redevelop and revitalize this important, regional, natural resource.  A 
comprehensive study on the flows needed to create and maintain a healthy riparian ecosystem (and 
to define what that healthy ecosystem looks like in the highly urbanized LAR), while still support-
ing the LAR’s recreational beneficial uses and augmenting our local water supplies, is the critical 
next step in designing a future vision for the LAR. 

                                                 
 

79 TNC LA River report, Figure 3-26,  p.3-30 
80 TNC LA River Study 2016 p.4-46 
81 TNC LA River Study 2016 p. 5-23 
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E. Post-Modeling Analyses 

a. Low Impact Development 

As described earlier, modeling areas only included ‘urban public’ land use types for BMP 
implementation.  Sufficient BMPs to manage the full 85th percentile storm volume were then 
placed on these land use types.  However, ‘urban private’ land uses will also be important in at-
taining the region’s water quality and potential local water supply goals.  One mechanism by which 
LID will become integrated on private land uses to a greater degree is through the implementation 
of the City of LA’s LID Ordinance, which became effective in May 2012.  Under this LID ordi-
nance, if private properties redevelop 500 ft2 of impervious land or more, then they are required to 
capture the greater of the ¾-inch storm or the 85th percentile storm volume for that site.82  The 
volume of stormwater managed through the implementation of this ordinance will affect the vol-
ume of water that must be managed on ‘urban public’ land uses.  To better understand the impacts 
of this type of ordinance if it were to be implemented across the entire watershed, we conducted a 
post-modeling analysis to quantify the potential impact of ‘urban private’ land use changes on 
watershed-scale stormwater management requirements. 

Our analysis assumed all redevelopment is greater than 500 ft2 and the projected redevelop-
ment rate was maintained throughout the analyzed periods (ranging from through 2021 to through 
2035).  Redevelopment rates used by the City in earlier research efforts (rates ranged from 15% to 
34% for different land uses) were used to project the amount of stormwater that could be captured 
in three scenarios.83  The first analysis considered LID implementation on private properties by 
2021, 2028, and 2032 (the final metals TMDL compliance deadlines for the BC, LAR, and DC 
watersheds, respectively, Table 3.14).84  The impacts of LID ordinance implementation were also 
assessed with a post-redevelopment year of 2035 to determine how much additional stormwater 
volume could be managed by the final goal date in the City’s pLAn.85  The first two scenarios 
apply the redevelopment rates throughout the whole watershed. The third scenario repeats the sec-
ond (a post-redevelopment year of 2035) but only applies the redevelopment rates to land within 
the actual City limits (Table 3.14).  

                                                 
 

82 Planning and Land Development Handbook for Low Impact Development (May 9, 2016) p. 15 
http://www.lastormwater.org/wp-content/files_mf/lidmanualfinal.pdf  
83 Redevelopment rates - LADWP SCMP (page 67) and LASAN EWMPs    
84 City of Los Angeles Stormwater Program (LA Stormwater). 2012. Blog. Watersheds. LA River. City Marks Com-
pletion of First Northeast LA Stormwater Capture Facility. Accessed Online (1 January 2016): http://www.lastorm-
water.org/blog/2012/03/city-marks-completion-of-firstnortheast-la-stormwater-capture-facility/ . March 15.;  
Redevelopment rates - LADWP SCMP on page 67 and LASAN EWMPs 
85 https://www.lamayor.org/plan  

http://www.lastormwater.org/wp-content/files_mf/lidmanualfinal.pdf
http://www.lastormwater.org/blog/2012/03/city-marks-completion-of-firstnortheast-la-stormwater-capture-facility/
http://www.lastormwater.org/blog/2012/03/city-marks-completion-of-firstnortheast-la-stormwater-capture-facility/
https://www.lamayor.org/plan
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Table 3.14: Projection of private use redevelopment rates and the resulting changes in required storm capture. 
The redeveloped year represent the compliance deadlines for each watershed. *Redevelopment rate applied to the 

whole watershed. **Redevelopment rate applied to area only within the LA City boundaries. 

Generally, the BMP capacity required to manage the 85th percentile storm volume and, thus, 
the number of BMPs required, decreases markedly as more private lands are redeveloped with 
LID practices (assuming a similar LID ordinance covered the entirety of each watershed).  The 
smallest benefit from ‘urban private’ LID redevelopment is observed in BC, in part due to the 
fact that the 2021 compliance deadline is the soonest and thus offers the least amount of time for 
redevelopment to occur.  The 85th percentile storm volume is only reduced by approximately 5% 
in the BC watershed as a result of LID implementation as compared to 18-19% in the LAR and 
DC watersheds (Table 3.15). 

Each land use type has its own redevelopment rate and the composition of land uses varies 
among the watersheds.  As a result, the rate at which the LID ordinance is implemented in each 
watershed overall also varies.  For example, since residential land uses are a large percentage of 
the BC watershed, redevelopment of residential land uses represents the majority of the storm-
water managed as a result of the LID ordinance there.  The DC watershed, however, is com-
prised of a large percentage of commercial and industrial land uses; as a result, the redevelop-
ment of these land uses contributes the most to managing stormwater on ‘urban private’ land 
uses in the DC watershed.  These differences point to the importance of tailoring programs to in-
crease LID implementation to specific land use types depending on the dominant features, such 
as land use, of each watershed.  

The volumes of stormwater that could be managed if a LID ordinance similar to that in the 
City of LA were established across the watersheds was even greater looking out to 2035.  Imple-
mentation of a watershed-wide LID ordinance similar to that in the City of LA lead to the cap-
ture of approximately 695 AF in the BC watershed, 498 AF in the DC watershed, and 2,946 AF 
in the LAR watershed (Table 3.14).  For example, managing 2,946 AF through LID installation 
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on ‘urban private’ land uses represents managing 28% of the 85th percentile storm volume in the 
LAR watershed (Table 3.15). 

 

Table 3.15: Applying the total volume captured from Table 3.14 to the existing 85th percentile storm to estimate 
the 85th percentile storm needed to be captured by the City post-redevelopment. *Redevelopment rate applied to the 

whole watershed. **Redevelopment rate applied to area only within the LA City boundaries. 

We also evaluated the effect of the LID ordinance on the average annual pollutant loading 
and channel flow in post-modeling analyses.  The area, percent impervious, and calibrated event 
mean concentrations (EMCs) for each land use, as well as the total depth of rain and volume of 
baseflow for WY 2002-2011, were used to determine an estimate of pollutant load and flow re-
duction.86  Baseline pollutant AAL and total flow, the estimated AAL, and the total flow due to 
the projected private land stormwater capture were calculated (Table 3.16).  The flow and load 
reductions resulting from the expected redevelopment gives an estimate of how much the base-
line flow and pollutant loads will decrease due to the LID ordinance requirements.  Lead was not 
included in this analysis as lead exceedances were not present in all watersheds. 

In addition to reducing the volume of stormwater that BMPs placed on public land would 
need to capture, a watershed-wide LID ordinance would also contribute to reducing average an-
nual metals loads to the waterbodies, thereby increasing the likelihood of water quality standards 
attainment in the receiving waters.  For example, reductions in the average annual copper loads 
in the BC and DC watersheds are approximately 17% by 2035; the average annual copper load 
reduction in the LAR watershed is 8.7% (Table 3.16).   

                                                 
 

86 Further description on how the values seen in Table 3.16 were calculated are in the DC/ML Report p. 50 
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Table 3.16:  Projecting future baseline pollutant loads and flow considering only BMP implementation due to 
the LID ordinance. *Redevelopment rate applied to the whole watershed. **Redevelopment rate applied to area only 

within the LA City boundaries. 

Increasing the redevelopment rates (which could occur if, for example, this ordinance was 
expanded to include retrofit upon resale requirements as well) greatly increased the volumes cap-
tured and pollutant load reductions.  For example, assuming a 50% redevelopment rate for all 
land uses across the watershed, LID implementation managed almost 5,000 AF, or about 47% of 
the 85th percentile storm volume in the LAR watershed (Tables 3.17, 3.18).  LID implementation 
was also calculated to result in reductions in average annual copper loads of approximately 46%, 
42%, and 27% in the BC, DC, and LAR watersheds, respectively, by 2035 (Table 3.19).   

 

Table 3.17: Projection of private use redevelopment rates (50% redevelopment rate for all landuses) and resulting 
changes in required storm capture. The redeveloped year represent the compliance deadlines for each watershed. *Re-
development rate applied to whole watershed. **Redevelopment rate applied to area only within LA City boundaries. 

 

Table 3.18: Applying the total volume captured from Table 3.11 to the existing 85th percentile storm to estimate 
the 85th percentile storm needed to be captured by the City post-redevelopment. *Redevelopment rate applied to the 
whole watershed. **Redevelopment rate applied to area only within the LA City boundaries. 
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Table 3.19:  Projecting future baseline pollutant loads and flow considering only BMP implementation due to 
the LID ordinance. *Redevelopment rate applied to the whole watershed. **Redevelopment rate applied to area only 

within the LA City boundaries. 

These analyses demonstrate the importance of including all land-use types and programs to 
increase the capture and reuse of stormwater as they can provide significant additional benefits.  
These benefits could be greatly magnified by extending the reach of an LID ordinance and in-
creasing the voluntary implementation of these practices.  For example, a LID retrofit upon sale 
ordinance that requires stormwater capture or infiltration for all parcels should be developed.  
The proliferation of LID projects can also be accelerated through the use of non-governmental 
organizations (NGOs) and other partners working with the City.  NGOs in particular can help on 
community engagement, implementing LID projects on private property, schools, parks, alleys, 
and in parkways, and LID BMP maintenance. The combination of watershed-scale BMP pro-
grams in concert with multiple efforts to reduce sources to the watershed and ramp up BMP im-
plementation on private properties will result in greatly improved water quality as well as pro-
vide additional local water supply potential. 

This also points to the critical need to design any centralized stormwater capture projects tak-
ing into consideration the potential impacts of any planned or existing distributed LID programs; 
a reduction in the volume of available stormwater by almost 1/3 (as calculated for the LAR wa-
tershed) could have significant impacts on the flow volumes being routed to centralized systems 
within the same watershed and, thus, on the needed size of those systems.  In addition, pollutant 
load reductions from widespread LID implementation over a decade or two can greatly increase 
the likelihood that water quality standards will be met in LA watershed receiving waters. This 
could also have implications for potential water supply as distributed stormwater capture could 
also decrease the runoff volumes available for diversion to WRPs for treatment and reuse. 

b. Infiltration Trenches versus Dry Wells 

Although ITs were used in our modeling, another commonly-used infiltration BMP is a dry 
well, which can provide similar capture capacity with a smaller areal footprint.  Thus, an additional 
post-modeling analysis was done to assess the quantity of dry wells and/or ITs that would be re-
quired to manage the 85th percentile storm in these watersheds as well as to identify the overall 
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footprint required to install the number of BMPs needed.  To quantify the efficacy of dry wells in 
the Los Angeles area, an analysis was performed using equations in the County of Los Angeles 
County Department of Public Works (LACDPW) LID Standards Manual.87   

Several sizes of potential ITs were defined and the number needed to retain the 85th percentile 
storm in the DC watershed was calculated; trenches were defined to have a depth of 8 feet (Table 
3.20).  Based on the number of ITs needed, the total surface area required to capture the 85th per-
centile was calculated. The DC watershed had the smallest storm volume of 2,353 AF (Table 3.21) 
and thus the lowest total IT surface area to capture this volume (approximately 68 million ft2 or 
1,561 ac).88  The number of ITs required for DC ranged between 21,000 and 340,000, depending 
on the dimensions of each IT.  For example, to shrink the needed number to 21,000 ITs, each IT 
needed to be 8 ft deep, 80 ft long, and 48 ft wide, which is too large for available land spaces in 
most urban areas.  At a more readily implementable scale, 8’ x 80’ x 10’, approximately 85,000 
ITs would be required to infiltrate the 85th percentile storm in the DC watershed (Table 3.20).   

 

Table 3.20: IT Count for Basin Sizes for Dominguez Channel; h=height, l=length, w=width, SA=surface area 
 

 

Table 3.21: Number of mid-sized IT required to capture 85th percentile storm volumes. 
 

At 8’ x 80’ x 10’, approximately 131,000 ITs in BC, approximately 85,000 ITs in DC, and 
approximately 377,000 ITs in LAR were required to infiltrate the 85th percentile storm (Table 

                                                 
 

87 dated Feb 2014 (Standards Manual).; The analysis used volume and surface area requirements to determine the 
number of IT or dry wells required to capture the 85th percentile storms for the BC, DC, and LAR watersheds.  Anal-
ysis assumed that 100% of the storm volume was captured at an infiltration rate of 1 inch/hour (in/hr) for both 
stormwater capture technologies being analyzed.  As a site in the LA area had a 1 in/hr infiltration rate the BMP da-
tabase, 1 in/hr per hour was selected as a generous rate. The Standards Manual required at least 0.3 in/hr infiltration 
of the soils below; calculations in the Standards Manual also required designs to drain within 96 hrs. 
88 Divide total square footage (68*10^6) by the SA in the table to get the # required. 
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3.21).  Given the compliance deadlines in BC (2021), DC (2032), and LAR (2028), approximately 
26,000 ITs in BC, 5,300 ITs in DC, and 31,000 ITs in LAR would need to be installed annually 
between 2016 and the compliance deadlines in each watershed. This implementation rate is infea-
sible with current funding and staffing levels and points to the need for multiple, concurrent ap-
proaches to meet water quality standards.  Multiple efforts are occurring in the region to address 
water quality needs; better collaboration among these plans and programs could facilitate building 
projects that provide more benefits for a lower cost, especially where projects meet the needs of 
multiple agencies and cost-sharing is possible.   

In addition to requiring very rapid and large-scale implementation, ITs require relatively large 
pieces of land for their installation.  Dry wells, however, perform the same function but have a 
much smaller footprint per BMP and thus can be more readily located throughout urbanized wa-
tersheds.  The potential to implement dry wells across these watersheds was also assessed; dry 
wells were defined to be 4 to 8 ft in diameter and as deep as 20 ft (Table 3.22).89  With these 
dimensions, approximately 500,000 (at 6 ft diameter and 20 ft deep) to 4.4 million dry wells (at 4 
ft diameter and 5 ft deep, Table 3.22) were needed to meet infiltration requirements in the DC 
watershed.  A 6 foot diameter dry well with a depth of 10 ft or 20 ft was chosen for the analysis in 
each watershed (Table 3.23). 

 

Table 3.22: Dry Well Count for Varying Precast Dry Wells for Dominguez Channel* 
* D=diameter, h=height, SA=unit surface area, VT=total volume, Total A= total surface area req’d in watershed 

 

Table 3.23: Number of mid-sized dry wells required to capture 85th percentile storm volumes 
 

                                                 
 

89 The initial sizing analysis for dry wells used dimensions from 3 different precast dry wells, as found for sale on 
the Grimm Modern Building Material Co. Inc.’s website.  (http://www.grimmbldg.com/precast_catalog.php).  Also, 
using the method outlined in the Standards Manual for dry wells applied to precast structures that may or may not be 
filled with media like gravel results in a conservative estimate as calculations assume flow impedance from media. 

http://www.grimmbldg.com/precast_catalog.php)
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Approximately 8 million 6 ft diameter by 10 ft deep dry wells (with a total footprint of 4,068 
acres) would be required to capture the 85th percentile storm in all three watersheds; increasing the 
depth to 20 ft resulted in approximately halving the required number of dry wells to 3.6 million 
with a surface area of 2,330 acres (Table 3.23).  While smaller in footprint, the quantity of dry 
wells also requires a rate of installation that is infeasible with current funding and staffing levels, 
and so must only form part of the solution.  However, increasing the depth and diameter of dry 
wells can also reduce the number of dry wells required. 

Therefore, an additional sizing analysis was performed for dry wells to compare the incremen-
tal changes associated with increased diameters and increased depths of dry wells using the DC 
storm volume.  Runs 1.1 to 1.4 held the surface area of the dry well constant while varying the 
depth (Table 3.24).  Using the Standards Manual, the maximum height was limited to approxi-
mately 22 feet.  Increasing the depth of the well from 10 ft to 22 ft resulted in a 55% reduction in 
the number of dry wells required, from approximately 1 million to about 470,000 (Table 3.24).  In 
areas of greater depth to groundwater and where there is no risk of spreading existing contamina-
tion, however, even deeper dry wells should be explored as an option to potentially decrease the 
number of dry wells further and contribute to groundwater recharge.   

 

Table 3.24: Incremental Changes of Dry Well Count for the Dominguez Channel with Varied Height and Diameter 
 

The impacts of increasing the diameter of the dry wells were also assessed using a depth of 20 
ft since the maximum depth of 22 ft only resulted in a 5% improvement over 20 ft.  Dry wells also 
need to be recessed approximately 1 ft below ground surface.  Assuming that at the site selected a 
depth of 20 feet would be sufficiently protective of groundwater, Runs 2.1 to 2.7 incrementally 
varied the diameter of the dry well (Table 3.24).  The number of dry wells required was substan-
tially reduced with each foot of diameter added; going from a 6 ft to 12 ft diameter resulted in a 
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75% reduction in the number of dry wells required, from 518,570 to 129,643.  Therefore, the in-
stallation of wider dry wells should be assessed in areas with the potential to install larger dry 
wells, especially if the presence of a shallow groundwater table prohibits the installation of deeper 
dry wells. 

As a result, infiltration rates become more important given that the surface area at the bottom 
of the dry well can govern its efficiency.  In the modeled dry well, it was assumed that stormwater 
flowed through gravel in the dry well with a design infiltration rate of 1 in/hr.  The rate of 1 in/hr 
would be limited by the infiltration rate of the soils below the installed dry well.  If soil infiltration 
rates were less than 1 in/hr, the stormwater in the dry well would back up and thus the effective 
infiltration rate of the dry well would be the same as the native soil below it.  Looking at the design 
infiltration rates in Table 3.25, the majority of soil types fall into hydrologic soil groups that have 
rates slower than 1 in/hr.  Since the City has a patchwork of diverse soil types, it is likely that the 
receiving soil would be the limiting factor.  Site-specific analyses should be conducted at each site 
being considered to identify limiting factors and thus the most appropriate size and shape of infil-
tration BMP to achieve maximum benefits for that site’s footprint and geology. 

 

Table 3.25: Different Design Infiltration Rates for Different Soil Types 
 

As described above, dry wells require less infiltration surface area than ITs but require more 
individual installations (Tables 3.21, 3.23).  Dry wells can collect water from rooftops in backyards 
or be installed on public lands. In some cases, pretreatment such as a charcoal filter or other media 
may be required to address water quality concerns.  In the presented analysis, all of the stormwater 
was routed through dry wells.  When routing all stormwater through dry wells that are sensitive to 
infiltration rates, water quality becomes more important, especially if organics, debris, and partic-
ulates clog or impede flow through the media.  For dry wells to collect all stormwater on a large 
scale, additional research into and extensive monitoring of dry wells would be required to deter-
mine whether some level of pretreatment (filter media or a settling basin) was necessary to address 
water quality in the influent water or prevent excessive maintenance needs (e.g. frequent clogging).  
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Dry wells present a greater opportunity to increase potential local water supply through storm-
water recharge as their greater depth may also include greater connectivity to groundwater basins, 
but present a greater risk for groundwater contamination for the same reason.  As described in the 
LAR report, dry wells are regulated through the EPA’s Underground Injection Control program in 
some parts of California.90 To assess the full potential of increasing the use of dry wells in the LA 
region, additional research questions should be answered. Some examples include: where are the 
best locations to install dry wells?  Are dry wells best suited to be installed in areas where excava-
tion is easy and in the absence of other utilities?  Is retrofitting storm sewers to add dry wells 
feasible or are construction and refurbishment costs too high?  Are dry wells best sited in areas in 
which only landscaping must be excavated and replaced?  What would the installation costs and 
maintenance needs of a dry well incentive program for landowners be at the scale required?  A 
particular challenge lies in the fact that, unlike other conservation efforts and rebates, landowners 
would not see any savings in their water bill and thus it may be harder to garner interest.  How 
does a dry well program compare to an IT program of, for example, installing strips of IT along 
lot borders throughout the City?  Any such program would need tailoring based on depth to ground-
water and soil characteristics to maximize the benefits of dry wells and protect water quality. 

F. Improving Model Predictions  

Given the important role that stormwater modeling is now playing in mapping pathways to 
obtain water quality compliance in southern California, there are multiple additional components 
that must be incorporated into these models to improve their predictions to reflect not only current, 
but also potential future weather conditions.  The severe damage of the emergency spillway at the 
Oroville Dam in February 2017 provided a clear demonstration of the need to include future 
weather conditions in these planning efforts to ensure expected challenges can be met, rather than 
solely planning on meeting historical conditions.   

Various climate modeling studies project increasing extreme events, including increasing pre-
cipitation intensity and temperature, as well as the frequency and severity of floods. 91,92  Effective 
planning and management of green infrastructure under changing climate conditions requires ro-
bust estimates of future flood risks.93  Computerized tools for the development of Intensity-Dura-
tion-Frequency (IDF) curves under climate change are being developed.94  The developed SWMM 
Climate Adjustment Tool (SWMM-CAT) allows climate change projections to be incorporated 
using location-specific adjustments derived from Global Climate Models (GCMs) of the World 
Climate Research Programme (WCRP) Coupled Model Intercomparison Project Phase 3 (CMIP3) 
archive.  Integration of statistical or dynamic climate projects from models developed specifically 

                                                 
 

90 Please see Mika et al., Sustainable LA Water Project LAR Report for more detail on drywells.  Available at: 
https://escholarship.org/uc/item/42m433ps   
91 (IPCC 2013; US GCRP 2014) 
92 (IPCC, 2013) 
93 (Kopytkovskiy et al. 2014) 
94 (e.g., Srivastav et al. 2015) 

https://escholarship.org/uc/item/42m433ps
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for regions of interest can also be utilized as input to developed stormwater models to better quan-
tify the impact of implemented BMPs on future flood risk.95 

Further, ET values that reflect local complexities must be collected and incorporated into the 
modeling efforts to obtain a complete picture of the water balance.  In urban areas, ET is one of 
the largest components of the water balance, but is extremely difficult to estimate leading to large 
uncertainties.96  Flux towers and meteorological data allow for point estimates of ET, but spatial 
heterogeneity poses a difficult problem for upscaling; this has been the focus of numerous stud-
ies.97  Given the high cost of weather stations, the creation of a network of stations with adequate 
coverage to accurately represent the heterogeneity of ET is highly unlikely.  To address this issue, 
satellite remote sensing methods have been identified as one of the most efficient and economic 
approaches for ET estimation over large areas.98  The main problem with applying remote sensing 
based ET methods over urban areas originates from the complexity and extreme variability of 
urban land cover type over short distances (<1m).  Studies evaluating changes in ET due to urban-
ization have produced varying results.99   

ET is highly dependent on land cover composition and available water, highlighting the need 
for more research.  In addition, climate models predict increasing temperatures throughout much 
of Los Angeles by mid-century, which will result in increased ET values throughout the City.100  
While improving ET estimates is important for informing outdoor irrigation practices and predict-
ing water demands, understanding how different compositions of land cover type impact ET rates 
is critical for water management and development planners.  Proposed green infrastructure (to 
capture stormwater) or landscape change (i.e. from native to non-native plants) will alter urban 
water budgets depending on species composition and irrigation needs of the altered landscape.  
High spatial and temporal resolution ET is also critical for validation of hydrologic models used 
to predict stormwater behavior and capture.  

                                                 
 

95 Huang, HY. & Hall, A. (2016) A physically-based hybrid framework to estimate daily-mean surface fluxes over 
complex terrain, Climate Dynamics, 46: 3883. doi:10.1007/s00382-015-2810-zA 
96 Pataki, D.E., McCarthy, H.R., Litvak, E., Pincetl, S., 2011b. Transpiration of urban forests in the Los Angeles 
metropolitan area. Ecol. Appl. a Publ. Ecol. Soc. Am. 21, 661–677.; Nouri, H., Beecham, S., Kazemi, F., Hassanli, 
A.M., 2013. A review of ET measurement techniques for estimating the water requirements of urban landscape veg-
etation. Urban Water J. 10, 247–259. doi:10.1080/1573062X.2012.726360; Shields, C.A., Tague, C.L., 2012. As-
sessing the Role of Parameter and Input Uncertainty in Ecohydrologic Modeling: Implications for a Semi-arid and 
Urbanizing Coastal California Catchment. Ecosystems 15, 775–791. doi:10.1007/s10021-012-9545-z 
97 McCabe, M.F. and Wood, E.F., 2006. Scale Influences on the remote estimation of evapotranspiration using mul-
tiple satellite sensors. Remote Sensing of Environment, 105(4), 271-285. 
98 Mauser, W. and S. Schädlich, 1998: Modelling the spatial distribution of evapotranspiration on different scales 
using remote sensing data, Journal of Hydrology, Vol. 212–213, 250–267. 
99 Grimmond, C.S.B., T.R. Oke, and D.G. Steyn, 1986: Urban Water Balance: 1. A Model for Daily Totals, Water 
Resources Research, DOI: 10.1029/WR022i010p01397 
100 Hall, A. Climate Change in the LA Region. https://www.ioes.ucla.edu/project/climate-change-in-the-los-angeles-
region/  
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More data must also be collected to accurately reflect BMP impacts in these models; this is 
true not only for newly developed and developing technologies, but also for commonly-used, well-
established BMPs.  Scientists and engineers have been developing alternative, innovative technol-
ogies to improve BMP treatment efficiencies and enhance performance of distributed (e.g., LID) 
and regional systems.  Efforts are focused on improving reliability, reducing costs and addressing 
emerging contaminants of concern that traditional BMPs may not treat.  

In an effort to improve pollutant control, emerging research is embedding engineered treatment 
pathways into natural systems to target runoff pollutants and improve water quality (e.g., open-
water treatment cells101) and the BEST technology.102  However, more work is needed on integra-
tion of new technologies and improved efficiencies into stormwater models.  Current BMP param-
eterizations in most models are limited by available LID/BMP type (vegetation swale, dry ponds, 
wet ponds, etc.) and standard treatment parameters (decay coefficients or EMC values).  Although 
these parameters can be adjusted to reflect improved BMP efficiencies, more work is needed on 
explicit parameterization of new media (i.e., biochar) and new treatment design (i.e., BEST) in 
operationally-used BMP models (SWMM, SUSTAIN, etc.).  

As the implementation of integrated water management systems progresses, for example with 
the implementation of stormwater BMPs intended to improve water quality and increase storm-
water capture, an increased capacity to gather, store, and share relevant data broadly will be critical 
to ensure implemented programs are generating expected benefits and to provide guidance on re-
fining these programs over time to maximize the target benefits as well as minimize costs.  There 
is a broad movement in academia and in government towards open data that may provide some 
options to follow for more broadly sharing data.   

The data needed to analyze water systems across regions of complex jurisdiction such as Los 
Angeles cover a wide range of topics.  Examples include increased monitoring of stormwater 
BMPs, both their internal pollutant removal efficiency and pollutant removal and their impact on 
the water quality of receiving water; more data on BMP construction and O&M costs; more flow 
data; increased data on the potential sources of pollutants to the watersheds (e.g., more accurate 
and up-to-date EMC data by more specific land uses and geographic areas); increased data on 
surface water and groundwater interaction in this region to better characterize the water supply 
benefits of stormwater capture projects; and a framework in which this evolving data set can be 
managed and shared both within the City and without. 

More specifically, the current approaches to siting distributed and regional LID BMPs in the 
Los Angeles Region are limited by the lack of explicitly coupled surface-to-groundwater models 

                                                 
 

101 Jasper, J.T., M.T. Nguyen, Z.L. Jones, N.S. Ismail, D. L. Sedlak, J.O. Sharp, R.G. Luthy, A.J. Horne, and K.L. 
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DL. (2014) Biotransformation of trace organic contaminants in open-water unit process treatment wetlands. Environ 
Sci Technol. 48(9), 5136-44. 
102 Herzog, S.P., C.P. Higgins, and J.E. McCray, 2015. Engineered streambeds for induced hyporheic flow: En-
hanced removal of nutrients, pathogens, and metals from urban streams. J. of Environ. Eng. In Press.  BEST (Biohy-
drochemical Enhancement structures for Streamwater Treatment) 
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that can accurately predict the percentage of infiltrated water that will recharge regional aquifers 
from implemented BMPs.  Currently, no such modeling framework exists in the LA basin. Devel-
opment of physically-based, coupled surface water - ground water models that accurately represent 
stormwater capture and subsurface properties are critical for quantifying regional recharge and 
providing information to better optimize local water supplies. 

Along with increasing data collection efforts, incorporating the above techniques – running 
models with both historical and future predicted weather scenarios, incorporating the highest qual-
ity ET data, and improving the ability of widely-used modeling tools to incorporate the efficiency 
of a wide variety of BMPs over time – will greatly improve our ability to predict the water quality 
impacts of various suites of BMPs under various climate change scenarios. 

G. Increasing Capture and Reuse of Runoff 

a. Potentially Available Volumes 

The total volume of water available for capture and supply can be estimated through an analysis 
of the annual volumes [which include both dry weather (baseflow) and wet weather flows], after 
BMP implementation within the BC, DC, and LAR watersheds.  The modeled baseline flows, 
without the implementation of any BMPs, are illustrated for reference.  The particularly wet water 
year of 2005 and dry year of 2007 can be seen for all three watersheds (Table 3.26).  This shows 
that without the implementation of BMPs a volume of up to 175,000 AF, 68,000 AF, and 800,000 
AF can be captured during a wet year for BC, DC, and LAR respectively.  Even during 2007, a 
much drier year, 40,000 AF, 10,000 AF, and 100,000 AF were available to be captured in the BC, 
DC, and LAR Watershed, respectively (Table 3.26).  Further, these volumes are greater than the 
85th percentile storm volumes that are captured for water quality purposes.  Thus, additional op-
portunities should be explored to capture more stormwater to supplement local water supply. 

Table 3.26.  Annual average volumes available for capture in wet and dry years in LAR, DC, 
and BC watersheds. 

We also looked at the impacts of the various watershed BMP scenarios described above (Sec-
tion III.D.a) on flows in all three watersheds.  In BC, the watershed-wide BMP Scenario 5, which 
only routed water from public land uses, left the most water in the channel for other uses, but also 
provided very little in the way of water quality benefits.  Scenario 3 in the BC watershed routed 

                                                 
 

103 Actual inverse distance-weighted precipitation for each watershed in 2005 & 2007. LAR is higher because it 
includes the forested region, which has more rain per year than the urban areas. LADPW Stormwater Monitoring data. 

Watershed 2005 Total 
Precipitation 
(in) 

2007 Total 
Precipitation 
(in) 

2005, very 
wet year 
(AF) 

2007, very 
dry year 
(AF) 

85th percentile 
storm (AF) 

LAR 66.4103 2.3 800,000 100,000 10,396 (w/o forest); 
16,342 (w/ forest) 

DC 23.6 2.6 68,000 10,000 2,353 
BC 26.8 3.0 175,000 40,000 3,621 
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85% of the watershed to the treat-and-release BMP, DPs, and thus left a higher volume of water 
in the channel than BC Watershed Scenario 2, which routed 85% of the watershed to the infiltration 
BMP, ITs (Figure 3.8).  The implementation of Scenario 2 (DP+VS) in the LAR and DC water-
sheds left the highest volume of water for other uses out of all modeled BMP scenarios (Figures 
3.9, 3.10).  This again shows the importance of considering all aspects of water management in 
planning for stormwater management.  In regions with good infiltration rates over groundwater 
basins that are utilized for water supply, installing more infiltration-type BMPs may make more 
sense even though less water would remain in the channel for other uses (assuming such flow 
reductions would not negatively impact aquatic life or other beneficial uses).  For example, imple-
menting treat-and-release BMPs could be the more appropriate choice where infiltration potential 
is low, a risk of introducing or spreading contamination in the groundwater basin exists, or habitat 
requiring some level of flow in the downstream channel that requires some level of flow is present.  
Opportunities to recapture that water further downstream could also be explored.  

 

Figure 3.8: Ballona Creek annual flow volumes at the watershed outlet for the modeled time period (2004-2008) 
without BMPs compared to post-BMP implementation. 
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Figure 3.9: Dominguez Channel annual flow volumes at the outlet for the modeled time period (2002-2011) 
without BMPs compared to post-BMP implementation. 

 

Figure 3.10: Los Angeles River annual flow volumes at Wardlow gage for the modeled time period (2004-
2012) without BMPs compared to post-BMP implementation. It should be noted that Scenario 1a, 2a, and 3a in this 

figure are the same as Scenario 1, 2, and 3 in Tables 3.6 and 3.10. 

b. Maximizing Storage and Use of Rainfall and Runoff 

Substantial flows are available for capture and potential reuse in the four studied watersheds; 
opportunities to increase the use of runoff through increased diversion to WRPs and also through 
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increased groundwater recharge are discussed in greater detail in following sections.  Another op-
portunity to increase the use of runoff and precipitation is through increasing the on-site use of 
both for indoor and outdoor demands.  Increasing the use of cisterns and rain barrels to capture 
and reuse rainwater on-site is an additional opportunity to increase the use of precipitation before 
it picks up pollutants, flows into the stormwater system, and is routed out to rivers and the sea.  In 
2012, CA’s Rainwater Recapture Act made it legal to capture and use rainwater harvested from 
rooftops as it exempted this activity from the SWRCB’s permitting authority over water appropri-
ations.  This change made it clear that residential users and public and private entities could capture 
water that could then offset some of their potable demand.104  While on-site rainwater capture and 
reuse is an opportunity to increase the volumes of stormwater managed, how large of an oppor-
tunity this is, given the weather patterns in the Los Angeles region, requires further study.   

One estimate of the potential to utilize rainwater capture was calculated in a 2015 National 
Academy of Science report assessing the potential increased use of graywater and stormwater.  In 
this study, researchers modeled the impacts of implementing stormwater capture systems and es-
timated the resultant reduction of household potable water demand in six U.S. cities, including Los 
Angeles, using climate data from 1995 to 1999 to simulate the potential potable water savings.105  
When evaluating stormwater capture, researchers used a Windows-based Source Loading and 
Management Model (WinSLAMM) to model the potential capture of stormwater on roofs for six 
different major land use categories including commercial, high density residential, medium density 
residential, low density residential, industrial, and institutional.106  Medium density residential re-
sults were the focus of the consequent analysis across the six cities.107   

Assumptions included the following: analysis was performed on a hypothetical 100-acre area 
of medium-density residential land with 12 people per acre108 and indoor demand was held con-
stant at 46 gallons per capita day (gpcd).109  For stormwater capture analysis, three potable water 
demand-alleviating scenarios were evaluated: irrigation, toilet flushing, and combined irrigation 

                                                 
 

104 https://www.lexisnexis.com/legalnewsroom/top-emerging-trends/b/emerging-trends-law-blog/ar-
chive/2013/02/04/california-s-rainwater-recapture-act-lets-state-residents-capture-use-harvested-rainwater.aspx  
105 National Academy of Sciences, 2015 Using Graywater and Stormwater to Enhance Local Water Supplies: 
An Assessment of Risks, Costs, and Benefits. P. 43.  
106 In 2015 NAS report, WinSLAMM was used to simulate tank volumes over the 5 year period using rainfall data 
associated with the 1995 to 1999 climate period used to calculate the ET deficit for turf grass demand. 
107 Ibid. P. 191.  
108 According to a 2012 United States Census press release, the Long Beach – Los Angeles – Anaheim urbanized 
area has nearly 7,000 people per square mile.*  This converts to approximately 11 people per acre which is within 
the planning range of the study, but the classification of “medium density residential” may be misleading for the 
other areas in the study as the Los Angeles urbanized area is the most densely populated in the United States.; 
*Growth in Urban Population Outpaces Rest of Nation, Census Bureau Reports - 2010 Census - Newsroom - U.S. 
Census Bureau.” http://www.census.gov/newsroom/releases/archives/2010_census/cb12-50.html  
109 Using Graywater and Stormwater to Enhance Local Water Supplies: An Assessment of Risks, Costs, and 
Benefits. P. 42. 
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and toilet flushing.  Irrigation demands were calculated to barely meet the evapotranspiration def-
icit of turf grass; this practice is recommended when trying to reduce water use, but is often not 
reflected in common practice.110  Using the three water demand scenarios, researchers calculated 
the household potable water savings associated with installing either a 70 gallon rain collection 
system (two 35 gallon barrels) or a 2,200 gallon cistern.111 

In the context of stormwater capture in a 100-acre medium density residential area in Los An-
geles, potable water savings for the irrigation and toilet flushing scenario were 1.8% of total de-
mand using a 70 gallon collection system.112  Use of a larger 2,200 gallon cistern resulted in 5.4% 
potable water savings for the same combined scenario.113  Of the 6 cities studied, Los Angeles had 
the lowest percentage of potable water savings using stormwater roof capture due to the misalign-
ment of rainfall events and the long, dry irrigation season.  Larger tank size could help capture 
more rain during the intense rainfall events in Los Angeles; modeling found that the 2,200 gallon 
cistern was only able to collect 42% of roof runoff during storm events.114  It is important to note 
that this section focuses only on stormwater capture. 

While larger cisterns may help households gather more rain during intense rainfall events, cis-
terns may run out of supplemental water during the long, dry months in Los Angeles.  The modeled 
2,200 gallon system was 8 feet in diameter and 6 feet tall.115  Cisterns larger than the 2,200 gallon 
systems used in the NAS study may capture a higher percentage of roof run off during storm 
events, but area requirements and capital costs are increased.  For an improved economy of scale, 
grouped systems may help with this burden, but a more comprehensive life cycle analysis that 
includes benefits beyond potable water savings would need to be performed to analyze the short 
term benefit of meeting demand in the beginning period of long, dry months.  The study assumed 
indoor and outdoor water use would remain constant with the installation of supplemental water 
systems.116  This assumption, however, needs additional research to determine the impacts of sup-
plemental water on household level consumption.  Conservation messaging and educational pro-
grams would need to be implemented concurrently with this supplemental water source to optimize 
potable water use reduction. 

This study provides some insight into the potential water supply benefits that can be obtained 
through implementing stormwater capture BMPs on residential land uses, but represents a lower 
bound of the potential for the City as only residential land uses were considered in the analysis.  
LADWP’s SCMP included on-site direct use (e.g., through a residential or commercial cistern 

                                                 
 

110 Ibid. 
111 Ibid. P. 53. 
112 Ibid. P. 54. 
113 Ibid. 
114 Ibid. P. 55. 
115 Ibid. P.53. 
116 Ibid. P. 44.  
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program), and sub-regional direct use (e.g., through a Park Subsurface Storage and Irrigation Pro-
gram), as potential distributed program alternatives that could be implemented.117  SFR, MFR, 
commercial, industrial, educational, and institutional were all included as potential land uses on 
which to implement these direct use programs.  The SCMP-estimated 2035 stormwater capture 
potential for distributed direct use was 2,000 AFY (conservative) and 7,000 AFY (aggressive).118 

TreePeople has also done extensive work examining this question of the potential contribution 
that captured stormwater can make to increase the City’s local water supply.119  Case studies are 
underway in the region to better quantify the potential of these on-site systems.  Several agencies, 
including LADWP, LASAN, and LACFCD, are involved in the Greater LA Collaborative, which 
consists of cisterns at 6 homes (in some cases, installations also included other stormwater man-
agement practices such as rain gardens).  These cisterns are also novel as they are linked to the 
cloud to enable real-time tracking and management of the water contained in the cisterns. As of 
March 2017, around 37,000 gallons had been collected at these homes.120    

Lessons on the potential to increase on-site use of rainwater can also be gained by assessing 
the various water management policies that Australia implemented during their Millennium 
drought to dramatically reduce consumption, increase treated wastewater reuse, and increase the 
use of stormwater and rainwater as a part of local supply.121  Decentralized sources can increase 
water system resilience by offering a fit-for-purpose (e.g., captured rainwater for landscape irriga-
tion) water source that can, in many cases, be brought online much more quickly than a larger-
scale, centralized system.122  An important piece of increasing the use of this source of water is 
ensuring there is minimal regulatory uncertainty and clear guidelines in place that ensure public 
health is protected as these systems are constructed and maintained over time.  For example, the 
governments of South Australia and Victoria now mandate that water is treated to fit-for-purpose 
and have developed a comprehensive regulatory framework to provide specific guidelines for the 
use and reuse of most water sources.123 

This shift toward providing additional clarity on opportunities to safely use and reuse rainwater 
and stormwater on-site and elsewhere is now occurring in LA County.  In early 2016, updated 
2011 guidelines to outline the permitting, water quality, treatment, monitoring, and reporting re-
quirements of using rainwater and stormwater for both indoor and outdoor uses were released by 

                                                 
 

117 LADWP SCMP (2015) p. ES-8  www.ladwp.com/scmp  
118 LADWP SCMP (2015) p. ES-10  www.ladwp.com/scmp 
119 https://www.treepeople.org/resources/publications  
120 https://www.treepeople.org/lawatercollaborative accessed October 2017 
121 https://www.treepeople.org/sites/default/files/pdf/publications/TreePeople%20-%20Transferring%20Lessons.pdf; 
https://www.treepeople.org/sites/default/files/pdf/publications/TreePeople%20-%20Les-
sons%20from%20the%20land%20of%20Oz%20e-%20version.pdf  
122 Treepeople (2016) Transferring  Lessons from Australia’s Millennium Drought to California: Accelerating Adap-
tation to Drought, Flood and Heat. P. 4  [Treepeople Australia 2016]  
123 Treepeople Australia 2016; Grant et al. “Adapting Urban Water Systems to a Changing Climate: Lessons from 
the Millennium Drought in Southeast Australia.” Environmental Science and Technology (2013): 10727-10734. 
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the LA County Department of Public Health (LACDPH).  In these guidelines, rainwater is defined 
as precipitation on any parcel that has not entered an off-site storm drain system or engineered 
channel; stormwater is defined as rainwater that has left the parcel and entered an MS4 or other 
conveyance that discharges to Waters of the United States.124 

According to these guidelines, rainwater may be used at SFR, apartments, hotels, commercial, 
institutional, and municipal facilities; stormwater may only be used indoors at commercial, insti-
tutional, municipal, and industrial facilities.  Rainwater may be readily used indoors for laundry 
washing, urinal and toilet flushing, and trap primers and cooling tower makeup; stormwater may 
only be used for the latter two uses.125  Outdoors, rainwater from rain barrels or cisterns may be 
used for surface or subsurface landscape irrigation or vehicle washing with no treatment; some 
applications with pressurized rainwater catchment systems would require some treatment for on-
site use.  Outdoor uses of stormwater would require some level of treatment, potentially through 
package or design-build units as determined needed on a case-by-case basis for each project.126   

However, Matrix 2.0 should be updated to reflect LACDPH’s first rainwater matrix and in-
crease the ease of irrigating landscapes outside where land uses permit.  For example, the 2011 
rainwater matrix had no requirements for rain barrel water used on-site in gravity flow systems 
(for landscape irrigation or car washing) and in most cases only pre-screening was required for use 
of water collected in cisterns and used on-site for drip or sub-surface irrigation.  Only bacterial 
limits needed to be met for on- or off-site collection of rainwater, stormwater, and urban runoff in 
cisterns for other on- or off-site uses (e.g., spray irrigation, non-interactive outdoor water features, 
street sweeping).127  The 2016 Matrix 2.0 requires stormwater to meet the more rigorous NSF 350 
or CCR Title 22 recycled water equivalence with additional requirements depending on whether 
stormwater is distributed offsite.128 

When the need is great and the path forward to increasing the safe use and reuse of rainwater 
on-site is clear, the pace of installing onsite rainwater harvesting can rapidly increase.  For exam-
ple, the number of households using rainwater tanks in Australia overall increased from 24% in 
2007 to 34% in 2013; in Brisbane, cistern adoption rates increased by two and a half times from 
18.4% to 47%.129  However, care must be taken to consider the impacts of increasing captured 
rainwater and stormwater on vector control (e.g. the risk of creating mosquito breeding habitat in 

                                                 
 

124 Guidelines for Alternate Water Sources: Indoor and Outdoor Non-Potable Uses, LA County Dept Public Health 
February 2016 (Matrix 2.0) 
125 Guidelines for Alternate Water Sources: Indoor and Outdoor Non-Potable Uses, LA County Dept Public Health 
February 2016 (Matrix 2.0) 
126 Guidelines for Alternate Water Sources: Indoor and Outdoor Non-Potable Uses, LA County Dept Public Health 
February 2016 (Matrix 2.0) 
127 http://phasocal.org/wp-content/uploads/2015/06/ep_cross_con_RainwaterMatrix.pdf  
128 Matrix 2.0 https://www.smgov.net/uploadedFiles/Departments/OSE/Contact_Find_Us/Guidelines%20for%20Al-
ternate%20Water%20Sources_2-10-16.pdf 
129 Treepeople Australia 2016; Australian Bureau of Statistics. “Rainwater Tanks.” Environmental Issues: Water Use 
and Conservation. March 2013. 
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standing water in rain barrels or stormwater BMPs), another critical public health issue.130  There 
is some evidence that stormwater infrastructure may be one of the greatest sources of mosquitos 
in many urban areas.131  In a national study that surveyed 329 agencies that were responsible for 
stormwater, mosquito control, or both, 95% of surveyed agencies had BMPs within their jurisdic-
tions and mosquitos had been found in those structures in almost every state.132  The surveyed 
BMP types found to have harbored mosquitos are very frequently used; these BMPs included de-
tention/retention basins, grass swales, stormwater treatment wetlands/ponds, infiltration ba-
sins/trenches, below-ground proprietary systems, and bioretention systems.133  Therefore, it is crit-
ical to find a balance between maximizing the water quality and potential water supply benefits 
from widespread implementation of BMPs versus the potential to increase the public health risk 
from facilitating the growth of potentially disease-carrying insects such as mosquitos.  

Further, surveyed agencies that were multi-functional knew more about both mosquitos and 
BMPs than individual agencies (e.g. a mosquito control agency did not know as much about BMPs 
in their region as did a multi-functional agency).  This shows that fostering collaboration between 
the regional agencies that are responsible for stormwater and those that are responsible for insect 
control can help ensure that implementing BMPs for vector control as well as water management 
are considered in these projects.  Increasing interagency communications and raising awareness of 
the association between stormwater and mosquitos were the most commonly recommended sug-
gestions by the surveyed agencies.   

Good BMP management can ameliorate some of these risks.  Examples of good management 
strategies include ensuring that all cisterns and rain barrels are tightly sealed, rain barrels and cis-
terns are periodically cleaned out, infiltration BMPs are checked to ensure they percolate rapidly 
and don’t pond water, etc.  Therefore, education and monitoring programs are an important part of 
increasing BMP installation programs to ensure that BMPs are appropriately maintained and also 
that the most effective practices for both vector control and stormwater management are identified.   

IV. Wastewater Recycling and Reuse  

A. Introduction 

Increasing the reuse of our wastewater is a critical mechanism for increasing the City’s per-
centage of local water supplies.  Unlike stormwater in the Los Angeles area, which is extremely 
variable in flow, wastewater offers a more reliable flow that can be reused year round.  While 
relatively consistent day to day, flows going through WRPs are susceptible to longer term changes 

                                                 
 

130 Wide variety of resources on vector control in LA County available at:http://www.westnile.ca.gov/resources.php  
131 Harbison, J. E., M. E. Metzger, C. G. Neumann, O. Galal, R. Hu, and V. L. Kramer. 2010. “The Need for Collab-
oration Among Government Agencies to Reduce Mosquito Production in Mandated Stormwater Structures.” Jour-
nal of the American Mosquito Control Association 26. Cited in Justin E. Harbison and Marco E. Metzger; We Want 
You to Fight Stormwater Mosquitos ‘A call for interagency and interdisciplinary collaboration’ September 2010 
www.stormh2o.com (Harbison and Metzger 2010) 
132 Harbison and Metzger 2010 
133 Harbison and Metzger 2010 

http://www.westnile.ca.gov/resources.php
http://www.stormh2o.com/
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such as increased indoor conservation or increased use of distributed on-site treatment facilities or 
graywater systems.  City water management plans must accurately assess the impacts of gray water 
systems and distributed on-site treatment systems on the sewer system and water recycling facili-
ties.  City documents issued in the last several years such as the LADWP UWMP and Recycled 
Water Master Planning Documents (RWMP) include plans and projects as well as potential cus-
tomers that will facilitate the increased reuse of treated wastewater going forward. 

B. Current Projects, Plans, and Practices 

Locally, the City has set several goals to increase the use of recycled water within its bounda-
ries.  The 2010 UWMP target was to use at least 59,000 of recycled water as part of its local water 
supply portfolio by 2035; this goal has been accelerated to 72,200 AFY in the 2015 UWMP.134  
The 2012 RWMP was developed to identify opportunities to meet the goals of 59,000 AFY stated 
in the 2010 UWMP and included reports that focused on non-potable reuse (NPR) opportunities, 
groundwater replenishment (GWR) opportunities, and long-term opportunities (LTCR) to maxim-
ize recycled water reuse.  The focus through 2035 is on developing the additional 39,650 AFY 
(through implementing projects that will result in 30,000 AFY from GWR and 9,650 AFY from 
assorted NPR uses required to meet the 59,000 AFY goal.135   

Beyond the 2035 goals, an additional goal described in the LTCR is offsetting imported water 
to the maximum extent possible by 2085 (up to 168,000 AFY based on the MWD volume used in 
the LCTR).  In an executive directive issued in late 2014, Mayor Garcetti identified an additional 
goal for recycled water: converting 85% of public golf course acreage to recycled water by 2017.136  
The ongoing One Water LA (OWLA) research efforts are also investigating opportunities to in-
crease the reuse of recycled water at the four City-owned and co-owned WRPs: HWRP, TIWRP, 
DCTWRP, and LAGWRP.   

HWRP is located just south of the LA World Airport (LAWA) and just east of El Segundo.  
HWRP treats wastewater from the Hyperion Service Area (HSA), which covers a tributary area of 
about 515 mi².  Approximately 420 mi² are within the City.137  HWRP is also responsible for 
processing solids for the entire HSA, including the solids generated by the two inland WRPs: 
DCTWRP in Van Nuys and LAGWRP near Griffith Park.  Both WRPs divert raw wastewater 
from the system for wastewater treatment and return solids back to the system for treatment at 
HWRP.  Average daily flows going through HWRP were 279 MGD for FY 2013-2014; average 
flows in 2015 were down to 240 MGD.138 

                                                 
 

134 2010 LADWP UWMP, Ch. 4, p.81, 2015 UWMP ES-19 
135 Non-Potable Reuse Master Planning Report Executive Summary,  p. ES-1, March 2012 
136 Mayor Eric Garcetti, Executive Directive #5, Issue Date: October 14, 2014. Page 2. 
137 Wastewater Treatment TM Admin Draft, LTCR appendix P.11 
138 OWLA meeting presentation Feb 16, 2017 
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In 2013, 32 MGD of secondary treated effluent from HWRP went to the WBMWD ECLWRF 
for further treatment to produce waters ranging in quality from disinfected tertiary effluent to ad-
vanced treated recycled water for a variety of uses both in their service area and in the Westside 
recycled water system in the City.  Plans at WBMWD describe scenarios to increase production at 
ECLWRF to about 62 MGD (70,000 AFY) by 2020 with an ultimate described demand of approx-
imately 70 MGD (78,400 AFY).139  In addition, LASAN plans to install the capacity for additional 
treatment of 2 to 5 MGD at HWRP by 2019 to generate advanced treated recycled water for use 
in the terminals and cooling towers at LAWA.140  Eventual potential at HWRP could include up-
grading the facility to tertiary plus NDN treatment processes or even advanced treatment for indi-
rect potable reuse (IPR) / direct potable reuse (DPR). 

TIWRP, which has an average dry weather capacity of 30 MGD, treats an average flow of 14.5 
MGD.141  Until recently, approximately 5 MGD of flow was treated at the TIWRP Advanced 
Water Purification Facility (AWPF); the remainder of the tertiary effluent was discharged to the 
LA Outer Harbor.  AWPF capacity was expanded to treat the entire flow at TIWRP and produce 
12 MGD of advanced treated recycled water in early 2017.142  As a result of this expansion, only 
brine and residuals from water reclamation at the plant will continue to be discharged into the 
harbor through the existing outfall.  LAGWRP and DCTWRP discharge tertiary-treated effluent 
into the LAR.143  Recycled water from these WRPs is also currently used for NPR uses such as 
landscape irrigation, golf course irrigation, in-plant uses, power plant cooling, and other industrial 
uses.  

The City plans to increase the reuse of recycled water from DCTWRP.  One example is the 
GWR Project, which is expected to result in up to 30,000 AFY of recycled water being recharged 
into the San Fernando Basin to increase groundwater resources.144  Recycled water from DCTWRP 
will be recharged through two major water conservation facilities in the SFB that are operated by 
Los Angeles County Flood Control District (LACFCD): the Hansen Spreading Grounds and the 
Pacoima Spreading Grounds.  In addition to the GWR Project, LADWP plans to increase recycled 
water production at WRPs, expand distribution pipelines, and enhance spreading grounds to 
achieve the goals set out in the UWMP.   

                                                 
 

139 OWLA presentation February 16, 2016; WBMWD. Capital Implementation Master Plan Ch. 8 Future Systems 
Analysis, p. 8-4, June 2009; http://www.westbasin.org/water-reliability-2020/recycled-water/master-plan  
140 OWLA presentation, February 16, 2017 
141 Prepared by Larry Walker Associates, Inc.; Todd Groundwater; Nellor Environmental Associates, Inc.; and 
Trussel Technologies, Inc. Prepared for City of LA DPW Bureau of Sanitation. Amended Engineering Report for 
the Terminal Island Water Reclamation Plant Advanced Water Purification Facility Expansion: Dominguez Gap 
Barrier Project (August 2015) p. 1-1. Available at: http://san.lacity.org/pdf/TIWRP_AWPF_Dominguez_Gap_Bar-
rier_ER.pdf  [TIWRP AWPF DGB Engineering Report (August 2015)] 
142 https://www.lacitysan.org/san/faces/wcnav_externalId/s-lsh-sp-awpf-ep?_adf.ctrl-state=ljtyw8si3_4&_afr-
Loop=16304453241277602#!; http://www.tellmeladwp.com/go/doc/1475/2915446/   
143 Recycled Water Table FY 2013-2014 LASAN 
144 LADWP GWR DEIR p. ES-4 

http://www.westbasin.org/water-reliability-2020/recycled-water/master-plan
http://san.lacity.org/pdf/TIWRP_AWPF_Dominguez_Gap_Barrier_ER.pdf
http://san.lacity.org/pdf/TIWRP_AWPF_Dominguez_Gap_Barrier_ER.pdf
https://www.lacitysan.org/san/faces/wcnav_externalId/s-lsh-sp-awpf-ep?_adf.ctrl-state=ljtyw8si3_4&_afrLoop=16304453241277602
https://www.lacitysan.org/san/faces/wcnav_externalId/s-lsh-sp-awpf-ep?_adf.ctrl-state=ljtyw8si3_4&_afrLoop=16304453241277602
http://www.tellmeladwp.com/go/doc/1475/2915446/
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C. Moving Toward Total Reuse  

To maximize the potential to source water locally, the final goal for recycled water in the City 
should be the reuse of the total volume of wastewater treated within the City (except for the brine 
and residuals generated through the process).  Average flows to the four City-owned WRPs in 
2015 were as follows: 240 MGD at HWRP (capacity 450 MGD), 32 MGD at DCTWRP (capacity 
80 MGD), 19 MGD at LAGWRP (capacity 20 MGD), and 14 MGD at TIWRP (capacity 30 
MGD).145  These flows represent a decrease from the 2013-2014 flows at three WRPs146: 7% at 
TIWRP (down from 15 MGD), 9% at DCTWRP (down from 35 MGD), and 14% at HWRP (down 
from 279 MGD).147  Flows at LAGWRP increased 26% from 15 MGD to 19 MGD.  In general, 
flows have decreased at WRPs throughout the LA region since the 1990s.  For example, flows at 
HWRP were 300 MGD in 1992 and 330 MGD in 1993.148 

We defined maximum reuse based on the entire available volume of treated wastewater, 
385,280 AFY, in FY 2013-2014.  Of this volume, 75,400 AFY is expected to be sent to WBMWD 
for treatment and reuse mainly outside of the LADWP service area.  Additionally, approximately 
6,720 AFY is expected to go to the Dominguez Gap Barrier; neither of these volumes are available 
for reuse within the City.  We further assumed a very conservative 20% reduction in wastewater 
flows by 2035 due to the pLAn conservation / gpcd goals and that all recycled water would be 
treated with MFRO (applying a very conservative recovery rate of 71% after MFRO treatment).  
Therefore, as described in the LA Water Supplies section above, a potential maximum recycled 
water goal is approximately 161,000 AFY.  This is a starting place, but it is important to note that 
the available volumes for wastewater reuse could be higher if the majority of conservation poten-
tial that remains in the City is linked to outdoor use as conservation in this area would have a 
reduced impact on flows to WRPs.  Further, the recovery rate used in our analysis was highly 
conservative and would likely be higher in practice and as technologies for water reuse continue 
to improve.  Challenges and opportunities to expanding wastewater reuse are discussed below.   

Challenges to maximizing reuse within the City are linked to issues of both spatial distribution 
and available flows.  In the current framework of City wastewater distribution and WRPs, there is 
potentially more demand for recycled water than current supply at certain facilities (e.g., at 
DCTWRP and at TIWRP).  At HWRP, there is more potential recycled water supply than demand.  
Increasing volumes of wastewater recycled at HWRP is further complicated by its location down-
hill from much of the City-based demand.  Future studies to identify the most effective strategies 
to maximize reuse of HWRP water should include assessments to increase IPR to capitalize on the 
additional storage space identified for use in West Coast and Central Basins (described in more 
detail in Section V.B.a).  These studies should also assess potential partnerships with one or more 

                                                 
 

145 OWLA presentation, February 16, 2017 
146 2013-2014 flows were used in the Sustainable LA water project analyses presented in this and previous water-
shed reports to determine the maximum recycled water potential in the presented work 
147 These flows were kept to maintain consistency with all watershed reports, the first of which began in 2014, and 
also because FY2013-2014 is the pLAn baseline year. 2013-2014 flows data from LASAN recycled water table 
FY2013-2014 
148 Characteristics of Effluents from Large Municipal Wastewater Treatment Facilities in 1993. SCCWRP. P. 10 
ftp://ftp.sccwrp.org/pub/download/DOCUMENTS/AnnualReports/1993_94AnnualReport/ar01.pdf  

ftp://ftp.sccwrp.org/pub/download/DOCUMENTS/AnnualReports/1993_94AnnualReport/ar01.pdf
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agencies including MWD, West Basin MWD, Central Basin MWD, and WRD to upgrade HWRP 
to tertiary plus NDN treatment processes or even advanced treatment and to become part of a 
regional recycled water distribution system that will greatly increase local resources. 

The City is currently investigating opportunities to move flows around within the City infra-
structure to maximize the reuse of recycled water based on the current misalignments of local 
supply and demand for recycled water.  As part of the One Water LA efforts, the City is exploring 
options such as augmenting sewer flows with runoff to increase the volumes available for recy-
cling, reconfiguring sewer alignments to channel wastewater flows to WRPs closest to the most 
local demand, and building City-owned satellite WRPs to create new recycled water supply where 
sufficient local demand is present.149 

Low flow diversion facilities (LFDs) are already in use to divert some or all dry weather flows 
from certain channels to WRPs.  There are 20 operating LFDs that are City-owned, eight of which 
have no sewer system connections, and 14 additional LFDs that are not City-owned.  In many 
cases, these LFDs are in place to improve beach water quality where the channels would otherwise 
discharge their water during the high-use beach months.  However, this diverted runoff also offers 
water supply potential as these flows can increase the flow volumes available for treatment and 
reuse from the WRPs.  For example, HWRP currently accepts dry weather urban runoff from 23 
LFDs in the area year-round, including 8 City-owned LFDs as well as LA County and City of 
Santa Monica LFDs.  Runoff is diverted to HWRP except during a storm event that generates 
greater than 0.1 inch of storm runoff and for the following three days after the storm.150  As part 
of identifying opportunities to increase flows for treatment and reuse at centralized WRPs, the 
potential for LFDs is being investigated through the One Water LA process.   

At the time of this writing, 45 potential initial sites for LFDs with a potential flow of 8.6 cfs 
(5.5 MGD) have been identified for further study; these flow volumes could be folded into the 
existing sewer system with minimal impacts.  These potential LFDs would either route flows to a 
WRP or treat runoff onsite for local reuse applications.  The final destination of these flows may 
change as plans to reroute wastewater through the system to areas with higher local demand for 
recycled water (e.g. the potential east-west valley interceptor sewer that would route additional 
flows to DCTWRP) are developed.151  Modifying management guidelines on runoff flow diver-
sions to allow flows from small to moderate precipitation events, or expanding dry weather runoff 
diversion capacities could greatly increase potential influent volumes to WRPs, especially at 
HWRP with its large unused capacity. 

Based on the modeled results presented above in the stormwater section, the annual average 
flows available for capture in these watersheds are significant even in dry years.  Without BMPs, 
annual average flows in 2007 were 10,000 AF in the DC Watershed, 40,000 AF in the BC water-
shed, and 100,000 AF in the LAR watershed, the driest year modeled and one of the driest years 

                                                 
 

149 OWLA homepage; OWLA presentation, February 16, 2017 
150 http://www.lastormwater.org/blog/2015/06/outta-sight/, Water for LA Becoming a Green-Blue City, ASCE De-
cember 2014 article, List of Existing and Planned Diversions for Santa Monica Bay, LASAN. 
151 OWLA personal communication. 

https://www.lacitysan.org/san/faces/home/portal/s-lsh-es/s-lsh-es-owla?_adf.ctrl-state=stezil9jf_4&_afrLoop=16478077371917237
http://www.lastormwater.org/blog/2015/06/outta-sight/
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on record.  Even after implementing BMPs to capture the 85th percentile storm in the DC water-
shed, which has the lowest available volume of the three watersheds, approximately 8,600 AF 
would have been available for diversion to WRPs (or other opportunities to capture and reuse this 
stormwater).  The City should continue to investigate the potential to divert runoff for treatment 
and reuse at WRPs not only during dry weather, but also during small to moderate sized storms.  
As indoor conservation efforts continue to reduce flows to WRPs, additional space may become 
available in the sewer system for runoff flows to be conveyed to WRPs for treatment, even during 
wet weather.  Care must be taken, however, to assess any potential impacts of these runoff diver-
sion flows on influent quality to ensure that effluent water quality requirements are still being met 
and that the chemistry is not changed to a degree that different treatment trains would be required 
to effectively treat the wastewater/stormwater influent. 

In addition to blending runoff with wastewater in the sewer systems, stormwater capture can 
be combined with smaller satellite treatment facilities where there is demand for recycled water.  
Two case studies have been identified as potential near-term opportunities through the OWLA 
efforts that involve both recycled water and stormwater at the same site: a project at the LA Zoo 
and at Rancho Park.  Recycled water will be used at the zoo for irrigation, exhibits, and restrooms 
while additional stormwater capture opportunities within the zoo are investigated.   

Two alternatives are being explored at Rancho Park.  The first includes an on-site WRP and 
stormwater capture project; after treatment the water will be used for irrigation at the site.152  This 
project would consist of three components to provide multiple benefits and facilitate the co-loca-
tion of the stormwater capture and treatment system and the satellite WRP to allow the sharing of 
infrastructure and centralize O&M at the site.  Component 1 involves the installation of a storm-
water capture and treatment system that produces water of a sufficient quality for NPR as required 
under California Code of Regulations Title 22.  Capturing this water will not only offset potable 
water use by providing water for irrigation, but also improve water quality in the BC watershed by 
removing polluted runoff.  Component 2 consists of installing a satellite WRP to treat wastewater 
to the same quality.  The initial wastewater treatment capacity will be 2.5 MGD, which is not 
sufficient to meet peak demands.  Therefore, component 3 will consist of increasing the treatment 
capacity to approximately 4.2 MGD to eliminate the need for potable water.153  The second alter-
native being explored includes two smaller facilities (one at Rancho Park and the other at UCLA) 
that would accommodate demands in the surrounding UCLA and Rancho Park areas. 

In addition to smaller scale satellite treatment plants, larger regional projects would provide 
the opportunity to reuse large volumes of recycled water.  MWD is currently exploring the “Re-
gional Recycled Water Program (RRWP), which would include an advanced water treatment fa-
cility (AWTF) at JWPCP in Carson.  RRWP implementation could potentially result in the pro-

                                                 
 

152 OWLA presentation, February 16, 2017 
153 Technical memorandum No. 12.1, Task 12 Special Studies, Rancho Park Project Concept report.  September 
2016, final draft, p. 3 
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duction of up to 150 MGD (168,000 AFY) of purified water for delivery to as many as 4 ground-
water basins (Orange County, WCB, CB, and Main San Gabriel); conveyance would require up to 
60 miles of pipeline and three pumping plants.  The currently planned end use would largely be 
groundwater recharge, but the potential exists to expand to different uses (including DPR when 
regulations are in place) in the future as conditions and regulations evolve.154  This project was 
found to be feasible but very complex, with a base case cost estimate of approximately $1,600 / 
AF (ranging from $1,368 to $2,013 in 2016 $).  Construction of a 0.5 MGD AWT demonstration 
plant is underway; the selected treatment train consists of MBR, MF (through micro- or ultra-
filtration), RO, and UV/AOP, but MWD will also test alternative processes (such as elimination 
of the MF step) that could result in cost savings if approved by regulators.155  In addition to inves-
tigating the potential to inject and extract HWRP advanced treated water from West Coast and 
Central Basins (WCBCB), future studies to determine the most cost-effective and beneficial op-
portunities to maximize reuse of HWRP wastewater should include the potential to integrate 
HWRP flows into the RRWP distribution system. 

Increasing the use of recycled water indoors as well as outdoors presents another opportunity 
to increase the volumes that are reused.  The LACDPH released a set of guidelines (Matrix 2.0) 
for using alternate water sources (including rainwater, stormwater, recycled water, and graywater) 
for both indoor and outdoor NPR in February 2016.156  Currently, recycled water may be used at 
commercial, institutional, municipal, industrial, and certain larger and professionally managed res-
idential complexes, but may not be used at single-family residences or non-professionally man-
aged apartments.  This document defines the allowable types of recycled water, provides guidance 
on the allowed uses such as toilet and urinal flushing or laundry and allows for other uses pending 
LACDPH review, and identifies the regulatory and design requirements that are necessary to safely 
use recycled water indoors.  For example, the minimum water quality standard for recycled water 
use indoors is “CCR Title 22 Recycled Water Quality Equivalence at point of use.157 ” 

Following the guidance outlined in the Matrix 2.0 will streamline the process of using recycled 
water for indoor uses and thus facilitate the increased use of recycled water for additional uses 
beyond outdoor irrigation.  Outdoor use of recycled water is also included; recycled water can be 
used outdoors at all of building types that are eligible for indoor use, plus the residential building 
types.158  Recycled water use is also incentivized through a 2016 City of LA ordinance that allows 

                                                 
 

154 MWD Potential Regional Recycled Water Program Feasibility Study, January 2017.,Page i.  
155 MWD Potential Regional Recycled Water Program Feasibility Study, January 2017. Executive summary. 
156 Guidelines for Alternate Water Sources: Indoor and Outdoor Non-Potable Uses, LA County Dept Public Health 
February 2016 (Matrix 2.0)  
157 Guidelines for Alternate Water Sources: Indoor and Outdoor Non-Potable Uses, LA County Dept Public Health 
February 2016 (Matrix 2.0) p. 10 
158 Guidelines for Alternate Water Sources: Indoor and Outdoor Non-Potable Uses, LA County Dept Public Health 
February 2016 (Matrix 2.0) 
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exemptions (e.g., to requirements to reduce potable water use by 20%) if, for example, 100% City-
recycled water is used for water closets, urinals, floor drains, and process cooling and heating.159 

D. Graywater 

Graywater is a potential distributed component of a local water supply portfolio that is more 
reliable than rainwater capture in Mediterranean regions such as Los Angeles, where the annual 
rainfall is relatively low and can be unpredictable.  Graywater, however, also has many of its own 
challenges.  Domestic graywater is generated from a variety of sources within buildings, including 
bathrooms (tubs, sinks, and showers), kitchens (sinks and dishwashers), and laundry rooms (wash-
ing machines).160  Between 127 and 151 liters (33 to 40 gallons) of graywater is generated daily 
per person in the United States;161 this can represent up to 70% by volume of indoor wastewater 
generation.162  Further, graywater can provide a relatively clean water source as it contains only 
23% of the mass of suspended solids in the wastewater leaving the house.163  

Graywater can be defined in two different ways, heavy graywater and light graywater.  Light 
graywater is wastewater from bathroom sinks, bathtubs, showers and washing machines, while 
heavy graywater is wastewater from kitchen sinks and dishwashers.164  The CA plumbing code 
does not allow the use of untreated heavy graywater at residences, but has streamlined the process 
for simple light graywater systems such as laundry to landscape.  Graywater systems that do not 
require cuts to the existing plumbing pipe system, deal with the volume of water from a single 
laundry machine, serve two families or less, and are only used for subsurface irrigation for noned-
ible crops or landscaping are not required to get a permit under the CA plumbing code.165   

Water quality criteria have also been established in CA for two types of onsite graywater reuse.  
For subsurface irrigation, a primary treatment level is required that carries no specific, numeric 
water quality criteria.  For aboveground non-potable reuse, disinfected tertiary (Title 22 Recycled 

                                                 
 

159 City of LA Ordinance 184248, Effective June 6 2016.  http://clkrep.lacity.org/onlinedocs/2015/15-
0458_ORD_184248_6-6-16.pdf 
160 Zita L.T. Yu, Anditya Rahardianto, J.R. DeShazo, Michael K. Stenstrom, Yoram Cohen. Critical Review: Regu-
latory Incentives and Impediments for Onsite Graywater Reuse in the United States (2013). Water Environment Re-
search, Volume 85, Number 7. P. 651   
161 Mayer, P.W., DeOreo,W. B. (1999) Residential End Uses ofWater; Report No. 1583210164; American Water 
Works Association: Denver, Colorado.  
162 Abu Ghunmi, L.; Zeeman, G.; Fayyad, M.; van Lier, J. B. (2011) Grey Water Treatment Systems: A Review. 
Crit. Rev. Environ. Sci. Technol, 41, 657–698. Friedler, E. (2004) Quality of Individual Domestic Graywater 
Streams and Its Implication for On-site Treatment and Reuse Possibilities. Environ. Technol., 25, 997–1008. 
163 Abu Ghunmi, L.; Zeeman, G.; Fayyad, M.; van Lier, J. B. (2011) Grey Water Treatment Systems: A Review. 
Crit. Rev. Environ. Sci. Technol, 41, 657–698. Friedler, E. (2004) Quality of Individual Domestic Graywater 
Streams and Its Implication for On-site Treatment and Reuse Possibilities. Environ. Technol., 25, 997–1008. 
164 http://www.environment.ucla.edu/reportcard/article4870.html Graywater - A Potential Source of Water  
165 Information on current graywater allowances and requirements.  Graywater plumbing codes:  
http://ladbs.org/LADBSWeb/LADBS_Forms/InformationBulletins/IB-P-PC2011-012Graywater.pdf 

http://www.environment.ucla.edu/reportcard/article4870.html
http://ladbs.org/LADBSWeb/LADBS_Forms/InformationBulletins/IB-P-PC2011-012Graywater.pdf
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Water Quality) criteria must be met.166  Since tertiary treatment levels are difficult and expensive 
to meet at a typical residence, subsurface irrigation with minimal to no additional treatment has a 
great deal more potential for City-wide use.  However, the guidelines for using alternate water 
sources (including rainwater, stormwater, recycled water, and graywater) for both indoor and out-
door NPR released by LACDPH in February 2016 may facilitate the increased use of graywater 
by streamlining some of the processes and clearly defining requirements to safely implement these 
projects.167  Recent changes to parts of the LA Municipal Code through Ordinance No. 184248 
also require that alternate waste piping is installed to permit discharge from light graywater sources 
to future irrigation systems and count graywater as an eligible source to offset potable water use.168 

As described above, the National Academy of Sciences published an overview of stormwater 
and graywater as potential water supply sources (NAS study) that included the City of LA as a 
case study.  In the case study, researchers modeled the impacts of implementing graywater systems 
and estimated their reduction of household potable water demand for six cities including Los An-
geles using the same assumptions as in the stormwater analysis described earlier.169  For the NAS 
graywater reuse analysis, per capita use was broken down into total graywater production, laundry, 
and toilet flushing at 21, 7.6, and 11 gpcd, respectively.170  Total graywater production was defined 
as water from sinks, showers, and clothes washers and excluded water from dishwashers and 
kitchen sinks.171  For the hypothetical 100-acre medium-residential area, the study assumed 100% 
adoption of graywater systems and that all the graywater produced was available for use because 
of the inclusion of a sufficiently sized storage tank.172  The study also assumed that indoor water 
use did not change with the installation of a graywater system.173  

Using these assumptions and LA climate data, authors found that potable water demand could 
be reduced by up to 13% in the combined irrigation and toilet-flushing scenario.174  Graywater’s 
potential in LA varies widely depending on assumptions, however, and additional research is 

                                                 
 

166 Zita L.T. Yu, Anditya Rahardianto, J.R. DeShazo, Michael K. Stenstrom, Yoram Cohen. Critical Review: Regu-
latory Incentives and Impediments for Onsite Graywater Reuse in the United States (2013). Water Environment Re-
search, Volume 85, Number 7. p 655.  
167 Guidelines for Alternate Water Sources: Indoor and Outdoor Non-Potable Uses, LA County Dept Public Health 
February 2016 (Matrix 2.0)  
168 City of LA Ordinance 184248, Effective June 6 2016.  http://clkrep.lacity.org/onlinedocs/2015/15-
0458_ORD_184248_6-6-16.pdf  
169 A hypothetical, medium-density residential, 100-acre plot of land and an indoor demand of 46 gpcd was used for 
the NAS analysis.  Three potable water demand-alleviating scenarios were evaluated: irrigation, toilet flushing, and 
combined irrigation and toilet flushing.  Irrigation demands were calculated to barely meet the evapotranspiration 
deficit of turf grass; this practice is recommended when trying to reduce water use but is often not reflected in com-
mon practice. Using Graywater and Stormwater to Enhance Local Water Supplies: An Assessment of Risks, Costs, 
and Benefits. P. 42. 
170 Ibid.  
171 Ibid. P. 11.  
172 Ibid. P. 41. 
173 Ibid. P. 44. 
174 Ibid. P. 45.  

http://clkrep.lacity.org/onlinedocs/2015/15-0458_ORD_184248_6-6-16.pdf
http://clkrep.lacity.org/onlinedocs/2015/15-0458_ORD_184248_6-6-16.pdf
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needed to characterize its potential benefits and consequences.  For example, Yu et al. found that 
the volume of graywater in LA available for reuse (mainly in the non-potable uses of irrigation, 
toilet flushing, and laundry) represented an estimated 25% of the City’s 2013 water supply.  Thus, 
Yu et al. calculated that graywater could displace approximately 50% of irrigation water and re-
duce potable water demand by 27% in single-family residences (SFR) and replace all irrigation 
water demand and reduce potable water demand by 38% at multifamily residences (MFR).175   

Of the cities analyzed in the NAS study, LA had the highest irrigation demand; under the irri-
gation-only scenario, 11% of potable water demand was reduced, but graywater was only able to 
meet 17% of total irrigation demands.176  Reducing irrigation demands with the installation of 
more water efficient landscaping like native plants and / or xeriscaping would increase the fraction 
of potable demand that could be met by graywater, but research is needed to determine if native or 
drought resistant plants are impacted by the constituents present in graywater.  In addition, the 
study’s assumption that indoor and outdoor water use would remain constant with the implemen-
tation of graywater reuse may not hold true in practice.177  The study also evaluated the savings 
realized with a simple laundry-to-landscape system in which only clothes washers are used for 
irrigation.  This retrofit option resulted in 4.1% potable water savings in LA.178  

In the NAS study, these simple laundry-to-landscape systems showed the best potential for 
potable water demand reduction. Since graywater production is constant throughout the year, in-
stalling graywater reuse systems could provide for a more reliable supplemental water source 
throughout the year than captured stormwater, even if the daily volume of graywater generated is 
small.  Training on the appropriate cleansers and conditioners and system maintenance is also 
necessary to ensure that harmful chemicals are not being washed with the graywater out into the 
landscapes and that the systems function appropriately.  To assess the actual potential that gray-
water has to supplement LA’s local water supply landscape, a more comprehensive analysis also 
needs to be performed on treatment and maintenance costs of graywater systems, which can vary 
depending on the household, system, detergents, and its residents, and on the impact of on-site 
graywater use on flows (and thus potential reuse) at downstream centralized treatment plants.     

For example, increasing use of onsite treatment and disposal systems such as graywater will 
remove the cleanest residential water from the wastewater system as well as decrease the flow of 
wastewater that is available for treatment and reuse.  Therefore, wide-spread adoption of graywater 
systems could have unintended negative effects on the wastewater system by concentrating the 
waste stream and making compliance with discharge regulatory limits more challenging.  In addi-
tion, the best use of water in the system overall should be included in assessing the costs and 
benefits of increased use of graywater systems.  One important consideration is whether graywater 
is of more value remaining in the system for treatment and reuse at a centralized location where 

                                                 
 

175  Zita L.T. Yu, J.R. DeShazo, Michael K. Stenstrom and Yoram Cohen. Cost-Benefit Analysis of Onsite Residen-
tial Graywater Recycling – A Case Study: the City of Los Angeles (2014) p. 3; These results were based on the fol-
lowing estimates: 627,000 SFR (using 1,320 L / day - assuming 3 residents) and 764,400 MFR (using 810 L / day) 
are present in the City, and outdoor water use is 52% and 18% at SFR and MFR, respectively. 
176 Ibid. 43.  
177 Ibid. 44. 
178 Ibid. 46.  
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uses can evolve over time (e.g., water can be routed to IPR uses rather than irrigation as new 
treatment systems come online or new demands are identified) or in distributed on-site systems 
that have a more rigid use once installed (e.g., in on-site laundry to landscape systems). 

Further investigation into the benefits as well as the risks of long-term use of graywater systems 
should be completed before implementing large-scale programs to require the installation of these 
systems broadly across the region as there is currently limited information on the potential impacts.  
However, encouraging residents to install simple laundry to landscape systems and get educated 
on the proper operation, maintenance, and use of that system, could prove to be an effective way 
to reduce potable water demand.   

E. ‘Surface Water Augmentation Indirect’ and ‘Direct’ Potable Reuse  

The feasibility of implementing regulations that will potentially allow IPR with augmentation 
of a surface water reservoir with recycled water (SWA) and DPR are currently being assessed by 
the SWRCB.  Regulations for SWA IPR were recently released and the public comment period 
closed December 18, 2017.  A public hearing on the proposed final regulations will be heard in 
early 2018.179  For DPR, an advisory group of stakeholders and an expert panel were convened as 
required under Senate Bills 918 and 322 to assist the SWRCB in developing a report to assess 
multiple factors around the current state of DPR and the feasibility of developing uniform water 
recycling criteria for DPR.  The factors examined included the potential hazards of potable reuse, 
public health impacts, available analytical methods to assess a wide variety of water quality pa-
rameters, the reliability of treatment trains with multiple barriers and sequential treatment, levels 
of monitoring necessary to protect public health, and existing DPR regulations or projects that 
have been implemented elsewhere.180  The final report was submitted by the SWRCB to the Cali-
fornia Legislature in December 2016 and addressed only the feasibility of developing DPR criteria, 
not the specific criteria for DPR.181  California Assembly Bill 574 would require the SWRCB to 
adopt uniform water recycling criteria for DPR on or before December 31, 2023.182  

The passing of state-wide regulations that broadly permit the use of SWA IPR would expand 
the opportunities to reuse additional recycled water even further as pumping recycled water to 
filtration plants for brief storage followed by additional filtration and disinfection becomes an op-

                                                 
 

179 http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/RecycledWater.shtml; https://www.water-
boards.ca.gov/drinking_water/certlic/drinkingwater/Surface_Water_Augmentation_Regulations.shtml; 
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/swa/notice_surface%20wa-
ter_15day_with%20reg%20text.pdf   
180 http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/rw_dpr_criteria/final_report.pdf 
p. 14 
181 http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/rw_dpr_criteria.shtml; http://www.water-
boards.ca.gov/drinking_water/certlic/drinkingwater/documents/rw_dpr_criteria/final_report.pdf p. 1  
182 https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=201720180AB574  

http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/RecycledWater.shtml
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/Surface_Water_Augmentation_Regulations.shtml
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/Surface_Water_Augmentation_Regulations.shtml
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/swa/notice_surface%20water_15day_with%20reg%20text.pdf
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/swa/notice_surface%20water_15day_with%20reg%20text.pdf
http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/rw_dpr_criteria/final_report.pdf
http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/rw_dpr_criteria.shtml
http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/rw_dpr_criteria/final_report.pdf
http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/rw_dpr_criteria/final_report.pdf
https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=201720180AB574
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tion.  This option may be more practical in some areas than the currently utilized IPR via infiltra-
tion or injection into groundwater; a regional example of this type of project exists in San Diego 
and was being reviewed by the SWRCB at the time of this writing.183  The four North City projects 
included in “Pure Water San Diego Phase 1,” if approved, will deliver 30 MGD of advanced treated 
wastewater to Miramar Reservoir for mixing with imported and local water sources prior to being 
sent to a drinking water treatment plant for additional treatment and then into the distribution sys-
tem.184  A similar project that could be assessed in LA for its potential is whether DCTWRP ad-
vanced treated water could be sent to north San Fernando Valley storage facilities for mixing with 
other local or imported water sources.  This blended water could then be sent to the nearby LAAFP 
for final polishing before entering the distribution system.  Depending on a variety of factors (e.g., 
reservoir size and the duration of the blending), this project could potentially be considered DPR.  

Although the timeline for state-wide DPR regulations is longer, the outlook for DPR in CA is 
relatively positive.  The expert panel found that “it is technically feasible to develop uniform water 
recycling criteria for DPR and that those criteria could incorporate a level of public health protec-
tion as good as, or better than what is currently provided by conventional drinking water supplies, 
IPR projects using groundwater replenishment, and proposed IPR projects using surface water 
augmentation in California.185”  To obtain this quality and provide public health protection similar 
to a traditional environmental buffer such as a groundwater basin, however, multiple reliability 
features (e.g, multiple, independent treatment barriers composed of a variety of processes; the 
ability to divert inadequately-treated water; frequent monitoring; and rigorous response protocols 
for implementation if treatment at any stage is found to be poorer than expected) must be included 
in DPR treatment.186  The SWRCB ultimately determined that the outstanding research questions 
and data gaps raised and highlighted by the expert panel, such as what treatment types are adequate 
and how many barriers are protective, must be addressed before DPR regulations can be drafted, 
and therefore research to address these questions must occur concurrently with the development 
of DPR criteria to inform those criteria.187  

For any DPR uses, constituents/contaminants of emerging concern (CECs) should continue to 
be assessed and monitored as described in findings of the “blue ribbon” advisory panel when de-
termining the impacts of this issue.  At a minimum, the bioanalytical techniques described in the 
subsequent SWRCB-sponsored research conducted by the Southern California Coastal Water Re-
search Project (SCCWRP) should be included.188  However, since there is public concern about 

                                                 
 

183 https://www.sandiego.gov/water/purewater/purewatersd/phase1; http://www.waterboards.ca.gov/drinking_wa-
ter/certlic/drinkingwater/documents/rw_dpr_criteria/final_report.pdf p. 3 
184 https://www.sandiego.gov/water/purewater/purewatersd/phase1 Accessed February 19, 2017.  
185 https://www.sandiego.gov/water/purewater/purewatersd/phase1; http://www.waterboards.ca.gov/drinking_wa-
ter/certlic/drinkingwater/documents/rw_dpr_criteria/final_report.pdf p. 14,15 
186 http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/rw_dpr_criteria/final_report.pdf 
p. 14-18 
187 http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/rw_dpr_criteria/final_report.pdf 
p. 14-18 
188 SCCWRP. (2014). Development of Bioanalytical Techniques for Monitoring of Constituents/Chemicals of 
Emerging Concerns in Recycled Water Applications for the State of California.; Anderson, P., Denslow, N., 
Drewes, J. E., Olivieri, A., Schlenk, D., Scott, G. I., et al. (2010). Monitoring Strategies for Chemicals of Emerging 
Concern in Recycled Water: Recommendations of a Science Advisory Panel. Sacramento, CA: SWRCB. 
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the health risks posed by advanced treated water used for DPR, the initial CEC monitoring process 
should include an extensive list of CECs to provide consumer confidence.  If this extensive screen 
approach demonstrates that CECs are consistently removed during treatment to non-detect levels 
or levels below a public health or ecological concern, then the water treatment agency can reduce 
the CEC monitoring program to the levels recommended by the California Water Recycling Policy 
CEC Blue Ribbon Task Force. 

The impacts on the system of incorporating regulations and guidelines that take into consider-
ation the impact of treating water to various levels based on the end use should also be included.  
For example, if there is any direct human exposure to the reclaimed water, then advanced treatment 
should be required, but perhaps if all water is going to irrigation, then a lower level of treatment 
could be utilized without increasing the public health risk.  The ability to treat the wastewater only 
to the degree required for its end use could greatly lower both the financial cost and the GHG 
emissions of treatment while increasing the volumes of wastewater recycled. 

The importance of being able to treat water to the level needed for the intended use leads to 
planning questions on whether and how to commingle water (from both the perspective of cus-
tomer needs and water sources) within pipelines.  For example, the presence of a few relatively 
low-volume NPR customers who require fully advanced treated water impacts the type of water 
treatment that is required for the entire volume flowing through the pipe.  In addition, the water 
quality needs of NPR customers can make it more challenging to blend stormwater into the recy-
cled water due to different requirements.  Thus, the likely potential to see DPR regulations in the 
next several years should have a significant impact on planning decisions regarding any additional 
implementation or construction of additional purple pipes to supply NPR needs.  The potential 
costs and benefits of moving current NPR customers back onto potable water should also be as-
sessed where a relatively small volume of water use is a limiting factor to increasing the flow 
volumes or changing the treatment requirements of a larger volume of water that could signifi-
cantly impact our local water supply resiliency. 

V. Increased Use of Groundwater Basins 

A. Introduction 

Groundwater throughout California is a critical resource that provides water supply resiliency 
for the state’s variable climate.  For many basins in the state, there is an urgent need to evaluate 
(or reevaluate) sustainable yields and aquifer overdraft status, especially given changes in hydrol-
ogy, climate change, and changing trends in the management and use of groundwater for water 
supply.  This has been proposed statewide through the Department of Water Resources’ Bulletin 
118 update.189  While the first legislation regulating groundwater in the state, SGMA, was passed 
in late 2014, many of the groundwater basins in the Los Angeles region are managed through 

                                                 
 

189 From CA water action plan: California Statewide Groundwater Elevation Monitoring Program   
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adjudications that govern total extractions from the basins and oversee individual pumpers’ rights 
to pump, store, or transfer water from the basins. 

Groundwater basins are the single-most important asset to facilitating the movement of the 
City towards a more local and sustainable water supply.  They supply readily accessible water 
storage capacity and infiltration can provide ancillary water quality benefits. In this section we will 
discuss potential opportunities in these groundwater basins to maximize their potential use to sup-
port greater local water supply, and assess the impacts of statewide policies such as Salt and Nu-
trient Management Plans (SNMPs) and SGMA on managing these basins. 

Groundwater basins underlying the City provide opportunities to store advanced treated recy-
cled water and captured stormwater for local use.  However, contamination by legacy pollutants 
and complex political, legal, and regulatory environments present challenges that can constrict 
managers’ ability to fully utilize this local water supply opportunity.  The potential to expand 
groundwater use in the basins partially underlying the City, West Coast Basin (WCB), Central 
Basin (CB), Santa Monica Basin, Hollywood Basin, and the Upper LA River Area (ULARA) ba-
sins, was assessed during the watershed reports generated during this project (Figure 5.1).190 

                                                 
 

190 Sustainable LA Water Project reports, available at https://grandchallenges.ucla.edu/happenings/2015/11/13/100-
local-water-for-la-county/  

https://grandchallenges.ucla.edu/happenings/2015/11/13/100-local-water-for-la-county/
https://grandchallenges.ucla.edu/happenings/2015/11/13/100-local-water-for-la-county/


84 | U C L A  I o E S ,  U C L A  G C ,  C S M  F e b r u a r y  2 0 1 8  
 

 

Figure 5.1: Groundwater Basins underlying the four watersheds. 

B. Maximizing Conjunctive Use of Groundwater Basins 

a. West Coast and Central Basins 

There are several opportunities through which the City of LA can increase its utilization of 
WCBCB.  First, the City must increase its capacity to extract the entirety of its groundwater pump-
ing rights from WCBCB.  The LADWP UWMP defined strategies to increase its capacity to pump 
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its full groundwater pumping rights from CB through, for example, improvements at the Manhat-
tan Well Field and the 99th St. Well Field.191  LADWP is also evaluating opportunities to extract 
greater volumes from CB given the potential to accrue storage.  The agency also intends to study 
options to restore groundwater pumping in WCB to be able to pump water from WCB again.192 

As the City’s ability to pump groundwater from these basins increases, the City can purchase 
or lease pumping rights from other rights holders in the groundwater basins to increase their 
groundwater pumping rights in WCBCB.  The City has been purchasing pumping rights from other 
rights holders; in the last few years, the City’s Allowed Pumping Allocation (APA) in CB has 
increased from 15,000 AFY to 17,236 AFY as a result of three purchase transactions.193  An addi-
tional management strategy that the City could pursue, offering recycled water to industrial users 
in exchange for a lease on their groundwater pumping rights, was described in WRD’s WCBCB 
Groundwater Basin Master Plan (GBMP).  Approximately 29,000 AFY (25.9 MGD) of industrial 
rights were described in this potential WCBCB opportunity, including 22,500 AFY (20.1 MGD) 
of unused industrial rights and 6,600 AFY (5.9 MGD) of currently used industrial rights.194  It may 
also be possible to lease (or purchase) the unused industrial rights without providing in lieu recy-
cled water as those rights are not currently necessary for operations at those properties.  

Further, the City can take advantage of opportunities to increase its storage capacity through 
individual storage space in WCB or to increase its capacity to extract additional groundwater from 
WCBCB through proposing water augmentation projects in which all rights holders in these 
groundwater basins would have the opportunity to participate.  Identifying projects that would 
facilitate working with other jurisdictions with established City relationships through the DC 
EWMP process such as Carson, LA County, El Segundo, Hawthorne, Inglewood, Lawndale, and 
Lomita, would increase the potential volume of additional individual WCB pumping rights (in-
cluding storage rights of 200% to up to 250%, with approval) to approximately 26,000 AFY.195 

Water augmentation projects provide additional opportunities to increase the conjunctive use 
of these basins by providing an avenue to establish partnerships with potentially all other rights 
holders in the groundwater basins.  Partnerships are critical to implement these multi-benefit pro-
jects so that both the costs and benefits can be shared among parties.  A 2012 WRD study examined 
the feasibility of stormwater recharge through distributed and sub-regional stormwater projects 
and identified multiple catchments in which potential water supply benefits were the greatest and 
potential constraints were the lowest.196  Pilot catchments resulted in the identification of multi-

                                                 
 

191 draft LADWP UWMP 2015 P. 6-15, 6-16 
192 draft LADWP UWMP 2015 P. 6-15, 6-16 
193 LADWP UWMP 2015 P. 6-2 
194 WRD WCBCB GBMP draft PEIR 2015 p. 3-13, 3-14 
195 rights and storage capacities from WCB adjudication; DC EWMP compiled APA's to discuss potential water sup-
ply benefits of injected stormwater. 
196 The Council for Watershed Health, Geosyntec Consultants, and Santa Monica Bay Restoration Commission for 
WRD. Stormwater Recharge Feasibility and Pilot Project Development Study August 20, 2012 (Stormwater Re-
charge Feasibility Study 2012) 
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agency collaborations, one of which turned into the Broadway Neighborhood Stormwater Green-
way Project in CB, and serves as an excellent example of potential partnerships that can result in 
implementing these types of projects.  

The Broadway Neighborhood Stormwater Greenway Project was the result of a collaboration 
between LASAN, BoE (Bureau of Engineering), LADWP, WRD, and others, and began operation 
in 2015 in South Los Angeles along 47th Street, 47th Place, and 48th Street between Broadway and 
Main Street and along Broadway.  It consists of a number of private and public infiltration BMPs 
that include rain gardens, dry wells, and ITs on 60 parcels; parkway swales and vegetated curb 
extensions on 3 residential streets and 2 blocks of commercial streets; and a sub-regional scale 
infiltration facility for 30 acres of mixed land use.197  This implementation measure covers a 32-
acre tributary area and is expected to capture 30 to 40 AFY from this combination of residential, 
commercial, and sub-regional BMPs.198   

The Broadway project shows the potential for infrastructure improvements to improve water 
quality, but it is also being monitored to quantify the potential water supply benefits of infiltration.  
The additional priority catchments described in the 2012 WRD study provide an excellent starting 
point to plan future projects and identify partnerships that will provide the highest potential water 
supply benefit for early distributed or sub-regional stormwater projects.  This could also help in-
form the process of implementing BMPs as discussed above in the stormwater section by providing 
information on which stormwater quality projects also offer the greatest potential water supply 
benefit (e.g., if a potential project is in a priority catchment).  A study conducted by the U.S. 
Geological Survey in cooperation with WRD in late 2016 assessed recharge and runoff; this study 
and the associated daily precipitation-runoff model are additional important resources to better 
understanding how water moves through these basins.199  

Finally, the legacy saltwater plume in WCB offers both a challenge and opportunity to the City 
and the region.  Managing water quality issues associated with potential saltwater plume expansion 
must continue. But, it also presents readily implementable solutions.  This brackish (saline) 
groundwater can be extracted and treated for use slowly over time.  Example scenarios to remedi-
ate the plume include projects that could extract 15,000 to 20,000 AFY over the next 30 to 40 
years.  Additionally, as saline water is pumped, groundwater space becomes available for addi-
tional storage in WCB.  The total estimated volume of this plume is approximately 600,000 AF 
(which is not currently included in the additional storage space identified through the adjudications 
in WCBCB).  In the future as the plume is remediated, at least some of this additional space could 

                                                 
 

197 California Natural Resources Agency, Bond Accountability Website http://bondaccountability.re-
sources.ca.gov/Project.aspx?ProjectPK=2735&PropositionPK=4, accessed on 6/13/2016 
198 “Neighborhood-Scale Water Quality Improvements The Broadway Neighborhood Stormwater Greenway Pro-
ject” Stacy Luell, Geosyntec Consultants Co-Authors: R.  Batchelder, W.  Tam, M.  Hanna, M.  Sadeghi; Mar 30 
2015; SNMP for Central and West Coast Basin 2015 Appendix J p.  42 
199 https://ca.water.usgs.gov/pubs/2016/Hevesi-recharge-runoff-los-angeles.html  

http://bondaccountability.resources.ca.gov/Project.aspx?ProjectPK=2735&PropositionPK=4
http://bondaccountability.resources.ca.gov/Project.aspx?ProjectPK=2735&PropositionPK=4
https://ca.water.usgs.gov/pubs/2016/Hevesi-recharge-runoff-los-angeles.html
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be utilized for storing additional water, whether it be recycled water, increased stormwater, or 
excess imported water during wet years. 

It is important to note that all of the above scenarios are subject to regulatory requirements, 
including those described throughout this and previous reports, that are necessary to protect water 
quality in both surface waters and groundwater.  Further, implementing these projects will require 
partnerships and interactions among the multitude of jurisdictions and agencies that are involved 
in these projects.  Site-specific constraints such as proximity to structures or utilities, existing con-
tamination, risk for soil liquefaction, steepness, groundwater levels, or dewatering activities must 
also always be considered before implementing on-site projects.200   

It is also necessary to demonstrate that the recharged water is ‘new’ water that would not oth-
erwise have made its way into the groundwater basin through natural processes (e.g., advanced 
treated wastewater that would otherwise have been discharged to the ocean would qualify where 
diverted stormwater that would have fallen on pervious surfaces such as parks above the ground-
water basin may not).  It must also be verified that the recharged water is actually increasing the 
sustainable yield for that basin (e.g., that the water is reaching portions of the basin accessible for 
water supply).  The conditions under which the relevant adjudications would allow rightsholders 
to extract the additional recharged water must also be identified. 

However, implementing these types of projects will become easier over time as best practices 
emerge, results are monitored, and partnerships are established.  Even now, projects exist that have 
been permitted for the recharge of recycled water into the groundwater basins through the barrier 
projects, and captured stormwater is being quantified from a water supply lens at the Broadway 
Neighborhood Stormwater Greenway Project.  As these projects become more common, the reg-
ulatory and permitting framework will become clearer, practices more established for how to quan-
tify the  groundwater recharge benefits of increasing stormwater capture at a variety of scales, and 
collection and management of data will improve.  Increased monitoring of these projects will be 
critical to better understand the impact of these projects on water quality as well as water supply 
for the City and others who wish to participate in these multi-benefit projects. 

b. Upper LA River Area Basins 

i. Planned and Potential Projects 

ULARA overlies four distinct groundwater basins and includes the entire watershed of the 
Upper Los Angeles River.  From largest to smallest, the basins are: San Fernando Basin (SFB), 
Sylmar Basin (SB), Verdugo Basin (VB), and Eagle Rock Basin (ERB).  The City holds water 
rights in SFB, SB, and ERB.  The City has rights to approximately 47,510 AFY of native safe yield 

                                                 
 

200 Stormwater Recharge Feasibility Study 2012 P. 13 
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(43,660 in SFB and 3,850 in SB).201  But the City also has codified rights to as much as 91,070 
AFY collectively of additional pumping when including the estimated “returns” to groundwater 
basins that result from using imported water to irrigate landscapes.202  ERB does not have a safe 
yield; the safe yield is equal to the water imported by LADWP (ERB is incorporated into the 
91,070 by contributing 500 AF).   

ULARA is a critical source of groundwater for the City, comprising 89% (59,621 AFY) of its 
local groundwater supply on average from FY11 to FY15.203  SFB is the largest source of ground-
water for the City, of the 59,621 AFY extracted from ULARA, 58,741 AFY was extracted from 
SFB and 880 AFY was extracted from SB.204  The basin, however, is potentially vulnerable. The 
estimates of native safe yield and recharge through returns are decades old.  Currently, pumpers in 
the basin have agreed to voluntary cutbacks in pumping allocations to help replenish the large 
volume of available storage caused by groundwater overdraft.  

LADWP has been unable to extract its full pumping rights of groundwater, in particular from 
SFB, due to the presence of contamination from historic uses of the overlying lands.  To remediate 
ULARA basins and fully utilize its pumping rights, LADWP has conducted multiple studies and 
begun implementing projects and exploring partnerships such as: the Groundwater System Im-
provement Study (GSIS), the Mission Wellfield Improvement Project, and the groundwater inter-
connection project with Burbank Water and Power (BWP).  Thus, multiple efforts are ongoing in 
the region to remediate contaminated groundwater and increase groundwater recharge to more 
fully utilize the ULARA basins to maximize their local groundwater supply potential.  

More than 30,000 AFY of remediation efforts are ongoing in ULARA basins to address his-
torical contamination issues and facilitate the full extraction of rights holders’ groundwater vol-
umes in ULARA.  These ongoing remediation projects (Table 5.1) are managed by multiple agen-
cies with water rights in the ULARA Basins, including LADWP, Glendale, Burbank Water and 
Power, and the Crescenta Valley Water District (CVWD).  Some projects, such as the intercon-
nection project between BWP and LADWP, are joint efforts to increase the volumes of water that 
are treated to become part of the water supply of both participants.    

  

                                                 
 

201 ULARA judgement p.11 ‘3,850 AF native safe yield.’; There is some variation in how much of this volume 
LADWP can pump based on stored water credits etc: Sylmar Basin production will increase to 4,170 AFY from 
2015-16 to 2038-39 to avoid the expiration of stored water credits, then go back to its entitlement of 3,570 AFY in 
2039-40.’  p. ES-22 LADWP UWMP 2015.  Using 3,570 AF for SB yields 47,230 AFY (instead of 47,510).  
202 LADWP UWMP 2015 p. 6-2 
203 LADWP UWMP 2015 p. 6-4, Exhibit 6B 
204 LADWP UWMP 2015 p. 6-4, Exhibit 6B 
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Agency Current Remediation ULARA Approx. treatment 
volume (AFY)205 

LADWP/MWD Tujunga Wellfield Treatment Study project 12,000 
LADWP North Hollywood Operable Unit <1,300  
Burbank Burbank Operable Unit 10,000  
LADWP/BWP Burbank and LA Departments of Water and 

Power Interconnection Project 
500-3,000 

Glendale North and South Operating Units  7,200 
Glendale Verdugo Park Water Treatment 0-300 
CVWD Glenwood Nitrate Water Treatment Plant 400 
LADWP Pollock Wells Treatment Plant 2,580 
Total  33,500 

Table 5.1.  Ongoing remediation efforts in the ULARA groundwater basins.  

In addition to the ongoing projects described above, there is an additional potential for almost 
150,000 AFY of remediation to occur through pump and treat facilities in the ULARA basins 
through either currently planned projects or through reactivating facilities that are currently not 
operating or operating under their full capacity due to contamination (Table 5.2).  For example, 
the Pollock Wells Treatment Plant has the capacity to treat approximately 4,700 AFY of VOC-
contaminated groundwater, but only pumped 333 AFY in WY2012-2013 due to a need to charac-
terize the growing presence of hexavalent chromium.206  At up to 123,000 AFY, the groundwater 
treatment facilities LADWP is building in SFB (based in part on their GSIS efforts) will contribute 
the majority of the planned remediation volume.  Although there may be some overlap among 
these projects, these current and planned remediation efforts together equate to over 150,000 AFY 
of remediated groundwater being extracted from the ULARA basins (for context, this is more than 
1/4 of the 500,000 to 600,000 AFY that LADWP supplies each year).  

Agency Planned or potential remedia-
tion  

Completion Goal Potential Volume (AFY)207 

LADWP Mission Wells Improvement 2017 3,000 to 4,000 
GWP/CVWD Connect Rockhaven Well to Ni-

trate treatment plant 
2018 500  

LADWP Pollock Wells Improvement 2020208 4,700 
LADWP SFB Treatment Facilities 2021 123,000 
CVWD Well 2 reactivation n/a 240  
Burbank Burbank GAC Treatment Plant 

Reactivation 
n/a 14,000 

Total   145,440 to 146,440 
Table 5.2.  Planned or potential remediation in the ULARA basins. 

                                                 
 

205 LADWP UWMP Chapter 6 p. 6-10 & 6-11; ULARA Watermaster Annual Report WY 2013-14 (2017) p 3-12.    
206 ULARA Watermaster Annual Report WY 2012-13 (2014) p. 3-12 
207 ULARA Watermaster Annual Report WY 2012-13 (2014) p. 3-12 (Pollock); ULARA Watermaster Annual Re-
port WY 2013-14 (2017) p. 3-13 (Burbank GAC); ULARA Watermaster TM No. 4 Draft for Salt and Nutrient Man-
agement Plan, March 2016 p. 41, 42 (SFB, Mission Wells, Rockhaven, Well 2) 
208 “San Fernando Groundwater Basin – Remediation Program Summary” on page 8. www.ladwp.com/remediation  

http://www.ladwp.com/remediation
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In addition to the remediation efforts described above, which will greatly increase the volumes 
of water that can be extracted from the basin, there are multiple opportunities to increase the vol-
umes of water being recharged into the basins to increase the amount of groundwater in storage.  
Ongoing improvement projects at spreading grounds that overlie SFB such as Tujunga, Hansen, 
Pacoima, Lopez, and Branford will greatly increase the volumes of recycled water and stormwater 
that can be recharged, as will sediment removal at Big Tujunga and Pacoima Dams.  The main 
City-led recycled water groundwater recharge project that is already in progress will result in the 
recharge of up to 30,000 AFY of recycled water from DCTWRP to the Hansen and Pacoima 
Spreading Grounds when there is space available. 

In addition to recharging recycled water, the City is planning to increase the recharge of storm-
water into these basins to increase the groundwater levels and eventually be able to extract addi-
tional water in a sustainable way.  As described earlier, the SCMP identifies conservative and 
aggressive goals by which the City can increase stormwater capture by 2035.  These SCMP goals 
are 132,000 AFY (conservative) and 178,000 AFY (aggressive); both goals include 64,000 AFY 
of existing baseline stormwater capture.  Stormwater capture potential identified in the SCMP for 
2099 is even higher, at 258,000 AFY.209  Regional efforts could also expand stormwater recharge 
into these basins; the LACFCD and USBR LA Basin Study considered both the enhancement of 
15 existing spreading grounds (including those mentioned above) and the creation of 8 new spread-
ing grounds.  Potential locations for 8 new spreading grounds, including four in the San Fernando 
Valley, were identified in the LA Basin Study (Figure 5.2).210  Building these spreading grounds 
would require acquiring 682 acres (approximately 1 square mile) and could result in an additional 
29,930 AFY of stormwater recharge.211 

                                                 
 

209 LADWP SCMP p. 19 
210 LA Basin Study, Task 5, Appendix B, Regional Stormwater Capture http://www.usbr.gov/lc/socal/basinstud-
ies/LABasin.html 
211 LA Basin Study, Task 5, Appendix B, Regional Stormwater http://www.usbr.gov/lc/socal/basinstudies/LABa-
sin.html  

http://www.usbr.gov/lc/socal/basinstudies/LABasin.html
http://www.usbr.gov/lc/socal/basinstudies/LABasin.html
http://www.usbr.gov/lc/socal/basinstudies/LABasin.html
http://www.usbr.gov/lc/socal/basinstudies/LABasin.html
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Figure 5.2. Figure from the USBR & LACFCD LA Basin Study showing locations for new 
and enhanced spreading grounds.212  

Enhancing or creating new spreading grounds is one opportunity to increase the capacity to 
store and recharge water into ULARA.  Working with the US Army Corps of Engineers (USACE) 
to identify if there are any opportunities to add storage capacity for water supply as well as flood 
control behind the Sepulveda Basin Dam is another.  Both physical adjustments (e.g. 4 of the 8 
gate openings are currently ungated) and political adjustments (an act of Congress would be re-
quired to provide funding and allocate space for both water supply and flood control, etc.,) would 
be required.  Existing land uses and habitats must also be preserved.  If all needs can be met, 
however, substantial flows from an approximately 150 square mile drainage pass through the 
Sepulveda Basin Dam.  Even capturing some volume for storage that could then be pumped up to 
Hansen Spreading Grounds for recharge or to the DCTWRP to increase recycled water production 
could provide a substantial water supply benefit and merits further study.  

                                                 
 

212 LA Basin Study, Task 5, Appendix B, Regional Stormwater Capture http://www.usbr.gov/lc/socal/basinstud-
ies/LABasin.html 

http://www.usbr.gov/lc/socal/basinstudies/LABasin.html
http://www.usbr.gov/lc/socal/basinstudies/LABasin.html
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ii. West San Fernando Basin 

The potential to increase the conjunctive use of the western portions of SFB (mainly located 
west of the 405) could also be explored to identify any opportunities to increase additional use of 
these groundwater basins.  However, there are many factors that must be considered in assessing 
potential in the western part of the basin.  First, according to maps in the annual ULARA Water-
master reports, almost all of the water supply wells are located in the eastern part of the basin; 
wells in the western part of the basin are mainly dewatering or remediation wells (at sites such as 
Honeywell International, the Boeing Santa Susana Facility, Raytheon, and others).213   

The presence of dewatering wells in this portion of the basin points to another important factor 
relevant to increasing the use of these basins, and in particular SFB.  Groundwater levels in the 
western portion of SFB are significantly higher than those in the eastern portion.  The depth to 
groundwater in SFB ranges between 24 and 400 feet; based on these contours, the groundwater 
flows are mainly from west to east and then southward towards CB.  Looking at contour graphs of 
the 5 wells with hydrographs west of Interstate 405, groundwater levels in recent years have been 
less than 20 feet below ground surface in the wells that are farthest to the west (1,15) and between 
200 and 250 feet below ground surface at the wells closer to Interstate 405 (2, 16, 17).214  Along 
with shallow groundwater levels, the western portion of SFB is subject to rising groundwater lev-
els, high liquefaction potential, naturally occurring high TDS, and finer sediments.215  In FY2012-
2013, the Reseda No. 6 Well in the western portion of the SFB had a TDS of 595 mg/L, 216 com-
parable to the salinity levels from Colorado River Aqueduct supplies. 

As previously described, historical contamination in the eastern part of SFB (e.g., TCE, PCE, 
nitrates, and chromium) is significant and multiple planned or ongoing efforts are in process to 
pump and treat this water out of SFB.  Any efforts to increase the use of groundwater in the western 
portion of SFB must not: impact remediation efforts, change net groundwater flows in the basin, 
impact pumping rights, or contribute to increases in already high groundwater levels in the western 
SFB.  Although any increase in use of the western portion of SFB would be complex and may not 
currently be the most promising opportunity to expand on local water supply, the context is chang-
ing as the recent drought, increasing demand for local water supplies, and persistent water quality 
issues in the region provide an impetus to manage water differently.  Many planned remediation 
efforts and the implementation of large-scale stormwater management plans such as the EWMPs 
will further slowly change the face of SFB and how it is managed and recharged.  In addition, 
more distributed BMPs are likely to go in at single family homes and smaller properties throughout 
the basin, which may also impact groundwater levels, as the region moves towards capturing more 
stormwater locally.   

An additional study to address opportunities to increase the use of the western portion of SFB 
is important to understand how to fully utilize the potential of this basin.  The study should include 
assessing the impacts of increased distributed recharge on areas of shallower groundwater and how 

                                                 
 

213 ULARA Watermaster Annual Report, FY2012-2013. Plate 3. ULARA Location of Individual Producers.  
214 ULARA Watermaster Annual Report, FY2012-2013. P. 2-22 to 2-29 
215 MWD 2007 groundwater basin assessment reports 
216 ULARA Watermaster Annual Report, FY2012-2013 Appendix D. Representative Mineral Analyses of Water. 
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best to manage groundwater levels as the implementation of these types of projects becomes more 
frequent.  The study should assess whether adding pump and treat capacity for moderately salty, 
shallow groundwater in the portion of the basin west of Interstate 405 could potentially increase 
the use of this water as well as create space in which to recharge water from additional stormwater 
capture projects.  Regional examples of groundwater desalting such as the Calleguas MWD’s Sa-
linity Management Pipeline and associated treatment facilities and the Inland Empire Utility 
Agency’s (IEUA) Chino Desalter and Inland Empire Brine Line, could inform whether pump-and-
treat capacity is the most appropriate way to address salinity issues in the western half of SFB.  In 
both the Calleguas and IEUA cases, brinelines allow for increased use of local brackish ground-
water basins for local water supply and also remove salt from the watershed and basins by trans-
porting the brine out of the area for discharge into the ocean.217   

This study to examine the best opportunities to increase the conjunctive use of ULARA should 
also incorporate the flows of dewatered groundwater that are already being disposed of through 
the stormwater drainage system.  For example, in a few areas of the SFB, the groundwater levels 
are close to the surface and pumping is required to artificially lower groundwater levels to maintain 
depths that are several feet below the bottom of the buildings or subterranean parking structures.  
In particular, this condition is present along Ventura Blvd on the south side of the SFB.  Currently, 
building owners are required to meter the extracted groundwater, report the extractions to the Wa-
termaster, and enter into an agreement with an affected rightsholder in the basin (such as the City) 
to pay for the extracted volumes.218  For example, in FY 2012-1013, the BFI Sunshine Canyon 
Landfill dewatered 79.03 AF, Glenborough Realty dewatered 10.62 AF, and MWD dewatered 
138.20 AF; the total dewatered volume charged to the City’s water rights was 310.61 AF.219  In 
most cases, this water is pumped out and sent to stormwater drains but it could be channeled either 
to on-site reuses or to the wastewater system for treatment and reuse. 

Other aspects that could be included in the study include the potential to increase recharge to 
SFB through infiltration or runoff diversion BMPs in or adjacent to the LAR channel and its trib-
utaries that would not interfere with flood control needs.  SFB is a complex environment with 
multiple ongoing efforts to recharge, remediate, and manage the basin sustainably.  Therefore, 
concerns such as the potential impacts on subsurface gradients of pumping more in the western 
portion of SFB should also be assessed to determine the potential to move the contaminant plumes 
west into the remaining operational supply wells and how these efforts might impact any ongoing 
or planned groundwater remediation activities.  The City and other regional entities have con-
ducted extensive research efforts such as the SCMP, GSIS, SNMP, LA Basin Study, RWMP, and 
many more that look at pieces of the puzzle that must be put together to maximize the conjunctive 
use of ULARA to reach its local water supply potential.  Results from these studies should be 

                                                 
 

217 http://www.calleguas.com/images/docs-documents-reports/crsmpbroc.pdf; https://www.ieua.org/facilities/chino-
desalters/   
218 ULARA Annual Watermaster Report FY 2012-2013 p. 1-31 
219 ULARA Annual Watermaster Report FY 2012-2013 Table 2-5: 2012-2013 Private Party Pumping – SFB 

http://www.calleguas.com/images/docs-documents-reports/crsmpbroc.pdf
https://www.ieua.org/facilities/chino-desalters/
https://www.ieua.org/facilities/chino-desalters/
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assessed, combined, and interpreted to identify opportunities to push the use of these basins for-
ward while also preserving and improving their water quality and maintaining a sustainable yield. 

C. Sustainable Yields and SGMA 

As described above, many of the basins that underlie the City have been managed through 
adjudications, but groundwater management in California (for unadjudicated basins) as a whole is 
changing. Traditionally, groundwater has been governed by common law principles, under which 
landowners have been able to extract any amount of groundwater underlying their land and apply 
it to any reasonable use.220 This has led to significant impacts statewide – declining groundwater 
levels, land subsidence, and groundwater quality degradation and salinization.  In response to these 
impacts, many basins in Southern California have been adjudicated since the 1960s.221 These ba-
sins operate under Watermasters that manage groundwater via court-imposed groundwater rights 
allocations. These allocations, or how much water can be pumped annually, are determined at the 
time of adjudication and are based on the concept of a basin safe yield.  Generally, safe yield is 
defined as the maximum amount of water that can be extracted annually without exceeding natural 
replenishment from precipitation or interconnected surface water (e.g., MWD water).222  

For those basins that did not undergo adjudication processes, a new groundwater management 
paradigm is beginning with SGMA, which became California state law in 2014.  SGMA requires 
all non-adjudicated groundwater basins to establish Groundwater Sustainability Agencies (GSAs) 
that are tasked with developing groundwater management plans that promote long-term aquifer 
sustainability and regulate groundwater pumping. SGMA emphasizes the role of local GSAs, sup-
ported by regional and state expertise, to devise plans for managing and monitoring their ground-
water resources. Respecting existing groundwater rights and preserving City- and County-level 
authority to manage their groundwater were core components of the law.223 For GSAs that do not 
assemble effective governance structures, state agencies will step in.   

Under SGMA, GSAs will manage annual groundwater use by determining their basin’s sus-
tainable yield, an extension of the concept of safe yield that is intended to prevent and remediate 
some of the dramatic impacts to groundwater basins seen statewide.224  Sustainable yield serves 
as the primary mechanism to allocate annual groundwater use under SGMA and is comparable, 
but different, to safe yield allocations in adjudicated basins.  SGMA defines “sustainable ground-

                                                 
 

220 The Water Rights Process. State Water Resources Control Board. http://www.waterboards.ca.gov/water-
rights/board_info/water_rights_process.shtml   
221 Groundwater Adjudication. Water Education Foundation. http://www.watereducation.org/aquapedia/groundwa-
ter-adjudication  
222 An Evaluation of California’s Adjudicated Groundwater Basins 2016 p. 73 
223 https://www.opr.ca.gov/docs/2014_Sustainable_Groundwater_Management_Legislation_092914.pdf  
224 California Department of Water Resources. Best Management Practices for Sustainable Management of Ground-
water. Water Budget BMP. 2016. 

http://www.waterboards.ca.gov/waterrights/board_info/water_rights_process.shtml
http://www.waterboards.ca.gov/waterrights/board_info/water_rights_process.shtml
http://www.watereducation.org/aquapedia/groundwater-adjudication
http://www.watereducation.org/aquapedia/groundwater-adjudication
https://www.opr.ca.gov/docs/2014_Sustainable_Groundwater_Management_Legislation_092914.pdf
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water management” in Water Code Sec. 10721 as “management and use of groundwater in a man-
ner that can be maintained … without causing undesirable results.225”  This departs from the classic 
definition of safe yield by focusing on more than just groundwater recharge and depletion, adding 
the requirement of mitigating undesirable results. 

These varying concepts of how much groundwater can be extracted annually in a basin – safe 
yield and sustainable yield – are calculated by applying knowledge of basin hydrology and geology 
to groundwater models or water balances.  Generally, annual basin safe and sustainable yields 
relate water extractions to groundwater levels.  Yield calculations are often limited by the amount 
of well data available on a given basin.  In addition to taking into consideration the relationship 
between groundwater well levels and annual groundwater use, safe and sustainable yields are both 
dependent on how much water infiltrates into, or recharges, groundwater in a given year.226  Esti-
mates of recharge from precipitation and interconnected surface water as well as artificial recharge 
from return flows and imported water also factor into yield calculations.  

While the concept of sustainable yield is relatively new to California as a whole, basin adjudi-
cations have long applied varying forms of the concept of safe yield to determine annual ground-
water allocations.227  Earlier adjudication processes in LA devised many terms to describe various 
aspects of the potential pumping volumes that could promote long-term groundwater preservation.  
In particular, safe yield, operational safe yield, and native safe yield were all terms used in LA 
County groundwater basin adjudications to quantify aggregate pumping allocations.228  These 
terms differ in their planning horizons and the management interventions considered (artificial 
recharge).  Sustainable yield builds off of the idea of a basin safe yield by expanding on the defi-
nition of what constitutes undue damage to groundwater. Sustainable yield defines damages to 
groundwater basins from excessive pumping, termed “undesirable results” as chronic lowering of 
groundwater levels, loss of storage, land subsidence, decreased water quality, seawater intrusion, 
and reduced stream flow.229  Adjudications of groundwater basins were often a response to these 
damages and an attempt to manage them, however the concept of safe yield did not formally in-
clude them in its definition.230   

As described above, the City overlies a number of adjudicated groundwater basins, including 
WCBCB and four ULARA basins: SFB, SB, VB, and ERB (Table 5.3).  The City also overlies 
two unadjudicated basins, Hollywood Basin and Santa Monica Basin (Table 5.4).  It is estimated 
that there is approximately 520,740 AF of groundwater storage space available in SFB that “can 

                                                 
 

225 http://www.water.ca.gov/groundwater/sgm/definitions.cfm  
226 California Department of Water Resources. Best Management Practices for Sustainable Management of Ground-
water. Water Budget BMP. 2016. 
227 An Evaluation of California’s Adjudicated Groundwater Basins, University of California, Santa Cruz, 2016  
228 MWD Groundwater Assessment Study 2007 p. III-3 
229 California Department of Water Resources. Best Management Practices for Sustainable Management of Ground-
water. Water Budget BMP. 2016. 
230 An Evaluation of California’s Adjudicated Groundwater Basins 2016 p. 11 

http://www.water.ca.gov/groundwater/sgm/definitions.cfm
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be used to capture and store additional native water or imported water supplies during wet (above-
average rainfall) years.231”   

 Native/Natural  
Safe Yield 

Average Annual Ex-
tractions 

Estimated Storage 
Volume 

West Coast Basin 26,300 AFY232 64,468 AFY233* 6,500,000 AF234 
Central Basin 125,805 AFY235 217,367 AFY236* 13,800,000 AF237 
San Fernando Basin 43,660 AFY238 69,768 AFY239** 3,200,000 AF240  
Sylmar Basin 7,140 AFY241 4,295 AFY242 310,000 AF243 
Verdugo Basin 7,150 AFY244  5,082 AFY245 160,000 AF246  
Eagle Rock Basin n/a247 169 AFY248 unknown 
*In the WCB and CB, adjudicated allowable extraction volumes were set higher than the estimated 
safe yields of the basins. Under the California Water Code, these basins are managed to make up 
for this overdraft through managed aquifer recharge.249 
**In the San Fernando Basin, the City of Los Angeles holds the exclusive right to extract the safe 
yield of the basin. In addition, the cities of Burbank, Glendale and Los Angeles can extract an 
amount equal to approximately 20 percent of delivered surface water.250 The San Fernando Basin 
annual water balance includes a volume of managed recharge of, on average, 26,800 AFY that is 
infiltrated on spreading basins.251  

Table 5.3.  Safe yields and extraction volumes in adjudicated groundwater basins 

SFB experienced a long-term decline in groundwater storage, losing 108,245 AF between 1985 
and 2004.252  During WY 2012-2013, groundwater in storage in SFB decreased by 12,157 AF, 

                                                 
 

231 ULARA Watermaster Annual Report WY 2013-14 (2017) p. 2-34 
232 Groundwater Assessment Study,  Metropolitan Water District of Southern California p. 4-3 
233 Water Replenishment District of Southern California Engineering Survey and Report 2016 p. 7. 
234 California’s Groundwater Bulletin 118. Coastal Plain of LA Groundwater Basin, West Coast Subbasin, 2004 
235 Groundwater Assessment Study,  Metropolitan Water District of Southern California p. 3-2 
236 MWD 2007 p. 3-4 
237 California’s Groundwater Bulletin 118. Coastal Plain of LA Groundwater Basin, Central Subbasin, 2004 
238 Introduction to ULARA Groundwater Basins TM-1 SNMP Draft 2016 p. 16; ULARA adjudication 1979 p. 11  
239 Upper Los Angeles Area Watermaster, Annual Report. 2013. p. 31.  
240 MWD Groundwater Assessment Study 2007 p. 2-2 
241 Introduction to the ULARA Groundwater Basins TM-1 Draft for the SNMP 2016 p. 18 
242 Upper Los Angeles Area Watermaster, Annual Report. 2013. p. 31.  
243 Upper Los Angeles Area Watermaster, Annual Report. 2013. p. 33.  
244 MWD Groundwater Assessment Study 2007 p. 2-3, Table 2-1 
245 Upper Los Angeles Area Watermaster, Annual Report. 2013. p. 31.  
246 MWD Groundwater Assessment Study 2007 p. 2-3, Table 2-1 
247 ULARA adjudication  
248 Upper Los Angeles Area Watermaster, Annual Report. 2013. p. 31.  
249 Groundwater Assessment Study,  Metropolitan Water District of Southern California p. 3-4 
250 Groundwater Assessment Study,  Metropolitan Water District of Southern California p. 2-5 
251 Groundwater Assessment Study,  Metropolitan Water District of Southern California p. 2-3 
252 MWD Groundwater Assessment Study 2007 p. III-16, Table III-6 
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which followed a similar 10,338 AF decrease in WY 2011-2012.253  These decreases are generally 
associated with the below-average rainfall received and the corresponding decrease in stormwater 
available for infiltration at spreading grounds.  Groundwater in storage in SFB decreased by much 
more, 59,010 AF, in WY 2013-14 as there was an increase in SFB groundwater extraction in an-
other low rainfall year that limited stormwater spreading.254  

 Native/Natural  
Safe Yield 

Average Annual Ex-
tractions 

Estimated Storage 
Volume 

Hollywood Basin255 3,000 AFY256 968 AFY257 400,000 AF258 
Santa Monica Basin 7,500 AFY259 10,038 AFY260 1,100,000 AF261 

Table 5.4. Safe yields and extraction volumes in non-adjudicated groundwater basins 

Groundwater levels in SB appear to be rising according to measurements from key wells, while 
measurements from VB key wells demonstrate a long-term decline. ERB had insufficient data to 
make a determination.262  WCBCB saw a 27,101 AF increase in storage between 1985 and 2004, 
a less than 0.5% change.263 SGMA requirements, including drafting a Groundwater Sustainability 
Plan (GSP), will apply to Santa Monica Basin and also to the northern portion of CB, which is not 
included in the area covered by the CB adjudication and thus falls under SGMA. 

Tables 5.3 and 5.4 detail the safe yields, annual extraction volumes, and estimated storage 
capacities in the region’s groundwater basins.  Varying management strategies among the adjudi-
cated basins have allowed for annual extractions that exceed natural safe yield values – namely 
through artificial recharge. In CB, for example, the natural safe yield (synonymous with native 
safe yield) was calculated as the maximum amount of water that can be extracted annually without 
exceeding “natural replenishment,” or recharge from precipitation, interconnected surface water, 
or subsurface flow.264  The managed safe yield of the basin is a higher allowable yield that takes 
into account the increased water stored in the basin through artificial recharge.  This yield was 
equal to the APA amount of 217,357 AFY and is the yield under which CB currently operates.265  
Within SFB and SB, the adjudicated parties (including the City) also have the right to recharge 

                                                 
 

253 ULARA Watermaster Annual Report WY 2012-13 (2014) p. 1-34 
254 ULARA Watermaster Annual Report WY 2012-13 (2014) p. 1-34; ULARA Watermaster Annual Report WY 
2013-14 (2017) p. 1-33 
255 California’s Groundwater Bulletin 118. Coastal Plain of LA Groundwater Basin, Hollywood Subbasin, 2004 
256 MWD Groundwater Assessment Study 2007 p.6-2, Table 6-1 
257 Average based on 2015 and 2010 Urban Water Management Plans, City of Beverly Hills. 
258 MWD Groundwater Assessment Study 2007 p.6-2, Table 6-1 
259 MWD Groundwater Assessment Study 2007 p.5-2, Table 5-1 
260 City of Santa Monica. Sustainable Water Master Plan. 2014. 
261 California’s Groundwater Bulletin 118. Coastal Plain of LA Groundwater Basin, Santa Monica Subbasin, 2004 
262 MWD Groundwater Assessment Study 2007 p. III-16, Table III-6 
263 MWD Groundwater Assessment Study 2007 p. III-16, Table III-6 
264 An Evaluation of California’s Adjudicated Groundwater Basins 2016 p. 73 
265 MWD 2007 p. 3-4 
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groundwater into the basin and extract the equivalent amount.266  The parties can also choose to 
reduce their pumping and store, or “carry over,” any unused water rights into future years.267   

Local water managers are already considering how local groundwater resources can decrease 
dependence on imported water.  WRD is taking steps to increase local water supply in WCBCB 
through various projects developed under the Water Independence Now (WIN) program.  The 
WCB and CB adjudications permit a pumping rate that exceeds the estimated native safe yield, 
but requires WRD to make up the deficit with “artificial” water recharge, a source that has histor-
ically been mainly comprised of imported water.  In WY 2015-16, for example, the annual ground-
water pumping in the WCB and CB, as managed by WRD, was 214,367 AF, and natural inflows 
from surface water, storm water infiltration, and subsurface flows totaled 104,316 AF.268 WRD 
supplemented groundwater recharge with imported and recycled water that totaled 110,051 AF, 
bringing the total managed and natural inflows in WY 2015-16 to 214,367 AF and resulting in a 
loss of groundwater storage of 500 AF.269  CB’s and WCB’s baseline operations function under 
an APA that incorporates artificial replenishment; the current and planned composition of replen-
ishment sources and WRD’s plans to move away from imported and towards local water to re-
charge WCBCB are discussed in greater detail in our previously released DC watershed report.270  

In both SGMA-eligible and adjudicated basins, a large part of basin management is regulating 
how much water should be extracted and recharged in a given year.  Determining the safe yield of 
a basin enables groundwater basin management entities to work toward the ultimate goal of sus-
tainable operation.  This goal ensures that in the long-term, the recharge and extraction of ground-
water are balanced.  One approach for groundwater basin management could be maintaining a 
fixed maximum amount of groundwater extraction above safe yield from year to year by ensuring 
supplemental recharge volumes.  Another strategy could be to establish an annual operational safe 
yield that allows for variations in groundwater extraction based on hydrologic conditions.  

There are many reasons that the idea of a fixed safe yield can be problematic in understanding 
and managing groundwater resources.  The main difficulties lie in that there are an “excessive 
number of factors” that are neither fully captured by groundwater models or water budgets, nor 
easily quantifiable.271  There is also the argument that some groundwater systems are not and can-
not be made sustainable.272  Safe yield also fails to take into account the potential physical impacts 

                                                 
 

266 Introduction to the ULARA Groundwater Basins TM-1 Draft for the SNMP 2016 p. 17 
267 ULARA Watermaster Annual Report 2014 p. 2-32 
268 WRD Engineering and Survey Report 2017, Water Replenishment District, p. 12 
269 WRD Engineering and Survey Report 2017, Water Replenishment District, p. 16. 
270 Mika K. et al, Sustainable LA Water Project: Dominguez Channel and Machado Lake watersheds. Available at: 
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271 Kalf, F. et al. 2005. Applicability and methodology of determining sustainable yield in groundwater systems. Hy-
drogeology. 13:295-312 
272 Kalf, F. et al. 2005. Applicability and methodology of determining sustainable yield in groundwater systems. Hy-
drogeology. 13:295-312  
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of storage depletion and declining groundwater levels that could directly impact the utility of local 
water sources. 

Sustainable yield incorporates secondary physical impacts of groundwater extraction through 
the concept of “undesirable results.”  Where safe yield is primarily focused on extraction and re-
charge, sustainable yield requires consideration of groundwater levels, storage volumes, water 
quality, salinity, streamflow depletion, and land subsidence.  As groundwater agencies develop, 
they must determine what constitutes an undesirable level for each of these potential secondary 
impacts or “undesirable results.273” These levels are termed threshold values. Because these 
thresholds can directly impact the amount of water extracted in a given year, SGMA mandates 
these thresholds must be determined locally.274 By connecting these thresholds to extraction 
amounts, groundwater managers can manage more than just water volumes, they can manage to 
preserve water quality, prevent salinization of aquifers, lessen interconnected surface water deple-
tion, and prevent subsidence that would remove future storage capacity.  

Determination of these thresholds for basins subject to SGMA is not required until 2020, but 
threshold values can potentially dramatically impact the amount of water extracted in a basin. The 
City can ensure the success of the sustainable yield concept in the SGMA-eligible groundwater 
basins in which it is a participant by encouraging the following across all involved groundwater 
management agencies: 1) development and maintenance of adequate monitoring networks for 
groundwater levels, storage, water quality, land subsidence, streamflow, and salinity; 2) annual 
analysis of the relationship of these “undesirable results” to sustainable yield and readjustment of 
thresholds, if necessary; 3) inclusion of threshold values into the management structure of adjudi-
cated basins.  

The success of sustainable groundwater management will directly impact the region’s ability 
to depend on local water sources. The implementation of SGMA will require the City to work with 
other parties and develop a GSP to manage the Santa Monica and Hollywood groundwater basins 
by determining annual groundwater allocations and artificial recharge strategies through the con-
cept of sustainable yield. The overall shift in groundwater management statewide presents an op-
portunity not only for the City but also for other regional groundwater basins to develop a com-
prehensive groundwater management strategy for the region as a whole.  This type of strategy 
could embrace the idea of groundwater resources as a source of local storage (via stormwater cap-
ture) as well as a source of local water supply (e.g., increased groundwater extraction as a result 
of increased stormwater and other water recharge).   

One potential mechanism to develop a regional groundwater strategy that should be explored 
is for the SWRCB and RB4 to convene a regional groundwater coordinating group with the goal 
of maximizing storage from stormwater and recycled wastewater.  This group would include both 
groundwater management agencies and regulators to discuss a regional, better managed approach 
to maximize sustainable yields from our groundwater basins through, for example, increased 
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http://www.water.ca.gov/groundwater/sgm/definitions.cfm
http://www.water.ca.gov/groundwater/sgm/definitions.cfm


100 | U C L A  I o E S ,  U C L A  G C ,  C S M  F e b r u a r y  2 0 1 8  
 

stormwater recharge and recycled water infiltration or even injection (advanced treatment).  In 
addition, the group would utilize GSPs and SNMPs where they have been developed.  This group 
could also look at groundwater rights and their further transfer to public use and public entities, 
the costs of purchasing private water rights, and the potential to substitute certain water rights with 
recycled water (e.g., the industrial water rights leasing program described earlier).  The overarch-
ing goal should first be to ensure that all cities have access to groundwater.  Then, groundwater 
should be managed to maximize local self-reliance regionally and foster the ability to transfer and 
share groundwater resources as needed.  

Critical data gaps exist that must be addressed to tie the volumes of stormwater captured and 
recharged to the volumes of groundwater that can then be extracted in a sustainable manner.  As 
described previously, the modeled annual average flows in 2007 were 10,000 AF in the DC Wa-
tershed, 40,000 AF in the BC watershed, and 100,000 AF in the LAR watershed, the driest year 
modeled and one of the driest years on record (Table 3.26).  Even after implementing BMPs to 
capture the 85th percentile storm in the DC watershed, which has the lowest available volume of 
the three watersheds, approximately 8,600 AF would have been available for recharging to WCB 
or CB (or other opportunities to capture and reuse this stormwater). However, more work needs to 
be done to more accurately understand how and where water hitting the land surface makes its way 
to groundwater basins. This is particularly critical for quantifying the amount of stormwater re-
charge into basins currently being used for water supply; accurate accounting of all inflows will 
impact the calculated sustainable yield for these basins. In Los Angeles, more research needs to be 
done to quantify the contributions to groundwater storage annually from precipitation-induced re-
charge and streamflow as well as from potential water available for artificial recharge.275 

D. Salt and Nutrient Management Plans 

As described in more detail in the BC and DC watershed reports, the California Recycled Wa-
ter Policy requires the development of SNMPs for groundwater basins.  The SNMPs are intended 
to ensure that the quality of the water in the groundwater basins is maintained at acceptable levels 
and in accordance with anti-degradation requirements as more groundwater recharge with recycled 
water occurs.  The WCBCB SNMP was completed by WRD in collaboration with major stake-
holders in these basins in early 2015; a Basin Plan amendment based on the SNMP was adopted 
and the WCBCB SNMP was finalized in February 2015.276  At the time of this writing, the 
ULARA SNMP was being developed under the lead of the ULARA Watermaster to assess the 
impacts on salt and nutrient conditions of increasing the recharge of both recycled water and storm-
water.277   

SNMPs in both WCBCB and ULARA include larger scale, centralized, stormwater capture 
(such as at spreading grounds overlying the basins) and recycled water projects (such as the 30,000 

                                                 
 

275 Hevesi, J.A., and Johnson, T.D., 2016, Estimating spatially and temporally varying recharge and runoff from pre-
cipitation and urban irrigation in the Los Angeles Basin, California: U.S. Geological Survey Scientific Investigations 
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p. 38. 
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AFY groundwater recharge project using recycled water from DCTWRP) in their modeling anal-
yses.  These modeling analyses provide insight on the impacts of planned projects on the concen-
trations of salts and nutrients across the groundwater basins to ensure that compliance with anti-
degradation requirements is maintained.  In WCBCB, planned projects were not found to result in 
excessive degradation of the basin; ULARA modeling results were still being finalized at the time 
of this writing.  In general, distributed BMPs such as those that will be built as part of the EWMP 
implementation process over the coming years were not included in the modeling results.  These 
distributed BMPs, however, were generally expected to result in lower concentrations but higher 
loads of nutrients and salts in the groundwater basins.  This stems from the fact that stormwater is 
generally lower in nutrients and salts than the existing groundwater basins but any addition of salts 
and nutrients from infiltrated water will still result in increased basin loads. 

In addition to ensuring that water quality requirements are met, SNMPs are valuable tools to 
identify opportunities to co-locate recycled water and stormwater recharge projects as stormwater 
can provide valuable dilution for recycled water that meets CCR Title 22 water quality level.  Many 
of the planned projects, however, include the recharge of advanced treated recycled water and 
would not need the additional dilution as the water quality from this type of recycled water is 
excellent and the salt and nutrient concentrations are lower than baseline conditions in WCBCB.  
The ability to include stormwater capture may allow the use of a lower water quality recycled 
water without degrading groundwater quality.  This opportunity to dilute tertiary treated water 
could potentially reduce the energy footprint of recharging higher quality recycled water into the 
groundwater basins because tertiary treatment has a lower energy footprint than advanced water 
treatment technologies.    

The SNMPs are an iterative process; updates to the WCBCB SNMP will be assessed at least 
every 10 years and more frequently as needed or as new data is gathered that can offer further 
refinement on the modeling predictions.  Another gap that must be addressed is: what quantity of 
applied irrigation in the heavily urbanized LA area is percolating through to the groundwater and 
what nitrate concentration increases are likely as a result?  For example, return flow water quality 
in the WCBCB SNMP was based on the assumption that only 3.6% of applied irrigation percolates 
to groundwater.278  Further, nitrate concentrations were calculated based on a net loading of ferti-
lizer to groundwater of 8.9 pounds of nitrogen per acre with a 45 pounds/acre loading rate and a 
nitrate attenuation of 90% based on a mixing model calibration.279,280  These rates were determined 
by a study conducted by the University of California, Davis in the Tulare Lake Basin and the 
Monterey County portion of the Salinas Valley.  The land uses in the City are significantly different 
from the Tulare Lake Basin and Salinas Valley study area, which is predominantly irrigated 
cropland and includes four of the nation’s five counties with the largest agricultural production 
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and a population of approximately 2.65 million.281  This 3.6% irrigation return flow assumption is 
generally on the conservative side of the range of irrigation return flows from agricultural lands or 
vegetables and flowers (3% to 20%) observed in the relatively few studies that were found on this 
question of return flow.282  Importantly, these studies did not address return flows in urban areas.  
This highlights a need for more research in urban areas to better understand these irrigation return 
flows and how they transport constituents (e.g., salts and nutrients) into and through these basins.   

WRD, the United States Geological Survey (USGS), and others are conducting ongoing re-
search to better characterize the connections between surface water and subsurface hydrology to 
understand where drops of water go in the basin after they hit the surface as precipitation or are 
captured and infiltrated through distributed BMPs.  This information has critical ramifications not 
only for understanding the more localized impacts on salts and nutrient concentrations in the 
groundwater basins, but also for quantifying the captured water as a water supply benefit.  If infil-
trated stormwater at the surface does not make it to water supply basins, then no additional water 
rights can be granted and it is harder to fund and implement projects as satisfying both of these 
critical water management needs in the City and the Los Angeles region.  The lack of information 
regarding the connection between the surface and the groundwater in general and specifically in 
the Los Angeles region presents a challenge to determining the potential water supply benefits of 
stormwater recharge and the potential water quality benefits from co-locating stormwater recharge 
with recycled water recharge projects.  All efforts to gather additional data and/or continue refining 
modeling efforts to address these questions will greatly enhance the region’s ability to conduct this 
type of analysis and site projects in the most appropriate locations for all potential benefits.  

Future work at UCLA with Colorado School of Mines and USGS includes the development of 
a coupled surface-groundwater model for the southern Los Angeles County region that will be 
used to identify areas that are most conducive for stormwater infiltration and groundwater aug-
mentation based on current land use, underlying geologic formations, and potential for stormwater 
capture (BMP/LID configurations).  High resolution maps could be produced identifying the ex-
tent of groundwater water recharge potential at each cell (660 feet per side) within each watershed 
using a gradational “credit” score to support future project prioritization. Specific sites will be 
identified as prime areas for distributed and regional LID approaches as well as large scale infil-
tration projects.  There is critical need to know how much of each infiltrated AF becomes supply.  
This coupled model will be the first to quantify potential new water supplies from infiltrated 
groundwater through stormwater capture.  These more advanced estimates of augmented ground-
water volumes could lead to opportunities for stormwater infiltration project proponents to apply 
for additional funding from water supply agencies for providing new, local supplies. 

The SNMPs that have been completed and approved to date demonstrate that these plans are 
very helpful to quantify the impacts of planned projects on groundwater basin water quality.  They 
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further show that the region can recharge significantly larger volumes of recycled water and storm-
water than are currently being recharged while remaining in compliance with California anti-deg-
radation regulations.  The impacts of large scale recharge projects and how recycled water, im-
ported water, and stormwater blend are well-understood at large-scale, centralized infiltration pro-
jects (such as spreading grounds).  Additional work needs to be done, however, to understand and 
simulate the potential impacts on water quality and local water supply of ramping up distributed 
recharge as well as identify the most promising locations and combinations of projects to maximize 
both the water quality and supply benefits.   

VI. Conservation 

A. Introduction 

Water conservation is an often affordable urban water demand management option that is 
highly responsive to annual droughts.283  In Los Angeles, it also plays a critical role in creating a 
metropolitan region that primarily depends on locally sourced water.  Many efforts, both statewide 
and local, have been implemented over the past few decades to encourage water conservation both 
indoors and outdoors.  These efforts have resulted in relatively stable regional urban water demand 
in past decades despite rapid population growth over the same time period.  Additional conserva-
tion, including boosts in turf replacement funding, were undertaken to rapidly reduce water de-
mand during recent drought.   

In October 2014, Mayor Eric Garcetti released Executive Directive 5, which called for a 20% 
reduction in overall per capita water use from a July 2014 baseline of 130 gpcd to 104 gpcd by 
January 1, 2017.284  This goal was met in January 2017; per capita water use was at 104 gpcd.285  
Then, in April 2015, the Governor issued Executive Order B-29-15, which directed the SWRCB 
to take a variety of actions to help California conserve water; this included a mandatory 25% urban 
conservation rate across California.286  However, this requirement was recently relaxed to allow 
urban water suppliers to set their own conservation rates.  As a result, it is critical to identify 
opportunities locally to maximize conservation and continuee the progress made under mandatory 
conservation requirements.   

In addition to the conservation goals in Executive Directive 5, the Mayor of Los Angeles set a 
25% conservation requirement in the pLAn that must be met by 2035 for the City.287  This goal is 
for overall use; it is also important to measure and track residential use.  One of the requirements 
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284 Executive Directive 5, City of LA. https://www.lamayor.org/sites/g/files/wph446/f/page/file/ED_5_-_Emer-
gency_Drought__Response_-_Creating_a_Water_Wise_City.pdf?1426620015  
285 Progress on 2017 pLAn outcomes http://plan.lamayor.org/portfolio/local-water/  
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of the statewide water conservation program (that larger urban water suppliers report their data to 
the SWRCB monthly) has resulted in the generation of a database of residential gallons per capita 
per day (r-gpcd) that allows the tracking of water conservation efforts.288  For example, Los An-
geles residents used an average of 79 r-gpcd in May 2017, down from 88 r-gpcd in May 2013, 
according to the State Water Resources Control Board (SWRCB).289  Overall annual use in LA for 
2016 and 2017 (not just residential but also including additional industrial, commercial, and insti-
tutional end-uses), however, was approximately 104 gpcd. 

Conservation efforts to date have been further enhanced by turf replacement programs subsi-
dized by rebates (through agencies such as LADWP or MWD) that have resulted in landscape 
replacement as quickly as funding becomes available.  To build on and maintain the impressive 
strides in conservation to date, much more needs to be done.  There are multiple avenues to in-
crease water conservation, ranging from installing advanced metering infrastructure or submeters, 
implementing water neutrality ordinances, encouraging the installation of water-efficient devices, 
expanding education and outreach programs, and minimizing non-revenue losses.  A current 
UCLA Grand Challenges research project is expanding on this analysis to incorporate a broader 
swath of conservation practices and quantify actual water savings from implemented programs 
where possible.  A white paper highlighting recommendations for LA County to maximize its 
water conservation effort based on this additional research is expected in 2018.  In this section, we 
will examine a subset of these opportunities to further increase water conservation.  

B. Water Demand 

As mentioned above, water use can be measured in a variety of ways, including overall per 
capita use (in which total demand from all uses, industrial, residential, commercial, etc. is divided 
by the total population) and water demand for separate use categories (e.g., residential).  Different 
metrics complicate comparisons, especially in combination with the variability of conditions 
across cities.  There is also a need to better understand the patterns of water use across sectors and 
geographies.  Further, it can be challenging to differentiate between indoor and outdoor water use; 
this is a critical gap that must be filled to make informed policies to increase conservation efforts.  

The City, compared to even its regional neighbors, shows the potential for greater water con-
servation.  Current language in CA State Bill 606 (Water Management Planning) calls for a pro-
visional standard of 55 gpcd for indoor residential water use.290  LADWP should aim for an annual 
indoor average of 55 gpcd by 2020 and 45 gpcd by 2035 for SFR and for 40 gpcd by 2020 and 30 
gpcd by 2035 for MFR above 4 units.  Sufficient outdoor water to maintain outdoor trees would 
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represent an additional 9-25 gpcd plus approximately 2-5 gpcd per property for landscapes.291  
While this will require a significant additional increase in conservation, it has been successfully 
implemented elsewhere and is doable here.   

In Melbourne, for example, demand started at 121 gpcd at the beginning of the Millennium 
drought and by the end of the drought was averaging about 65 gpcd for all land uses.292  In 2005, 
residential use in Melbourne dropped even lower, to about 40 gpcd.293  Similarly, in Adelaide, 
water demand dropped from around 87 gpcd in 2003 to about 60 gpcd in 2009.294  Local examples 
exist of this level of conservation as well.  Santa Cruz, for example, averaged 46 r-gpcd, and Long 
Beach used 65 r-gpcd.  Demand in Lynwood dropped from 82 r-gpcd in May 2013 to 33 r-gpcd in 
May 2017; Torrance saw a drop from 114 r-gpcd to 49 r-gpcd in the same time period.295  In a 
very wet January 2017, r-gpcd for LA was at 53.296   

Reductions in outdoor water use offer significant potential for reducing demand.  Outdoor wa-
ter use, particularly in the SFR sector, is estimated to account for over 50% of total residential 
water use.297  LADWP’s Water Conservation Potential Study, released in late 2017, identified 
landscaping irrigation as an area with the most potential to increase water savings at both residen-
tial and commercial / industrial / institutional (CII) land uses.298  As the SFR sector is LADWP’s 
largest customer group (approximately 450,000 accounts),299 the City must develop a more de-
tailed understanding of indoor and outdoor water use needs across the diverse areas of the city.  
This principally involves understanding water consumption in relation to indoor use habits and 
outdoor landscapes. Monthly billing data must be combined with irrigated, non-irrigated, and im-
pervious area data (a land cover database available from high resolution satellite imagery and aerial 
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http://www.waterboards.ca.gov/water_issues/programs/conservation_portal/docs/2017jul/supplierconservation_070517.pdf
http://www.waterboards.ca.gov/water_issues/programs/conservation_portal/docs/2017jul/supplierconservation_070517.pdf
http://www.waterboards.ca.gov/water_issues/programs/conservation_portal/docs/2017mar/suppliercompliance_030717.pdf
http://www.waterboards.ca.gov/water_issues/programs/conservation_portal/docs/2017mar/suppliercompliance_030717.pdf
https://www.ladwp.com/cs/idcplg?IdcService=GET_FILE&dDocName=OPLADWPCCB620807&RevisionSelectionMethod=LatestReleased
https://www.ladwp.com/cs/idcplg?IdcService=GET_FILE&dDocName=OPLADWPCCB620807&RevisionSelectionMethod=LatestReleased
https://www.watersmartinnovations.com/documents/sessions/2015/2015-W-1524.pdf
https://www.watersmartinnovations.com/documents/sessions/2015/2015-W-1524.pdf
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photography at high spatial resolution, or County LARIAC data) to identify outdoor land cover.  
Further, adding urban vegetation greenness, which can be estimated using the NASA Landsat The-
matic Mapper 5 satellite data that provides remote sensing products at 30 m resolution every 16 
days, enables the analysis of greenness and greenness change in relation to water use (NDVI).   

NDVI is a readily available and highly scalable product.  It can be estimated for various geo-
graphical boundaries, including smaller census tracts or larger neighborhoods, revealing trends 
over time.  Using water delivery records (water use by parcel), along with the Landsat NDVI 
product, outdoor water use by area can be estimated.300  These calculations require 3 end members 
that each distinctly represent NDVI values from homogeneous land cover types: irrigated land-
scaping, non-irrigated landscaping, and impervious areas.301  While the approach is data intensive 
and requires modeling expertise, new tools and data are quickly evolving to make such methods 
more accessible for water utilities.302  For example, numerous researchers at UCLA, CSM, and 
elsewhere are currently investigating changes in NDVI in both protected natural areas and urban-
ized areas in LA County. A more direct method that can also provide the customer with needed 
information about their water use is to install dual meters for indoor and outdoor water measure-
ment where possible, including new residential and CII buildings.  With dual meters, the City 
would be able to communicate directly to the customer the amount of water used outdoors, and 
also introduce differential pricing for indoor, and essential water use, from outdoor water use.   

Residential properties constitute more than half of water demand in the City; approximately 
66% of water demand in the City from 2011-2014 stemmed from SFR and MFR uses.303  Institu-
tionalizing processes to characterize landscape change over time using remote sensing would en-
able the City to evaluate the impact of water use change on urban vegetation.  This should be 
coupled with research that determines ET at the detailed geographic scale to support the develop-
ment of effective and achievable per capita water use targets, particularly if the City prioritizes the 
maintenance of existing tree canopy cover that evolves over time to include a greater mix of native 
and drought tolerant species.  This transition will be, of course, slow, and will require the nursery 
industry to provide trees that are climate appropriate, and to grow the palate of native low water 
trees that is available.  Availability of tree stock is a major constraint today.  There are also devel-
opments for state-wide water efficiency targets and water budgets (e.g., parcel-based water budg-
ets) occurring through implementing Governor Brown’s Executive Order B-37-17, ‘Making Water 
Conservation a Way of Life.304” 

                                                 
 

300 Mini C., Hogue T.S., Pincetl S., 2014. Estimation of residential outdoor water use in Los Angeles California.  
Landscape and Urban Planning 127: 124-135. 
301 Johnson, T. D., & Belitz, K. (2012). A remote sensing approach for estimating the location and rate of urban irri-
gation in semi-arid climates. Journal of Hydrology,414, 86–98. http://dx.doi.org/10.1016/j.jhydrol.2011.10.016 
302 see Mini et al (2014) for methods 
303 LADWP UWMP 2015, p. 2-3 
304 http://www.water.ca.gov/wateruseefficiency/conservation/docs/20170407_EO_B-37-16_Final_Report.pdf  

http://www.water.ca.gov/wateruseefficiency/conservation/docs/20170407_EO_B-37-16_Final_Report.pdf
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Ordinances offer another powerful tool to reduce water demand.  The City of LA has adopted 
several water conserving ordinances, including an emergency water conservation plan ordinance, 
a high-efficiency plumbing fixture ordinance, and a citywide water efficiency standards ordi-
nance.305  The emergency water conservation plan ordinance provides a mandatory water conser-
vation plan and adopts provisions to reduce the consumption of water over time (since voluntary 
conservation efforts had been found insufficient).  One section of this ordinance deals with the 
unreasonable use of water, and states that SFR customers that enter the highest rate tier during 
Phase II-VI (phases of water conservation) may be subject to a water use analysis performed by 
LADWP.306  After receiving an onsite water use analysis, customers will get a plan that includes 
a visit summary, recommendations to improve their water use, and a monthly water budget.  If the 
onsite water use analysis finds the property is violating the Ordinance’s unreasonable use of water 
prohibitions, then the customer must stay within the water budget.  Penalties for not complying 
with the customer’s plan start at $1,000 per month and can go up to $4,000 per month with con-
tinued non-compliance (under Phase 2 water use restrictions).  Penalties increase in higher phases 
and, for example, could be as high as $40,000 per month under the severe water use restrictions in 
Phase V of the ordinance.307 

C. Water Neutral Urban Growth 

Ensuring that the City can accommodate future population growth without increasing the need 
for new water requires innovative strategies.  Cities and counties across the US have been devel-
oping ‘water demand offset’ policies, such as water neutral urban growth, to mitigate the impact 
on the total water demand in a utility service area.308  Water neutrality or net zero water policies 
and programs involve offsetting new water demand by investing in water conservation to ensure 
no new water is required for new development.  Some California examples include the cities of 
Santa Monica, Napa, Morro Bay, and San Luis Obispo County.  Areas of Massachusetts and New 
Mexico have also instituted such policies, showing that it is a strategy that spans climates.309   

                                                 
 

305 https://www.ladwp.com/ladwp/faces/ladwp/aboutus/a-water/a-w-conservation/a-w-c-ordinance-
andcodes?_adf.ctrl-state=14rio7yjlp_4&_afrLoop=975366597415542  
306 Emergency Water Conservation Plan Ordinance. Effective May 3, 2016. 
https://www.ladwp.com/cs/idcplg?IdcService=GET_FILE&dDocName=LADWP004832&RevisionSelection-
Method=LatestReleased (link goes to pdf) 
307 LADWP to begin enforcement of unreasonable water use ordinance on City’s top water users; October 6, 2016 
http://www.ladwpnews.com/ladwp-to-begin-enforcement-of-unreasonable-water-use-ordinance-on-citys-top-water-
users/  
308 Alliance for Water Efficiency, Water Offset Policies for Water-Neutral Community Growth: a literature review 
and case study compilation. 2015  
309 Alliance for Water Efficiency, Water Offset Policies for Water-Neutral Community Growth: a literature review 
and case study compilation. 2015 

https://www.ladwp.com/ladwp/faces/ladwp/aboutus/a-water/a-w-conservation/a-w-c-ordinanceandcodes?_adf.ctrl-state=14rio7yjlp_4&_afrLoop=975366597415542
https://www.ladwp.com/ladwp/faces/ladwp/aboutus/a-water/a-w-conservation/a-w-c-ordinanceandcodes?_adf.ctrl-state=14rio7yjlp_4&_afrLoop=975366597415542
https://www.ladwp.com/cs/idcplg?IdcService=GET_FILE&dDocName=LADWP004832&RevisionSelectionMethod=LatestReleased
https://www.ladwp.com/cs/idcplg?IdcService=GET_FILE&dDocName=LADWP004832&RevisionSelectionMethod=LatestReleased
http://www.ladwpnews.com/ladwp-to-begin-enforcement-of-unreasonable-water-use-ordinance-on-citys-top-water-users/
http://www.ladwpnews.com/ladwp-to-begin-enforcement-of-unreasonable-water-use-ordinance-on-citys-top-water-users/
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New development in water neutral programs can minimize on-site demand and facilitate off-
site actions to increase supply or reduced demand elsewhere in the supplier’s service area.310  Wa-
ter neutral policies and programs are predicated on sound methodologies for estimating water de-
mands of new development and for calculating credits resulting from the savings of on- and off-
site water efficiency measures.  These can include mitigation programs or fees for mitigation.  For 
example, Denver Water allocates saved water to supply storage.311   

Higher offset ratios than 1:1 may be required to ensure that water neutrality is achieved as 
many factors require further study.  For instance, variability in demand estimates or diminishing 
efficiency of water saving fixtures over time all affect demand of new sites.  In another example, 
the impacts on actual water consumption of implementing a graywater system for on-site use are 
highly variable and additional research is required to quantify the actual water savings of these 
systems.312  The state of Massachusetts recommends at least a 2:1 ratio for mitigation as 1:1 simply 
preserves the status quo in already water-scarce areas and measuring gains from water offset 
measures is often imprecise.313  Thus, a safe strategy is to aim for a 2:1 ratio.  LADWP would need 
to develop methodologies for estimating water demands of new development based on transparent 
and accepted measurement of water use by different types of buildings to implement a water neu-
tral policy; this could potentially build on the method used by LADWP in their UWMP to conduct 
Water Supply Assessments for larger developments.314  San Francisco’s water demand calculator 
and Santa Monica’s water neutrality ordinance and compliance approach may also provide a good 
starting point for LA.   

Among other benefits, water neutral programs can facilitate development in times of water 
shortage when new water connections may not otherwise be allowed, provide a means to bring 
conservation to low income residents, provide incentives for the private sector to support and de-
velop new conservation technology and techniques, and incentivize quantitative approaches to de-
mand management that will in turn improve how water is managed.315  An issue of concern with 
such water neutral programs can arise if developers pass along increased construction costs to 
residents or businesses purchasing properties.  It is also possible that water neutral programs only 
delay the impacts of additional water demand; appropriate water neutral programs must be tailored 
specifically to each jurisdiction to identify the best program to balance these costs and benefits.316  
In addition, sufficient data must exist and be accessible to the agency implementing the ordinance 
to be able to set targets and assess progress towards the goals.  In large, complex governance 
structures such as the City or County of LA, all departments with data that would inform this 

                                                 
 

310 Harder, Jennifer, Demand Offsets: Water Neutral Development in California (March 1, 2015). McGeorge Law 
Review, Vol. 46, No. 1, 2014. Available at SSRN: https://ssrn.com/abstract=2600288 
311 Denver Water 2011 
312 Harder, Jennifer, Demand Offsets: Water Neutral Development in California (March 1, 2015). McGeorge Law 
Review, Vol. 46, No. 1, 2014. Available at SSRN: https://ssrn.com/abstract=2600288 
313 Alliance for Water Efficiency, Water Offset Policies for Water-Neutral Community Growth: a literature review 
and case study compilation. 2015 
314 LADWP UWMP 2015, Chapter 11, Water Supply Assessments. P 11-28 
315 Harder, Jennifer, Demand Offsets: Water Neutral Development in California (March 1, 2015). McGeorge Law 
Review, Vol. 46, No. 1, 2014. Available at SSRN: https://ssrn.com/abstract=2600288 
316 Harder, Jennifer, Demand Offsets: Water Neutral Development in California (March 1, 2015). McGeorge Law 
Review, Vol. 46, No. 1, 2014. Available at SSRN: https://ssrn.com/abstract=2600288 

https://ssrn.com/abstract=2600288
https://ssrn.com/abstract=2600288
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ordinance (e.g., Building and Safety, LADWP) would need to establish data-sharing practices to 
successfully design and implement an LID ordinance.   

There are multiple strategies to implement such a program, including the creation of a dedi-
cated water fund or banking mechanism with a clear nexus to the new development’s needed water 
use.  Offset fees can also be banked to fund efficiency programs in the same service territory based 
on, for example, water use per bedroom.  This could also include retrofitting the landscaping and 
irrigation systems of City public spaces, such as parks.  It could also involve a subsidy to replace 
leaky plumbing and old plumbing fixtures with high efficiency fixtures in low cost housing. Or 
even install Advanced Metering Infrastructure systems (perhaps with indoor and outdoor meters) 
to reduce leaks and water demand.  Also, such funds might be applied to expanding purple pipe 
infrastructure for recycled water.  In addition, there could be water use credits for the expanded 
use of existing connections through on-site efforts using fixture unit count values.  Cost-in-lieu 
retrofits as well as water use credits could be used to fund stormwater capture or wastewater reuse 
programs.  Developers might also choose to implement on-site water recycling and reuse or gray-
water use, entirely mitigating the need for new water in either their development or off-site.  These 
mechanisms would have to be examined for their costs, feasibility, and nexus to water neutrality, 
but all have been implemented in other cities and localities.  It is important to note that these 
policies mainly target new developments with some potential conservation offset investments in 
established areas. 

In a local example, Santa Monica’s water neutrality ordinance requires new water demand to 
be offset at a ratio of 1 to 1, but includes more lenient requirements for low income housing, at an 
offset ratio of 0.5 to 1.317  If the required water offset cannot be achieved onsite, then offset re-
quirements can be met through payment of an in-lieu fee or implementation of offset requirements 
off the building site.  This ordinance applies to new developments that include buildings with 
plumbing fixtures, existing buildings with plumbing fixtures where more than half of the exterior 
walls are demolished, or new water features (pools, spas, etc.).  Between 60 and 100 projects per 
year are expected to be required to comply with this ordinance.318   

The baseline water demand threshold would be calculated by Santa Monica based on the five-
year average water demand of the existing property.  Santa Monica will also adapt San Francisco’s 
water demand calculator, which will show comparisons of projected water demand based on dif-
ferent choices (plumbing fixtures, landscape, etc.) that will provide data for most development 
projects.  A program will be available to provide technical design assistance and identify new 
technologies that could help applicants achieve water neutrality.319  Santa Monica has also imple-
mented a water demand mitigation fee that is designed to fund water efficiency measures to offset 

                                                 
 

317 http://santamonicacityca.iqm2.com/Citizens/Detail_Meeting.aspx?ID=1093 
318 Santa Monica Staff Report Water Neutrality Ordinance; http://santamonicacityca.iqm2.com/Citizens/De-
tail_Meeting.aspx?ID=1093 
319 Santa Monica Staff Report Water Neutrality Ordinance; http://santamonicacityca.iqm2.com/Citizens/De-
tail_Meeting.aspx?ID=1093 

http://santamonicacityca.iqm2.com/Citizens/Detail_Meeting.aspx?ID=1093
http://santamonicacityca.iqm2.com/Citizens/Detail_Meeting.aspx?ID=1093
http://santamonicacityca.iqm2.com/Citizens/Detail_Meeting.aspx?ID=1093
http://santamonicacityca.iqm2.com/Citizens/Detail_Meeting.aspx?ID=1093
http://santamonicacityca.iqm2.com/Citizens/Detail_Meeting.aspx?ID=1093
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100% of the projected new demand of new development.  This fee is charged to SFR remodels 
that increase square footage by more than 50%, MFR remodels that add dwelling units, and non-
residential construction that changes water use or plumbing fixtures, adds seats in a restaurant, or 
increases the size.320   

D. Dewatering 

In certain parts of the City, dewatering must take place due to high levels of groundwater.  For 
example, in a few areas of the SFB, groundwater levels are close to the surface and pumping is 
required to lower groundwater levels to depths several feet below buildings or subterranean park-
ing structures.  In particular, this condition is present along Ventura Blvd on the south side of the 
SFB.  Building owners in the adjudicated basins of ULARA are required to meter the extracted 
groundwater, report the extractions to the ULARA Watermaster, and enter into an agreement with 
an affected rights holder in the basin (such as the City) to pay for the extracted volumes.321  For 
example, in FY 2012-2013, the BFI Sunshine Canyon Landfill dewatered 79.03 AF, Glenborough 
Realty dewatered 10.62 AF, and MWD dewatered 138.20 AF; the total dewatered volume charged 
to the City’s water rights was 310.61 AF.322  In most cases, this water is pumped out and sent to 
the stormwater drains.  In addition, numerous developments in the LA Basin from mid-Wilshire 
to the westside (Metro Purple Line, numerous developments with underground parking lots) also 
have extensive dewatering efforts. The quantity of water this represents is poorly quantified, but 
sending it to the ocean in storm drains is wasteful.   

This policy is a legacy from the past and the water in these high water table areas should be 
(and is starting to be) considered as a potential part of the water supply.  A City ordinance passed 
in April 2016 requires that “Where groundwater is being extracted and discharged, a system for 
onsite reuse of the groundwater shall be developed and constructed. Alternatively, the groundwa-
ter may be discharged to the sewer.323”  This effort to start capturing and reusing this water rather 
than wasting it to the oceans should be rigorously pursued and enforced.  The City is encouraged 
to develop funding programs to quantify flows at all dewatering sites of all sizes and types and 
identify opportunities to ensure the water can be recaptured for use.  The LA County Metropolitan 
Transportation Authority (Metro) should be required to work with the City to capture and reuse as 
much of the dewatered water as possible from their public transportation projects. Potential mech-
anisms to use this water include sending the water to WRPs so it can be treated and reinjected into 

                                                 
 

320 Alliance for Water Efficiency, Water Offset Policies for Water-Neutral Community Growth: a literature review 
and case study compilation. 2015. http://www.smgov.net/Departments/PublicWorks/ContentAd-
minSvcs.aspx?id=10809   
321 ULARA Annual Watermaster Report FY 2012-2013 p. 1-31 
322 ULARA Annual Watermaster Report FY 2012-2013 Table 2-5: 2012-2013 Private Party Pumping – SFB 
323 City of LA Ordinance 184248, Effective June 6 2016.  http://clkrep.lacity.org/onlinedocs/2015/15-
0458_ORD_184248_6-6-16.pdf 
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groundwater near the plants or replumbing the location such that the buildings can use the water 
on site for non-potable uses (e.g. toilets, irrigation, cooling towers). 

E. Conservation Impacts on Urban Stream Flow  

Imported water has significantly altered the timing and volume of streamflow in urban Los 
Angeles.  A recent study on the BC watershed showed runoff ratios above one (more streamflow 
than precipitation) prior to the implementation of conservation policies in the late 2000s, indicating 
that outdoor water use resulted in a significant contribution of water to urban streams.324  Evalua-
tion of water use during periods before and during conservation mandates showed a major decrease 
in streamflow in Ballona Creek with an average annual drop of 95 mm (36% of total flow).325  The 
largest decreases occurred during the summer, where a decrease of 20.8 mm (69% of summer 
streamflow) was observed, compared to the winter decrease of 18 mm (16% of winter streamflow).  

Diurnal cycles are also altered, with a slight shift to earlier daily peak streamflow noted. Since 
outdoor water use has been the primary target of water conservation efforts, it is likely that prior 
to conservation efforts, over-watering of lawns and other outdoor water use practices were con-
tributing to streamflow in the highly urbanized areas across the City. The difference between sum-
mer streamflow pre- vs. during-conservation in the Ballona Creek watershed is enough to serve 
160,000 customers annually in LA.326  If LA returns to more watering days, educating the public 
on proper irrigation rates is critical for ensuring efficient irrigation and conserving water.   

F. Impact of Irrigation on Evapotranspiration and Urban Temperature 

Irrigated landscapes also have significant impacts on urban temperatures and feedback to the 
local atmosphere. Recent work demonstrates significant sensitivity of surface turbulent fluxes to 
the incorporation of irrigation. Introducing anthropogenic moisture to vegetated pixels results in 
significant increases in latent heat flux and decreases in sensible flux, confirming the irrigation-
induced shift in the energy partitioning toward elevated latent heat fluxes.327 Anthropogenic mois-
ture contribution (i.e. irrigation) is mostly partitioned into ET and subsurface runoff. The heavily 
vegetated surfaces show the highest ET rates (87.08 mm month-1 over low intensity residential 
pixels) as highly developed surfaces produce lower ET rates (29.68 mm month-1 over indus-
trial/commercial pixels).   

                                                 
 

324 Manago, K., and T.S. Hogue, 2017: Urban streamflow response to imported water and water conservation poli-
cies in Los Angeles, California, JAWRA Volume 53, Issue 3 June 2017 Pages 626–640 
325 In the Manago, K., and T.S. Hogue, 2017 paper, the flow was normalized to area to compare between Ballona 
and Topanga so the units are in depth. 
326 Manago and Hogue 2017. 20.8mm depth runoff difference = 13.8 MGD = 15,456 AFY  
327 Vahmani, P., and T.S. Hogue, 2015: Urban Irrigation Effects on WRF-UCM Summertime Forecast Skill over the 
Los Angeles Metropolitan Area, JGR Atmospheres, DOI: 10.1002/2015JD023239 
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The cooling effects of irrigation on near surface air temperature are also evident over various 
urban types, with the largest influence over low intensity residential areas (average of 1.64 °C 
decrease) and the smallest influence over industrial/commercial areas (average of 1.12 °C de-
crease).328  The impact of irrigation on the urban energy and water cycles in arid and semi-arid 
regions is significant and results in significant cooling.  Changes to landscapes to reduce urban 
vegetation and related water consumption may also impact urban temperatures, and more studies 
are needed to evaluate vegetation cover types (native and non-native) and related ET and urban 
temperature response.   

G. The Language of Los Angeles’ Landscapes 

Cities in the Southwest such as Albuquerque and Las Vegas have achieved a sea change in 
landscaping aesthetics and practices.  They have recognized their water-limited environment and 
reached into the plant palate native to those regions to vegetate their public spaces, from parks to 
median strips, and they have encouraged the private sector to do the same.  As a result, outdoor 
water use has plummeted, but in addition, the landscaping reflects their climatic zone and the cities 
have an intrinsic identity and sense of place.  

Los Angeles has seasons; it has its own patterns that tend to be obscured and erased by habits 
of outdoor irrigation and the importation of exotic plants.  Clearly that is part of the attractiveness 
of the region: just about anything will grow given enough irrigation.  But in the water-scarce semi-
arid climate that characterizes the region, the increased reliance on imported water and the uncer-
tainty of future supplies, it is now time to embrace the landscapes that have evolved to thrive in 
this area.  LADWP needs to lead a cultural shift in expectations about landscapes in the city.  
LADWP should work with Recreation and Parks and the Bureau of Street Services to design and 
install landscapes on public properties throughout the City that include predominantly California 
native plants and landscape infrastructures that capture and reinfiltrate stormwater. 

The City should embrace its bio-region and the beauty of its native plants.  This will require a 
huge commitment and cultural shift to accepting that summers are dry and the plants adapted to 
these conditions can become seasonally brown, gray, yellow, and subtle colors of green.  Just like 
people do not expect deciduous trees to have leaves in the winter, southern California’s vegetation 
has adapted to the hot summer months in myriad ways.  The landscape palate now needs to reflect 
LA’s location.  The City can lead this effort by growing natives in its nurseries and developing co-
funded collaborative landscaping programs with pertinent City departments.  Pricing outdoor wa-
ter appropriately and attractive examples of landscaping with California natives, will help residents 
to shift to climate appropriate landscaping.  This has been effectively done in Las Vegas and in 
Albuquerque, among other cities. 

While developing the above recommendations, LADWP should enforce Executive Order B-
29-15, whicht requires residential properties implement water efficiency measures to reduce pota-
ble water use.  Ornamental turf should be replaced by native or Mediterranean climate plants on 

                                                 
 

328 Vahmani, P., and T.S. Hogue, 2015: Urban Irrigation Effects on WRF-UCM Summertime Forecast Skill over the 
Los Angeles Metropolitan Area, JGR Atmospheres, DOI: 10.1002/2015JD023239 
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public street medians.  All outdoor irrigation should be delivered by drip irrigation or microspray 
systems that are regulated by soil moisture sensors.  No automatic sprinklers that are not triggered 
by soil moisture information should be allowed. 

LADWP should also enforce the State Model Water Efficient Landscape Ordinance and con-
tinue to provide turf replacement incentive funding for residents and businesses.  One potential 
pathway to transform landscapes to be more water-efficient at older properties could be requiring 
landscape changes upon ownership transfer (perhaps supported by incentives).  LADWP should 
continue their use of the watershed approach to provide turf replacement rebates only for properties 
whose new landscapes include California-Friendly plants that cover over 50% of the area, mulch-
ing to retain soil moisture, and rain capture features (e.g., rain barrel, vegetated swale, infiltration 
trench).  Artificial turf should continue to be ineligible for City program funds.329  It does not 
support healthy ecosystems and it can contribute to stormwater runoff and contamination.  Further, 
artificial turf increases local heat gain and may contain toxic substances and shed plastic pellets.  
LADWP should also collaborate with and fund groups in the region providing new landscaping 
expertise, plants, educational courses, and job training. Courses for the garden maintenance sector 
that provide certificates in low water/native plant installation and maintenance that also include 
the use of electric or manual maintenance equipment should also be subsidized. 

The maintenance of tree canopy in the City is an important climate mitigation investment to 
reduce the urban heat island.  This will, however, require a far more rigorous approach to street 
tree selection, sourcing, and maintenance.  If a tree is to provide shade, it must have a large canopy 
and access to water.  LADWP will have to work closely with the Bureau of Street Services, the 
Mayor’s office, and other city agencies to implement a coordinated new approach to the City’s 
street trees, including choosing large canopy, drought tolerant trees that are placed in public me-
dian strips in ways that mitigate their exposure to traffic and damage.  This will require revising 
the codes and conventions currently used regarding street tree placement.  Also, the value of the 
trees to enhance LA’s urban ecology needs to be a factor in tree selection.  Further, the City needs 
to develop a funding stream to ensure high quality maintenance of this infrastructure to ensure it 
is functional.  Finally, LADWP and the Bureau of Street Services should start experimenting with 
using different plant material for different locations to reduce urban heat islands and building heat, 
including vertical plantings of vines, California native shrubs and small trees, and other vegetation. 

H. Water Pricing 

Pricing mechanisms such as tiered rates have been shown to be among the most effective 
mechanisms to reduce water consumption.330  Governor Brown’s Executive Order B-29-15 also 

                                                 
 

329 LADWP Cash In Your Lawn informational booklet: 
https://www.ladwp.com/cs/idcplg?IdcService=GET_FILE&dDocName=OPLADWPCCB621607&RevisionSelec-
tionMethod=LatestReleased  
330 Olmstead, S. M., W. M. Hanemann, and R. N. Stavins. 2007. “Water Demand under Alternative Price Struc-
tures,” J. Environ. Econ. Management 54 (2): 181‒98.; Baerenklau, K, K. Schwabe, and A. Dinar. 2014a. “The Res-
idential Water Demand Effect of Increasing Block Rate Water Budgets.” Land Economics. 90 (4): 683�99. ; 
Olmstead, S., and R. Stavins. 2008. “Comparing Price and Non-Price Approaches to Urban Water Conservation.” 
Discussion Paper 08-22, Resources for the Future. 

https://www.ladwp.com/cs/idcplg?IdcService=GET_FILE&dDocName=OPLADWPCCB621607&RevisionSelectionMethod=LatestReleased
https://www.ladwp.com/cs/idcplg?IdcService=GET_FILE&dDocName=OPLADWPCCB621607&RevisionSelectionMethod=LatestReleased
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directed the SWRCB to promote water conservation pricing mechanisms by directing urban water 
suppliers to develop rate structures and other pricing mechanisms that would be consistent with 
the statewide water use restrictions.  Setting tiered water rates in CA is a complicated endeavor 
due to Proposition 218, a voter-approved initiative in 1996 that limited local government agencies’ 
ability to raise rates without a clear nexus between the fees and the increased cost of service.   

This complexity was never clearer than in April 2015, when the ruling on the San Juan Ca-
pistrano (SJC) case, in which the Capistrano Taxpayers Association sued the city of SJC for poor 
justification of a tiered water rate structure as required by Proposition 218, was finalized.  During 
the same month, Governor Brown’s directive was issued to the SWRCB to promote water conser-
vation mechanisms that could include a broader use of tiered pricing.  The SJC case is the most 
recent chapter in a series of court decisions around this question of how and where water rates fall 
under Proposition 218 requirements.331  The court found that SJC had failed to demonstrate that 
the assigned tiers corresponded with the tiers of service, but also found that tiered rates themselves 
could be compatible with Proposition 218.332   

Therefore, as described in more detail in a paper published as part of this research, it is still 
possible to set tiered water rates that are linked to cost of service and thus potentially more defen-
sible from Proposition 218 lawsuits.333  A few examples of best practices in rate-setting are de-
scribed here; please see Mukherjee et al., 2016 for greater detail and discussion.  First, setting rates 
that are based on different sources of water supply in the portfolio (e.g., advanced treated recycled 
water, local groundwater, etc) can be an effective way of assigning higher rates to higher demand 
customers as higher demand can lead to the need to tap into more expensive sources.  Setting rates 
based on costs associated with the production (e.g., building a WRP), treatment (e.g, adding new 
advance treatment trains), storage, supply, and distribution (e.g., building new pipelines) is another 
potential option.   

Rates can be set based on a longer timeframe of capital cost or through considering the costs 
of water conservation and efficiency programs.  An alternate approach to ensure rate stability is 
incorporating fixed costs as a higher percentage of water rates so that agency revenues are not so 
tightly linked to consumption.  Another approach to water pricing is to develop water budgets per 
capita based on numbers of persons in the household, an approach used in Orange County.  This 
approach has been very successful in reducing water use while maintaining affordable indoor water 
rates.334  Throughout all of these rate-setting mechanisms, it is of paramount importance that rates 

                                                 
 

331 Kelly Salt 2016 
332 Kelly J Salt (2016) Adopting Conservation-Based Water Rates That meet Proposition 218 Requirements.  League 
of California Cities, May 4 2016 General Session,  https://www.cacities.org/Resources-Documents/Member-En-
gagement/Professional-Departments/City-Attorneys/Library/2016/Spring-2016/5-2016-Spring-Adopting-Conserva-
tion-Based-Water-Ra.aspx 
333 Mukherjee M, Mika K, Gold M, (2016) Overcoming the Challenges to Using Tiered Water Rates to Enhance 
Water Conservation, The CA Journal of Politics and Policy. http://escholarship.org/uc/item/9d19z2f8 
334 Mukherjee M 2016 http://escholarship.org/uc/item/9d19z2f8 

https://www.cacities.org/Resources-Documents/Member-Engagement/Professional-Departments/City-Attorneys/Library/2016/Spring-2016/5-2016-Spring-Adopting-Conservation-Based-Water-Ra.aspx
https://www.cacities.org/Resources-Documents/Member-Engagement/Professional-Departments/City-Attorneys/Library/2016/Spring-2016/5-2016-Spring-Adopting-Conservation-Based-Water-Ra.aspx
https://www.cacities.org/Resources-Documents/Member-Engagement/Professional-Departments/City-Attorneys/Library/2016/Spring-2016/5-2016-Spring-Adopting-Conservation-Based-Water-Ra.aspx
http://escholarship.org/uc/item/9d19z2f8
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are proportional to the cost of service as required under Proposition 218, and the rates must be 
justifiable and clearly linked to the costs of supplying water.335   

LADWP currently has a tiered pricing system that was updated in April 2016 after the first rate 
increase in seven years was approved.  The average annual water rate adjustments for the time 
period of the rate increase, 2016 to 2020, is 5.26%.336  Low-Use, Typical, and High-Use Residen-
tial volumes are 8 hundred cubic feet (HCF) / month, 12 HCF / month, and 27 HCF / month, 
respectively.337  In FY 2014-2015, SFR rates had two tiers depending on usage, $4.96 and $5.90 
per HCF (748 gallons) of water.  As of April 15, 2016, as part of the 2016 to 2020 rate increase, 
the number of SFR tiers was expanded to four to both better align with the costs of service (as 
determined by the 2015 LADWP Cost of Service Study) and encourage water conservation.338  In 
2016, Tier 1 through 4 prices ranged between $4.61 and $7.52 per HCF.339  MFR and Commercial, 
Governmental, and Industrial rates still consisted of 2 tiers.  The 5-year water revenue needs for 
this time period was estimated by LADWP as $330 million, 78% of which is required for infra-
structure improvements for reliability and water quality projects.  Conservation will also require 
funding, but it is not included in this cost estimate as the costs of increasing conservation are 
expected to be offset by the decrease in purchased water as demand decreases.340   

Tiered pricing has been shown to be highly effective at encouraging water conservation; DWP 
should look at a more steeply inclined rate structure in the near future.  The Irvine Ranch Water 
District (IRWD) has developed a successful rate structure that could provide a good starting point 
for this rate study.  A few components of IRWD’s rate structure are described here; please see the 
article developed through this research for additional information on this and other regional exam-
ples of tiered rates.341  IRWD employs a unit cost service-based approach to rate setting, in which 
the functional cost is divided by the number of billing units (in 100 cubic feet) of the projected 
water sales in the tier or tiers to which a functional cost is attributed.  The rate for the low-volume 
tier is based on the lowest-cost water supply source and the regular conservation cost.  In addition 
to the conservation cost, the cost of imported water and water banking are incorporated into the 
inefficient-tier rates, with the wasteful tier being the most expensive.   

Forecasting water sales and purchases is another important component of the IRWD rate set-
ting process; the forecast cost for water purchase is compared to the forecast revenue and rates are 
set to recover the cost.   In addition, IRWD follows an allocation-based tier structure designed to 

                                                 
 

335 Mukherjee M 2016 http://escholarship.org/uc/item/9d19z2f8 
336 http://www.myladwp.com/2016_2020_rate_request  
337 http://www.myladwp.com/2016_2020_rate_request  
338 http://www.myladwp.com/2016_2020_rate_request  
339 https://www.ladwp.com/ladwp/faces/ladwp/aboutus/a-financesandreports/a-fr-waterrares/a-fr-wr-schedu-
learesidential?_adf.ctrl-state=1dmhku6lht_4&_afrLoop=73790368450546, 
http://www.myladwp.com/2016_2020_rate_request  
340 LADWP Water System Rate Action Report, available here  
341 Mukherjee M 2016 http://escholarship.org/uc/item/9d19z2f8  

http://escholarship.org/uc/item/9d19z2f8
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recover commodity costs in which customers receive individualized water allocations based on 
their defined reasonable indoor and/or outdoor needs.  Allocations are based on property charac-
teristics and include factors such as the number of occupants, size of irrigated area, and local cli-
mate data, based on the IRWD cost of service approach.  Excessive and wasteful tiers were com-
bined into a single wasteful tier (anything at or above 131 percent) in the 2015 rates.342   

I. Data Needs  

While the pLAn establishes an overall gpcd goal (98.25 gpcd by 2035), the City has not estab-
lished spatially granular water baselines by land use type (SFR, MFR, commercial, institutional, 
and industrial) across its service territory by climate zones or addresses.  Doing so would enable 
the City to understand consumption variability across the region by coupling water use with socio-
demographic data, including, for example, renter/owner, number of residents, and income.  In the 
commercial and industrial sector, water use could be coupled to industrial classification codes to 
determine the type of industry and what kinds of water conservation initiatives would be appro-
priate.  Further, such a database would identify firms that may have introduced BMPs that could 
be replicated in the sector.  With no baseline and limited ability to track water use over time, it is 
very difficult to accurately calculate water use per capita or by commercial or industrial sector and 
to keep track of changes over time.   

To develop a spatially referenced baseline of water use will require the ability to match billing 
data to County Assessor parcel data, including parcel and building size, census data, and industrial 
classification code information, as well as commercial and institutional land use identification.  
With this data, it would be possible to conduct analyses by climate zone, industry type, household 
characteristics and lot size, and water prices.  In addition, additional water reporting and mapping 
is necessary to ascertain the results of the 2016 water pricing tiers on water use by geographical 
location, land use, parcel size, and socio-economics. 

VII. Financing Alternatives for Integrated Water Management343  

A. Introduction 

California has faced difficult constraints in financing public projects over the past several dec-
ades. California voters approved a series of constitutional reforms, starting with Proposition 13 in 
1978, and followed by Proposition 218 in 1996 and Proposition 26 in 2010.  These reforms have 
made it increasingly difficult for local water agencies and other governmental agencies to raise 

                                                 
 

342 IRWD Cost of Service Study, June 2015.  https://www.irwd.com/images/pdf/about-us/Fi-
nance/IRWD%20Cost%20of%20Service%20%20-%20Final%20%20062215.pdf  
343 This section was largely drafted by Jim Henderson and Bob Raucher of Abt Associates as UCLA’s consultants 
on the Sustainable LA Project; edits were made by this report’s authors text to add additional detail and discussion. 
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funds from local ratepayers. The reforms have also set up stricter requirements for new local and 
state taxes to support public projects. These restrictions have been enacted at the same time that 
the availability of federal funding has declined under federal budget pressures.344 

The water sector has historically relied heavily on locally generated revenues. Changes from 
the constitutional reforms severely limited local governments’ ability to use property tax revenues 
that had previously been an important source of revenue. And these measures leave considerable 
uncertainty about which types of charges may be adopted as fees and which must be enacted as 
taxes. Direct voter approval, often with a two-thirds voter majority, is required for any charge that 
now qualifies as a tax, and voters must also directly approve many fees.  

Water supply and wastewater utilities have been the least affected, in large part owing to their 
exemption from having to gain direct voter approval of rate increases. But flood protection and 
stormwater agencies must now get direct voter approval for fees related to flood protection and 
stormwater pollution reduction, and the burden is high for showing the direct connection to each 
parcel, such as by showing the depth of flooding. As an alternative, the flood control agency can 
try for a two-thirds majority popular vote or a majority vote of parcel owners on a special tax to 
support flood control and stormwater management activities. And for stormwater agencies, the 
burden is high because it is difficult to show proportionality of the costs to benefits on each prop-
erty for stormwater control.345  However, this burden may be lowered based on the recent Califor-
nia Supreme Court decision,346 which stated that conducting an initiative process to obtain signa-
tures from 15% of the County’s population to place the funding measure on the ballot would result 
in the need for only a simple majority of votes to pass (rather than the 2/3 majority if placed on the 
ballot by local governments).347  The application of this ruling may occur as early as 2018 for the 
LA County clean water measure vote in November. 

In 2014, AB2403 clarified the definition of “water” to include improvements for producing, 
storing, supplying, treating, or distributing water from any source. As a result, stormwater man-
agement, groundwater augmentation, water conservation, and similar activities have been added 
to Proposition 218’s definition of water.  The effect is to add these activities to the list of originally 
exempted services including sewer, water, or refuse collection services.348  As a result, stormwater 
projects that augment water supply could potentially raise funds through water rate increases.  
However, at the time of this writing, not one utility has attempted to increase water rates to cover 

                                                 
 

344 Hanak, E., B. Gray, J. Lund, D. Mitchell, C. Chappelle, A. Fahlund, K. Jessoe, J. Azuara, D. Misczynski, J. Na-
chbaur, R. Suddeth, 2014. Paying for Water In California. Public Policy Institute of California. March. 
http://www.ppic.org/content/pubs/report/R_314EHR.pdf  Accessed October 2016. (Hanak et al. 2014) 
345 Hanak, et al. 2014 
346 California Cannibis Coalition vs City of Upland  
347 “Did The California Supreme Court “Rip A Huge Hole” In Prop 13 & 218?” Ethan Elkind, August 28, 2017 
http://legal-planet.org/2017/08/28/california-supreme-court-rips-a-huge-hole-in-prop-13-218/ 
348 Senate Governance & Finance Committee. 2014. Property Related Fees. California State Legislature. 
http://www.leginfo.ca.gov/pub/13-14/bill/asm/ab_2401-2450/ab_2403_cfa_20140605_144125_sen_comm.html Ac-
cessed October 2016. (Senate Governance & Finance Committee, 2014) 
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stormwater capture or recharge by utilizing this approach.  The 2017 Assembly Bill 231 
(Hertzberg), which clarified the definition of sewers to include “services necessary to collect, treat, 
or dispose of … surface or storm waters” may facilitate increasing rates for stormwater services 
as well, but it remains to be seen how widely utilized AB231 will be.349  One of the rationales 
behind the push for this bill was the fact that Congress and the USEPA have regulated urban 
stormwater through the Municipal Separate Storm Sewer System (MS4) permits. 

These California constitutional reforms have affected local government agencies’ ability to use 
taxes and fees.  To meet goals (such as those in the Mayor of Los Angeles’ pLAn and the EWMPs) 
to significantly improve water quality, reduce imported water use, and shift towards sustainable 
use of local water sources by 2035, investments in water resources-related infrastructure are nec-
essary. The current funding landscape is not sufficient to cover the future expenses of implement-
ing these programs. By 2037, the total cumulative capital costs for the five EWMPs in which the 
City is either the lead or a participating agency are estimated to be $7.2 billion.350  LASAN recently 
drafted a five-year stormwater capital improvement program with an estimated implementation 
cost of $1.5 billion, with approximately $500 million going towards regional projects and $1 bil-
lion going towards green streets.351 

The costs of noncompliance could also be significant; per pollutant per day fines on WDRs 
can be levied under both the Federal Clean Water Act and California’s Porter-Cologne Act.  The 
maximum penalty per violation per day under the Clean Water Act is $32,500 and under Porter-
Cologne the maximum penalty is $25,000.352  The City participates in multiple TMDLs related to 
the following water bodies: LAR, LA Harbor, Dominguez Channel and Machado Lake, Santa 
Monica Bay, Ballona Creek and Estuary, and Echo Park Lake.  Rough estimates looking at the 
majority of the pollutants (159) included in these TMDLs demonstrate the potential for daily fines 
totaling approximately $4M under Porter-Cologne and $5.2M under the Clean Water Act (if all 
pollutants were exceeding standards daily). The potential annual liability to the city could be in 
the range of hundreds of millions of dollars per year. 

Currently available funding stems mainly from a 1993 Stormwater Pollutant Abatement 
Charge (SPAC) that generates approximately $29 million per year and a developer review fee that 
generates approximately $480,000 per year; both of these funding sources are fully allocated and 
insufficient to meet current needs.353 An ordinance to establish an MS4 permit compliance fee 

                                                 
 

349 SB 231 Local government: fees and charges (2017-2018) Hertzberg. https://leginfo.legisla-
ture.ca.gov/faces/billTextClient.xhtml?bill_id=201720180SB231  
350 Santana, Miguel, 2017. Funding Options for the Implementation Strategy for the Enhanced Watershed Manage-
ment Plans. Memorandum to Los Angeles City Council and Mayor from Miguel A Santana, City Administrative 
Officer. January 5, 2017. (Santana, 2017) 
351 (Santana, 2017) p.6 
352 Office of Chief Council, State Water Resources Control Board, Overview of California Water Quality Law 
(2008) https://www.waterboards.ca.gov/board_reference/docs/wq_law.pdf  
353 (Santana, 2017) p.6 
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based on LASAN staffing costs was approved in 2016, but its implementation has been delayed.354 
Therefore, additional funding must be obtained to implement these programs. The City is explor-
ing potential mechanisms to fund these important water management projects in a variety of fo-
rums, including in a recent report by the Office of the City Administrative Officer as well as in the 
OWLA research efforts.355 Some financing mechanisms are available to support an integrated wa-
ter resource management approach that relies on tapping local resources. Options range from new 
use fees imposed by local governments, to arrangements that allow collaboration between local 
entities to accomplish common goals, and sources of state and federal funding.   

B. Taxes, Fees, and Local Bonds  

LADWP and LASAN may consider what to finance internally from fees collected for water 
and wastewater service – also known as “pay as you go” financing. However, given the amount of 
investment needed over time, it makes sense to leverage LADWP’s revenue with debt financing. 
LADWP can issue bonds, including general obligation (GO) bonds and revenue bonds. GO bonds 
are backed by the municipality’s general property taxing authority, whereas revenue bonds are 
backed by revenues from water rates and charges. Proposition 13 and Proposition 218 limited the 
ability to increase property taxes in several ways, including a requirement for a 2/3 majority vote 
in a general election (or over 50% of property owners), but in some instances voters have given 
this 2/3 majority approval. The City currently uses GO bonds to fund stormwater projects under 
Proposition O Clean Water Bonds. However, bond funds cannot be used for programs or for op-
erations and maintenance of constructed projects. The City has a limit on its capacity to use reve-
nue bonds backed by revenue derived from rates, and this is already an important revenue source 
for the City’s existing capital improvement needs. 

Another opportunity for funding lies in measures or bond programs whose primary focus is 
not stormwater or water management, but which will provide opportunities to integrate these pro-
jects into those programs. Examples include the City of LA sidewalk repair program (Safe Side-
walks LA), and Measures A (County parks) and M (Metro public transit), which were both ap-
proved on November 8, 2016. Safe Sidewalks LA was approved by the LA City Council in No-
vember 2016 as a program that sets aside $1.4 billion over the next 30 years to repair sidewalks 
and make them more accessible; components of green street designs such as tree wells, curb cuts, 
and permeable pavement can be included in these repairs.  Measure A, the Los Angeles County 
Safe, Clean Neighborhood Parks and Beaches Measure, authorizes the LA County Regional Park 
and Open Space District to levy a special tax annually on improved parcels to upgrade parks and 
recreation centers; components of integrated water management such as drought tolerant plants, 
recycled water use, and stormwater capture and reuse may be implemented through this funding.356   

                                                 
 

354 (Santana, 2017) p.6 
355 (Santana, 2017) p.6 
356 LA County Measure A Website; http://file.lacounty.gov/SDSInter/dpr/247410_LARPOSDParksFunding-
Measure_OSDTAX_2016_06_22v7_finalSigned.pdf  
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Finally, Measure M is a half-cent sales tax that will allocate over $860 million per year to 
improving transportation and mobility options in LA County; Green Streets, which offer storm-
water management benefits, and Complete Streets are included in the items that can be funded.357  
With up to $120 billion dollars in investments over the next 40 years from Measure M, it is imper-
ative that all projects constructed with this funding meet the LID ordinance requirements.  This 
was not the case for much of Measure R funded public transit projects such as the Exposition Line 
segment in the city of LA.  In addition, any long-term construction project or significant street 
improvement project (by cost or length of street improved) should also meet LID ordinance re-
quirements.  

As mentioned above, the City has a SPAC, which is a yearly property tax that pays for part of 
the City’s stormwater program. The tax has generated an average of $29 million per year for the 
City’s program for the last four fiscal years.358 The SPAC was created in 1990 and last modified 
in 1993, prior to the passage of Proposition 218 and well before State and USEPA approval of any 
TMDLs for the region. The revenues from the fee are fully allocated to the City’s existing program 
and are not sufficient for addressing emerging water quality regulations. The Prop 218 vote re-
quirement has limited the City’s ability to consider raising stormwater fees to keep up with revenue 
requirements.359 However, the City Attorney’s Office has determined that due to AB 2403, a vote 
would not be required if the SPAC only funded stormwater projects or programs directly or indi-
rectly related to water supply.360  Examples of this type of project include an infiltration BMP with 
connectivity to a groundwater basin used for water supply or a stormwater capture cistern where 
the water is then used for park irrigation. 

Stormwater fees are an important funding mechanism to build and maintain stormwater infra-
structure nationally; based on a 2016 Black and Veatch national stormwater utility survey, 88% of 
utilities received more than 75% of their revenue from stormwater user fees.  Average monthly 
fees for SFR ranged widely, between $0.71 and $32.50 monthly ($8.50 and $390 annually).  It is 
important to note, however, that much of this variability was due to whether or not the fees covered 
the full “cost of service” or not.  For example, Seattle Public Utilities, with a fee of $32.50 per 
months, has defined the full cost of service and also recovers 97% of the stormwater costs of 
services through stormwater user fees.  San Diego, on the other hand, has a monthly stormwater 
fee of $0.95 ($11.40 annually), which covers approximately 50% of their stormwater fees (the 
remainder of the funding stems primarily from general taxes and parking citation revenue).  Kansas 

                                                 
 

357 http://theplan.metro.net/wp-content/uploads/2016/09/factsheet_measurem.pdf; http://theplan.metro.net/wp-con-
tent/uploads/2016/09/measurem_ordinance_16-01.pdf  
358 (Santana, 2017) p.6 
359 City of Los Angeles, 2009. Water Quality Compliance Master Plan for Urban Runoff. Watershed Protection Di-
vision, Bureau of Sanitation, Department of Public Works. http://www.lastormwater.org/wp-content/files_mf/wqcm-
pur.pdf Accessed November 2016. (City of Los Angeles, 2009) 
360 (Santana, 2017) 
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City, MO’s stormwater fee, at $3 per month ($36 per year) is designed to recover the stormwater 
‘operating’ costs; their stormwater capital costs are recovered through taxes.361   

A county-wide or City stormwater abatement fee is an important component in promoting 
stormwater capture. Over time, the City has considered increasing the SPAC, such as in a past 
proposal to increase the charge over a 5-year period starting in 2009-10.  Stormwater fees have 
already been passed in cities in the LA region.  Santa Monica, for example, has two stormwater 
parcel fees, the 1995 Stormwater Management User fee (flat fee) and the 2006 Clean Beaches and 
Ocean Parcel Tax (Measure V, which adjusts according to the Consumer Price Index).362  Measure 
CW (Clean Water, Clean Beach Parcel Tax) was passed in Culver City in 2016 by an almost 74% 
approval rate to pay for water quality improvements via a parcel tax on property owners.  The 
parcel taxes range by property type, starting at $69 per year for MFR, $99 per year for SFR, and 
ending at $1,096 per year per acre for nonresidential uses (prorated by portion of an acre).  Measure 
CW is expected to result in approximately $2.2 million per year to put towards urban runoff quality 
improvement projects.363   

After seven years of discussion and consideration, a county-wide stormwater fee, the Clean 
Water, Clean Beaches Initiative, was considered in 2013, but the LA County Board of Supervisors 
ultimately rejected the proposal to put a county-wide parcel tax on the 2014 ballot.  The proposed 
fee was $54 per parcel, which would have generated a projected $270 million per year.  With 
increased awareness due to the recent drought, the need to capture stormwater for local water sup-
ply is more pressing than water quality standards compliance alone, and a revised parcel tax is 
being considered for the countywide ballot in November 2018.  In May 2017, a motion “to increase 
public and stakeholder engagement on the development of [the Department of Public Works’] 
Water Resilience Plan and to develop an associated Expenditure Plan and parcel tax that would 
help advance critical stormwater capture and quality projects and programs throughout the county” 
was unanimously passed by the LA County Board of Supervisors.364  In addition, the legislature 
recently passed AB 1180 (Holden), which was signed in to law, thereby clearing the way for the 
LA County Flood Control District to create a stormwater fee or tax. 

Under Proposition 218 requirements, passing this tax would require either a vote of the public 
or a mail in ballot from property owners.  Each approach offers different pros and cons.  There 
may be wide-ranging support from the public, but a 2/3rd vote is required to pass the fee in this 
way.  A mail-in ballot to property owners, on the other hand, only requires a simple majority, but 
property owners often do not support taxes and fees at as high a level as the general public does.  

                                                 
 

361 Black and Veatch 2016 Stormwater Utility Survey. https://pages.bv.com/rs/916-IZV-611/images/2016-Storm-
water-Utility-Survey.pdf  
362 Urban Runoff Stormwater Parcel Fees https://www.smgov.net/Departments/OSE/Categories/Urban_Run-
off/Stormwater_Parcel_Fees.aspx  
363 http://www.culvercity.org/city-hall/information/election-information/ballot-measure-information/clean-culver-
city  
364 http://supervisorkuehl.com/h2o4la/  
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In addition, this is a decision that affects not only property owners, but also the many people that 
rent in LA, and a public vote offers the opportunity for all residents to provide input.  The majority 
required to pass may be lowered based on the recent California Supreme Court decision,365 which 
stated that conducting an initiative process to obtain signatures from 15% of the County’s popula-
tion to place the funding measure on the ballot would result in the need for only a simple majority 
to pass the measure (rather than the 2/3 majority if placed on the ballot by local governments).366     

C. Bonds  

a. State General Obligation Bonds – Proposition 1 

The voters of the State of California have authorized a series of bond issues since the year 2000 
to help address water resource management in California. The referendum known as Proposition 
1 is the latest such bond issue.  In total, Proposition 1 authorized $7.545 billion in general obliga-
tion bonds for water projects including surface and groundwater storage, ecosystem and watershed 
protection and restoration, and drinking water protection. Money for five of the programs will be 
administered by the SWRCB. This includes $625 million for water recycling, $200 million for 
stormwater, and $800 million for groundwater sustainability.367  Proposition 1 also allocated $260 
million for drinking water grants and loans for public water system improvements and related 
actions to meet safe drinking water standards and/or to ensure affordability.  These funds will be 
administered as part of the Drinking Water State Revolving Fund (DWSRF) program. 

Proposition 1 also authorized $510 million to continue the state’s Integrated Water Resource 
Management (IRWM) planning and implementation grant program. These funds are allocated to 
12 hydrologic region-based funding areas in the state, and awarded based on a competitive grant 
application process to IRWM regions within each funding area.368  However, none of this bond 
money can be spent on project O&M. 

The Los Angeles region currently has approximately $719 million worth of projects on the 
state funding priority list for Proposition 1 dollars.  If approved, this funding will leverage a total 
of $1.4 billion in project costs, according to the Priority State Funding List as of June 2016.369 
These applications either have been submitted already or will be submitted soon, and include a 
range of water sources such as groundwater, recycled water, and stormwater, as well as potential 
funds for LAR restoration.  The region is counting on these projects to accomplish its water man-
agement goals, including being able to meet the mayor’s goals for improving LA’s water resource 
self-sufficiency by reducing water imports by 50% by 2035. 

                                                 
 

365 California Cannibis Coalition vs City of Upland  
366 “Did The California Supreme Court “Rip A Huge Hole” In Prop 13 & 218?” Ethan Elkind, August 28, 2017 
http://legal-planet.org/2017/08/28/california-supreme-court-rips-a-huge-hole-in-prop-13-218/ 
367 California State Water Resources Control Board, undated c. Financial Assistance Funding - Grants and Loans. 
Proposition 1. http://www.waterboards.ca.gov/water_issues/programs/grants_loans/proposition1.shtml Accessed 
October 2016. (California State Water Resources Control Board, undated c) 
368 (California Department of Water Resources, undated) 
369 Personal communication 
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b. Green Bonds 

Green bonds are the same as traditional bonds, except that capital is raised to fund projects that 
have environmental benefits that investors choose to support. Green bonds are often climate-re-
lated, but can also be used to fund other environmentally sustainable purposes including water 
projects. Project types include clean energy, climate resilience, energy efficiency, low carbon 
transport, agriculture and forestry, and clean water/ stormwater, among others. Investors seeking 
socially responsible investment opportunities have expressed strong demand for green bond issu-
ances. The bonds are marketed as “green” at the time of issuance, with a full description of the 
project and its benefits. Issuers can choose to have third parties verify how the funds were used 
and the benefits achieved. Third party verification can add cost to the bond issuance, but can also 
help achieve a better interest rate. 

As an example, DC Water issued $350 million in taxable green bonds in 2014. These bonds 
were labeled “century bonds” because they were assigned a 100-year final maturity to match the 
expected useful life of the infrastructure, which was a deep tunnel system to transport combined 
stormwater and sewage to DC Water’s treatment plant as part of the DC Clean Rivers Project.  For 
comparison, DC Water typically issues 30-35 year tax exempt bonds to fund capital improvement 
projects. The bond issuance achieved green certification through an independent review on its 
green credentials for water quality benefits of remediating combined sewer overflows, climate 
resilience benefits related to flood mitigation, and quality of life improvements from promoting 
biodiversity and waterfront restoration.370  The 100-year maturity allows the utility to support in-
ter-generational equity by spreading the cost over time for all the generations that will benefit.  The 
bond was also took advantage of historically low interest rates; the bond offered a better return 
than the historically low US Treasury rate, but still provided a low cost of capital for the utility. 

c. Environmental Impact Bonds 

Environmental Impact Bonds (EIBs) are another type of bond.  EIBs are a ‘pay-for-perfor-
mance’ contract that is focused on environmental issues. The context for setting up successful 
EIBs includes a standardized metric, consistent annual payments, and the implementation of re-
quired government regulations.371 Stormwater, with its associated regulatory requirements and 
available metrics such as quantity of runoff or pollutant reduced, may offer a promising oppor-
tunity to implement EIBs. DC Water has partnered with Goldman Sachs and the Calvert Founda-
tion on the nation’s first EIB, which will fund the construction of green infrastructure to manage 
stormwater runoff and improve water quality.  The 30-year, $25 million dollar EIB will fund the 
construction of green infrastructure for a project in Rock Creek.   

                                                 
 

370 https://www.climatebonds.net/2014/07/dc-water-issues-aa-350m-%E2%80%98green-century-
bond%E2%80%99-%E2%80%93-yes-that%E2%80%99s-right-very-first-100-year-green Accessed March 2017 
371 Environmental Impact Bonds (2013) Available at: https://centers.fuqua.duke.edu/case/wp-content/up-
loads/sites/7/2015/01/Report_Nicola_EnvironmentalImpactBonds_2013.pdf as cited in Santana 2017.  
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The novelty of this EIB lies in that the cost of constructing the green infrastructure is paid by 
DC Water, but the performance risks of managing stormwater are shared.  The risks are shared 
through a variety of contingent payment options.  If the stormwater infrastructure performs as 
expected in terms of runoff reduction (between an 18.6 and 41.3% reduction), then no additional 
payments are due.  If the infrastructure underperforms, then the investors will make a Risk Share 
Payment of $3.3 million to DC Water.  If, on the other hand, the infrastructure over-performs, then 
DC Water will make a $3.3 million Outcome Payment to the investors for sharing in the risk.  The 
payment value is based on the interest to be paid on the EIB.372 

There are multiple potential benefits to this structure, including allowing DC Water to better 
manage a portion of the risk through the Risk Share Payment.  This will help DC Water recoup 
some of its investment if the green infrastructure does not capture the expected volumes of storm-
water.  Even more importantly, however, making the type of payments contingent on the effec-
tiveness of the green infrastructure creates a focus on the actual desired outcome (reducing storm-
water runoff and therefore improving water quality) rather than just a quantifiable output such as 
a certain number of impervious acres retrofitted with the infrastructure.373  This is a critical nuance 
that should be incorporated into all potential funding mechanisms as it will do two things: drive 
additional data collection to better characterize the relationship between outputs and outcomes and 
determine the effectiveness of these practices over time.  Further, the structure of this EIB is rep-
licable and scalable and could be applied to many communities that are working to manage storm-
water runoff and improve water quality.374   

d. Marks-Roos Bonds Pooling Act 

The Marks-Roos Bond Pooling Act was passed by the California legislature in 1985 to allow 
local governments greater flexibility in financing projects. The Act allows JPAs to pool bonds to 
finance projects. Bond pooling combines the financing of several projects into a single bond issue, 
with the idea that JPAs can save issuance costs with greater economies of scale. The Act also 
allows the use of financing leases and installment sale agreements as alternative frameworks for 
public borrowing. Agencies are allowed to market these obligations to the bond market as Marks-
Roos bonds rather than certificates of participation.375 

The Act authorizes JPAs to issue Marks-Roos bonds and loan the proceeds to local govern-
mental agencies to finance public capital improvements, working capital, and insurance programs. 

                                                 
 

372 Fact Sheet DC Water Environmental Impact Bond http://www.goldmansachs.com/media-relations/press-re-
leases/current/dc-water-environmental-impact-bond-fact-sheet.pdf Accessed March 2017 
373 Fact Sheet DC Water Environmental Impact Bond http://www.goldmansachs.com/media-relations/press-re-
leases/current/dc-water-environmental-impact-bond-fact-sheet.pdf Accessed March 2017 
374 Fact Sheet DC Water Environmental Impact Bond http://www.goldmansachs.com/media-relations/press-re-
leases/current/dc-water-environmental-impact-bond-fact-sheet.pdf Accessed March 2017 
375 Shea, Stephen. 1998. A Review of the Marks-Roos Local Bond Pooling Act of 1985. California Debt and Invest-
ment Advisory Commission. (Shea, 1998) 
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In addition, JPAs can purchase the bonds of local agencies, including Mello-Roos or Assessment 
District bonds, with the proceeds of Marks-Roos bonds.376  AB 850, approved in 2013, allows 
JPAs to issue rate reduction bonds to finance a utility project. Rate reduction bonds are asset-
backed securities that are structured to minimize borrowing costs by qualifying for AAA credit 
ratings, which allows borrowing at below-market rates. The bill grants JPAs the power to issue 
rate reduction bonds through December 31, 2020. JPAs can collect a utility project charge from 
customers of the publically owned utility to pay the financing costs of the rate reduction bond.377  
JPAs approve Marks-Roos bonds by passing a resolution, and therefore Marks-Roos bonds do not 
require voter approval.  However, there is a requirement for the JPA to make the finding prior to 
issuing bonds that the financing would result in significant public benefit.378 

D. Benefit Assessment Districts 

Benefit assessment districts were created by the California legislature in 1982. The district 
allows local government agencies such as cities, counties, and special districts to finance the 
maintenance and operation of facilities. Any local agency which is authorized by law to maintain 
streets, roads, or highways or maintain drainage or flood control services may impose a benefit 
assessment to pay for those services. The fees must directly and clearly benefit properties in the 
district. For flood control services, the benefit may be determined on the basis of the proportionate 
stormwater runoff from each parcel. A benefits assessment district is subject to Proposition 218 
requirements, and must achieve a majority vote from property owners to levy a fee.  These districts 
can be important funding mechanisms because they are one of the few mechanisms designed to 
fund ongoing O&M of facilities (as opposed to only capital funding).379 For example, the 
LACFCD is a benefit assessment district; the LACFCD annual benefit assessment for FY 2014-
2015 provided approximately $110.3 million for flood control purposes.380 

E. Mello-Roos Community Facilities Districts 

The Mello-Roos Community Facilities Act of 1982 allows local governments to establish a 
Mello-Roos special tax assessment district in a developing area to finance specific public facilities 
and services needed by that particular area. A Mello-Roos Community Facilities District (CFD) 
has bonding and taxing authority. Mello-Roos bonds can only be used to finance new or additional 
facilities and services. The bonds can be used to support public infrastructure including streets, 

                                                 
 

376 California Tax Data, undated. What is Marks-Roos? California Property Tax Information. Undated. www.califor-
niataxdata.com Accessed October 2016. (California Tax Data, undated) 
377 Senate Governance & Finance Committee. 2013. Rate Reduction Bonds for Local Utilities. California State Leg-
islature. http://www.leginfo.ca.gov/pub/13-14/bill/asm/ab_0801-
0850/ab_850_cfa_20130620_162015_sen_comm.html Accessed October 2016. (Senate Governance & Finance 
Committee, 2013) 
378 (California Tax Data, undated) 
379 (California Tax Data, undated) 
380 LOS ANGELES COUNTY FLOOD CONTROL DISTRICT ANNUAL BENEFIT ASSESSMENT – FISCAL 
YEAR 2014-15 CONTINUATION May 6, 2014 http://file.lacounty.gov/SDSInter/bos/supdocs/84813.pdf  
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water, sewage and drainage, electricity, infrastructure, schools, parks, and police protection to 
newly developing areas. Revenues are used to make the payments of principal and interest on the 
bonds. The tax is not levied on the assessed value of real property, and therefore does not conflict 
with Proposition 13 (which limits property taxes based on the assessed value of real property). 
California Proposition 218 requires a 2/3 voter approval to pass a Mello-Roos tax. The number of 
registered voters in a CFD can be very small. A real estate developer could be the only "voter" in 
such property owner elections that approve a Mello-Roos tax.381  

Mello-Roos financing is backed by a property lien, and that lien is superior to all mortgages, 
even if those mortgages pre-date the special tax or assessment lien. That superior status of the lien 
attracts investors to the Mello-Roos bonds.382  The benefit of a Mello-Roos district for developers 
is that funding from traditional funding sources like commercial banks is limited, and the Mello-
Roos vehicle preserves the developer’s credit with those sources for other purposes. Property own-
ers get the benefit of reduced financing rate because if these vehicles are used to finance publicly-
owned improvements, interest on the bonds is typically exempt from federal and state income 
taxes. The tax-exemption can decrease the special tax or assessment lien paid by the property be-
cause of the lower interest rate paid to purchasers of these bonds.383 

From 1992/93 through 2013/14, CFDs have issued $23.4 billion in debt on 2,039 separate bond 
issuances. Of the issuances reported in 2013/14, cities have issued the biggest share of Mello-Roos 
financing, at 44%, followed by school districts (29%), special districts (5%), JPAs (7%), commu-
nity service districts, and others. LA County hosts 7% of all outstanding Mello Roos debt in Cali-
fornia. Riverside County has the greatest share (23.6%) followed by Orange County at 15.9% and 
San Diego County at 10.6%.384 The City has nine CFDs, four of which have been terminated and 
three of which have issued bonds. Importantly, CFDs may be used to fund O&M costs as annual 
special tax levies could be used to fund qualified annual O&M costs.385  However, it is important 
to note that CFDs may have limited applicability in LA as much of the land is already developed.   

F. Enhanced Infrastructure Financing Districts 

In 2014, the California legislature created the Enhanced Infrastructure Financing District 
(EIFD), which is a governmental entity established by a city or county that allows access to tax 
increment financing to fund public infrastructure-related projects. With EIFDs, local governments 
must agree to allocate their tax increment to the EIFD.  EIFDs can be located anywhere and do not 

                                                 
 

381 (California Tax Data, undated). 
382 City of Los Angeles, undated. MelloRoos Policy. City Administrative Officer. http://cao.lacity.org/debt/Mello-
RoosPolicy.PDF Accessed March 2017. (City of Los Angeles, undated) 
383 (City of Los Angeles, undated) 
384  (California Debt and Investment Advisory Commission, 2014) 
385 Santana, 2017 Attachment, Section VIII 
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have to be in economically depressed areas.386  EIFDs require a city or county to establish a gov-
erning board for the authority and adopt an infrastructure financing plan with project eligibility 
requirements.  While a city or county can create an EIFD without a vote, an approval of 55% of 
the voters in the district is required to issue bonds.387  EIFD bonds can be up to 45 years from the 
date issued.388  An EIFD is likely to have the best funding leverage when more jurisdictions join 
the EIFD.  In the case of the proposed LAR EIFD, the potential revenue yield of $1.9 billion was 
roughly halved if LA County did not participate.389  Increasing the number of jurisdictions in-
volved also increased the potential yield; if Burbank, Glendale, and Vernon also participated in 
the EIFD, then the potential 30-year bond revenue yield was found to be as high as $2.3 billion.390 

EIFDs can fund a wide variety of project types. Traditional infrastructure projects are among 
the list of eligible project types – including roads, highways and bridges, parking facilities, transit 
stations, sewage and water facilities, flood control and drainage projects, and solid waste projects. 
EIFDs can also fund the purchase, construction, expansion, or improvement of properties with 
goals such as brownfield restoration, environmental mitigation, military base reuse, affordable 
housing, private industrial buildings, transit oriented development, and others.391 

EIFDs create a separate governmental entity to finance infrastructure improvement projects 
with community-wide benefits within a defined area. EIFDs are authorized to combine tax-incre-
ment funding with a wide variety of other permitted funding sources. For example, they can use 
development agreement fees, funds from the community facilities bond, funds from state and fed-
eral grants, Proposition 1 bond monies, and hotel and sales tax reimbursements. And a significant 
change is that a special district is now eligible to contribute to an EIFD. That means a flood-control 
district, a water district, or a sanitation district can contribute non-property-tax revenues (i.e. user 
fee charges).392 An EIFD can include funding from Mello-Roos districts and other special districts, 
but not from school districts. EIFDs are prohibited from funding O&M expenses, however, which 
is a critical gap in the city of LA’s funding ability that must be filled.  

Several potential disadvantages have been identified for EIFDs. First, the process of forming 
an EIFD may be lengthy and costly. Also, to satisfy Propositions 218 and 26, a proportionality 
analysis must be performed in the financing plan to establish the link between the tax payer and 

                                                 
 

386 League of California Cities, Analysis of SB 628 (EIFD). http://www.cacities.org/CMSPages/GetFile.aspx?no-
deguid=d8e42eca-7647-4f12-98d4-e93383abc48c&lang=en-US Accessed October 2016. (League of California Cit-
ies, undated) 
387 (League of California Cities, undated) 
388 Santana 2017 Attachment XI 
389 LA River City of LA EIFD Study; page 18 
390 LA River City of LA EIFD Study; page 18 
391 (League of California Cities, undated) 
392 Kosmont, L. 2016. EIFDs Are A New Local ‘Economic Development 2.0' Tool. The Planning Report. April 4. 
http://www.planningreport.com/2016/04/14/kosmont-eifds-are-new-local-economic-development-20-tool  Accessed 
October 2016.  (Kosmont, 2016) 
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the beneficiary. This is a potentially complex task, but one for which methods have been estab-
lished.393 Additionally, the property tax increment may already be assigned to specific purposes 
or be used in the general fund. In the case of the City of Los Angeles, the tax increment currently 
goes to the general fund and is not available for use unless it is re-assigned.394 

EIFDs are a new funding vehicle, and only one example exists (La Verne) in LA County at the 
time of this writing.  However, there are several projects in CA that could be supported through an 
EIFD, including the Bridge District Redevelopment Project in the City of West Sacramento, the 
Levi’s Stadium for the City and County of Santa Clara, and several projects in LA including the 
LA River Revitalization.395 The USACE has approved a $1.3 billion restoration plan (still awaiting 
the Congressional funding decision). The City is assessing opportunities to fund their share of the 
work involved in this plan; one potential funding opportunity is property tax increments through 
an EIFD along the LAR.  An EIFD that encompassed 1 mile on each side of the LAR going through 
the City has the potential to generate $1.9 billion, which could result in annual revenue yields as 
high as $250 million in the 30th year.396  The potential revenue yield would be much smaller, $460 
million, if only the 11-mile length of the LAR included in the ARBOR study was included within 
the EIFD.397  The LAR runs through some of the lowest-value property in LA County. The idea is 
that as the LAR becomes environmentally restored and aesthetically improved, with changes in 
the land-use of the property surrounding the river, the appreciation in the value of that property 
could pay for a significant portion of its restoration398  Many of these projects could also provide 
stormwater quality and potential water supply benefit as well. 

As these economic benefits are attained, however, care must also be taken to address the po-
tential for gentrification and displacement of the communities that currently live nearest the LAR.  
Research into these questions is currently being conducted; a recent study conducted by the City 
regarding the potential to create an EIFD along the LAR highlighted the importance to stakehold-
ers of ensuring that affordable housing is supported by any LAR-related EIFDs and conducted the 
analyses accordingly.399  The analysis, therefore, included a 20% set-aside for affordable housing 

                                                 
 

393 California Economic Summit, 2014. Funding Sustainable Communities: A How-To-Guide for Using New “En-
hanced Infrastructure Financing Districts” (EIFDs). https://cafwd.app.box.com/s/p8re0h7s6vkhm1st2uwq Accessed 
October 2016. (California Economic Summit, 2014) 
394 (Santana, 2017) 
395 Amador, C. 2016. Enhanced Infrastructure Financing Districts. Resource Guide to EIFDs. Produced by Califor-
nia Community Economic Development Association. February. http://cceda.com/wp-content/uploads/EIFD-Re-
source-Guide-Feb-20161.pdf  Accessed October 2016. (Amador, 2016)  This analysis states “an estimated $40 mil-
lion in EIFD funds are involved to launch the initial projects to be undertaken from the LA River Master Plan.” 
396 LA River City of LA EIFD Study p. 5 
397 LA River City of LA EIFD Study p. 5 
398 Pisano, M. and F. Silva. 2015. A New Tool for Urban Economic Development: EIFDs Demystified. The Plan-
ning Report. June 3. http://www.planningreport.com/2015/06/03/new-tool-urban-economic-development-eifds-de-
mystified  Accessed October 2016. (Pisano and Silva, 2015) 
399 LA River City of LA EIFD Study; page 17 http://clkrep.lacity.org/onlinedocs/2014/14-1349_misc_11-30-
2016.pdf  
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http://www.planningreport.com/2015/06/03/new-tool-urban-economic-development-eifds-demystified
http://clkrep.lacity.org/onlinedocs/2014/14-1349_misc_11-30-2016.pdf
http://clkrep.lacity.org/onlinedocs/2014/14-1349_misc_11-30-2016.pdf
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(approximately $380 million if the City and County of LA each contribute 75% of their tax incre-
ment).400  The study further looked at packaging the EIFD with other community development 
initiatives – specifically the city’s two existing Promise Zones in Central and South Los Angeles. 
The designation gives the neighborhoods an advantage when applying for federal grants for edu-
cation, job training, and economic development.401 

A recent USC Price School Capstone project also examined this question of the potential ben-
efits (e.g., economic investment, equal access to green space, increased ecological habitat) and 
burdens (e.g., gentrification, displacement, lack of affordable housing, loss of industrial land) of 
greening the LAR.  Recommendations included supporting affordable housing and rent control 
units; ensuring funding is prioritized for affordable housing, workforce development, and displace-
ment prevention; considering full cost and benefit ratios; and evaluating other revitalization efforts 
for best practices.402 

G. Joint Powers Authority 

A joint powers authority (JPA) is established when two or more governmental entities sign a 
contract under which they agree to jointly exercise any power common to those agencies.  This is 
permitted under Section 6502 of the CA state government code.403  JPAs can be formed as a sep-
arate entity, but a separate entity is not required. JPAs have covered a wide range of functions 
including water supply, transportation, open space, recreation, fire protection and others. JPAs can 
create a revenue stream or raise capital by selling bonds. JPAs are currently used for management 
of recycled water and stormwater in California, as well as for habitat conservation, redevelopment 
projects, regional transportation projects, regional wastewater projects, and other uses.  

JPAs are flexible and easy to form – members negotiate their levels of commitment and struc-
ture their own governing boards. The terms of the JPA agreement determines its size, structure, 
membership, and decision making authority. JPAs can save taxpayers money by combining the 
resources and services of the agencies involved.404 

                                                 
 

400 LA River City of LA EIFD Study page 23 
401 LA River City of LA EIFD Study page 26 
402 Jackie Alvarado, Xuelai (Sherry) Cao, Xie (Harmony) He, Madison Thesing, USC Sol Price School of Public 
Policy Capstone (May 2016) A Closer Look at L.A. River Revitalization and Displacement of Residents and Busi-
nesses Summary page http://www.cityprojectca.org/blog/archives/42105 (USC LA River Capstone 2016)  
403 “If authorized by their legislative or other governing bodies, two or more public agencies by agreement may 
jointly exercise any power common to the contracting parties, including, but not limited to, the authority to levy a 
fee, assessment, or tax, even though one or more of the contracting agencies may be located outside this state” 
http://leginfo.legislature.ca.gov/faces/codes_displaySection.xhtml?lawCode=GOV&sectionNum=6502  
404 Senate Local Government Committee, 2007. Governments Working Together. A Citizen’s Guide to Joint Powers 
Agreements. California State Legislature. August. http://sgf.senate.ca.gov/sites/sgf.senate.ca.gov/files/GWTFinal-
version2.pdf Accessed October 2016. (Senate Local Government Committee, 2007) 

http://www.cityprojectca.org/blog/archives/42105
http://leginfo.legislature.ca.gov/faces/codes_displaySection.xhtml?lawCode=GOV&sectionNum=6502
http://sgf.senate.ca.gov/sites/sgf.senate.ca.gov/files/GWTFinalversion2.pdf
http://sgf.senate.ca.gov/sites/sgf.senate.ca.gov/files/GWTFinalversion2.pdf
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JPAs can issue revenue bonds without holding an election provided that each of the JPA’s 
member agencies adopts a local ordinance (cities, counties and special districts must hold elec-
tions). However, JPAs cannot levy new taxes or assessments – revenues would come from new or 
existing fees collected by the member agencies, and those funds could be made available to the 
JPA. Some NGOs can participate in JPAs even though they are not public agencies (such as mutual 
water companies or tribal governments). JPAs are not bound by the requirement of cities to get 2/3 
approval from a vote to incur debt.  

The Santa Ana Regional Watershed Project Authority (SAWPA), is a successful regional ex-
ample of a JPA.  The agreement to formalize the current SAWPA agency, which has a mission to 
plan and build facilities to protect water quality in the Santa Ana River Watershed, went into effect 
in 1975.405  SAWPA is comprised of five member agencies: Eastern Municipal Water District, 
Inland Empire Utilities Agency, Orange County Water District, San Bernardino Valley Municipal 
Water District, and Western Municipal Water District.406   

The agreement to create SAWPA includes a description of the powers that all involved agen-
cies would have (e.g., incurring debts, issuing bonds, making and entering contracts) as part of the 
JPA.407  Thus, one of the potential benefits of participating in a JPA is the pooling of powers; an 
agency that did not previously have the power to incur debts may gain that power through a JPA 
if another participating agency does have that power.  The potential for conflict between member 
agencies of a JPA is one potential challenge for JPAs over time.  

JPAs are currently being implemented and considered in a couple of different arenas in the 
City.  LADWP has formed a JPA with Burbank Water and Power to receive low interest financing 
for mandated and local water supply projects.408  The City Council adopted ordinance 184369, 
which authorized the establishment of a JPA for water project financing in June 2016. LADWP 
will be the City’s lead agency and is working closely with LASAN for project alignment; this JPA 
could potentially fund EWMP projects (possibly in lieu of an increased SPAC) where they are also 
water resources projects.409  JPAs have further been proposed by LASAN in each of the five wa-
tersheds where they are participating in EWMPs; JPA formation would require Council and 
Mayoral approval. JPAs could not levy fees, but could pursue taxes or benefits within the confines 
of Proposition 218 requirements.  Although no revenue would be generated by these JPAs, the 
expertise and funding of all participating agencies could be leveraged to maximize benefits. This 
could also potentially assist on obtaining grant proposals as forming a JPA is one mechanism to 
demonstrate that the City is working collaboratively with other parties at a watershed-scale.410  

                                                 
 

405 http://www.sawpa.org/contact-us/  
406 http://www.sawpa.org/  
407 http://www.sawpa.org/wp-content/uploads/2012/06/JPA1975-Amends1-5.pdf  
408 www.myladwp.com/faq  
409 Santana 2017 Attachment III 
410 Santana 2017 Attachment VI 

http://www.sawpa.org/contact-us/
http://www.sawpa.org/
http://www.sawpa.org/wp-content/uploads/2012/06/JPA1975-Amends1-5.pdf
http://www.myladwp.com/faq


131 | S u s t a i n a b l e  L A  W a t e r  P r o j e c t  – L A  C i t y - w i d e  O v e r v i e w  R e p o r t  
 

H. Public Private Partnerships 

Public Private Partnerships (P3s) are a potential option that can bring private financing into 
public infrastructure projects, and often at the same time accelerate the timeline over which the 
projects can be implemented. A common form of P3 allows the private sector to design, build, 
operate, and finance (DBOF) a facility for all or part of the revenue from the service provided by 
the facility (tolls on a road, for instance) or for payments made by the public agency. The P3 
approach transfers the risk associated with the project to the private sector in exchange for dedi-
cating a revenue stream to the private entity.  As a drawback, localities must prioritize these reve-
nue payments to the private entities, which can limit funds for other crucial public services for 
budget-strapped California localities.  LASAN is currently exploring the potential to utilize P3s to 
manage stormwater, including a P3 opportunity with a golf course.411 A successful P3 at a golf 
course could potentially lead to partnering with other golf courses; all P3 opportunities should 
consider both stormwater and recycled water as potential sources wherever possible. 

A regional example of a P3 exists in the City of Santa Paula, CA, which entered into a P3 with 
a firm that provided 100% of the financing to replace their reclaimed water facility. In exchange, 
the private partner owns the facility and received a 30-year concession of a monthly service fee 
from Santa Paula. This service fee includes capital repayments based on an agreed schedule, cap-
ital replacements, fixed O&M cost, and variable O&M cost. The P3 option was attractive because 
it was cheaper and well designed. The private bid saved 15% on the costs compared to the design-
bid-build option the City had initially considered. The P3 option allowed Santa Paula to avoid $18 
million of construction costs and $1.8 million of yearly operating costs while increasing design 
capacity by 25%, reducing facility footprint by 70%, and reducing energy consumption by 30%. 
The arrangement provided cost certainty for Santa Paula in that the private partner assumed re-
sponsibility for any overruns, and guaranteed that energy usage would be at or below a specified 
level. In addition, the project was delivered 7 months ahead of schedule.412 However, the service 
fees on the plant contributed to rising sewer rates over time, and in 2015 Santa Paula decided it 
would be best to regain control by purchasing the plant from Alinda Capital Partners, the private 
partner. Santa Paula has started issuing rebates to its citizens.413  

In another example, Prince George’s County, Maryland partnered with a private agency that 
will assure compliance with the County’s MS4 permit by providing design, retrofit, and mainte-
nance of green infrastructure on an initial 2,000 acres of impervious area. There is an option for 

                                                 
 

411 Santana 2017 Attachment XI 
412 Perc Water, undated. Santa Paula Water Recycling Facility. Innovative Solutions to Municipal Wastewater Prob-
lems. https://issuu.com/percwater/docs/santa_paula_wrf_innovative_solution Accessed October 2016. (Perc Water, 
undated) 
413 Ivory, D., B. Protess, and G. Palmer. In American Towns, Private Profits from Public Works. The New York 
Times. December 24. https://www.nytimes.com/2016/12/24/business/dealbook/private-equity-water.html Accessed 
January 2017 (Ivory et al 2016) 

https://issuu.com/percwater/docs/santa_paula_wrf_innovative_solution
https://www.nytimes.com/2016/12/24/business/dealbook/private-equity-water.html
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another 2,000 acres after the initial 3-year term if the County is satisfied with the partnership. The 
County is expecting significant cost savings compared to the County’s traditional processes.414 

A local example of a stormwater P3 that provides benefits to multiple parties can be found 
with the Washington Boulevard Regional Diversion Project in Culver City. The Costco at this 
location purchased additional property and began a redevelopment project that triggered Culver 
City’s requirement that new and redevelopments above 5,000 square feet implement LID practices 
to capture and retain the 85th percentile storm on-site.  Culver City, as part of its EWMP process, 
was also looking at that area to construct a large regional BMP, and reached out to Costco to 
develop a project under their parking lot and the public right-of-way that would fulfill both 
Costco’s LID needs and Culver City’s stormwater capture goals for the Marina del Rey water-
shed.  This P3 resulted in the opportunity to share costs on both sides.  The original project goals 
included both on-site reuse and infiltration into the underlying West Coast Basin; however, site 
investigations revealed low soil infiltration rates, a high groundwater table, and the presence of 
brackish water, which led to changing the project to a system of sealed storage tanks to store up to 
4.5 AF of water per storm.  The captured runoff will have pre-treatment before storage, extensive 
vector control BMPs (especially for mosquitos), and be directed into a completely sealed system. 
The stormwater can be reused on-site for median/parkway irrigation until space is needed for sub-
sequent storms.  The remaining volume will be pumped to the City of LA’s HWRP to increase 
their flows for treatment and discharge or reused as recycled water.415 

Stormwater control provides other P3 examples - from stormwater credit trading programs to 
incentive programs that encourage green infrastructure investment. Philadelphia’s Greened Acre 
Retrofit Program (GARP) program engages private property owners and the private sector (includ-
ing stormwater solution companies, NGOs, and engineers) in stormwater management. Successful 
completion of stormwater control projects under Philadelphia’s program allows participants to re-
ceive credits towards their stormwater fees. GARP in particular encourages project aggregators to 
become involved – aggregators are private entities that gather multiple private property owners 
with opportunities for stormwater control and apply on behalf of all of those owners to the pro-
gram. Those aggregators could be companies that design, build, and operate stormwater control 
facilities, or they could be a business improvement district or NGO applying on behalf of multiple 
property owners. Aggregators reduce transaction costs and aim to achieve economies of scale in 
stormwater control.416 

                                                 
 

414 Clean Water Partnership, undated. Frequently Asked Questions. Prince George’s County/ Corvias Solutions. 
http://www.princegeorgescountymd.gov/DocumentCenter/View/274 Accessed October 2016. (Clean Water Partner-
ship, undated) 
415 Personal communication, Culver City, Young, 2017. 
416 Water Environment Federation (WEF), 2014. Innovative Financing Accelerates Stormwater Financing. Storm-
water Report. September 3. http://stormwater.wef.org/2014/09/innovative-financing/ Accessed October 2016. (WEF 
2014) 

http://www.princegeorgescountymd.gov/DocumentCenter/View/274
http://stormwater.wef.org/2014/09/innovative-financing/
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Credit trading programs can be set up to allow private property owners the ability to purchase 
stormwater credits to help meet stormwater control requirements. This can be helpful if purchasing 
stormwater credits is cheaper for achieving some or all of the stormwater retention required on 
their property. Washington D.C. established the first stormwater credit trading program in the U.S. 
Property owners can earn stormwater retention credits that can be used towards the stormwater 
retention requirements, and which can be sold to help others meet their obligations.417 Allowing 
stormwater credit trading can help achieve overall stormwater reduction goals at lower total cost. 

I. State Revolving Funds 

California has established state revolving funds (SRFs) for both drinking water and clean wa-
ter. Drinking Water SRF loans were established under 1996 amendments to the Safe Drinking 
Water Act, while Clean Water SRF (CWSRF) loans were authorized under the 1987 amendments 
to the Clean Water Act and amended under the 2014 Water Resources Reform and Development 
Act (WRRDA). Under these programs, the EPA provides grant funds to states, and states provide 
an additional 20% match to capitalize the funds. The states administer the programs as a revolving 
fund, receiving repayment and interest on loans and loaning the funds back out on revolving basis. 
States can set specific loan terms, with interest rates from zero percent to market rates and loan 
terms up to 30 years. 

In California, loan terms for the CWSRF are one-half of the most recent state general obliga-
tion (GO) bond rate at the time of funding approval, over a period up to 30 years depending on the 
life of the project. Small disadvantaged communities may receive 0% loans.418 The DRSRF loans 
funds at rate of 1.633% as of 2015 with repayment terms at 20 years, with 30 years allowed for 
disadvantaged communities.419  

The drinking and clean water programs are similarly sized in terms of the amount of funding 
they have been providing. The CA CWSRF provided almost $763 million in assistance in 2015, 
and has provided approximately $7.6 billion in assistance since its inception.420 The CA DWSRF 
provided approximately $104 million in 2015, and has provided $2.3 billion since inception.421  

                                                 
 

417 (WEF 2014) 
418 California State Water Resources Control Board, undated a. Below-Market Financing For Safe Drinking Water. 
Brochure. http://www.waterboards.ca.gov/drinking_water/services/funding/documents/srf/dwsrf_bro-
chure.pdfhttp://www.waterboards.ca.gov/drinking_water/services/funding/documents/srf/dwsrf_brochure.pdf Ac-
cessed October 2016. (California State Water Resources Control Board, undated a) 
419 California State Water Resources Control Board, undated b. Below-Market Financing, For Wastewater and Wa-
ter Quality. Brochure. http://www.waterboards.ca.gov/water_issues/pro-
grams/grants_loans/srf/docs/pubs/cwsrf_small_brochure.pdf  Accessed October 2016 (California State Water Re-
sources Control Board, undated b) 
420 US EPA. Undated a. Drinking Water SRF Program Information for the State of California. Federal and State In-
vestment Data Entered by EPA. https://www.epa.gov/sites/production/files/2016-03/documents/californi-
adwsrf15.pdf (U.S. EPA, undated a) 
421 US EPA. Undated b. Clean Water SRF Program Information for the State of California. Federal and State Invest-
ment Data Entered by EPA. https://www.epa.gov/sites/production/files/2016-04/documents/ca.pdf (U.S. EPA, un-
dated b) 

http://www.waterboards.ca.gov/drinking_water/services/funding/documents/srf/dwsrf_brochure.pdfhttp:/www.waterboards.ca.gov/drinking_water/services/funding/documents/srf/dwsrf_brochure.pdf
http://www.waterboards.ca.gov/drinking_water/services/funding/documents/srf/dwsrf_brochure.pdfhttp:/www.waterboards.ca.gov/drinking_water/services/funding/documents/srf/dwsrf_brochure.pdf
http://www.waterboards.ca.gov/water_issues/programs/grants_loans/srf/docs/pubs/cwsrf_small_brochure.pdf
http://www.waterboards.ca.gov/water_issues/programs/grants_loans/srf/docs/pubs/cwsrf_small_brochure.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/californiadwsrf15.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/californiadwsrf15.pdf
https://www.epa.gov/sites/production/files/2016-04/documents/ca.pdf
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SRF loans are a good source of below-market rate financing and can provide significant cost sav-
ings on the total cost of a project. Another advantage of SRF loans is that they can be a valuable 
funding source for projects that are jointly implemented with other agencies. 

Some challenges exist with regards to seeking SRF assistance. Projects must be “ready to pro-
ceed” (including CEQA documentation) and are added to a priority list that determines which 
projects will be funded. Communities unfamiliar with the SRF application process may find the 
initial steps lengthy and administratively burdensome. Also, as is common with most debt, SRF 
funds cannot be used to support the project’s O&M expenses. 

California also has an Infrastructure State Revolving Fund (ISRF), which is managed by the 
California Infrastructure and Economic Development Bank (IBank). The ISRF provides funding 
to public agencies and NGOs for infrastructure and economic development projects, excluding 
housing. ISRF Program funding is available in amounts ranging from $50,000 to a maximum of 
$25 million, with loan terms for the useful life of the project up to a maximum of 30 years. The 
interest rate is benchmarked to the Thompson Reuters Municipal Data (MMD) Index, and poten-
tially subsidized based on the unemployment rate of the area and median household income. Eli-
gible applicants include any subdivision of a local government, special districts, and joint powers 
authorities.422  The Transportation Investment Generating Economic Recovery (TIGER) program 
may also be a potential source of funding as one of its primary selection criteria for funding surface 
transportation projects is environmental sustainability (e.g., addressing stormwater through natural 
means for providing benefits such as groundwater recharge).423 

J. Conclusions and Recommendations 

The Los Angeles area, like all regions in California, historically relied on a mix of funding 
sources that was weighted heavily towards property tax revenue to finance public works projects. 
However, California local governments all face constitutional restrictions on the use of taxes and 
fees at a time when the availability of federal financing for infrastructure projects has been under 
increasing constraints. As described above, the recently passed AB2403 and AB231 and the recent 
California Supreme Court ruling that established the possibility of passing the stormwater fee with 
a 50% vote of the public may create an easier landscape to fund stormwater projects through rais-
ing rates or fees that reflect the cost of service of building and maintaining stormwater infrastruc-
ture.  California voters have approved a large amount of GO bonds from the state since the year 
2000, but these funds only go so far to solve regional water management funding needs. Most 
notably, GO bonds cannot fund infrastructure O&M. We highlight a few recommendations from 
the presented financing alternatives below. 

                                                 
 

422 California Financing Coordinating Committee, 2016. 2016 Funding Fairs. Infrastructure Financing for the 21st 
Century. http://www.cfcc.ca.gov/res/docs/2016/2016%20CFCC%20Workbook%20(Web%20Version).pdf Accessed 
October 2016. (California Financing Coordinating Committee, 2016) 
423 Santana, 2017 Attachment Section V(a)  https://www.transportation.gov/tiger  

http://www.cfcc.ca.gov/res/docs/2016/2016%20CFCC%20Workbook%20(Web%20Version).pdf
https://www.transportation.gov/tiger
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a. Operations and Maintenance 

The funding of O&M is critical to ensuring the success of stormwater management programs, 
in particular where the reduction in runoff volumes is used as a proxy for reductions in the pollu-
tants that must be managed.  Robust O&M programs are needed to not only ensure that BMPs are 
operating at their highest efficiency, but also to provide an avenue to collect data to better quantify 
the performance of these BMPs over time.  In many cases, stormwater BMPs may lose efficiency 
over time, which would result in lower-than-expected water quality benefits. A thorough under-
standing of the O&M needs and costs to maintain BMPs at optimal efficiencies is critical to ensure 
implemented programs achieve the water quality benefits expected based on design criteria and 
predicted from compliance modeling efforts. However, many funding mechanisms do not allow 
funding to be used for O&M of BMPs once they are installed, including CA state bonds.  

Outside funding for O&M is currently limited.  One of the reasons that outside funding for 
O&M is limited is that a best practice philosophy has been that utilities should include the full cost 
of O&M and replacement in their rates (full cost pricing).  However, this can be difficult when 
there is not a mechanism in place to specifically assess user charges; this is currently the case in 
supporting stormwater projects.  Further, the current need to implement a large variety of projects 
over a relatively short period of time to improve water quality (driven in large part by TMDLs) 
and increase local water supply (driven in part by recent drought) is resulting in a great deal of 
capital investment into building projects at one time.  This will come with correspondingly large 
associated O&M requirements simply because of the large number of projects that are being 
planned and implemented concurrently. 

As a result of these existing and future O&M costs, funding mechanisms that can fund O&M 
must be included in the suite of funding sources that are pursued to implement these projects.  
Mechanisms that can fund O&M include special taxes and parcel taxes, JPAs, P3s, and Benefit 
Assessment Districts. P3s can pay for O&M either directly by the private entity (e.g., if that entity 
is contracted to operate and maintain the facility) or indirectly, if there are payments from the 
private entity to the public entity (such as a concession for use of a public facility/asset where the 
private entity charges fees) that the public entity then uses to fund O&M.  JPAs can also fund 
O&M.  JPAs may be formed to address O&M (e.g., the San Francisquito Creek Joint Powers 
Authority) or directed to fund O&M.  However, the key with JPAs is that the rules associated with 
the ultimate funding source still apply.  Even if the JPA is issuing revenue bonds, the funds are 
backed by revenues and it is usually expected that O&M is funded from revenues.  Special Taxes 
and Parcel Taxes (a form of special taxes) can be used for O&M.  Benefit Assessment Districts 
can be used to fund O&M or utilities that share the use of existing facilities can split O&M costs.  

b. Funding and Grant Office 

Local governments should continue to apply for SRF funding and money from state bond is-
suances. The Los Angeles region has applied, or is in the process of applying, for over $700 million 
of Proposition 1 funds, which would leverage an even greater amount of project funding. As grants 
and other sources of funding for which it is necessary to submit applications will continue to be an 
important source of funding to implement integrated water management projects, the City should 
create a central grant-writing group to streamline the process of applying for grants and ensure 
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personnel with an appropriate technical and grant writing skill set are always available to pursue 
funding opportunities. 

A centralized grant writing office will provide a multitude of benefits.  These include the ability 
to assess projects occurring across a variety of departments to identify opportunities to submit 
multi-benefit proposals across many departments as well as ensure that grants from different de-
partments do not unnecessarily compete against each other. Also, the grant office should be shel-
tered from direct pressure from City Council members to build projects within their districts.  The 
grant office’s decisions on what grants to pursue should be based on the merits of a project and 
independent from political pressure. This office could also provide a structure within which pro-
jects at all stages, even those at the nascent stage, are compiled and organized to identify common 
themes and look for appropriate funding sources. This office should not only create a database of 
potential funding sources and available projects to be funded, but also take a broad, programmatic 
view and look for novel funding sources that could fund different pieces of the puzzle for long 
periods of time. OWLA is also in the process of developing a potential outline for what a funding 
office could look like to better assist the City in competitively applying for grants to move IWM 
forward that will be released along with the OWLA plan. 

c. Increased Agency Collaborations 

The question associated with a high cost for moving towards self-sufficiency in water use is – 
where else can the money come from? A variety of funding mechanisms and funding sources have 
been outlined above. Two key themes for funding sources to be explored further are: 1) can sig-
nificant funding growth be achieved by increasing cooperation between local governmental agen-
cies to fund multiple-benefit projects? And 2) what is the potential future role of private financing 
in public infrastructure? 

Increasing cooperation between local agencies is the key to several of the funding mechanisms 
that seem to have the greatest promise for increasing funding.  A comprehensive funding strategy 
is needed to achieve the investment required.  First, establishing a county-wide stormwater abate-
ment fee to meet regional stormwater management and capture goals, and/or increasing the City’s 
current SPAC to meet the City’s stormwater program goals, is an important step for facilitating 
the capture and use of the volume of stormwater that will be necessary to meet the water supply 
and water quality goals in the region.  An incentive program could accompany the fee increase. 
Such a program could provide credits against the stormwater fee to property owners that imple-
ment approved stormwater control measures on their properties. A credit trading program could 
be a potential addition to this approach, making it easier for private property owners to participate 
(even if installing stormwater control is too expensive on their properties) by purchasing credits 
that represent stormwater control on other properties and lowering the overall cost to society of 
stormwater control.  

As described above, Washington DC and Philadelphia have innovative stormwater credit trad-
ing or incentive programs to encourage green infrastructure. Philadelphia’s GARP program en-
gages private property owners and the private sector (including stormwater solution companies, 
NGOs, and engineers) in stormwater management.  Successful completion of stormwater control 
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projects under GARP allows participants to receive credits towards their stormwater fees.424  Un-
der Washington D.C.’s stormwater credit trading program, property owners can earn stormwater 
retention credits that can be used towards the stormwater retention requirements and sold to help 
others meet their obligations.425  The City could explore the efficacy and potential to implement a 
stormwater credit trading program using either a volume-based metric or concentration-based met-
ric to allow property owners to buy and sell stormwater capacity depending on their site’s charac-
teristics.  However, carefully defining acceptable stormwater projects to incentivize or require the 
use of multi-benefit projects will be critical at the beginning to maximize the program’s potential.  

Second, the City and its potential partners should consider a JPA or EIFD to provide a broader 
funding base. JPAs combine the authority of multiple agencies to issue bonds under a separate 
authority, and have flexibility in terms of the approvals needed. A particular opportunity is for the 
City to use a JPA under AB850 to issue rate reduction bonds to finance “utility projects.” The 
authority to issue such bonds expires on December 31, 2020. This would allow the City (and its 
partners) to fund water supply projects at below-market rates. 

Utilizing an EIFD should be investigated because it would potentially allow more flexible ac-
cess to property tax increments from the City and the County, and the potential to combine that 
funding with funding from other sources. Use of a property tax increment forms the basis for an 
EIFD. However, for the City, the property tax increments currently go to the general fund, and are 
already used to fund other priorities. Therefore, use of an EIFD would require a shift in priorities 
for use of the tax increment that may be difficult, but represents the type of commitment that is 
likely to be necessary to meet overall water supply funding needs. 

P3s appear to represent a source of funding that has not been tapped traditionally, and should 
also be investigated.  Local agencies have reported overall cost savings and certainty in financing 
that has made P3s attractive.  Part of the question for P3s is what scale of project funding is possible 
and appropriate given historical philosophical questions over the appropriateness of private own-
ership of assets operated to meet public goals, including potential long-term reduction of control 
over rates charged by the utility.  However, a significant amount of funding is needed and P3s 
represent a significant potential source of financing that could help meet near term water funding 
needs.  The region should also continue to develop local water sources under incentive programs 
created by MWD.  The City should continue to pursue potential partnerships with one or more 
agencies including MWD, West Basin MWD, Central Basin MWD, and WRD to upgrade HWRP 
to tertiary plus NDN treatment processes or even advanced treatment and to become part of a 
regional recycled water distribution system that will greatly increase local resources. 

Adjustments to water rates and sewer service charges could also provide funding for storm-
water projects where the project benefits overlap with other agencies’ needs (e.g., water supply or 
water quality). As mentioned above, AB 2403 offers an additional option to fund stormwater pro-
jects with a water supply nexus.  The City’s first step would be to identify the stormwater capture 

                                                 
 

424 Water Environment Federation (WEF), 2014. Innovative Financing Accelerates Stormwater Financing. Storm-
water Report. September 3. http://stormwater.wef.org/2014/09/innovative-financing/ Accessed October 2016. (WEF 
2014) 
425 (WEF 2014) 

http://stormwater.wef.org/2014/09/innovative-financing/
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and infiltration projects that will also augment local water supply.  Then, they would assess what 
the capital and O&M costs would be for these stormwater capture and infiltration projects.  Finally, 
the City would determine the water rate increase needed to pay for these local supply projects.  
Similarly, sewer service charges could be used to fund fecal bacteria TMDL projects. These TMDL 
projects could be eligible for funding because they protect public health from exposure to patho-
gens through managing runoff.  Again, the City would need to identify what projects fall into this 
category, assess what these projects cost (including O&M), and then determine what sewer service 
charge increase is needed to implement the projects.   
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VIII. Energy and GHG Impacts of Water Supplies 

A. Introduction  

Increased atmospheric concentrations of GHGs and aerosols drives climate change.  The in-
creased concentrations alter the energy balance of the climate system by disrupting the absorption, 
scattering, and emission of radiation.426  Major GHGs include carbon dioxide (CO2), methane 
(CH4), and nitrous oxide (N2O).  Although CO2 is the most prevalent of the three, CH4 and N2O 
also pose threats as the global warming potential (GWP) of each is higher than that of CO2.  The 
GWPs of CH4 and N2O are 25 and 298 times more than CO2, respectively.427  Human activities, 
such as the combustion of fossil fuels, are linked to the rapid increase of GHGs in the atmosphere.  
GHG-driven climate change is associated with future climate scenarios that predict an increase in 
frequency, duration, and severity of droughts.428   

GHG emissions regulations and policies exist at both a national level and a statewide level 
throughout California.  At the federal level, the EPA issued the Greenhouse Gas Reporting Rule 
in 2009.  Under this Rule, the EPA required facilities with emissions equal to or greater than 25,000 
metric tons (MT) of carbon dioxide equivalent (CO2e) to submit annual reports informing the 
agency of their GHG emissions data.  Emissions from even larger facilities are covered by the 
Prevention of Significant Deterioration (PSD) and Title V Operating Permit Programs GHG Tai-
loring Rule.  The PSD permitting program requires these facilities operate in compliance under a 
permit and covers new projects that emit GHG emissions of at least 100,000 tons/year, and modi-
fications at existing facilities that increase GHG emissions by at least 75,000 tons/year of CO2e.429  

At the state level, the California Global Warming Solutions Act of 2006 [Assembly Bill 32 
(AB 32)] requires by law that the California Air Resources Board (CARB) adopt rules and regu-
lations as part of a climate plan to reduce the state’s GHG emissions to 1990 levels by the year 
2020.430  This decrease represents an approximate reduction of 15 percent below the emissions of 
a “business as usual” scenario.431  The GHGs regulated by AB32 include CO2, CH4, N2O, sulfur 
hexafluoride (SF6), and nitrogen trifluoride (NF3) as well as two groups of GHGs, hydrofluoro-
carbons (HFCs) and perfluorocarbons (PFCs).432  To meet the AB32 goals, CARB had to adopt 

                                                 
 

426 Intergovernmental Panel on Climate Change. https://www.ipcc.ch/publications_and_data/ar4/syr/en/spms2.html. 
Accessed 10/11/2016 
427 CalEPA Air Resources Board, GWPs; https://www.arb.ca.gov/cc/inventory/background/gwp.htm  
428 Allen et al. “A global overview of drought and heat-induced tree mortality reveals emerging climate change risks 
for forests”. Forest Ecology and Management vol. 259.4. 2010. P.660-684. http://www.sciencedirect.com/science/ar-
ticle/pii/S037811270900615X. Accessed 10/11/2016. 
429 HWRP DGUP Draft EIR 2013 p. 54  
430 Discussion Paper for a Wastewater Treatment Plant Sector Greenhouse Gas Emissions Reporting Protocol. 
CH2M Hill 2007 p. 1-1 
431 California Air Resources Board Assembly Bill 32 Overview. https://www.arb.ca.gov/cc/ab32/ab32.htm. Ac-
cessed on 08/30/2016  
432 CARB AB 32 Overview. https://www.arb.ca.gov/cc/ab32/ab32.htm. Accessed on 08/30/2016 

https://www.ipcc.ch/publications_and_data/ar4/syr/en/spms2.html
https://www.arb.ca.gov/cc/inventory/background/gwp.htm
http://www.sciencedirect.com/science/article/pii/S037811270900615X
http://www.sciencedirect.com/science/article/pii/S037811270900615X
https://www.arb.ca.gov/cc/ab32/ab32.htm
https://www.arb.ca.gov/cc/ab32/ab32.htm
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regulations to mandate emissions reporting and verification.  Further, California’s Senate Bill No. 
32 requires that statewide GHG emissions are reduced to 40% below the 1990 level by 2030.433 

The Regulation for Mandatory Reporting of GHG Emissions (MRR), adopted in 2007, re-
quired electricity generation units, cement producers, lime manufacturers, nitric acid producers, 
petroleum refineries, geologic sequesters of CO2, and injectors of CO2 to report GHG emissions 
regardless of emissions levels.434  Facilities subject to MRR are required to monitor facility emis-
sions and submit emissions data reports to CARB.435  Data monitoring requirements include cali-
bration of devices and maintaining measurement device accuracy standards.  This involves the 
installation, operation, and maintenance of all measurement equipment, such as flow meters, in a 
manner to ensure accuracy within +/- 5%, as well as obtaining verification services for the data 
from these devices.436  MRR also required operators or facilities of stationary fuel combustion, 
glass production, hydrogen production, iron and steel production, pulp and paper manufacturing, 
petroleum and natural gas systems, geothermal electricity generation, and lead production to report 
GHG emissions if emissions exceed 10,000 MT CO2e for a calendar year.437   

The Cap and Trade program, one of the measures also developed for California’s climate plan 
that commenced in 2013, relies on data collected through MRR.  Through the Cap and Trade 
program, CARB set goals to reduce GHG emissions by implementing a statewide limit on the 
sources of GHG emissions.  The program will reduce GHG emissions through the use of allow-
ances and offsets in a market system for major emitters.  Entities that emit over 25,000 MT of CO2 
or CO2e will be required to report their emissions and comply with the Cap and Trade Program.438   

Multiple requirements and policy goals currently drive efforts to reduce emissions and increase 
the use of renewables at both City and state levels.  For example, in Senate Bill 350 (SB 350), 
California Governor Jerry Brown set a goal to generate 50% of the state’s electricity from renew-
able sources by 2030.  Energy goals in the pLAn include complete divestment from coal-fired 
power plants by 2025 and a reduction in GHG emissions to 60% below the 1990 baseline by 
2035.439  By 2050, the City plans to reduce GHG emissions even further, to 80% below the 2050 
baseline.  In 2014, LADWP derived more than half of its energy from coal and natural gas, with 
the remainder coming from a combination of nuclear, renewables, hydroelectric, “generic power,” 

                                                 
 

433 Senate Bill No. 32 https://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?bill_id=201520160SB32  
434 CARB Unofficial Electronic Version of the Regulation for the Mandatory Reporting of Greenhouse Gas Emis-
sions 2015 p. 2 
435 CARB Unofficial Electronic Version of the Regulation for the Mandatory Reporting of Greenhouse Gas Emis-
sions 2015 p. 76 
436 CARB Unofficial Electronic Version of the Regulation for the Mandatory Reporting of Greenhouse Gas Emis-
sions 2015 p. 81 
437 CARB Unofficial Electronic Version of the Regulation for the Mandatory Reporting of Greenhouse Gas Emis-
sions 2015 p. 2 
438 California Environmental Protection, Agency Air Resources Board: Overview of ARB Emissions Trading Pro-
gram 2015 https://www.arb.ca.gov/cc/capandtrade/guidance/cap_trade_overview.pdf. Accessed on 08/30/2016  
439 Los Angeles Sustainable City pLAn, p. 35 

https://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?bill_id=201520160SB32
https://www.arb.ca.gov/cc/capandtrade/guidance/cap_trade_overview.pdf
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and energy efficiency.  LADWP aims to reduce the GHG footprint of its power generation by 
eliminating coal from its power supply portfolio and increasing the percentage of power from nat-
ural gas and renewable energy.  Further, LADWP included a chapter on “Climate Change and 
Water and Energy Nexus” assessing the energy use and emissions of the various water sources in 
LADWP’s water portfolio in its 2015 UWMP.440   

In the presented work, we assess the GHG emissions of the three water supply portfolios de-
scribed earlier (WS 2013, WS City 2035, and WS Max 2035) in the context of two LADWP power 
portfolios to understand the effects of water and power sources on LADWP’s carbon footprint.  
The 2009 Climate Registry (TCR) Electric Power Sector (EPS) Protocol for the Voluntary Report-
ing Program was also used to calculate GHG emissions from specific power sources.   

B. Energy Footprint of Water Supplies 

a. LA Water Supplies 

The SWP carries water from northern California and the Bay-Delta and lifts it 2,000 feet over 
the Tehachapi Mountains, making it the most energy-intensive source of water.  In addition to 
going through a series of lift stations, SWP water also passes through energy production plants 
and thus the system both consumes and produces energy.  The LAAFP treats water at a rate of 34 
kilowatt-hours per acre-foot (kWh/AF).441  Jensen and Diemer both use ozone treatment, which 
requires 42 kWh/AF and 20 kWh/AF, respectively.442  Weymouth uses chlorine treatment (46 
kWh/AF), but is undergoing an upgrade to add ozone treatment to its train that is slated to be 
completed in 2017.  Like the SWP East Branch water, CRA water is treated at Weymouth and 
Diemer at a treatment energy intensity of 46 kWh/AF and 20 kWh/AF, respectively.443  

MWD imported water has the highest associated energy intensity in kWh/AF as a result of the 
energy required to transport the water through the SWP East and West Branches and the CRA.  A 
total of six pumps are required to lift water from the Bay-Delta to the beginning of the West and 
East branch split.  The West and East branches of the SWP each have one additional pump to 
convey the water to the respective terminuses.  Each of these three imported sources (SWP East, 
SWP West, and CRA) has different energy requirements.  Water that is pumped from the Bay-
Delta through the West Branch to Lake Castaic consumes an average net energy of 2,563 kWh/AF; 
water conveyed from the Bay-Delta through the East Branch requires an average of 3,115 
kWh/AF.444  However, the gross energy requirements (which do not include, for example, hydro-
power generated at Oroville Dam) are 4,110 kWh/AF and 4,520 kWh/AF for SWP West and SWP 

                                                 
 

440 LADWP UWMP 2015 Chapter 12.  
441 LADWP UWMP 2015 p. 12-24 
442 LADWP UWMP 2015 p 12-24 
443 LADWP UWMP 2015 p. 12-24 
444 Embedded Energy in Water Studies Study 1: Statewide and Regional Water-Energy Relationship Prepared for 
the California Public Utilities Commission Energy Division (2010) Figure 3.3 and Appendix C.2; available at: 
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East, respectively.445  Colorado River Water, transported through the CRA, is the third most energy 
intensive source of water for LA (after SWP East and SWP West).  2,000 kWh/AF is required to 
transport water through the CRA from Lake Havasu to Lake Mathews; this journey includes five 
pumping stations to achieve a lift of approximately 1,617 feet (ft). 446 

The LAA is an energy-producing gravity-fed system that supplies water from the Eastern Si-
erras.  Therefore, no conveyance power is required to bring water into the City through the LAA.  
In fact, the LAA generates approximately 4,736 kWh/AF from the flowing water on average, 
which is directly used to generate power.447  However, when taking into consideration the fact that 
not all water that flows through the LAA is used to generate power, and that some water is intro-
duced into the LAA downstream of a few of the power plants, the energy ultimately generated 
through the LAA is approximately 2,429 kWh/AF.448  For the purposes of this analysis, treatment 
energy intensity was not included for imported water supplies as the energy required is minimal 
(~33 kWh/AF) compared to that of pumping.449  Thus, LAA energy intensity was considered to 
be 0 since it is gravity-driven and requires no energy to move its water.  Energy generated by LAA 
is not included in LADWP’s total water system energy because it is not used to offset energy 
required for sources of water (e.g., pumping) but is instead sold to customers.450 

Extraction and treatment of groundwater accounts for about 7% of the total CO2 emissions of 
LADWP’s water portfolio.451  The energy intensity associated with groundwater supply in our 
analysis is pumping.  We used the average energy intensity (580 kWh/AF) for groundwater in the 
LADWP UWMP.452  It is important to note that the energy intensity of groundwater pumping can 
vary between locations based on groundwater levels, pump efficiencies, and the effect of water 
quality on well-pump operations.  Currently, no additional energy is associated with groundwater 
treatment.453  In addition, ramping up the volumes of groundwater in the LADWP water supply 
portfolio will require remediation that could increase the energy footprint associated with ground-
water as a component of the local water supply.  However, the energy footprint of groundwater is 
still expected to stay lower than, for example, imported water.454  

The energy associated with recycled water in this analysis is the energy required to pump the 
water to customers and the energy required to treat water past tertiary treatment levels to advanced 

                                                 
 

https://www.waterenergyinnovations.com/publication/view/cpuc-embedded-energy-in-water-studies-1-statewide-
and-regional-water-energy-relationship/  
445 CA DWR, personal communication 
446 LADWP UWMP 2015 p. 12-20 
447 LADWP UWMP 2015 p. 12-20 
448 UWMP. Chapter 12. P. 12-21 
449 LADWP UWMP 2015 p. 12-25, Exhibit 12P 
450 LADWP, personal communication 
451 LADWP UWMP 2015 p. 12-27, Exhibit 12R 
452 LADWP UWMP 2015 Chapter 12. p. 12-23 
453 LADWP, personal communication 
454 LADWP UWMP 2015 Chapter 12. p. 12-23 
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treatment.  As all plants that directly supply recycled water to LADWP apply tertiary treatment 
regardless of whether the water is reused or discharged, the energy expended up to the completion 
of tertiary treatment is considered a sunk cost.  Only the energy intensity of pumping associated 
with LAGWRP (614 kWh/AF) and DCTWRP (467 kWh/AF) are considered.  The energy intensity 
of advanced treatment after tertiary treatment, 2,318 kWh/AF, is considered at TIWRP; the energy 
footprint associated with WBMWD recycled water for Title 22 water that comes to the city (602 
kWh/AF) is also a component of the overall recycled water calculation.455  Thus, for consistency 
with the LADWP UWMP, the associated energy requirement of recycled water used in this anal-
ysis is the weighted average of the energy intensities of WBMWD recycled water, TIWRP ad-
vanced water, and pumping at LAGWRP and DCTWRP: 1,150 kWh/AF.456 

It is important to note that the energy and GHG emissions footprints associated with recycled 
water are subject to change as technologies evolve and depending on which parts of the treatment 
trains are included in the analysis.  We used 1,150 kWh/AF as the energy intensity of recycled 
water in this analysis for consistency with the LADWP UWMP across all water supplies.  As this 
energy intensity is also within likely energy ranges (1,060 kWh/AF to 1,300 kWh/AF) for AW-
TFs,457 we also used 1,150 kWh/AF in the 2035 scenarios to reflect the fact that some form of 
advanced treatment would likely be necessary to fully reuse recycled water. 

Additional options to provide water quality that are equivalent to MFRO-treated water for a 
lower energy footprint may be possible in the future; this would in turn impact the GHG footprint 
of increasing the volumes of water recycled.  For example, the recently released WRD GBMP 
outlined detailed energy intensity values for different processes of advanced treatment that could 
be used for groundwater recharge.  For example, the treatment and conveyance energy values are 
reported as 980 kWh/AF for full advanced treated recycled water, 770 kWh/AF for nanofiltration, 
and 2,500 kWh/AF for treated imported MWD water.458 

We used the energy required to pump water throughout the LADWP distribution system to 
represent the stormwater supply energy intensity in this analysis due to a lack of data and studies 
quantifying the energy required for centralized stormwater capture and distribution.  The LADWP 
distribution system includes 78 pump stations and 7,263 miles of distribution main; the average 
energy intensity is approximately 174 kWh/AF.459  In this analysis, we assume the only required 
energy associated with stormwater is the energy necessary to move it as stormwater recharge ef-
forts currently do not require additional treatment (unlike stormwater capture and reuse projects).  

                                                 
 

455 LADWP UWMP 2015 p. 12-23 
456 LADWP UWMP 2015 p. 12-23; A recent study done for LASAN and LADWP that evaluated energy consump-
tion and water flow data from 2008 to 2015 found the overall average energy intensity values for HWRP, LAG-
WRP, DCTWRP, and TIWRP to be 513 kWh/AF, 504 kWh/AF, 526 kWh/AF, and 970 kWh/AF respectively 
457 Framework for Direct Potable Reuse, WateReuse, American Water Works Association, Water Environment Fed-
eration, National Water Research Institute. Editors Jeffrey Mosher, Gina Melin Vartanian. 2015. P. 14 Available at 
https://watereuse.org/watereuse-research/framework-for-direct-potable-reuse/ (Framework for DPR 2015) 
458 WRD GBMP 2016 p. 5-30, Table 5-13 
459 LADWP UWMP 2015 p. 12-24 
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The energy associated with stormwater could vary depending on the specific project; for example, 
if rainfall flows to spreading grounds for infiltration into the groundwater basins by gravity, then 
no energy would be required.  This assumption of zero required energy (0 kWh/AF) for stormwater 
is made in WRD’s GBMP.460  It is also possible in certain cases that energy intensity could be 
higher.  For example, increasing stormwater capture to the degree that runoff from relatively con-
taminated sites will be captured may require additional treatment before the stormwater can be 
reused or infiltrated to protect water quality.  

An initial study for the Goldsworthy desalter expansion reported that the CO2e emissions at 
the facility amount to 1,691 tons per year, which is equivalent to about 0.54 tons of CO2e/AF.461  
Based on electricity consumption and water production from June 7 to July 7, 2005, energy con-
sumption at Goldsworthy was 1,274 kWh / AF (3.91 kWh / kgal).462  Per the Environmental Impact 
Assessment for the North Pleasant Valley Desalter, the emissions for operating the desalter could 
be up to 3,335 tons of CO2e per year, which amounts to about 0.44 tons CO2e/AF.463  Reverse 
osmosis desalting treatments like those used in the abovementioned facilities have been reported 
to consume less energy than thermal technologies like multi-effect distillation (7,400-12,330 
kWh/AF) and multi-stage flash (16,650-28,990 kWh/AF).464  The energy footprint for brackish 
water desalination was found to be as low as 1,233 kWh/AF compared to 4,564 kWh / AF for 
seawater desalination.465  In one seawater desalination plant of about 15,000 AFY, the energy use 
was 4,465 kWh/AF; 77% of the total energy use was utilized within the high pressure system 
required to push water through the filter membranes.466  

Although the energy footprint of filtration and reverse osmosis technologies is lower than ther-
mal technologies when treating the same types of water, the energy footprint of treating seawater 
is higher than treating more dilute brackish groundwater or recycled water with either technology.  
Cornejo et al (2014) reported that energy use for water desalination via reverse osmosis ranged 
between 4,930 and 5,500 kWh per acre foot.467  It is generally accepted that seawater desalination 
requires significantly more energy than brackish desalination.  Brackish desalination has a lower 

                                                 
 

460 WRD GBMP 2016 p. 5-30, Table 5-13 
461 CH2MHILL. Initial Study: Robert W. Goldsworthy Desalter Expansion Project. 2013. Chapter 3. P. 3-13;  calcu-
lation: 1,691 tons / 2.75 MGD 
462 Evaluation of Dynamic Energy Consumption of Advanced Water and Wastewater Treatment Technologies, 
AWWA, 2008 YuJung Chang, David J. Reardon, Pierre Kwan, Glen Boyd, and Jonathan Brant. Kerwin L. Rakness, 
David Furukawa; available at: https://www.waterrf.org/publicreportlibrary/91231.pdf 
463 Padre Associates Inc. Draft Environmental Impact Report: Environmental Assessment for the North Pleasant 
Valley Groundwater Treatment Facility. 2014. Chapter 5. P. 5.5-5: calculated as in footnote 95 (CH2MHILL. Initial 
Study: Robert W. Goldsworthy Desalter Expansion Project. 2013. Chapter 3. P. 3-13) 
464 Cornejo et al. Carbon Footprint of Water Reuse and Desalination: A Review of Greenhouse Gas Emissions and 
Estimation Tools.  Journal of Water Reuse and Desalination. 2014. P. 243 
465 Semiat, Raphael. Energy in Desalination Processes. Env Science and Technology. Vol. 42, No. 22. 2008. 
466 Semiat, Raphael. Energy in Desalination Processes. Env Science and Technology. Vol. 42, No. 22. 2008. P. 8195. 
467 Cornejo et al. Carbon Footprint of Water Reuse and Desalination: A Review of Greenhouse Gas Emissions and 
Estimation Tools.  Journal of Water Reuse and Desalination. 2014. P. 242 



145 | S u s t a i n a b l e  L A  W a t e r  P r o j e c t  – L A  C i t y - w i d e  O v e r v i e w  R e p o r t  
 

carbon footprint than seawater desalination because there is a lower level of salt rejection required 
to meet treated water standards.468  A typical recovery rate for seawater desalination is 50%.469  A 
local example of this recovery rate is exhibited at the Carlsbad Seawater Desalination Plant: 104 
MGD of seawater inflow would produce 50 MGD of desalinated water, which yields a 48% re-
covery rate.470  These seawater desalination recovery rates are much lower than the 80%-plus re-
covery rates described above for local brackish groundwater desalters, which contributes to the 
higher energy cost per AF of water supply from seawater desalination.  

In addition to a lower recovery rate, studies show that seawater desalination results in higher 
GHG emissions.  Schneider et al (2015) found that seawater desalination yields 2.4 times more 
CO2e/AF than water reclamation or recycling.471  Other studies found that, depending on its sa-
linity and pretreatment levels, the power required to desalinate water through RO emits between 
0.5 to 5.4 tons of CO2e/AF.  A higher pretreatment level by either conventional means (e.g., gran-
ular activated carbon) or advanced means (e.g., membrane filtration) achieves a lower footprint 
for the RO system.  Seawater requires a higher level of pretreatment and therefore is on the higher 
end of the footprint (up to 5.4 tons of CO2/AF).472  

b. Additional Wastewater Treatment Options 

As briefly discussed above, the average treatment energy intensity of recycled water depends 
on a variety of factors, including the treatment processes at each plant.  Separate studies have 
documented different energy intensities for a variety of treatment stages and processes.  For ex-
ample, Fine and Hadas (2011) found that treating water to secondary effluent standards in a 94 
MGD plant in Tel Aviv required approximately 633 kWh/AF while 1,237 kWh/AF was required 
to treat water to tertiary standards with NdN.473  Mo and Zhang measured energy use in a municipal 
wastewater system in Tampa that treats 12 MGD of recycled water with NdN at an intensity of 
1,456 kWh/AF.474  In NdN systems, a large part of the energy footprint (between 50 and 70% of 
the total process energy consumption) can be attributed to the aeration basins.475  The literature on 

                                                 
 

468 Ibid. P. 242 
469 Semiat, Raphael. Energy in Desalination Processes. Environmental Science and Technology. Vol. 42, No. 22. 
2008.  
470City of Carlsbad. Precise Development Plan and Desalination Plant Project. Section 3. P. 3-1; 3-18 
471 Schneider et al. Impact of Direct Greenhouse Gas Emissions on the Carbon Footprint of Water Reclamation Pro-
cesses Employing Nitrification–Denitrification.  Science of the Total Environment. 2015. P. 1167 
472 Cornejo et al. Carbon Footprint of Water Reuse and Desalination: A Review of Greenhouse Gas Emissions and 
Estimation Tools.  Journal of Water Reuse and Desalination. 2014. P. 242 
473 Fine and Hadas. Options to Reduce Greenhouse Gas Emissions During Wastewater Treatment for Agricultural 
Use.  Science of the Total Environment. 2011. P. 290. 
474 Mo, Weiwei and Zhang, Qiong. Can wastewater treatment systems be carbon neutral? Journal of Environmental 
Mangement 2012. 112 p. 360-367  
475Aymerich, Ignasi, et al. The difference between energy consumption and energy cost: Modelling energy tariff 
structures for water resource recovery facilities. 2015. P. 114. 
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this subject emphasizes the importance of looking at local systems for power consumption and 
emissions given the variety of treatment technologies that exist. 

Looking in greater detail at the energy requirements of different stages of a treatment process 
can provide insights into the areas that require the most energy.  For example, one potential break-
down of the energy expenditures for the advanced oxidation process treatment found in the litera-
ture is as follows: 3% Pumping, 4% Primary clarification, 16% Secondary clarification, 21% Mi-
crofiltration, 49% Reverse Osmosis, and 7% Advanced oxidation process. 476  This breakdown is 
consistent with a significant increase in energy use as a result of the higher energy needs of MFRO 
treatment compared to other treatment trains, but it would still be lower than importing water.  The 
advanced oxidation process also has a lower energy footprint than MFRO in this breakdown. 

An alternative treatment to MFRO and AOP is the use of membrane bioreactors (MBRs), 
which are currently being considered to add 5 MGD of advanced water treatment capacity at 
HWRP.  MBR may require less energy than MFRO.  For example, Fenu et al (2010) found in a 
study and energy audit of an MBR system that an MBR system treating approximately 2,500 AFY 
consumed approximately 789 kWh/AF.477  Similar effluent flows can be handled at a similar foot-
print when compared to a conventional activated sludge (CAS) train with advanced treatment 
through ultrafiltration, RO, and ultraviolet (UV) disinfection.  The CAS train at a treatment facility 
in Schilde, Belgium treated about 10,000 AFY at an energy intensity ranging between 620 and 731 
kWh/AF.478  The specific energy of UV disinfection ranges between 49 and 160 kWh/AF.479   

However, it is important to note that MBR systems have widely variable energy requirements 
and thus care must be taken to ensure that planned MBR systems will be energy-efficient relative 
to other treatment trains being considered.  MBR systems must also be appropriate for the size of 
the project.  One published literature review found the energy required to run MBR facilities 
ranged between approximately 990 and 1,500 kWh/AF.480  Another from 2017 found an even 
wider range, from 740 to 2,339 kWh/AF.481  In addition, since MBR alone may not provide the 
treatment level necessary to meet all required standards depending on the intended use, an addi-
tional treatment step such as RO may be required in addition to MBR (which would increase the 
energy requirements substantially).   

c. The Array of Water Supply Options 

As a result of this wide variability in energy needs, the mix of water sources can have a large 
impact on the energy footprint required to supply water to the City.  In general, ocean desalination 
is the most energy intensive potential water source in the region, followed by imported water 

                                                 
 

476 Cornejo et al. Carbon Footprint of Water Reuse and Desalination: A Review of Greenhouse Gas Emissions and 
Estimation Tools.  Journal of Water Reuse and Desalination. 2014. P. 244 
477 Fenu et al. Energy Audit of a Full Scale MBR System. Desalination. 2010. P. 122 
478 Fenu et al. Energy Audit of a Full Scale MBR System. Desalination. 2010. P. ? 
479 Fenu et al. Energy Audit of a Full Scale MBR System. Desalination. 2010. P. 124 
480 Fenu et al. Energy Audit of a Full Scale MBR System. Desalination. 2010. P. 124 
481 Krzeminski P. et al, Membrane bioreactors – A review on recent developments in energy reduction, fouling con-
trol, novel configurations, LCA and market prospects. Journal of Membrane Science 527 (2017) p 207-227 
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sourced through the CRA and the SWP (Table 8.1).  The energy requirements for advanced water 
treatment overlap with the low end of the range for desalinating brackish water.  Secondary and 
tertiary treatment have much lower energy requirements than other more advanced treatment 
trains.  However, the ability to reuse this recycled water would be far lower than with the other 
options described as this treatment level would not be high enough for all uses (e.g., potable reuse).   

Energy requirements vary not only among water sources, but also within water sources (Table 
8.1).  For example, the high end of the energy range for AWTF (2,020 kWh/AF) is double that of 
the low-end (1,010 kWh/AF), and there is an even greater difference between the low and high 
end of the energy requirements for MBR (740 to 2,839 kWh/AF, Table 8.1).  Therefore, it is im-
portant to consider the range of energy uses that are possible within treatment types as well as 
among treatment types in City planning efforts as these differences can be significant.    

Technology / Water Source 
Energy Range482 
kWh/AF 

Conventional water treatment 98 130 
Membrane-based water treatment 326 489 
Secondary Treatment without nutrient removal 342 456 
Tertiary treatment with nutrient removal and effluent filtration 521 635 
Membrane Bioreactor (MBR) 740 2,839 
Brackish water desalination 1,010 2,020 
AWTF483  1,059 1,303 
Inter-basin transfer of Water CO River water 2,004 2,411 
Inter-basin transfer of Water CA SWP 2,581 3,232 
Ocean desalination 3,096 4,806 

Table 8.1.  Energy requirements for a variety of water and wastewater treatment trains. 

C. Power Portfolios 

In addition to the variability in energy requirements among water sources, the power sources 
used to supply this water can also impact the GHG emissions of supplying the City with water.  
We assessed the impacts of a recent power mix (PP 2014) and a potential future power mix that 
reflects the 50% renewable energy requirements in SB 350 (PP 2035) on these emissions.  
LADWP’s power mix was used to calculate GHG emissions for groundwater, recycled water, and 
stormwater.  The power mix used to pump CRA water was used for the CRA portion of MWD’s 

                                                 
 

482 Most energy sources from DPR Report 2015, see p. 14 for assumptions on energy range. MBR energy from 
Krzeminski et al 2017. 
483Based on OCWD original ATW: Treatment technology includes filter screens, MF, cartridge filtration, RO, ad-
vanced oxidation, decarbonation, lime stabilization.  DPR Report 2015, see p. 11 
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imported water.  GHG intensity factors and energy requirements provided by the California De-
partment of Water Resources were used to calculate GHG emissions of MWD’s water provided 
by the SWP’s East and West Branches.484 

For PP 2014, the breakdown of LADWP’s electricity generation was 40% coal, 22% natural 
gas, 20% renewables, 9% nuclear, 7% “unspecified sources of power,” and 2% large hydroelec-
tric.485  Electricity generated by “unspecified sources of power” or “generic power” is defined as 
“electricity from transactions that are not traceable to specific generation sources.”486  LADWP’s 
2014 renewable power sector includes wind (12%), biomass & waste (5%), geothermal (1%), solar 
(1%), and small hydroelectric (1%).487  The power sources used to meet MWD’s CRA system’s 
needs are composed of hydroelectricity, Southern California Edison, and third-party purchases.  
CRA’s PP 2014 was represented by the average power contribution of each of these sources from 
2005 to 2015: approximately 62% from hydroelectricity, 27% from Southern California Edison, 
and 11% from third-party purchases.488  For SWP’s PP 2014, the average GHG intensity of DWR’s 
energy supplies from 2009 to 2013, 0.333 mtCO2e/MWh, was used.489 

LADWP’s 2015 IRP power profile, which reflects the goals of SB 350, is used in this analysis 
as the future profile (PP 2035) of electricity generation for recycled water, stormwater, and ground-
water.490  This composition of power sources is 50% renewables, 25% natural gas, 16% energy 
efficiency, 6% nuclear, and 3% hydroelectric.491  LADWP’s energy efficiency calculations also 
included projected population growth; in our analysis we assigned 0 GHG emissions to the 16% 
energy efficiency component.  Four LADWP sources of renewable power, wind (12%), biomass 
& waste (5%), small hydroelectric (1%), and geothermal (1%), were held to the same percentages 
as in PP 2014.  Solar power, however, was increased to a 31% contribution of the overall power 
profile.  The increase in renewables was attributed solely to solar power to reflect the likely growth 
of solar power in the LADWP renewables portfolio over the next 15 years. Similarly, the Southern 
California Edison component of CRA’s power sources was updated to include 50% renewable, all 
stemming from solar PV to reflect SB 350 for PP 2035; hydroelectric and third-party purchased 
percentages remained the same.  SWP’s GHG intensity projection for 2035, 0.063 mtCO2e/MWh, 
was used for PP 2035.492  

                                                 
 

484 CA DWR, personal communication 
485 LADWP Power Content Label 2014 http://www.energy.ca.gov/sb1305/ Accessed on 09/21/2016 
486 LADWP Power Content Label 2014 http://www.energy.ca.gov/sb1305/ Accessed on 09/21/2016 
487 LADWP Power Content Label 2014 http://www.energy.ca.gov/sb1305/ Accessed on 09/21/2016 
488 MWD, personal communication 
489 CA DWR, personal communication 
490 Since this analysis was conducted, LADWP has released their 2016 IRP, available at: 
https://www.ladwp.com/cs/idcplg?IdcService=GET_FILE&dDocName=OPLADWPCCB562207&RevisionSelec-
tionMethod=LatestReleased Future work building on these analyses should consider the most current information on 
power and water supply mixes to fully incorporate changing plans of all involved agencies.  
491 LADWP 2015 Power Integrated Resource Plan Presentation. April 18, 2016.  
492 CA DWR, personal communication 

http://www.energy.ca.gov/sb1305/
http://www.energy.ca.gov/sb1305/
http://www.energy.ca.gov/sb1305/
https://www.ladwp.com/cs/idcplg?IdcService=GET_FILE&dDocName=OPLADWPCCB562207&RevisionSelectionMethod=LatestReleased
https://www.ladwp.com/cs/idcplg?IdcService=GET_FILE&dDocName=OPLADWPCCB562207&RevisionSelectionMethod=LatestReleased
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As power portfolios continue moving towards lower-GHG power sources, additional reduc-
tions in GHG emissions without reductions in energy use will occur.  For example, the City is also 
exploring opportunities to completely transition away from all fossil fuels, including natural gas, 
in addition to eliminating coal by 2025.  The LA City Council unanimously approved a measure 
in September 2016 that will require LADWP to identify the necessary investments and priorities 
needed to reach 100% renewable energy.493  If this transition to 100% renewable energy were to 
occur, the GHG emissions of the power portfolio would again decrease greatly as the GHG emis-
sions factor of natural gas is second after that of coal.   

D. GHG Emissions Methods 

Two methods were explored for conducting the GHG emissions in the presented work.  The 
first is a method provided through the Climate Registry (TCR), which is a non-profit organization 
governed by the United States (US) and Canadian provinces and territories.  TCR focuses on de-
veloping and operating global voluntary and mandatory compliance GHG reporting programs to 
help organizations measure and verify their carbon footprint.  TCR designed an Electric Power 
Sector (EPS) specific protocol, which is used in conjunction with the general reporting protocol.  
Chapter 12 of the 2009 EPS protocol provides a mechanism to calculate direct emissions from 
stationary combustion of various power sources.   

An alternative to using the TCR EPS protocol is EPA’s Emission and Generation Resource 
Integrated Database (eGRID) data.  The eGRID is an inventory of plant-specific data for electricity 
generating plants throughout the US that is reported to the Energy Information Administration.494  
Using reported emissions data and generation values, eGRID produces regional emissions rates 
for CO2, CH4, and N2O.  The eGRID also produces a Power Profiler, which uses the data to 
produce a breakdown of electricity generation sources for specific utility companies.  The most 
recent eGRID Power Profile for Los Angeles is based off 2014 LADWP data and further charac-
terized by a geographic region, Western Electric Coordinating Council (WECC), that covers most 
of California and parts of Arizona.  The WECC region is represented by a fuel mix that includes: 
18.6% Non-hydro Renewables, 8.4% Hydropower, 9% Nuclear, 62.5% Gas, and 0.4% Coal.495   

The EPS-specific protocol provided by TCR was used in the presented analysis as the available 
eGRID data has a far lower contribution from coal in its power portfolio than the City’s current 
power mix.  Further, the EPS protocol provided the capacity to associate GHG emissions rates 
with specific power sources and thus to address GHG emission changes that result from portfolio 
shifts.  As the eGRID provides total output emissions rates of all electricity generated rather than 

                                                 
 

493 September 16, 2016 Press release. http://content.sierraclub.org/press-releases/2016/09/los-angeles-takes-major-
step-toward-100-clean-energy.  Accessed 10/19/2016  
494 https://www.epa.gov/energy/emissions-generation-resource-integrated-database-egrid-questions-and-an-
swers#egrid1. Accessed 02/10/2017 
495 https://www.epa.gov/energy/power-profiler. Accessed 02/10/2017 

http://content.sierraclub.org/press-releases/2016/09/los-angeles-takes-major-step-toward-100-clean-energy
http://content.sierraclub.org/press-releases/2016/09/los-angeles-takes-major-step-toward-100-clean-energy
https://www.epa.gov/energy/emissions-generation-resource-integrated-database-egrid-questions-and-answers#egrid1
https://www.epa.gov/energy/emissions-generation-resource-integrated-database-egrid-questions-and-answers#egrid1
https://www.epa.gov/energy/power-profiler
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emissions per power source, this power source-specific analysis would not have been possible with 
the eGRID numbers. 

For the TCR approach, annual TCR default emissions factors are reported for fossil fuels and 
biomass, including the following components of LADWP’s power profile: coal, natural gas, and 
‘biomass and waste.’  2014 TCR emissions factors were used for the PP 2014 analyses and 2016 
TCR emissions factors were used for the PP 2035 analyses.496  As mentioned above, CH4 and 
N2O have greater GWPs than CO2; the GWPs of CH4 and N2O are 25 and 298, respectively.497  
To compare all GHG emissions on the same scale, the total MT of CH4 emissions and N2O emis-
sions are multiplied by their respective GWP.  Coal is eliminated in LADWP’s SB 350 power 
portfolio so the 2016 coal data is not needed for the PP 2035 analysis.  The US weighted average 
of natural gas emissions data was used from 2014 and 2016 TCR default emissions reports.   

TCR does not provide emissions data for nuclear power or the renewable energy sources in-
cluded in LADWP’s power portfolio such as geothermal, hydroelectric, solar, and wind.  There-
fore, nuclear power emissions data was used from a report by the World Nuclear Association 
(WNA) that compared lifecycle GHG emissions of different generation facilities through a litera-
ture review of 21 independent studies.  The average emissions factor for nuclear power in the 
WNA report is 29 MT of CO2e per giga-watt-hour (GWh).498  

For renewable energy sources, the emissions factors reported by the IPCC in the Special Report 
on Renewable Energy Sources and Climate Change Mitigation (SRREN) were used in this analy-
sis.  The National Renewable Energy Laboratory (NREL) conducted a comprehensive review of 
lifecycle assessments (LCA) for each renewable energy source technology that was published in 
the SRREN.499  The 50th percentile (median) values of the total aggregated emissions factors from 
this literature review were used for geothermal (45 g CO2e/kWh), hydroelectric (4 g CO2e/kWh), 
wind (12 g CO2e/kWh), and solar (46 g CO2e/kWh).500  It was further assumed for the purposes 
of this analysis that the solar power in the LADWP power profile would originate from photovol-
taic (PV) technology as opposed to concentrated solar power (CSP) technology; these values could 
change depending on the final composition of LADWP’s solar power sources.  These emissions 

                                                 
 

496 TCR Default Emissions Factors 2014 p. 1, Table 12.1 and p. 16, Table 12.9; TCR Default Emissions Factors 
2016 p. 1, Table 12.1 and p. 26, Table 12.9 
497 CalEPA Air Resources Board, GWPs; https://www.arb.ca.gov/cc/inventory/background/gwp.htm  
498 World Nuclear Association “Comparison of Lifecycle Greenhouse Gas Emissions of Various Electricity Genera-
tion Sources” 2011 p. 6, Table 2 
499 The literature being reviewed had to pass through three rounds of screening by multiple experts to ensure quality 
and relevance of the data being presented (Intergovernmental Panel on Climate Change 2012 “Special Report on 
Renewable Energy Sources and Climate Change Mitigation”, Annex II “Methodology”, A.II.5.2.1, p. 980).  A total 
of 984 studies passed all three screens and were reviewed for 11 technology categories (IPCC 2012 SRREN Annex 
II p. 981, Table A.II.3). 
500 IPCC 2012 SRREN Annex II p. 982, Table A.II.4 

https://www.arb.ca.gov/cc/inventory/background/gwp.htm
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factors were multiplied by the total energy derived from each renewable power source for each 
water supply.  

Finally, the nuclear emissions factor was used to represent biomass (5% of LADWP’s power 
portfolio) emissions as there is some overlap in emissions factors based on the literature review 
done in the earlier referenced WNA report.  Due to the wide range of potential emissions from 
biomass, future analyses could be strengthened by using more specific numbers for this renewable 
power source.  This analysis could be conducted using default emissions factors in the TCR and 
Equations 12g and 12h in the EPS protocol to calculate GHG emissions from biomass combustion.  
These equations and emissions factors require facility-specific data such as steam generated in 
pounds per year and boiler design heat input/boiler design steam output in MMBtu per pound of 
steam generated at the facility being analyzed.501   

E. Study Approach 

The energy intensities, water supply sources, and power portfolios described above constitute 
the basis of this study to quantify the energy and GHG footprint of LADWP water supply portfo-
lios in the context of a changing power portfolio.  GHG emissions were calculated for WS 2013, 
WS City 2035, and WS Max 2035 using PP 2014 and PP 2035.  GHG emissions for MWD water 
(SWP East, SWP West, and CRA) in WS 2013 were calculated using water supply volumes in 
LADWP’s UWMP.  In WS City 2035 and WS Max 2035, we assumed DWP’s historical ratio of 
SWP East (15%), SWP West (70%), and CRA (15%) water purchased from MWD.  For comparing 
across water portfolios, the historical ratio of MWD supplies was applied to WS 2013 to allow for 
parallel comparisons (actual supply mix in WS 2013 was representative of drought year).  

The presented analyses also employ the use of TCR EPS Protocol, annual TCR Default Emis-
sions Factors, WNA data, and the IPCC 2012 SRREN report.  It is important to note in the follow-
ing discussion that changes in GHG and energy use, as well as differences in emissions between 
sectors of the water portfolio, are impacted by changes in water volumes as well as in energy 
intensities.  Therefore, a water supply with a lower energy intensity may still end up contributing 
a large portion of the energy footprint if it represents a very large portion of the overall supply 
portfolio.  The energy intensities of the water supplies described here, per AF, decrease in the 
following order: MWD imported water, recycled water, groundwater, stormwater, LAA water.   

The impacts of the changing face of the power portfolios associated with moving water to Los 
Angeles (e.g., as coal gets phased out and renewable energy sources increase) on the GHG emis-
sions of these three water supply portfolios were also assessed.  GHG emissions will change even 
in cases in which the total amount of energy required is the same, depending on the mix of power 
sources used.  As with varying water sources, the emissions of each type of power supply can 
increase with the percentage of portfolio as well as through the actual emissions. The GHG emis-
sions factors of each power source decrease in the following order: coal, natural gas, solar, geo-
thermal, nuclear, wind, and hydroelectric (Table 8.2).  

                                                 
 

501 TCR EPS Protocol 2009, p. 45, Equation 12h 
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Power Source  Emissions Factor 
Coal 3.25E-04 MT of CO2e/kWh 
Natural Gas 1.81E-04 MT of CO2e/kWh 
Solar 4.6E-05 MT of CO2e/kWh 
Geothermal  4.5E-05 MT of CO2e/kWh 
Nuclear 2.9E-05 MT of CO2e/kWh 
Wind  1.2E-05 MT of CO2e/kWh 
Hydroelectric 4E-06 MT of CO2e/kWh 

Table 8.2.  Emissions factors of power sources associated with LADWP’s power portfolio.502 

F. LADWP Water Supply Portfolio Emissions 

Emissions from the assessed water portfolios generally decreased with currently planned 
changes such as increasing City-wide conservation and the percentage of the water supply portfo-
lio that is sourced locally.  To assess changes in GHG emissions across parallel water portfolios, 
LADWP’s historic mix of MWD water (15% SWP East, 70% SWP West, and 15% CRA)503 was 
used to determine the GHG emissions rather than the actual WS 2013 volumes as they reflected a 
serious drought year.  Despite large decreases in volume, imported water still has the largest emis-
sions footprint in the WS City 2035 portfolio due to its large energy requirements.  However, 
MWD water is no longer the largest contributor to emissions in WS Max 2035 when it has been 
reduced to 35,000 AF (~8% of the total WS portfolio).  All emissions presented in this section 
assume that energy is sourced through PP 2014; changes to emissions if power is sourced through 
PP 2035 are discussed in the following section.    

The total volume of water delivered in WS 2013 was 592,352 AF, with the majority sourced 
from MWD, then groundwater, LAA, and recycled water.  Total emissions for WS 2013 under PP 
2014 were estimated to be 576,846 MT of CO2e (Table 8.3).  Total emissions for FY 2014 were 
calculated to be 416,841 MT of CO2e in the LADWP UWMP.  This difference in GHG footprint 
stems largely from the calculated footprint of MWD water in the two studies.  The UWMP ap-
proach, which uses the eGRID numbers, found the GHG footprint of MWD water to be 333,990 
MT CO2.504 Our analysis, based on the GHG emissions factors for each power source, found the 
GHG footprint of MWD water to be 545,078 MT of CO2e.   

 

 

 

                                                 
 

502 TCR Default Emissions Factors 2014 p. 1, Table 12.1 and p. 16; World Nuclear Association “Comparison of 
Lifecycle Greenhouse Gas Emissions of Various Electricity Generation Sources” 2011 p. 6, Table 2; IPCC 2012 
SRREN Annex II p. 982, Table A.II.4 
503 DWP personal communication, past 5-10 years of data.  
504 LADWP 2015 UWMP p. 12-27 
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PP 2014 Energy 
Required 
(kWh/AF
) 

WS 2013 
Average 
Volume 
(AF) 

WS 2013 
Total 
Emis-
sions 
(MT of 
CO2e) 

WS City 
2035 
Volume 
(AF) 

WS City 
2035 To-
tal Emis-
sions (MT 
of CO2e) 

WS Max 
2035 
Volume 
(AF) 

WS Max 
2035 Total 
Emissions 
(MT of 
CO2e) 

SWP East 4,520 66,281 99,764 15,000 22,577 5,250 7,902 
SWP West 4,110 309,309 423,330 70,000 95,804 24,500 33,531 
CRA 2,000 66,281 21,984 15,000 4,975 5,250 1,741 
MWD - 441,871 545,078 100,000 123,356 35,000 43,174 
LAA 0 61,024 - 139,400 - 91,000 - 
Ground- 
water 
(net) 

580 79,403 25,393 114,100 36,490 114,100 36,490 

Recycled 
Water 

1,150 10,054 6,375 88,500 56,117 161,400 102,342 

Storm-
water 

174 n/a - 37,000 3,550 58,000 5,565 

Total - 592,352 576,846 479,000 219,513 459,500 187,571 
Table 8.3.  Total Emissions of water supply portfolios under PP 2014. 

MWD water was the water source with the highest supply volume (441,871 AF) and the high-
est overall energy intensity in WS 2013.  As a result, imported MWD water produced the most 
emissions in WS 2013 (545,078 MT of CO2e).  Groundwater was responsible for the second-most 
GHG emissions in WS 2013 (25,393 MT of CO2e, Table 8.3) but this footprint was due more to 
groundwater representing the second largest water supply volume (79,403 AF) as groundwater has 
a much lower energy intensity (580 kWh/AF) than recycled water.  The volume of groundwater 
was almost eight times larger than the volume of recycled water supplied in WS 2013; recycled 
water was the least supplied (10,054 AF) water source and thus had the smallest GHG footprint 
(6,375 MT of CO2e) even though it had the second highest energy intensity (1,150 kWh/AF, Table 
8.3).  It is important to note that the GHG emissions associated with recycled water would be 
higher if the volumes of recycled water used for environmental uses such as the LAR, Lake Balboa, 
and the Japanese Garden were also included in WS 2013 as a recycled water use.  

WS City 2035 reflects the Mayor’s pLAn goals to supply 50% of the City’s water from local 
sources.  Thus, the volume of water imported from MWD is much lower in WS City 2035 (100,000 
AF) than in WS 2013 and the water volumes for the remaining sources increase to make up the 
difference: LAA (139,400 AF), groundwater (114,100 AF), recycled water (88,500 AF), and 
stormwater (37,000 AF).  The total required supply volume also decreases by 19% from WS 2013 
as only 479,000 AF is needed to meet the demand generated by pLAn water conservation goals. 

WS City 2035 produced a total emissions of 219,513 MT of CO2e, an approximately 60% 
decrease in emissions from WS 2013.  Although the MWD water supply volume in WS City 2035 
represented a 77% decrease from WS 2013, it was still the highest emitting water source in WS 
City 2035 with estimated emissions of 123,356 MT of CO2e.  Recycled water had the second 
largest GHG footprint with total emissions of 56,117 MT of CO2e, or 25% of the total water supply 
emissions.  Groundwater as a water source emitted 36,490 MT of CO2e, a 44% increase in emis-
sions from WS 2013.  And lastly, stormwater (also the smallest portion by volume of the water 
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portfolio) had the second smallest GHG footprint (only higher than LAA water) emitting 3,550 
MT of CO2e (Table 8.3).   

As described above, WS Max 2035 was developed to maximize local water supply and thus 
has a heavy emphasis on increasing the volumes of recycled water (161,400 AF) and stormwater 
capture and recharge (58,000 AF) to facilitate a reduction in volumes of LAA (91,000 AF) and 
MWD (35,000 AF) water supplies.  The reduction in MWD volume led to total emissions from 
imported water (43,174 MT of CO2e, Table 8.3) amounting to only 23% of the total WS Max 2035 
emissions.  Recycled water increased by 82% from WS City 2035 to become the largest water 
supply (35%) in WS Max 2035 and also produced the most GHG emissions (102,342 MT of CO2e, 
54% of total emissions).  The remaining emissions were derived from groundwater (19%), and 
stormwater (3%).  Emissions from stormwater as a water supply in WS Max 2035 increased by 
57% to 5,565 MT of CO2e but stormwater remained among the water supplies with the lowest 
energy intensity on a per AF basis.  Stormwater emissions could be even lower, depending on the 
pumping needs to move the stormwater to, for example, an appropriate area to recharge ground-
water basins used for supply. 

Increasing the volume of locally-sourced water greatly reduced water supply emissions.  The 
volume of MWD water in WS Max 2035 represents a 65% decrease from WS City 2035 (100,000 
AF) and a 92% decrease from WS 2013 (441,871 AF).  GHG emissions from MWD imported 
water in WS 2013 comprised 95% of the total emissions (in part due to its high supply volume) 
while groundwater and recycled water contributed only 4% and 1%, respectively, of total WS 2013 
GHG emissions.  When transitioning from WS 2013 to WS City 2035 (representing a 77% de-
crease in MWD supply), total emissions from MWD water decreased, but still remained the largest 
contributor to the total water portfolio’s GHG emissions at 56%.  WS City 2035 supply volumes 
of groundwater, recycled water, and stormwater increased, which resulted in these sources con-
tributing a greater percentage of total WS City 2035 GHG emissions: groundwater (16%), recycled 
water (25%), and stormwater (1%).  Groundwater supply volume (114,100 AF), and thus ground-
water emissions, was unchanged between WS City 2035 and WS Max 2035.   

The combination of moving towards a more local water supply and decreasing the volume of 
water required through conservation resulted in a significant decrease in emissions compared to 
WS 2013.  The total supply volume for WS Max 2035 decreased to 459,500 AF, a 4% decrease 
from WS City 2035 and a 22% decrease from WS 2013.  Total emissions for WS Max 2035 were 
187,571 MT of CO2e, which is approximately a 15% decrease from WS City 2035 and a 70% 
decrease from WS 2013.  MWD imported water still had the second largest GHG footprint (43,174 
MT of CO2e, Table 8.3) despite being the smallest segment of WS Max 2035 (35,000 AFY, or 
8% of the total water supply).  However, the total emissions produced by importing MWD water 
in WS Max 2035 decreased by approximately 65% from WS City 2035 and 92% from WS 2013.  

Interestingly, the bulk of MWD’s GHG emissions stem from importing SWP water, due both 
to larger SWP volumes and the much higher percentage of 0 GHG hydroelectric power that powers 
CRA.  For example, SWP comprised 375,590 AF (representing 523,094 MT of CO2e) and CRA 
comprised 66,281 AF (representing 21,984 MT of CO2e) of the MWD water supplied to LADWP 
in WS 2013 (Table 8.3).  The difference in GHG emissions that a power portfolio can make can 
be seen when comparing SWP East to CRA emissions as these water sources have each historically 
contributed 15% of LADWP’s water supply portfolio.  SWP East and the CRA were each 66,281 



155 | S u s t a i n a b l e  L A  W a t e r  P r o j e c t  – L A  C i t y - w i d e  O v e r v i e w  R e p o r t  
 

AF in WS 2013; however, SWP East’s total emissions were 99,764 MT of CO2e and CRA’s were 
only 21,984 (Table 8.3).  As discussed in the following section, switching to a lower GHG energy 
mix (as CA DWR is planning to do) can greatly reduce emissions even when the energy require-
ments remain relatively constant. 

Reducing MWD water supply volume by a third while simultaneously almost doubling recy-
cled water volumes from WS City 2035 to WS Max 2035 only resulted in a 15% reduction in 
emissions.  This is due to the fact that the energy intensity of recycled water used in our analysis, 
while less than half that of MWD water, is still the water supply source with the second highest 
energy intensity per AF of the examined sources.  UWMP analyses also show increased energy 
costs from local water as recycled water becomes a larger portion of the water supply in the fu-
ture.505  Recycled water energy requirements are variable, however, as noted in the background 
section, and so too are their potential contributions to future emissions stemming from increased 
wastewater reuse.  Different treatment types have different energy requirements and, thus, the se-
lected treatment train can have a significant impact on the GHG emissions of increasing the reuse 
of recycled water (Table 8.4).   

Treatment Type WS Max 2035 
Recycled Wa-
ter Goal (AFY)  

Energy 
Req’d (kWh 
/AF)506 

Total Emissions 
(Recycled Water 
(MT of CO2e) 

Total Emissions 
WS Max 2035 
(MT of CO2e) 

Tertiary w/ nutrient re-
moval & effluent filtration 161,400 635 

 
56,511 

 
144,278 

MBR (low) 161,400 740 65,855 153,622 
Nanofiltration 161,400 770 68,525 156,292 
UWMP weighted avg 161,400 1,150 102,342 190,199 
AWTF (typical)507 161,400 1,173 104,389 192,156 
MBR (high) 161,400 2,839 252,653 340,420 

Table 8.4. Impact of the energy requirement of various methods of recycled water treatment 
on GHG emissions of the recycled water volume and WS Max 2035 overall (PP 2-14). 

There is also great variability in energy requirements within each treatment type, due to factors 
such as scale and efficiency.  For example, the range of energy required for MBR is between 740 
kWh/AF and 2,839 kWh/AF, which corresponds to a commensurately large range in potential 
GHG emissions (65,855 MT CO2e to 252,653 MT CO2e, Table 8.4) if MBR is exclusively used 
to increase the reuse of recycled water.  Therefore, thorough assessments of the potential treatment 
trains and all the underlying factors that impact their energy use must be conducted as part of the 
planning process to increase the reuse of recycled water going forward.  The analysis presented 
here provides a snapshot of the energy footprint of recycled water and should be reassessed and 
expanded as new technologies and alternate treatment trains emerge that can provide high quality 

                                                 
 

505 LADWP 2015 UWMP p 12-32 
506 Energy values for AWTF from Framework for DPR 2015 p. 14; energy values for NF, Ozone/BAC/GAC from 
WRD GMBP p. 5-20, Table 5-13; energy values for MBR from Krzeminski P. et al, Membrane bioreactors – A re-
view on recent developments in energy reduction, fouling control, novel configurations, LCA and market prospects. 
Journal of Membrane Science 527 (2017) p 207-227  
507 Based on OCWD original ATW: Treatment technology includes filter screens, MF, cartridge filtration, RO, ad-
vanced oxidation, decarbonation, lime stabilization 
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water for reuse.  The end purpose of the water, and thus, the necessary level of treatment to satisfy 
the end users, should also be considered as, for example, tertiary water treatment with nutrient 
removal has a lower footprint than AWTF (Table 8.1). 

As described in greater detail above (Section II.B.b), pushing only a little beyond the WS Max 
2035 Scenario analyzed here could get Los Angeles to 100% local water.  For example, a combi-
nation of reducing water demand to 75 gpcd and reaping a greater water supply benefit from 
planned stormwater capture projects could result in significant progress towards this goal.  Reduc-
ing GHGs can provide additional motivation to achieve a sustainable local water supply.  It is 
important to note again here that treatment energy requirements for various local water supplies 
vary considerably and each planned project should be compared to all other alternatives, including 
imported water, to identify the most energy-efficient water source.   

In addition, there are additional energy components to using water in Los Angeles (e.g., heating 
water on-site) that contribute significantly to the energy footprint of water in this region; these 
components should also be investigated to identify opportunities to further reduce the GHG emis-
sions of using water.  12% of energy use state-wide is related to water, with 2% being used for 
conveyance, treatment, and distribution and the other 10% being used for end uses such as heating, 
cooling, and industrial processes.  This represents approximately 32% of statewide Natural Gas 
and 19% of statewide electricity.508  

G. Power Portfolio Impacts on Water Portfolio Emissions 

The changing face of the power portfolios related to water in LA also pose an opportunity to 
reduce the GHG emissions of these three water supply portfolios as GHG emissions vary among 
power sources (Table 8.2).  This means that GHG emissions can change even in cases in which 
the total amount of power required is the same.  In general, for LADWP’s power portfolio, the 
removal of coal had the largest impact on reducing GHG emissions and that will leave natural gas 
as the next highest producer of GHG emissions.  As described earlier, Southern California Edison 
and CA DWR will also be reducing GHG emissions related to their power mixes going forward. 

Absolute emissions decreased for all three water portfolios when the energy was generated by 
PP 2035 rather than PP 2014 due to the changes in the associated power portfolios (Table 8.3, 
Table 8.5).  For example, total emissions decreased by 73% to 50,401 MT of CO2e using PP 2035 
for WS Max 2035 (compared to 187,571 MT of CO2e with PP 2014), which reflects a lower GHG 
power mix for all water supplies.  Increasing the amount of locally sourced water to 50% from WS 
2013 to WS City 2035 resulted in a decrease in total emissions by approximately 62% under PP 
2014 and 57% under PP 2035 (Table 8.5).  

  

                                                 
 

508 CADWR climate change website, water-energy nexus state-wide; http://www.water.ca.gov/climatechange/Wa-
terEnergyStatewide.cfm  

http://www.water.ca.gov/climatechange/WaterEnergyStatewide.cfm
http://www.water.ca.gov/climatechange/WaterEnergyStatewide.cfm
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PP 2035 Energy Re-
quired 
(kWh/AF) 

WS 
2013 
Average 
Volume 
(AF) 

WS 2013 
Total 
Emissions 
(MT of 
CO2e)  

WS City 
2035 
Volume 
(AF) 

WS City 
2035 Total 
Emissions 
(MT of 
CO2e)  

WS Max 
2035 
Volume 
(AF) 

WS Max 
2035 Total 
Emissions 
(MT of 
CO2e)  

SWP East 4,520 66,281 18,874 15,000 4,271 5,250 1,495 
SWP West 4,110 309,309 80,089 70,000 18,125 24,500 6,344 
CRA 2,000 66,281 17,474 15,000 3,954 5,250 1,384 
MWD - 441,871 116,437 100,000 26,350 35,000 9,223 
LAA 0 61,024 - 139,400 - 91,000 - 
Groundwater 
(net) 

580 79,403 7,241 114,100 10,406 114,100 10,406 

Recycled Wa-
ter 

1,150 10,054 1,818 88,500 16,003 161,400 29,185 

Stormwater 174 n/a - 37,000 1,012 58,000 1,587 
Total 4,607 592,352 125,496 479,000 53,771 459,500 50,401 

Table 8.5.  Water supply portfolio emissions under PP 2035. 

Overall produced emissions decreased for all three water portfolio scenarios with the introduc-
tion of more renewable sources of energy in power portfolios (compare Table 8.3 and Table 8.5).  
The CO2e emissions rates of each water source also decreased in PP 2035, but each water source 
kept the same relative position to other water sources (Table 8.6).  For example, MWD water has 
the highest water supply emissions rate in WS 2013 under both PP 2014 (1.23 MT of CO2e/AF) 
and PP 2035 (0.26 CO2e/AF, Table 8.6).  The emissions rate of SWP water greatly decreases 
between 2014 and 2035 (from 1.37-1.5 with PP 2014 to 0.26-0.28 with PP 2035) as a result of 
changes in the power mix planned by DWR.  This illustrates that changing the power portfolio can 
significantly reduce GHG emissions even if the water supply mix remains unchanged.  Although 
MWD water remains the most energy-intensive water supply source, higher percentages of renew-
able sources in PP 2035 result in a much lower rate of GHG emissions due to the composition of 
power sources used to provide the energy required to import the water.   

Water Supply Emissions 
Rate (MT of CO2e/AF)   WS 2013 with PP 2014   WS 2013 with PP 2035  
SWP East 1.5 0.28 
SWP West 1.37 0.26 
CRA 0.33 0.26 
 MWD 1.23  0.26  
 LA Aqueduct   -    -    
 Groundwater (net)  0.32  0.09  
 Recycled Water   0.63  0.18  
 Stormwater   -    -    
 Total   0.97 0.21 

Table 8.6.  Water supply emissions rate under PP 2035 vs PP 2014, normalized to 1 AF. 

As can be seen from the change in total emissions from WS City 2035 (Table 8.7), the savings 
in GHG emissions from changing the power portfolio can be significant.  The total emissions from 
WS City 2035 (with no changes in the volumes of the water portfolio) is reduced from 219,513 
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MT of CO2e to 53,771 MT of CO2e (Table 8.7).  Thus, the City’s current plans to eliminate coal 
as a power source also will have significant impacts on the GHG emissions of their water portfo-
lios.  GHG emissions and energy requirements of sourcing the City’s water will also decrease as 
the City continues to implement practices to achieve and exceed pLAn gpcd goals and increase the 
volumes of locally-sourced water.  Therefore, there are multiple opportunities to reduce GHG 
emissions while maintaining a sustainable and reliable water supply, many of which are already 
being explored or implemented by the City. 

WS City 2035  PP 2014 Total Emis-
sions (MT of CO2e) 

PP 2035 Total Emis-
sions (MT of CO2e) 

 MWD   123,356  26,350 
 LA Aqueduct   -    -    
 Groundwater (net)  36,490 10,406 
 Recycled Water  56,117 16,003 
 Stormwater   3,550 1,012 
Total 219,513 53,771 

Table 8.7: Total Emissions for WS City 2035 under PP 2014 and PP 2035. Emissions greatly 
decrease to source same volumes and sources of water due to change in composition of power 
portfolio to remove coal and increase renewables.  

H. WRP Renewable Energy Sources 

a. HWRP Digester Gas Utilization Project 

The City is working on innovative projects to create renewable energy at their WRPs.  For 
example, in previous years, the anaerobic digester gas (digas) produced at HWRP was piped to 
Scattergood Generating Station (SGS) per an agreement between SGS, HWRP, LADWP, and LA-
SAN.  SGS used the digas to generate electricity for the LADWP grid and provided HWRP with 
steam for use in the plant.  In addition to this steam, plant operations at HWRP require 22 MW of 
imported electricity.509  This agreement, however, ceased in early 2017; digas is no longer piped 
from HWRP to SGS.  Instead, the renewable digas is used on-site through the Digester Gas Utili-
zation Project (DGUP). 

The project is located in the Energy Recovery Building at HWRP in Playa del Rey.  Through 
DGUP, LASAN aims to produce renewable energy on site, provide all of HWRP’s electrical and 
process steam demands, allow HWRP to operate fully “off the grid” to decrease vulnerability to 
natural disasters (e.g. earthquakes) and increase plant resilience; reduce the HWRP’s susceptibility 

                                                 
 

509 Hyperion Treatment Plant Digester Gas Utilization Project Final Environmental Impact Report 2013 p. ES-1 
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to fluctuating electricity prices; maintain a standard of Class A biosolids in the event of a power 
interruption; and prevent the continuous operation of flare to dispose of excess digas.510   

DGUP involved the installation and operation of a digester gas/natural gas-fueled combined 
cycle cogeneration system at HWRP.  The digas will be combusted in combustion turbines to 
generate electricity and the heat will be recovered to create steam to generate power in steam 
turbines.  DGUP is expected to consume all digester gas produced at HWRP, generate up to 34 
MW of electricity, and provide up to 70,000 lb/hr of 90 psig saturated process steam.511  The 
maximum GHG incremental change would thus be 60,052 MT CO2e/year, which would be due 
solely to combustion of digas, a biogenic GHG emission.  Biogenic GHGs are not considered to 
be contributors to a net increase in atmospheric CO2.512  Non-biogenic (fossil-fuel) GHG emis-
sions are expected to decrease by over 50,000 MT CO2e/year.513  Avoided indirect emissions from 
electricity use at HWRP were calculated to be 128,816 MT CO2e/year, based on 22 MW (192,720 
MWh/year) demand.514  Biomass-based emissions are reported separately from fossil-fuel based 
emissions and excluded from applicability under CARB’s GHG Cap and Trade program.  

The City itself has not established a GHG cumulative impacts significance threshold for in-
dustrial projects.  While the Southern California Air Quality Monitoring District (SCAQMD) does 
have a threshold for industrial projects of 10,000 MT CO2e/year, the threshold does not apply as 
SCAQMD is not the lead agency on the project.515  Regulatory agencies have not yet determined 
explicit policies regarding biogenic emissions.  Due to this regulatory uncertainty, the cumulative 
impacts of the project are considered potentially significant and an EIR was prepared with mitiga-
tion measures in regards to GHG emissions.  The mitigation measures include a limitation on the 
percent of natural gas in the total fuel combusted in the combustion turbines.  Total natural gas use 
in combustion will be up to 10% by volume when possible, but can be up to 40% by volume when 
necessary based on operational needs at HWRP.516  Volumetric gas flow data will be collected by 
meters and reported to the City by operators upon request.517 

b. TIWRP TIRE Project 

In 2008, TIWRP began operation of the Terminal Island Renewable Energy (TIRE) Project.  
Operations include injecting biosolids from anaerobic digesters into the deep geological subsur-
face (5,300 ft beneath the surface).518  At these depths, the slurry mixture of treated, non-hazard-
ous, municipal sludge and water degrade due to the high temperatures and saline environment and 

                                                 
 

510 HWRP DGUP FEIR 2013 p. 4  
511 HWRP DGUP FEIR 2013 p. 4  
512 Hyperion Treatment Plant Digester Gas Utilization Project Monitoring Mitigation and Reporting Plan 2013 p. 5 
513 HWRP DGUP FEIR 2013 p. 11 
514 HWRP DGUP Draft EIR 20103 p. 57 
515 HWRP DGUP FEIR 2013 p. 11; HWRP DGUP Draft EIR 2013 p. 56 
516 HWRP DGUP Mitigation Monitoring and Reporting Plan 2013 p. 6 
517 HWRP DGUP Mitigation Monitoring and Reporting Plan 2013 p. 6 
518 City of Los Angeles Terminal Island Renewable Energy Project Outcomes and Results 2013 p. 1 



160 | U C L A  I o E S ,  U C L A  G C ,  C S M  F e b r u a r y  2 0 1 8  
 

produce CH4, CO2, and non-volatile residual solids.  The objective is for the CO2 to become 
sequestered in the formation brine and for the CH4 to become trapped in the subsurface reservoir 
and thus be readily available as a renewable source of energy.   

Based on four and a half years of biosolids injection, which translates to more than 133,000 
tons of biosolids, TIRE has provided a number of environmental benefits.  These include the elim-
ination of 1.1 million miles of heavy truck traffic and associated reduction of air emissions; a 
reduction in NOx and CO519 from reduced transportation; the sequestration of more than 16,000 
MT of CO2; and, ultimately, the generation of 3.5 MW of renewable energy.520  Operation of this 
project also leads to benefits such as a decrease in the amount of brine and effluent discharged into 
Los Angeles Harbor, no associated odors or noise, and the protection of groundwater through the 
diversion of biosolids to land application.521  

I. Conclusions, Assumptions, and Future Research Needs 

As can be seen from these analyses, providing a stable, safe, and clean water supply to Los 
Angeles can and does require significant amounts of energy, but multiple opportunities exist to 
decrease both the energy required and the GHG emissions of sourcing the City’s water.  Planned 
changes to increase the City’s local water supplies and decrease the fossil fuel-based components 
of the various power portfolios that power the delivery of LA’s water will together lead to lower 
energy requirements and thus lower GHG emissions to keep supplying the region with water.  Im-
provement in technologies to reclaim and reuse wastewater, brackish groundwater, and otherwise 
contaminated groundwater may also lead to a lower energy footprint if they are more energy-
efficient than currently available technologies.   

The reduced demand that will result from implementing and exceeding the gpcd pLAn goals 
will lead to a commensurate reduction in energy as less water will be needed to satisfy the lower 
demand.  Conservation leads to energy savings beyond just that of reducing the water that needs 
to be supplied; energy is also saved by a reduction of end uses that require energy for heating.522  
Even without considering heating energy savings, the approximately 700,000 AF of water saved 
by LADWP customers from FYE 2008 to 2015 is estimated to have reduced emissions by 780,000 

                                                 
 

519https://www.lacitysan.org/san/faces/home/portal/s-lsh-sp/s-lsh-sp-tire/s-lsh-sp-tire-pf?_adf.ctrl-
state=t61kg1ds0_4&_afrLoop=1881406497687675#! 
520 City of Los Angeles TIRE Project Outcomes and Results 2013 p. 9; Los Angeles Bureau of Sanitation TIRE. 
https://www.lacitysan.org/san/faces/home/portal/s-lsh-sp/s-lsh-sp-tire/s-lsh-sp-tire-pf?_adf.ctrl-
state=t61kg1ds0_4&_afrLoop=1881406497687675#! Accessed on 09/06/2016  
521 Sothern California Carbon Sequestration Research Consortium Terminal Island Renewable Energy Project 2010. 
http://www.socalcarb.org/tire.html. Accessed on 09/06/2016 
522 LADWP UWMP 2015 p 12-29. 

https://www.lacitysan.org/san/faces/home/portal/s-lsh-sp/s-lsh-sp-tire/s-lsh-sp-tire-pf?_adf.ctrl-state=t61kg1ds0_4&_afrLoop=1881406497687675
https://www.lacitysan.org/san/faces/home/portal/s-lsh-sp/s-lsh-sp-tire/s-lsh-sp-tire-pf?_adf.ctrl-state=t61kg1ds0_4&_afrLoop=1881406497687675
https://www.lacitysan.org/san/faces/home/portal/s-lsh-sp/s-lsh-sp-tire/s-lsh-sp-tire-pf?_adf.ctrl-state=t61kg1ds0_4&_afrLoop=1881406497687675
https://www.lacitysan.org/san/faces/home/portal/s-lsh-sp/s-lsh-sp-tire/s-lsh-sp-tire-pf?_adf.ctrl-state=t61kg1ds0_4&_afrLoop=1881406497687675
http://www.socalcarb.org/tire.html
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MT of CO2.  The energy use of heating can be substantial, potentially representing 70% of water-
related carbon emissions compared to 18% for wastewater treatment and 8% for water supply.523  

In addition to quantifying the emissions that result from the energy use required to bring water 
to the City, we conducted a preliminary analysis on the additional emissions that can potentially 
result from a variety of wastewater treatment processes using a state protocol to assess these emis-
sions, the LGOP.  Some areas for future research involving LGOP equations are discussed here; 
please see Appendix C for additional information on these analyses.  While these calculations 
provide some insight into additional potential sources of GHG emissions from the increased rec-
lamation of wastewater, it is important to note these analyses include assumptions that leave room 
for both under- and over-estimations of GHG emissions.  The GHG emissions values determined 
above may not accurately depict true emissions at the WRPs for a number of reasons, including a 
lack of facility-specific data that could have been plugged into available equations and should be 
incorporated into future analyses as available.  

The LGOP methodologies themselves also contain very general assumptions.  For example, 
Eq. 10.7 for the determination of N2O emissions utilizes an industrial-commercial factor of 1.25 
that is assumed to account for the increased load to the treatment facility from industrial and com-
mercial discharge.  Without knowing the exact commercial or industrial contribution to wastewater 
influent it is difficult to know whether or not this is an accurate multiplier.  Eq. 10.10 for the 
calculation of N2O from effluent discharge employs the same factor, as well as a number of as-
sumptions about the N load per person per day and BOD5 load to the WRP.  The total N load in 
kg N/person/day was based on the national average of protein intake and assumed fraction of non-
consumed N.524  The use of national average consumption of protein could be inappropriate de-
pending on the demographics and culture of the WRP service area.  On the power side, we used a 
weighted average for natural gas emissions across the US from the 2014/2016 TCR reports; more 
locally-specific emissions data could also help refine the emissions value.  We further assumed 
that the entire increase in renewable energy would stem from solar and that the solar technology 
would be PV.  Therefore, emissions from solar could be different from the analyses presented here 
if CSP is also included in the solar components of future LADWP power portfolios. 

Overall, the presented values could be improved with additional availability of WRP data.  
Importantly, local factors can have a large impact on these emissions and so a better understanding 
of the specific region is critical to ensuring that these equations accurately reflect the actual emis-
sions coming from WRPs.  This in turn demonstrates the need to develop monitoring efforts to 
validate the factors in and results of these equations and analyses and ensure that the GHG footprint 
of changing the face of our water supply is accurately reflected.  This is especially true for increas-
ing the reuse of recycled water as there are a wide range of potential treatment trains that have 
varying energy requirements and, therefore, varying indirect GHG emissions.  Full surveys of all 

                                                 
 

523 “The Carbon Footprint of Water, p. 24. In this analysis, carbon emissions resulting from water supply and treat-
ment assumed that all energy comes from electricity, with a carbon intensity of 1.36 lbs. CO2/kWh. The carbon in-
tensity of other energy sources varies, ranging from 0.12 lbs. CO2 per cubic foot of natural gas to 22.4 lbs. CO2 per 
gallon of fuel oil.” Cited in “Energy-Water Nexus: The Water Sector’s Energy Use” by Congressional Research Ser-
vices. Claudia Copeland and Nicole T. Carter. January 24, 2017   
524 CARB LGOP 2010 p. 116, footnote 27 
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potential treatment options to identify the most appropriate technologies for use when considering 
all relevant factors for water quality, water supply, energy use, and GHG emissions must be con-
ducted to shape the most effective mechanisms to increase the use of this valuable resource. 

Statewide efforts to improve the quantification of emissions from wastewater treatment are 
also currently ongoing.  The California Wastewater Climate Change Group (CWCCG) is com-
prised of over 40 California wastewater agencies and participated in the development of the 
wastewater treatment facilities chapter of the LGOP.  In addition to the LGOP, CWCCG is work-
ing to create an emissions quantification protocol of all six major GHGs for wastewater treatment 
plants in California to depict a complete GHG profile.525  Water reuse and recycling will have a 
critical role to play in increasing the volumes of available local water supply and in most cases 
will be a lower-emissions source of water than continuing to import water or turning to ocean 
water desalination.  One study found that reclaiming water from a wastewater treatment facility 
can offset the total carbon footprint by 36-40% relative to importing water.526  A WBMWD water 
reuse case study concluded that recycling treated wastewater and seawater desalination were the 
most viable alternatives to reduce dependence on imports by 50% while reducing wastewater dis-
charges into Santa Monica Bay by 25% and preventing saltwater intrusion.527  The City should 
fully utilize its groundwater, stormwater, and recycled water supplies as well as build partnerships 
to extract the brackish groundwater plume in WCB, before turning to ocean desalination (because 
of its high energy cost and potential environmental impacts). 

Finally, as LADWP implements its plan to eliminate coal from its power portfolio and other 
regional power suppliers decrease their GHG emissions, GHG emissions associated with all ex-
amined water supply portfolios will go down even if the water supply portfolio does not change.  
The combination of increasing the percentage of water that is locally supplied, eliminating coal 
and other high-GHG energy sources from relevant power portfolios, and reducing water demand 
by implementing the conservation goals in the pLAn will greatly reduce the GHG footprint of 
LA’s water supply.  Therefore, there are a variety of ways by which the energy use and GHG 
emissions of LADWP’s water supply portfolio can be reduced, many of which are already being 
pursued by the City.  The pLAn goals to decrease the volumes of imported water present in the 
City’s water supply and replace it with other local sources of water supply (with lower energy 
footprints) is one example where the City is well on the way to achieving a more sustainable local 
water supply.  The pLAn goals to greatly reduce GHG emissions in the coming years will also 
greatly reduce the GHG footprint of LA’s water supply.  

                                                 
 

525 CARB LGOP 2010 p. 108, Box 10.1 
526 Mo & Zhang (2012) cited in Cornejo et al. Carbon Footprint of Water Reuse and Desalination: A Review of 
Greenhouse Gas Emissions and Estimation Tools.  Journal of Water Reuse and Desalination. 2014. P. 244 
527 Crook, James. Innovative Applications in Water Reuse and Desalination: 10 Case Studies. Water Reuse Associa-
tion.  P. 38-41. 2004 
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IX. Integrated Water Management 

A. Introduction 

All of the pieces described above, stormwater, groundwater, recycled water, conservation, eco-
nomics and funding, and even GHGs, are critical components that must be incorporated in chang-
ing the face of how we manage water to maximize multiple benefits.  Implementing a comprehen-
sive IWM approach provides numerous critical water supply, water quality, flood control, envi-
ronmental, recreational, and economic benefits to the City, its workers, and its residents.  As de-
fined in the CA Water Plan Update 2013, IWM 

“is a comprehensive and collaborative approach for managing water to concurrently achieve 
social, environmental, and economic objectives…[that] delivers higher value for investments by 
considering all interests, providing multiple benefits, and working across jurisdictional bounda-
ries at the appropriate geographic scale. Examples of multiple benefits include improved water 
quality, better flood management, restored and enhanced ecosystems, and more reliable water 
supplies.528”   

Multiple efforts in the region, such as the MWD IRP and the GLAC IRWMP, have assessed 
the possibilities of implementing IWM to maximize multiple benefits.  The City-led OWLA 2040 
plan will provide planning guidance and information on a wide variety of factors that are crucial 
to moving forward with IWM in the City.  These elements include a wastewater facilities plan, a 
stormwater and urban runoff facilities plan, a water balance tool, short and long-term city policy 
recommendations, strategies to address long term alternatives and climate change mitigation and 
adaptation, and a section on public engagement and strategic marketing.  An environmental impact 
report on the OWLA plan will commence after the completion of the plan.529 

Based on the presented research, implementing IWM within the City is feasible, and prefera-
ble, from a technological standpoint.  Technologies exist to treat various water types to a sufficient 
quality for reuse and we have significant capacity in our groundwater basins to enable more pro-
ductive and sustainable groundwater management.  Novel partnerships are occurring in this realm 
and regulatory agencies are working to ensure that water quality is protected while also facilitating 
opportunities to increase local water supply within the region where possible.  As more partner-
ships develop, these practices will become more established and the City will progress towards 
attaining or exceeding water oriented goals in the pLAn. In this section, we discuss a cost-benefit 
analysis of various water supply portfolios, potential governance structures, and potential water 
system changes to implement IWM to a greater degree within the region. 

B. Costs and Benefits 

A cost-benefit analysis of the three potential LADWP water supply portfolios described earlier, 
WS 2013, WS City 2035, and WS Max 2035, was conducted by Abt Associates for UCLA as part 

                                                 
 

528 CA Water Plan Update 2013, Highlights, P.3.  
529 OWLA presentation February 16, 2017 
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of this research.  The technical memo and a detailed explanation of the economic analysis and 
assumptions is attached as Appendix A; results are briefly described.  Local water was defined in 
our analysis to include the volumes of recycled water, stormwater, and groundwater in the three 
water supply portfolios, WS 2013, WS City 2035, and WS Max 2035, described earlier.  Based on 
this definition WS 2013 included 89,457 AF of local water, WS City 2035 included 239,600 AF 
of local water, and WS Max 2035 included 333,500 AF of local water.  To assess the costs and 
benefits, the net volume of local water that was required beyond WS 2013 to meet the WS City 
2035 and WS Max 2035 goals was used.  These volumes were 150,143 AFY for WS City 2035 
and 244,043 AFY for WS Max 2035.  These volumes were then further divided into their potential 
sources based on various plans and projects; recycled water, for example, was divided into NPR 
and GWR and stormwater was divided between centralized and distributed projects 

Assessed benefits included the avoided cost of imported water, reduced GHG emissions, en-
hanced recreational opportunities, and reduced stormwater-related damage.  Not all benefits, how-
ever, were quantified in monetary terms.  For recycled water, the value of increased water supply 
reliability was also included as a benefit.  Reliability was valued in two different ways. First, a 
range of stated preference studies have found water customers are willing to pay $100-$500+ per 
household per year for a 0% probability that the water supply will be interrupted during drought.  
Using this value, and the percentage of WS City 2035 (20%) and WS Max 2035 (37%) of imported 
water that is offset by recycled water in these portfolios, provided a reliability estimate of $20 per 
year in WS City 2035 and $37 per year in WS Max 2035.  Second, a willingness-to-pay study 
found that households are willing to pay $20 to $35 per year to avoid Stage 2 restrictions, which 
reflect a highly restricted ability to irrigate landscapes.530  Applying a value of $20 per year to the 
projected number of households in the LADWP service area over the study timeframe for WS City 
2035 provided a reliability benefit of $632 million.  Applying a value of $36 (average of $35 and 
$37) per year for WS Max 2035 provided a reliability benefit of approximately $1.1 billion.531 

Overall, the estimated costs of producing local water supplies are higher than the projected 
cost of importing water.  There are, however, large monetized benefits (as well as potentially im-
portant non-monetized benefits) associated with local water supply projects, and when we compare 
monetizable benefits to costs, there are positive net benefits of local water supply. The net benefit 
of WS City 2035 is $4.3 to $5.8 billion, and the net benefit of WS Max 2035 goal is $7.4 to $10.1 
billion (Table 9.1).  It is important to note that these values are based on the best available data, 
but there is a pressing need for additional high quality and local data on the costs and benefits of, 
in particular, the environmental benefits of putting in additional stormwater capture.  Therefore, 
the exact numbers of these analyses may change as additional data is gathered, but the overall 
message that increasing the volumes of local water supply will provide both environmental and 
economic benefits to the region is clear.  A large component of the monetized benefits in both WS 
City 2035 and WS Max 2035 stems from the ancillary benefits such as habitat associated with 

                                                 
 

530 Raucher, R. J. Clements, C. Donovan, D. Chapman, R. Bishop, G. Johns, M. Hanneman, S. Rodkin, J. Garrett, J., 
2013. The Value of Water Supply Reliability in the Residential Sector. WateReuse Research Foundation. 
531 See Appendix B for greater detail 
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distributed stormwater capture (Tables 9.2 and 9.3).  More information on the breakdown on costs 
and benefits of each potential water supply is provided in Appendix B.   

 
 WS City 2035 WS Max 2035 
Volume of local water supply, net of 
baseline (89,457 AFY) 150,143 AFY 244,043 AFY 

PV monetized cost of additional local 
supply (millions of $2016) $5,228.1 $8,336.0 

PV monetized benefit of additional 
local supply (millions of $2016) $9,483.6 to $11,058.3 $15,702.6 to $18,467.7 

Net PV (millions of $2016) $4,255.4 to $5,830.1 $7,366.4 to 10,131.6 
Table 9.1 Comparison of monetized benefits and costs across 2035 scenarios. 

  

Net 
volume 
(AFY) 

Annualized 
cost of supply 

(millions 
$2016) 

PV cost 
of supply 
(millions 
$2016) 

PV monetized 
benefit (millions 

$2016)* 
Net PV (millions 

$2016) 

Groundwater (net) 34,697  18.9  420.1  1,125.8 705.7  

Recycled Water – NPR 
irrigation & industrial 37,400  57.6  1,051.5  1,257.6  206.1 

Recycled Water – GWR 41,046  49.8  846.9  1,395.6  548. 7 

Stormwater – Centralized 19,000  22.8  415.5  502.3 to 586.2  86.9 to 170.7  

Stormwater – Distributed 
(including Direct) 18,000  136.8  2,494.1  5,202.3 to 6,693.1  2,708.1 to 4,199  

Total 150,143  285.9  5,228.1  9,483.6 to 11,058.3 4,255.4 to 5,830.1 

*Potentially important but non-monetized benefits include water quality benefits, improved reliability, improved 
flood control, job creation, reduced damages from drought, increased resiliency to climate change, the opportunity 
to reuse a water resource that would otherwise be lost, environmental benefits associated with reduced stress on 
the Bay-Delta resources due to lower demands for water extraction, and reduced human health risks associated 
with reduced energy-related emissions of air pollutants other than GHGs.  

Table 9.2.  Comparison of monetizable benefits and costs for WS City 2035 scenario. 
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Net 
volume 
(AFY) 

Annualized 
cost of sup-

ply (mil-
lions $2016) 

PV cost 
of supply 
(millions 
$2016) 

PV monetized 
benefit (millions 

$2016)* 
Net PV (millions 

$2016) 

Groundwater (net) 34,697  18.9  420.1  1,126.8  705.7  

Recycled Water – NPR ir-
rigation & industrial use 37,400  57.6  1,051.5  1,257.6  206.1 

Recycled Water – GWR 113,946  144.6  1,861.9  3,383.3  1,521.4 

Stormwater – Centralized 26,000  31.2  568.5  687.4 to 802.1 118.9 to 233.6  

Stormwater – Distributed 
(including Direct) 32,000  243.2  4,434.0  9,248.5 to 11,898.9  4,814.4 to 7,464.9  

Total 244,043  495.5  8,336.0  15,702.6 to 18,467.7  7,366.4 to 10,131.6  

*Potentially important but non-monetized benefits include water quality benefits, improved reliability, improved 
flood control, job creation, reduced damages from drought, increased resiliency to climate change, the opportunity 
to reuse a water resource that would otherwise be lost, environmental benefits associated with reduced stress on the 
Bay-Delta resources due to lower demands for water extraction, and reduced human health risks associated with 
reduced energy-related emissions of air pollutants other than GHGs. 

Table 9.3 Comparison of monetized benefits and costs for WS Max 2035 scenario 

It is important to note that much nuance exists in potential approaches to analyze the economics 
of various water supplies. For example, using these monetized benefits and a relatively short plan-
ning time horizon, the estimated cost of maximizing local water supplies is higher than the pro-
jected cost of continued imported water use. With other approaches such as using a longer planning 
horizon (20 years) and assuming that past increases in water supply costs from various sources 
continue, unit costs of imported water increase and local sources are cost-competitive or even 
cheaper. In addition, there are significant monetized benefits (as well as potentially important non-
monetized benefits) associated with local water supply projects, and when we compare additional 
monetized benefits to costs, there are positive net benefits of local water supply. 

These variations in calculating the economic impacts of various water supplies relate to fun-
damental assumptions that are inherent in any analysis of public policy. Municipal agencies must 
often plan based on shorter-term timeframes, while over the long-term changing economics and 
non-monetized benefits can be highly influential in shaping policy outcomes. For water supply in 
Los Angeles, local agencies will increasingly face choices of continued purchases of imported 
water from MWD or investing in local sources. In the short-term, imported water still looks ad-
vantageous. It is generally the cheapest water source using 2017 prices, but incorporating predicted 
price increases (based on past increases) reveals the long-term costliness of continued reliance on 
imports. In addition, agencies will increasingly need to consider the “full-cycles” of urban water 
supply to appropriately compare alternative supply sources. These cycles include acquisition, treat-
ment (water supply), distribution, use, treatment (wastewater), and disposal (or reuse) of urban 
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water resources. Doing so requires interagency collaboration and cooperative agreements.532 Eco-
logical impacts and multiple benefits (e.g., flood control, water quality, recreation, habitat, and/or 
property values) should also be included.  

C. Governance 

Water management governance plays an especially critical role in managing these systems 
both within and among the players in a region such as Los Angeles with complex jurisdictional 
systems.  These systems are both interconnected and disconnected across the region with many 
technical and policy drivers governing the distribution and management of water from multiple 
lenses.  Additional opportunities to manage interjurisdictional arenas such as groundwater basins 
or watershed-scale stormwater BMP implementation programs can offer water quality and poten-
tial supply benefits to participants in these complex systems. 

As described throughout this work, there are a plethora of individual projects that have been 
identified and/or implemented to provide many of the individual benefits that are embedded within 
an IWM system.  Implementing a comprehensive IWM system in the City, however, still faces 
many challenges due to the siloed structure that results from the broad range of individual agencies 
and other stakeholders that have emerged over time and are involved in these projects.  Progress 
is being made in this arena, especially on the stormwater capture side, through efforts such as the 
EWMPs, the SCMP, and the LA Basin Study, as these efforts have built collaborations across 
departments and permittees in the watershed and also clearly identified a wide variety of projects.  
These project lists further provide an opportunity for other stakeholders to identify projects that 
may provide them with desired benefits and then reach out to other agencies to identify where 
these multi-benefit projects offer cost-sharing opportunities.   

In addition, there are multiple efforts occurring in the region that will facilitate the implemen-
tation of more integrated water management programs.  As described above, the fairly recent 
amendments to the adjudications in WCB and CB have created a framework within which 
rightsholders in these basins can create water augmentation projects to recharge and extract water 
into these basins on an annual basis.  These projects are not capped by the pumping rights in the 
basin, but with approval can be over and above a party’s adjudicated rights.  SGMA offers a further 
opportunity to increase conjunctive groundwater use in the region as groundwater sustainability 
plans are developed for the Santa Monica Basin and the northern portion of Central Basin.   

From the perspective of increasing the implementation of a one water / integrated water man-
agement approach, the City’s OWLA research is delving into opportunities to increase local water 
supply and improve water quality in the City.  A big part of this effort includes working with 

                                                 
 

532 Porse, E., KB Mika, E Litvak., K Manago, T Hogue, D Pataki, M Gold, & S Pincetl (2017). “The Dollars and 
Sense of Local Water Supply in Los Angeles.” UC Water 2017 Workshop. URL: http://www.water-
hub.ucla.edu/docs/UCWater_18Sep17b.pdf 
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multiple other agencies and stakeholders to identify opportunities to collaborate to maximize the 
diversity of input and thus characterize benefits and challenges across the region.  Breaking down 
silos within the City structure to facilitate the implementation of a One Water approach is a critical 
next step to move these efforts forward. 

Another pressing need is to develop a cost-benefit tool that would facilitate identifying the 
benefits for all participating agencies for projects in which they co-invest with other agencies was 
also identified.533  A benefit-based structure in which departments would pay for a portion of the 
project that is commensurate with the benefits they would receive is one potential model.  Con-
ducting research to establish the water supply benefits of stormwater infiltration and management 
through a distributed and centralized system, which would then enable the monetization of storm-
water to a greater degree, is another barrier to fully implementing stormwater capture from an 
increasing water supply perspective rather than just an improving water quality perspective. Re-
cently, LADWP has begun a cost-sharing approach with LASAN for stormwater capture and in-
filtration projects in the San Fernando Valley that could serve as a model for this approach. Also, 
identifying tools that would establish a programmatic framework within which LADWP could 
compensate LASAN for highly treated wastewater could also help facilitate reuse.  

A City reorganization to create an agency to centralize all water work in one new or existing 
agency would be difficult for a variety of reasons, including the requirement for a major city char-
ter amendment, a difficult and complex reorganization, and the creation of department and bureau 
winners and losers in terms of funding, management, salaries, and possibly staffing.  In addition, 
this would again limit the agencies that should be involved in the process of implementing inte-
grated water management as it is most likely it would only include agencies that have traditionally 
been thought of as involved with water (e.g., LASAN, LADWP, BoE).  However, truly transform-
ing the way that water is managed in the City will require the involvement of all agencies, regard-
less of whether their core function includes a water-specific task.  This approach has high transac-
tion costs, although it may be easier relative to existing institutional jurisdictions.   

We propose an alternate way to jumpstart this process of building a more collaborative ap-
proach that enables diverse groups of stakeholders to identify and build the multi-benefit projects 
needed to transform the City’s infrastructure to a local water system: developing a temporary, 5 
year “Local Water Director” position, ideally located in the Mayor’s Office.  The Local Water 
Director would report to an executive council led by the Mayor that also includes the Deputy 
Mayor and the heads of agencies such as LADWP, LASAN, and BoE.  This group would jointly 
hire the Local Water Director to be in charge of local water infrastructure. The staff for the Local 
Water Director would be relatively modest, as the primary function of the position would be to 
work with the City to foster greater collaboration among agencies, develop a timeline with com-
pletion milestones for local water projects, manage or co-manage with designated Bureau or De-
partment staff the projects as needed, and retain and manage consultants needed to complete the 
local water projects.  The Local Water Director would have no jurisdiction over or responsibility 

                                                 
 

533 Deborah Bloome, Phoebe Lipkis. Feb 2015 A New Vision for Water Management in the Los Angeles Region 
https://www.treepeople.org/sites/default/files/pdf/publications/Moving%20Towards%20Collaboration_e-version.pdf  
(Treepeople, New Vision, 2015) 

https://www.treepeople.org/sites/default/files/pdf/publications/Moving%20Towards%20Collaboration_e-version.pdf
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for projects or policies that were not designated as Executive Council priorities as part of the City’s 
Local Water Plan/OWLA 2040 Plan.  The Local Water Director would report back to the group 
on a monthly basis to elevate challenges to implementation that need resolving and also to describe 
progress and successes.   

The Local Water Director would be responsible for implementing the path forward to fully 
integrated water management across the City through a combination of day-to-day work, planning 
and building infrastructure, and attaining CWA compliance.  Qualifications for this position in-
clude an extensive experience in green infrastructure and Los Angeles.  The Local Water Director 
would be hired and annually reviewed by the executive council.  Implementing this big picture 
goal in this way mimics the structure of a successful consent decree in stimulating timely, meas-
urable progress without the liability of a court case. The City’s approach to implementing the Hy-
perion Treatment Plan Consent Decree requirements (rebuilding Hyperion, replacing major sewer 
infrastructure, and creating a stormwater management program) was very similar to the approach 
laid out here. In addition, the Mayor’s office could help facilitate funding through providing tem-
porary or permanent housing for the grant-writing office described above in the same location as 
the Local Water Director.   

A similar program was implemented in Louisville, Kentucky; Louisville Water and Metropol-
itan Sewer District (MSD) are creating coordinated teams of employees to share services as part 
of a One Water concept under an interlocal agreement.534  This agreement also established a One 
Water Board that includes representatives from both MSD and Louisville Water and one from the 
Mayor’s office.535 

The question of what would be needed to implement a more collaborative approach to water 
management has been assessed in various arenas, including City-funded efforts.  For example, 
TreePeople wrote a report titled “A New Vision for Water Management in the Los Angeles Re-
gion” that was funded by LADWP, LACDPW, LASAN, and the California Water Foundation.536  
Part of this effort was developing a Multi-Agency Collaborative through which to assess potential 
benefits of a more collaborative and systemic approach to cleaning up the region’s water and in-
creasing its local water supply.  

The TreePeople report identified the need to increase collaboration in the region beyond pro-
jects and into a fully developed plan for the region to facilitate more systematic collaboration.  
They also identified characteristics of this moment in time, the increasing interest and distributed 
stormwater capture from a water supply perspective, the costs of managing stormwater, and out-

                                                 
 

534 http://www.louisvillewater.com/newsroom/moving-forward-one-water-concept  
535 http://www.louisvillemsd.org/about-us/one-water-initiative; http://www.louisvillewater.com/newsroom/one-wa-
ter-initiative-save-over-1-million-2015  
536 Treepeople, New Vision, 2015 

http://www.louisvillewater.com/newsroom/moving-forward-one-water-concept
http://www.louisvillemsd.org/about-us/one-water-initiative
http://www.louisvillewater.com/newsroom/one-water-initiative-save-over-1-million-2015
http://www.louisvillewater.com/newsroom/one-water-initiative-save-over-1-million-2015
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side factors such as the drought and new water quality regulations, which provide multiple incen-
tives at this point to change the face of how we manage water in this region.537  Barriers to collab-
oration were found to be more a result of the processes and structures of the current system than 
from a lack of desire for or recognition of a need for more collaboration.538 

To conclude, creating, refining, and embedding structures that ensure more and better collab-
oration among agencies will be critical to implementing sustainable water programs that mesh well 
and complement other regional efforts.  For example, one potential mechanism to develop a re-
gional groundwater strategy that should be explored is for the SWRCB and RB4 to convene a 
regional groundwater coordinating group with the goal of maximizing storage from stormwater 
and recycled wastewater.  This group would include both groundwater management agencies and 
regulators to discuss a regional, better managed approach to maximize sustainable yields from our 
groundwater basins through, for example, increased stormwater recharge and recycled water infil-
tration or even injection (advanced treatment).  In addition, the group would utilize GSPs and 
SNMPs where they have been developed.  This group could also look at groundwater rights and 
their further transfer to public use and public entities, the costs of purchasing private water rights, 
and the potential to substitute certain water rights with recycled water (e.g., the industrial water 
rights leasing program described earlier).  The overarching goal should first be to ensure that all 
cities have access to groundwater.  Then, groundwater should be managed to maximize local self-
reliance regionally and foster the ability to transfer and share groundwater resources as needed. 

To conclude, creating, refining, and embedding structures that ensure more and better collab-
oration among agencies will be critical to implementing sustainable water programs that mesh well 
and complement other regional efforts.  The successful passage of the County-wide stormwater 
(LA County Safe, Clean Water Program) funding measure would have the potential to ensure that 
county-wide and watershed-wide collaboration is occurring in a more effective manner than has 
occurred to date through the IRWMP process.  The IRWMP has led to the funding of some good 
integrated water projects in LA County, but it has not led to the needed, County-wide transfor-
mation in collaboration or local supply self-sufficiency.  The City should also collaborate more 
with MWD (for example, local resource funding for stormwater, additional and more stable con-
servation funding, and local resource incentives).  The potential for partnerships with MWD such 
as exploring opportunities to include HWRP effluent (in addition to effluent from JWPCP) in 
MWD’s large-scale regional recycled water planning efforts, should move from assessment to im-
plementation as soon as feasible.  Other partners in the region could include other local water 
agencies, the USACE, the EPA, the Bureau of Reclamation, LARWQCB, SCAG, etc. 

D. Current and Future Water System Impacts 

When planning to increase the implementation of IWM, it is critical to consider the potential 
internal feedback mechanisms within the system as well as the potential impacts of external 
changes such as shifting climate conditions.  Many of the water sources that can increase local 
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supply are interconnected.  Changes within each supply will impact the others. Following oppor-
tunities to increase different local water supply flows will often result in the reduction of another 
opportunity.  For example, there are a wide variety of ways to increase the use of stormwater and 
urban runoff in our region, including increasing distributed / on-site reuse, increasing the volume 
of stormwater recharged into groundwater basins, or diverting more runoff through WRPs for 
treatment and reuse.  However, as demonstrated in the LAR, removing runoff from the watershed 
with BMPs, in combination with other plans to increase local water supplies (e.g., increased reuse 
of WRP effluent), greatly reduced the minimum flows in the LAR.  Therefore, careful planning 
that takes into consideration the entire system is critical to successful IWM implementation. 

Combining potential water sources can create more robust supplies; for example, combining 
graywater and stormwater may provide a more stable supply for on-site reuse than stormwater on 
its own.  The NAS study on graywater and stormwater in the Los Angeles area found that simple 
laundry-to-landscape systems have the best potential for potable water demand reduction.  Even 
though these systems have lower potable water savings than large cisterns, they are easier to install 
and have minimal capital costs.  While larger cisterns may help households gather more rain during 
intense rainfall events, cisterns are likely to run out of supplemental water during the long, dry 
months.  Since graywater production is relatively constant throughout the year, installing gray-
water reuse systems could provide for a more reliable supplemental water source throughout the 
year, even if the daily volume of graywater generated is small.  Additional study is needed on the 
potential costs and benefits of graywater before implementing a large-scale mandatory program, 
but encouraging residents to install simple laundry to landscape systems and get educated on the 
proper operation, maintenance, and use of that system, could prove to be an effective way to reduce 
potable water demand.  

Overall, some combination of installing more water-efficient landscaping, installing graywater 
systems in new construction and laundry to landscape systems at existing residential properties, 
and installing roof top collection systems to existing buildings may prove to yield the most potable 
water savings and shave off demand during the long, dry months in Los Angeles.  These programs 
would need to incorporate training to ensure that systems are maintained and operated correctly, 
appropriate detergents are used, and systems are designed with sufficient volume, treatment, and 
vector control BMPs to allow storage (and thus use of the captured water) for longer periods of 
time after rainfall.  Conservation and on-site reuse offer additional possible avenues to increase 
the long-term sustainability of the City’s water system, but both will have impacts on the volumes, 
and potentially the quality, of water that are available for treatment and reuse at centralized WRPs.   

Increasing indoor and outdoor conservation will reduce water demand and pressures on the 
City to import water; conservation programs should take into consideration their effects on other 
parts of the system as well as the potential implications of external changes on expected conserva-
tion gains.  For example, the City’s approach to selecting vegetation for use in tree canopy and 
green infrastructure should consider the potentially substantial impacts of future climate change 
on the water needs of existing and future landscapes.  ET rates are expected to continue to rise, 
thereby making more efficient irrigation and more strategic landscape and tree planting approaches 
a necessity.  For example, planting of trees with very high ET rates is not sustainable.  Turf removal 
projects must result in their replacement with climate-appropriate landscapes.  Even with careful 
selection of plant species, extreme variability in rainfall patterns combined with increasing tem-
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peratures will result in the need for LA’s residents and City staff to take even greater care main-
taining these landscapes to ensure their longevity.  It is critical that sufficient funding to maintain 
vegetation is included with the addition of any new trees or green infrastructure to ensure that the 
expected benefits are gained (e.g., water quality improvements, decreases in urban heat islands). 

In addition to the impacts of changing flows within the system, external changes must also be 
considered.  For example, the City is investigating climate-based infrastructure risks of wastewater 
treatment, and stormwater and urban runoff facilities caused by changing conditions such as sea 
level rise or temperature increases, but also by static conditions such as earthquakes or tsunamis 
as part of the OWLA research efforts.  Potential threats include power outages during peak de-
mands and generally, severe droughts and water rationing, wildfires, landslides or mudslides, lo-
calized or coastal flooding, erosion, storm surges or high tides, and others.  These threats can create 
asset risks in a variety of ways such as damage to the assets themselves, interrupted services and 
process operations, inundation or loss of access, regulatory non-compliance (e.g. wastewater spills 
into the ocean or increased pollutant loads from runoff from burn areas), and a loss of revenue 
while the asset is not operating.  OWLA research included assessing vulnerabilities of existing 
wastewater and stormwater infrastructure (such as pumping stations, pipelines, and WRPs) to im-
pacts of climatic changes using EPA’s climate science modeling tool, CREAT.539  

Planning for climate change impacts can ameliorate some of the negative consequences.  Re-
cent RAND studies explored robust decision-making (RDM) modeling to identify key indicators 
for adaptive water planning with MWD and to evaluate the impact of climate change on TMDL 
compliance goal attainment in the Tujunga Wash sub-watershed of the LAR watershed.540  In 
general, both studies found that the impacts of climate change could be largely mitigated through 
adaptive planning efforts.  For example, while RDM modeling analyses did find that climate 
change could reduce the likelihood that EWMP implantation would successfully achieve compli-
ance with water quality standards, increasing LID implementation with future land use scenarios 
could help offset this change.541   

Similarly, RDM analyses looking at MWD water supply scenarios in the context of a wide 
range of changing factors that included climate change found that their IRP was fairly robust as 
long as only one uncertain factor turned out unfavorably.  So, if the climate turns out slightly drier, 
but all other factors such as population or future delta conditions are favorable, then the scenarios 
and expected ability to provide the needed water supply remain robust.  If more than one factor 

                                                 
 

539 OWLA presentation, February 16, 2017 
540 Groves, D.G.; Bloom, E.; Lempert, R.J.; Fischbach, J.R.; Nevills, J.; Goshi, B.. .Developing Key Indicators for 
Adaptive Water Planning, ASCE J. Water Resource Planning Management, 2014; Abdul Ahad Tariq, Robert J. 
Lempert, John Riverson, Marla Schwartz, Neil Berg A Climate Stress Test of Los Angeles’ Water Quality Plans, 
RAND working paper, January 2017 
541 Abdul Ahad Tariq, Robert J. Lempert, John Riverson, Marla Schwartz, Neil Berg A Climate Stress Test of Los 
Angeles’ Water Quality Plans, RAND working paper, January 2017 
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was unfavorable, however, the current IRP would likely fail to meet its goals.542  Therefore, in-
cluding the impacts of external changes is critical information to guide planning processes to im-
plement IWM in the most effective and adaptable way throughout the region. 

X. Conclusions and Recommendations 

A. Top Ten 

Research Recommendations 

• As part of this effort, several key data and modeling needs are necessary to promote 
the goal of local water supply in a sustainable way that protects groundwater re-
sources and ensures water supply reliability in future decades, including:  

o The City of Los Angeles should have an openly-accessible and well-docu-
mented groundwater model, developed using the best available and standard 
groundwater modeling tools. 

o Current estimates of evapotranspiration rates across the City are highly vari-
able and at coarse resolution.  Research is needed to refine current evapotran-
spiration rates at a fine spatial scale and downscaled climate modeling data 
should be utilized to estimate how these evapotranspiration rates will change 
by mid and end of century.  Accurate evapotranspiration rates are critical to 
better estimate water demands throughout the city.  

o To better quantify the water supply benefits of stormwater infiltration, a high 
resolution, coupled surface to groundwater model should be developed for 
the entire city.  The model will be an essential tool for water managers to de-
termine where infiltration BMPs should be located to maximize water supply 
benefits. For example, if 1 AF of water is infiltrated in a specific location, 
how much water supply is generated? This research can be used to better cal-
culate return flows. UCLA, CSM, and USGS will begin working on this pro-
ject in 2018. 

o In addition, the surface to groundwater model should be linked to high resolu-
tion climate models to better estimate how stormwater will augment ground-
water supplies at mid and end of the century. This includes better predictive 
value of climate models for local precipitation and runoff flows. 

• Although there have been numerous planning efforts to revitalize the Los Angeles 
River, there still has not been a comprehensive study on the flows needed to create 
and support a healthy riparian ecosystem, while still supporting the river’s other bene-
ficial uses and augmenting our local water supplies.  

• Economic studies on the ancillary benefits of water treatment strategies and projects 
must be performed.  Currently, there are no comprehensive studies on the open space, 

                                                 
 

542 Groves, D.G.; Bloom, E.; Lempert, R.J.; Fischbach, J.R.; Nevills, J.; Goshi, B.. .Developing Key Indicators for 
Adaptive Water Planning, ASCE J. Water Resource Planning Management, 2014 
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habitat, recreation, real estate, urban heat island, and public health benefits of differ-
ent stormwater management approaches. A large scale, willingness to pay study (or 
other approach that better accounts for dispersed social benefits) is needed to deter-
mine these values.  Without this study, watershed management costs will continue to 
focus exclusively on the costs of BMP construction and O&M operations and mainte-
nance without any accompanying benefit quantification.   

• For each sewershed, determine the potential to divert both low and wet weather flows 
to water reclamation plants.  Identify the flows that the sewer system and downstream 
water reclamation plants can handle and treat effectively. 
 

Policy Recommendations 

• Nearly all of the City’s waterbodies are impaired and thus most of the watershed can 
be considered high-priority for managing stormwater.  Therefore, all street and alley 
improvement projects over a certain square footage (for example: 250 square feet) 
should capture, infiltrate, or treat and release 100% of the runoff generated from an 
85th percentile storm.  Treat-and-release BMPs should be used where infiltration to 
groundwater for potential water supply is poor.  

• Approve a tough City-wide landscape ordinance that applies to new and redevelop-
ment on all land uses (residential, commercial, industrial, transportation, City facili-
ties, etc.).  The ordinance should require a connection to LID for stormwater retention 
and the use of climate and ecoregion appropriate California Friendly and native plants 
(ideally, prioritizing native plants).  DWP’s turf replacement guidelines provide a 
strong start and should be incorporated into the ordinance.  A goal of this ordinance 
should be transforming the City’s landscape by 2035.  This would incentivize nurse-
ries to increase available native or climate-appropriate plant stocks.  In addition, the 
City should work with MWD to expand on workforce development training programs 
to ensure landscape transformation can occur quickly. 

• The installation of smart water meters and / or sub-meters where applicable should be 
required through a retrofit program.  These could better capture indoor and outdoor 
water use and characterize water use at an apartment- or office-scale in multi-unit 
buildings.  For example, smart meters at all property types will provide real time data 
that would allow the City to identify leaks or customers to track their water use and 
make needed changes to reduce their consumption.  Sub-metering apartments could 
similarly increase consumer awareness of their own water use and incentivize conser-
vation.  These requirements should go beyond properties undergoing new and rede-
velopment to maximize the potential benefits of this program. 

• Net zero/water neutrality ordinance for new and redevelopment for all land uses. 
Santa Monica has implemented a net zero water ordinance, and the County is cur-
rently considering developing a similar ordinance. 

• The City should create goals and policies that aim for 100% reuse of recycled water 
(except for residuals such as brine) while also maintaining flows to protect beneficial 
uses (e.g., aquatic life, recreation) in inland receiving waters.  Create a policy goal 
with deadline (for example, 2035) for greatly reducing direct ocean discharges of 
treated wastewater.  
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• Jumpstart the process of building a more collaborative approach that enables diverse 
groups of stakeholders to identify and build the multi-benefit projects needed to trans-
form the City’s infrastructure to a local water system by creating a temporary, 5-year 
Local Water Director position, ideally located in the Mayor’s Office.  This position 
would lead on local water projects to ensure timelines and budgets are met and would 
report to an executive council led by the Mayor.  This council would also include the 
Deputy Mayor and the heads of agencies such as LADWP, LASAN, and BoE to en-
sure sufficient oversight.  This group would jointly hire this position to be in charge 
of local water infrastructure.  The Local Water Director position would entail work-
ing with hired consultants and designated staff from critical departments and bureaus, 
and report back to the group on a monthly basis to elevate challenges to implementa-
tion that need resolving and also to describe successes.   
 

B. Additional Research Recommendations 

• The City of Los Angeles, as part of its effort to promote openly-accessible data, 
should strive to be a leader in developing and publishing robust, open-source data and 
models for water management.  

• Better information on BMP performance and the costs of installation, as well as on 
operations and maintenance costs are needed.  This information is critical to improve 
the accuracy of modeling analyses and for making cost-effective decisions on how to 
improve water quality in the city’s watersheds. 

• GHG emissions for the city’s water portfolio need to be more accurately determined.  
For example, direct measurements of GHG emissions from wastewater treatment and 
water reclamation processes have never been performed.  In addition, updated esti-
mates of GHG emissions from all current and potential water sources including 
pumping, treatment, and distribution, would provide a more accurate comparison of 
the carbon footprint differences between those water sources.  

• Collect better data on leaks from water distribution and wastewater pipes. A compre-
hensive AMI water metering program would help dramatically.  

• Complete a study to determine the feasibility of reducing per capita water consump-
tion to 90 gpcd, 75 gpcd, and 60 gpcd.  Develop implementation strategies for the fea-
sible water consumption targets, including those highlighted in LADWP’s Water 
Conservation Potential Study (e.g., most of potential to reduce water use is in land-
scaping and clothes washers for residential land uses and in landscaping, cooling tow-
ers, and condensate for industrial land uses). 

• Quantify the dewatering supply potential and create a policy to capture and reuse this 
water where possible.  Mechanisms for reuse could include local use (e.g., irrigation 
or environmental uses), diversion to local treatment facilities (e.g., nearby desalters), 
or discharge into the sewer system to water reclamation plants.  One possible mecha-
nism to incentivize capture and use of dewatered water would be to establish pump-
ing fees for developers that dewater and discharge to receiving waters. As a reminder, 
building owners in the SFB are required to meter the extracted groundwater, report 
the volumes to the Watermaster, and enter an agreement with an affected rightsholder 
to pay for the extracted volumes.  Or, the City may want to consider a prohibition of 
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discharge if the project’s discharge volumes are above a certain size (Ex: above 
10,000 gallons). 

• Quantify the sustainable yields of the groundwater basins in and adjacent to the City. 
The research would build on the existing groundwater basin adjudications, manage-
ment approaches, and SGMA implementation (where applicable). 

• Identify the maximum potential for infiltration in and adjacent to storm channels at 
locations that will not negatively impact habitat, recreation, flood control, and 
groundwater contamination. 

• Assess the potential to better utilize the San Fernando Basin west of Interstate 405 for 
water supply.  Identify locations that could be used for infiltration, and what level of 
treatment is needed to greatly increase the yield in the western portion of the basin. 

• A broad analysis of Contaminants of Emerging Concern in Advanced Treated Water 
is needed to help determine the efficacy of direct potable reuse in the City.  Also, the 
study could provide consumer confidence in the safety of advanced treated water used 
for direct potable reuse. 

• Organize and analyze all existing data that can inform water management decisions 
(e.g., stormwater quality and quantity, water use, recycled water quantity and quality, 
etc).  For example, to assess the effectiveness of water conservation policies to date, 
use parcel-level water use data to identify what interventions (rate changes, watering 
restrictions, turf removal, etc) have worked well.  Creating a dynamic mapping plat-
form could also make aggregated consumption data more accessible to the public. 

• Increase data collection efforts to more fully inform management decisions.  Exam-
ples include additional flow and water quality data, updated and more specific event 
mean concentrations from various specific land uses and at locations throughout the 
City to capture spatial variability (e.g., EMCs from parcels with light, medium, heavy 
industry in Wilmington, East L.A, and Pacoima).  In addition, existing SMARTS data 
on industrial runoff should be compiled (and digitized where needed) to better charac-
terize pollutant loads from industrial land uses and their impacts on receiving waters. 

• Research the potential to implement a stormwater credit trading program with DC 
Water’s program as a potential model.  Assess feasibility of a stormwater retention 
credits program that could incentivize voluntary implementation of green infrastruc-
ture that infiltrates stormwater runoff. 

• Assess the relationship between LA City water resources and policies and impact on 
County-wide water management.  What are the interdependencies and potential mutu-
ally beneficial programs, policies, and changes?  

• Determine the revenue generation potential of utilizing AB 2403 and sewer service 
charges to fund appropriate stormwater programs, including O&M. For example, an 
AB 2403 approach could use water rate increases to pay for stormwater recharge pro-
jects above producing aquifers, and sewer service charges could be used for the con-
struction and O&M of runoff diversion projects into the sewer system that will reduce 
potential public health risks.  Further, investigate the potential to increase rates for 
stormwater services that will result from the recently passed Assembly Bill 231 
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(Hertzberg), which changed the definition of sewers to include “services necessary to 
collect, treat, or dispose of … surface or storm waters.543     
 

C. Additional Policy Recommendations 

• Long-range City planning efforts must consider the impacts of changes to the water 
portfolio on energy, water supply, and water quality in parallel.  In addition, potential 
impacts on water quality and water supply should be considered across the planning 
efforts of all departments, not just those in the water space.   

• The potential to increase the annual recharge and extraction of groundwater through 
the West Coast and Central Basin adjudication amendments should be fully utilized to 
maximize local water supply potential.  For example, infiltration-based BMPs could 
be sited where there is a greater potential for groundwater recharge or partnerships 
can be established to utilize groundwater rights or establish water augmentation pro-
jects in those Basins.  The potential to recharge and extract recycled water from 
HWRP to these basins should also be investigated due to their proximity.   

• Los Angeles County Department of Public Health’s stormwater use requirements in 
their Matrix 2.0 are currently too stringent to encourage a rapid increase in the cap-
ture and reuse of stormwater on-site.  Matrix 2.0 should be updated to reflect LAC-
DPH’s first rainwater matrix and increase the ease of irrigating outdoor landscapes 
where land uses permit.544 

• Develop a LID retrofit upon sale ordinance that requires stormwater capture or infil-
tration for all parcels.  The current LID ordinance, which impacts properties only 
upon redevelopment, could result in sending approximately 2,000 AFY of stormwater 
through LID BMPs (by 2028, based on current implementation rates, and if imple-
mented across the entire LA River watershed).  This benefit could be greatly magni-
fied by extending its reach.   

• Develop a formal partnership or grant program to support working with NGOs to ac-
celerate the proliferation of LID projects throughout the City.  This program will be 
much easier to implement if the County stormwater funding measure passes in 2018.   
NGOs can help on community engagement, implementing LID projects on private 
property, schools, parks, alleys, and in parkways, and LID BMP maintenance.  This 
type of program could also reduce the City’s cost of implementing BMPs as LID 
practices on private land uses would reduce the number of BMPs the City must im-
plement to manage the 85th percentile storm.   

                                                 
 

543 SB 231 Local government: fees and charges (2017-2018) Hertzberg. https://leginfo.legisla-
ture.ca.gov/faces/billTextClient.xhtml?bill_id=201720180SB231  
544 For example, the 2011 rainwater matrix only required bacterial limits to be met for on- or off-site collection of 
rainwater, stormwater, and urban runoff in cisterns for on- or off-site use; the 2016 matrix 2.0 requires stormwater to 
meet NSF 350 or CCR Title 22 Recycled water equivalence with additional requirements depending on whether dis-
tributed offsite.  LACDPH 2011 rainwater matrix.  http://phasocal.org/wp-content/up-
loads/2015/06/ep_cross_con_RainwaterMatrix.pdf; Matrix 2.0 https://www.smgov.net/uploadedFiles/Depart-
ments/OSE/Contact_Find_Us/Guidelines%20for%20Alternate%20Water%20Sources_2-10-16.pdf  

https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=201720180SB231
https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=201720180SB231
http://phasocal.org/wp-content/uploads/2015/06/ep_cross_con_RainwaterMatrix.pdf
http://phasocal.org/wp-content/uploads/2015/06/ep_cross_con_RainwaterMatrix.pdf
https://www.smgov.net/uploadedFiles/Departments/OSE/Contact_Find_Us/Guidelines%20for%20Alternate%20Water%20Sources_2-10-16.pdf
https://www.smgov.net/uploadedFiles/Departments/OSE/Contact_Find_Us/Guidelines%20for%20Alternate%20Water%20Sources_2-10-16.pdf
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• The City should provide better design guidance for a wide variety of on-site LID 
BMPs and other structural BMPs.  This guidance would be used by any entity con-
structing BMPs in the City.  

• All future infrastructure must be built for future conditions by incorporating not only 
historical weather and climate patterns but also incorporating the predicted future us-
ing state-of-the-art modeling techniques.  For example, the UWMP is projecting the 
LAA will supply 286,200 AFY of its portfolio under average weather conditions; re-
cent climate modeling work, however, indicates it is likely that snowpack will be 
greatly reduced in the future (and thus that LAA volumes will likely be lower in the 
future).  This has critical ramifications for water supply planning, as will the in-
creased likelihood of flashier storms and longer dry periods.  A changing climate will 
also impact ET; these changes should be taken into consideration in planting new 
vegetation and in designing strategies to take care of current vegetation.   

• Over and above requirements under the California General Stormwater Construction 
permit, all projects (and long-term construction projects lasting more than 6 months) 
must comply with the City’s stormwater LID permit requirements.  For example, all 
new Metro projects should capture, reuse on site, or infiltrate 100% of the runoff gen-
erated on-site from an 85th percentile storm. In addition, the City should work with 
Metro on a cost-sharing partnership to retrofit existing Metro transportation infra-
structure in the City (e.g., Expo Line) to meet these LID performance objectives. 

• Create a dedicated grant writing team to develop and generate support for grant pro-
posals to fund City water, water quality and multi-benefit projects.  The office should 
not develop grants that compete with each other for the same funding source.  The 
grant developer should be aware of opportunities in the City to provide match for 
grant proposals. 

• Continue strengthening the City’s Open Data program by creating an easy platform 
that protects privacy concerns and facilitates the sharing information with the public 
and other stakeholders.  This will facilitate analyses in a variety of venues that can in-
form future decisions.  

• The City should strongly support the 2018 Los Angeles County Safe, Clean Water 
Program (Stormwater funding measure).  The Mayor and City Council Leadership are 
critical for the measure to pass. 

• In order to better protect the City’s diminishing riparian habitats, develop and imple-
ment a stream protection ordinance that will provide moderate sized buffers (no new 
structures or bank hardening, but permeable trails and linear parks would qualify as 
buffer) for soft bottomed streams (100 feet) and small buffers (30 feet) for concrete 
lined streams or rivers. The ordinance would result in protected habitat, reduced pol-
lutant loads to receiving waters, and decreased peak flows and velocities in stream 
systems which would greatly reduce erosion and sedimentation. 
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• Approve a stormwater funding measure for LA County or the City, if the County 
measure fails.  Based on the recent California Supreme Court decision545, consider 
the potential to conduct an initiative process to obtain signatures from 15% of the 
County’s population.  This mechanism of placing the funding measure on the ballot 
would result in the need for a simple majority to pass (rather than the 2/3 majority re-
quired to pass measures placed on the ballot by local governments).546  The measure 
must establish a source of funding for new capital stormwater BMP projects, BMP 
monitoring efficacy, stormwater education and community engagement efforts, and 
O&M.  Funding split among cities/watersheds/county should be similar to the pro-
posed 2013 measure of 40% for cities, 50% for watersheds, and 10% for monitoring 
and administration. If the 2013 approach was followed, then this measure would gen-
erate a minimum of $100M per year for the City, and ideally $150 million.  There 
should be a community grants program for NGOs to work with the City to develop 
smaller scale distributed BMPs.  Where feasible, projects should be LID in nature and 
provide multiple benefits to the community and the City.  Quantitative eligibility cri-
teria should be developed for projects funded under the watershed allocation of funds 
(water quality compliance, water supply, flood control, open space, habitat and recre-
ation benefits), as well as separate criteria for the community grants program.  In light 
of the substantial MS4 permit and TMDL requirements, the watershed projects must 
provide substantial water quality benefits to be eligible for funding. 

• Identify and change any building codes that could potentially slow the implementa-
tion of on-site projects that offer the potential to improve water quality, increase local 
water supply, or offset potable water demand.  For example, permitting requirements 
to install graywater systems, requirements to connect gutters to storm drains, etc.   

• Research the potential costs and benefits of graywater implementation at various 
scales (SFR, MFR, commercial, laundry to landscape or more comprehensive ap-
proaches, etc.). Collect data on water quality and assess the potential impacts on other 
water supplies (such as IPR) in the system before developing, incentivizing and im-
plementing regional scale graywater programs. 

• Assess opportunities to establish satellite AWTFs that can treat wastewater, urban 
runoff and/or groundwater in areas of significant local demand.  However, consider 
the overall system impacts of satellite facilities on system flows and downstream 
treatment plant operations (e.g., impacts on effluent quality or on potential recycling 
opportunities at centralized facilities). 

• Maximize the use of City property for stormwater retrofits and establish LID on all 
City properties.  Assess the potential to install LID on vacant lots, alleys, street, 
parks, parking lots and surplus properties.  Build on City’s existing database of prop-
erties compiled by the Mayor’s innovation team. 

• Create a Citywide database that can be accessed by all City departments to identify 
collaborative opportunities to build and maintain water-related multi-benefit projects.  
Identify opportunities to share this database with other regional partners, including 

                                                 
 

545 California Cannibis Coalition vs City of Upland  
546 “Did The California Supreme Court “Rip A Huge Hole” In Prop 13 & 218?” Ethan Elkind, August 28, 2017 
http://legal-planet.org/2017/08/28/california-supreme-court-rips-a-huge-hole-in-prop-13-218/ 
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universities and NGOs, to maximize cost-sharing opportunities.  To identify best 
practices to facilitate agency cost-sharing on these projects, conduct research to char-
acterize benefits from multi-benefit projects. 

• Require green streets and alleys to use native or climate appropriate vegetation that 
supports local biodiversity. 

• Refine conservation programs to include sufficient watering for trees while reducing 
watering to landscapes. 

• Create a vehicle that allows shared O&M among public agencies or P3s for storm-
water BMPs.  In addition, establish criteria for the City to identify the best P3 oppor-
tunities and best practices for establishing these partnerships.  

• Refine EWMP approach to establish watershed or subwatershed specific programs to 
manage stormwater that target a wide variety of land uses.  Land use percentages vary 
across watersheds.  For example, in heavily industrialized areas such as the lower 
portion of the Dominguez Channel watershed, commercial / industrial LID programs 
may provide more opportunities to manage stormwater then residential programs. 

• Explore the potential to develop a regional groundwater strategy through the SWRCB 
and RB4 convening a regional groundwater coordinating group with the goal of max-
imizing storage from stormwater and recycled wastewater.  This group would include 
both groundwater management agencies and regulators to discuss a regional, better 
managed approach to maximize sustainable yields from our groundwater basins [e.g., 
through increased stormwater recharge and recycled water infiltration or even injec-
tion (advanced treatment)].  In addition, the group would utilize GSPs and SNMPs 
where they have been developed. This group could look at groundwater rights and 
their further transfer to public use and public entities and costs of purchasing private 
water right owners, as well as substituting certain water rights with recycled water 
(e.g., the industrial water rights leasing program described earlier).  The overarching 
goal should be to ensure that all cities have access to groundwater in the first instance, 
and in the second instance, to manage those resources to maximize local self-reliance 
regionally and the ability to transfer and share that resource as needed. 
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XI. Appendix A – Model Optimization and Costs 

The SUSTAIN optimization non-dominated sorting genetic (NSGA-II) algorithm determines 
optimal solutions based on cost and pollutant reduction criteria.  The model finds solutions based 
on these two criteria and selects the number of BMP units that will optimize (lower) cost as well 
as achieve pollutant load reduction targets.  Plotting cost vs pollutant load reduction produces a 
cost-effectiveness or Pareto curve.  The best solutions, which minimize cost and maximize reduc-
tion, are located in the “elbow” of the curve (lower left hand corner).  Optimizations were set up 
in slightly different manners for each watershed.  

The BC Watershed optimization was set up to target a 50 to 60% reduction in the annual aver-
age copper load; the best solution will cost from $0.35 to $0.65 billion (Figure A.1).  As previously 
mentioned, this pollutant reduction target was originally chosen for the BC Watershed Study based 
on the results of a BMP optimization study.  This target reduction goal was only applied to the BC 
Watershed as the LAR and DC watersheds optimizations were set up to capture the 85th percentile 
storm (further described below).547 The optimization (Scenario 1) in the BC Watershed captures 
1,102 AF of water which is much lower than the 85th percentile storm volume of 3,621 AF.  If the 
City were to implement enough BMPs to capture the 85th percentile storm volume, then the total 
cost to implement the BMPs would be higher.  

 

 

Figure A.1: Ballona Creek optimization of cost and copper pollutant load reduction, utilizing all five BMPs 
(BR, VS, DP, IT, PP). Color scale represents volume captured by each solution.  

                                                 
 

547 Beck, Drew J., Evaluating Best Management Practice Scenarios in Ballona Creek Watershed Using EPA’s SUS-
TAIN Model (2014), Colorado School of Mines, Master’s Thesis.  
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Unlike the BC Watershed, the DC Watershed optimization utilizes a number of BMPs in 
SUSTAIN to capture a range of storm volumes based on the 85th percentile storm to show the re-
lationship between volumes of storm capture and the percent pollutant load reduction.  Simula-
tions to the left of the line capture less than the 85th percentile storm volume while simulations to 
the right capture greater than the 85th percentile storm volume.  This change in the optimization 
set up resulted in modeled solutions occurring at a higher pollutant reduction than the 50-60% 
target as seen in the BC Watershed.  The range of pollutant load reduction is a fairly small win-
dow from 80% to 83%; capturing the 85th percentile storm is expected to reduce pollutants by 
around 80% for a cost of around $1 billion (Figure A.2).  

 

 

Figure A.2: DC optimization of cost and zinc pollutant load reduction, utilizing all five BMPs (BR, VS, DP, IT, 
PP). The black vertical line roughly estimates where solutions begin to capture the full 85th percentile storm volume. 

The ML Watershed optimization was setup in the same manner as the DC Watershed.  The 
solutions that capture the 85th percentile storm fall along the tail end of the full pareto curve (Fig-
ure A.3).  Solutions that capture the 85th percentile storm do not fall within the elbow of the full 
Pareto Curve.  Solutions that are treating the 85th percentile storm will reduce phosphorus by 
around 80% while costing $0.26 billion (Figure E10). 
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Figure A.3: ML full optimization of cost and TP pollutant load reduction for the whole ML Watershed, utilizing 
three BMPs (DP, IT, PP).  The black vertical line roughly estimates where solutions begin to capture the full 85th 

percentile storm volume. 

A more in-depth optimization was conducted to determine which BMP types perform best in 
the LAR Watershed (Figure A.4).  The first optimization utilized all modeled BMPs while the 
other five contain only four BMP types, which are then varied in each optimization.  The LAR 
optimization was set up to capture the 85th percentile storm as done in the DC Watershed.  The 
resulting range of pollutant reduction for all optimizations was 50 to 70%.  Optimization without 
PP, BR, or DP have the best performance while optimizations without IT or VS do not perform 
as well.  Optimizations without PP or BR are the most cost efficient.  

 

 Figure A.4: Los Angeles River leave-one-out optimization of cost and percent reduction for zinc, where the 
absence of each BMP type is represented by a shape.   

The range of costs associated with a pollutant removal of 60% for the BC, DC, and LAR wa-
tersheds were identified to compare watershed optimizations to one another (Table A.1).  The 
range of costs and watershed area routed to BMPs were used to calculate the cost per square mile 
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in each watershed.  The ML Watershed optimization is not used in this comparison.  As men-
tioned above, the ML watershed optimization utilizes only DP, IT, and PP because these BMPS 
are effective at removing nutrients, while the BC, DC, and LAR watersheds utilize all five BMPs 
because they all remove heavy metals.  As seen in the LAR optimization (Figure E11), when dif-
ferent suites of BMPs are optimized the cost shifts higher or lower based on the BMPs utilized.  
Thus, the ML watershed optimization cannot be directly compared to the others.  

 

Table A.1: Comparison of the BC, DC, and LAR Watershed optimization results when a 60% reduction of pol-
lutants is achieved.  The range of costs were extracted from the optimization plots. Machado Lake is not included in 
this comparison due to the utilization of a different suite of BMPs and a different pollutant of concern. 
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XII. Appendix B – Costs and Benefits of Water Supply Portfolios Tech-
nical Memo 

Date: 03/10/2017 

To: Mark Gold and Katie Mika, UCLA 

From: Carolyn Wagner, Jim Henderson, Bob Raucher, Abt Associates 

Subject: Revised cost-benefit analysis of water portfolio  

In the following memorandum, we present an analysis of the costs and benefits associated with 
the potential future water supply portfolios for the City of Los Angeles containing three local 
water sources: stormwater, recycled water, and groundwater. We present total annualized costs 
and a comparison of benefits and costs over time across all water sources and project types. The 
purpose of this memorandum is to enhance our understanding of the economic benefits and costs 
of integrated water management (IWM) scenarios that will help Los Angeles meet the Mayor’s 
goal for water use self-sufficiency by 2035.  

Overview 

In the remainder of this memorandum, we provide an overview of the findings, present the annu-
alized costs of each scenario, and compare the benefits and costs over time using present values.  

Our approach to estimating the costs and benefits of the two water supply portfolio goals was to: 

 Organize the analysis by water source, and consider the project types that will be needed 
to meet each water source goal  

 Identify available existing cost and volume estimates, and apply those costs to the volume 
of water supply specified. The identified estimates supplied volumes less than the vol-
umes in the scenario goals of this analysis. Thus, to estimate the costs to produce the ad-
ditional volumes needed to reach the scenario goals, we calculated and applied annual 
unit costs per acre-foot by water source type.   

 Calculate the benefits by project type used to meet the goals for each water source  
 Aggregate the benefits and costs for each scenario goal  
 Compare the changes in benefits and costs over time using present value estimates 
Our inputs and key assumptions include: 

 We calculate annualized capital costs using a 3% discount rate and 50-year time period  
 Total annualized costs equal annualized capital costs plus annual operation and mainte-

nance (O&M) costs   
 All costs are converted to 2016 dollars using the construction cost index (USACE, 2016), 

except where noted 
 We compare benefits and costs over time using present value (PV) calculations that in-

clude the following: 
 Time period: 2017-2066 (50 years) 
 Base year: 2016    
 We assume all capital investments provide 50 years of benefits. Benefits include 

avoided costs of imported (MWD) water, as well as applicable ancillary benefits 
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including reduced GHG emissions, enhanced recreational opportunities, and re-
duced stormwater-related damage. Not all applicable benefits are quantified or ex-
pressed in monetary terms.  

 The analysis is in real terms – any escalation is in addition to the assumed rate of 
inflation of 2.5%548 

 We use a 3% real discount rate for the present value analysis. 
Several benefit types apply to all water sources, and methods for addressing them are introduced 
here. Methods for valuing benefit types specific to each water source are addressed in the follow-
ing sections on each source (sections 2, 3 and 4). 

One benefit type that applies across all water sources is avoided cost of imported water pur-
chases. We assume that imported water prices will escalate through the year 2021 at a 6% nomi-
nal rate, or 3.5% real rate (assuming a general rate of inflation of 2.5%). For the year 2022 and 
years thereafter, we will escalate at a rate of 1.5% per year in real terms, or 4% in nominal terms. 
This is also conservative, given that observed 10 to 20 year escalation rates have been in the 
1.9% to 5.2% range in real terms. (See Appendix A1 for a detailed description of this analysis, 
which is based on historical MWD rate increases).  

Avoiding water imports from MWD results in reduced energy usage from avoided pumping of 
water to southern California. This reduced energy use avoids associated emissions of GHGs and 
local air pollutants. Avoiding each AF of water imports avoids approximately 1.29 MT of GHG 
emissions549. We value the avoided GHG emissions using the “social cost of carbon,” which is an 
estimate of the monetized damages, now and into the future, associated with an incremental in-
crease in carbon emissions emitted now. These damages “include but are not limited to the im-
pact on agricultural productivity, human health, property damages from increased flood risk, and 
the value of ecosystem services due to climate change” (IWG, 2010). The mean of the range of 
social cost of carbon estimates is $41 per MT of avoided emission (value is for avoiding emis-
sions in 2015, in 2016 dollars).  Thus, to estimate the benefit of avoided emissions, we apply 
$52.89 per AF (1.29 MT/AF x $41 per MT = 52.89 $/AF).   

Additional information on our approach to individual water sources and key assumptions are in-
cluded in the corresponding sections of this memorandum. 

In Table 1, we present a summary of the water portfolio goals for both the “city-based” and 
“maximize local” (hereafter referred to as “max local”) scenarios.  

 

 

                                                 
 

548 The Federal Reserve Bank of Philadelphia indicates an anticipated annual average consumer price index 
(CPI) inflation rate of 2.3% over the next ten years, from its survey of professional forecasters (Federal Reserve 
Bank of Philadelphia, 2017). The historical 30-year average is higher, so we round up to 2.5%. 
549 Estimate provided by Katie from GHG analysis – used baseline 2013/2014. 
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Table 1: Supply volumes by scenario goals 

 Supply scenario 

FY 2013 – 
2014 (Base-
line) (AFY) 

2035: city-
based goal 

(AFY) 

2035: max 
local goal 

(AFY) 

MWD (Import) 441,871 100,000 35,000 

LA Aqueduct (LAA) 61,024 139,400 91,000 

Groundwater 79,403 114,100 114,100 

Recycled Water (NPR) 
10,054 

45,400 
161,400 

Recycled Water (GWR) 43,100 

Stormwater – Centralized included in 
groundwater 19,000 26,000 

Stormwater - Distributed  18,000 32,000 

Total Water Supply 592,352 479,000 459,500 

Total – Local Sources 89,457 239,600 333,500 

 

Stormwater 

We evaluated several potential data sources to use in our stormwater analysis (e.g., Geosyntec, 
2015; Gold, et al. 2015), and determined that the LA Basin Study (CH2M, 2015) was the most 
appropriate to use to estimate benefits and costs of stormwater as a source of water supply. For 
example, as part of the broader study under which we conducted this analysis, BCWMG (2016) 
evaluated several scenarios to meet water quality standards, and thus water quality rather than 
quantity was the focus.  

The LA Basin Study provides cost and benefit information on several types of stormwater cap-
ture projects/programs. These projects are based on the project types, and associated costs, in the 
SCMP (Geosyntec, 2015). The projects/programs identified in the LA Basin Study provide a 
greater volume of water supply than the scenario goals of this analysis. For example, the LA Ba-
sin Study estimated that distributed projects could provide 157,133 AFY550, whereas the city-
based and max-local water supply goals are 18,000 and 32,000 AFY, respectively.  To apply this 

                                                 
 

3. From CH2M, 2015, Appendix D: AppendixDRegional1Cost.xls. We used the sum of annual recharge re-
ported on sheets “Local Stormwater Capture 1”, “Low Impact Development”, and “Complete Streets”. The LA 
Basin Study includes the Malibu Creek and San Gabriel River watersheds in addition to the Ballona, 
Dominguez Channel, and LA River watersheds that are included in the study area of this analysis. 63% of the 
implementation area (in acres) is within the study area (CH2M, 2015. p. 47, Table 9).   



188 | U C L A  I o E S ,  U C L A  G C ,  C S M  F e b r u a r y  2 0 1 8  
 

information to the scenario goals, we have calculated unit costs for the various types of programs 
and apply them to the volumes needed to reach the city-based and max local scenario goals. 

We include the centralized and distributed project/program types presented in the LA Basin 
Study, which are defined as follows (CH2M, 2015): 

 Distributed programs (local solutions) 
 Local stormwater capture consists of infiltration projects distributed throughout 

the watershed where there are favorable conditions for recharge. Potential projects 
include green infrastructure such as infiltration chambers at parks, golf courses, 
small vacant private parcels, government, and institutions.  

 Low impact development consists of small BMPs throughout the residential, com-
mercial, industrial, and institutional areas. Projects include:  
— “Urban acupuncture” (Many small projects over the basin)  
— Construct distributed BMPs upstream of lower efficiency spreading 

grounds  
— Rain gardens  
— Parking lot storage and connectivity  
— Green roofs 

 Green streets 551 consists of small BMPs throughout the transportation land use 
portion of the LA Basin, with potential projects including: 
— Green streets and stream tributaries stormwater capture 
— Parkways and road medians stormwater capture 
— Under street infiltration 

 Centralized programs (regional solutions) 
 New stormwater recharge sites for new spreading basins identified based on pre-

vious reports and a search of vacant properties near main channel features in re-
charge areas.  

 Enhanced maintenance practices at existing recharge sites  
The LA Basin Study estimated the volume of additional water supply for each of the sub-catego-
ries. The estimated volumes were apportioned across the distributed programs in the following 
proportions552:  

 Local stormwater capture: 20% 
 Low impact development: 60% 
 Complete streets: 20% 

                                                 
 

551 The LA Basin Study refers to these projects as “complete streets”, but we refer to them as “green streets” 
following the nomenclature used in Abdulla and Blyth, 2016; in which “green streets” are defined as “streets 
that use a natural systems approach to reduce stormwater flow, improve water quality, reduce urban heating, 
enhance pedestrian safety, reduce carbon footprints, and beautify neighborhoods”. 
552 We calculated these proportions from annual recharge amounts reported in CH2M, 2015, Appendix D: Ap-
pendixDRegional1Cost.xls, sheets “Local Stormwater Capture 1”, “Low Impact Development”, and “Complete 
Streets”. 



189 | S u s t a i n a b l e  L A  W a t e r  P r o j e c t  – L A  C i t y - w i d e  O v e r v i e w  R e p o r t  
 

We use these same proportions in this analysis to divide the total distributed program volume 
goal between these sub-categories. That is, we assume 20% of the scenarios goal will be met 
through local stormwater capture, 60% through low impact development, and 20% through com-
plete streets.  

1.1 Annualized costs 

Table 2 shows the inputs used from the LA Basin Study (CH2M, 2015) and annualized unit cost 
($/AF) for each project/program type. The annual yields, upfront costs, and annual O&M costs 
are from the LA Basin Study553, which were derived from the SCMP (Geosyntec, 2014) (CH2M, 
2015554). Annualized upfront costs are calculated using a 3% discount rate and 50-year time pe-
riod.  

  Table 2: Inputs and annualized unit costs for stormwater capture 

 Project type 

Annual 
yield 
(AFY) 

Capital 
costs 
($M) 

Land 
costs 
($M) 

Total up-
front 
cost1 
($M) 

Annual 
O&M 
cost 
($M) 

Annual-
ized up-

front cost 
($M) 

Total an-
nual-ized 
cost ($M) 

Annual 
cost 

per AF 
($) 

Local storm-
water capture 31,123 3,086.2 1,327.5 4,413.7 76.5 171.5 248.3 7,977 

Low impact 
development 94,533 9,696.0 - 9,696.0 216.8 376.8 594.1 6,285 

Green streets 31,477 5,970.3 - 5,970.3 119.7 232.0 352.1 11,185 

Total distrib-
uted 157,133 18,752.5 1,327.5 20,080.0 413.1 780.4 1,194.4 7,601  

New large 
stormwater re-
charge sites 

29,930 371.2 341.0 712.2 7.0 27.7 34.7 1,160 

Enhanced 
maintenance 
at existing re-
charge sites 

13,381 280.8 - 280.8 6.3 10.9 17.3 1,289 

Total central-
ized 43,311 652.0 341.0 993.0 13.3 38.6 52.0 1,200 

             1 Capital and land acquisition cost 

                                                 
 

553 “Capital costs include construction costs, engineering, project management, legal and permitting, 
and contingency. An additional property acquisition cost was assumed for purchase of private 
open space parcels for the use of Local Stormwater Capture concepts…. An O&M cost was cal-
culated using BMP storage volumes and unit costs derived from the LADWP Stormwater Cap-
ture Master Plan (Geosyntec, 2014)” (CH2M, 2015. p 69).  

554 From Appendix D: AppendixDRegional1Cost.xls, sheets “Local Stormwater Capture 1”, “Low Impact Develop-
ment”, and “Complete Streets”; adjusted to 2016 dollars.  
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Next, we apply the annualized cost per AF to the volume of water supply needed to meet the 
city-based and max local goals for the distributed and centralized stormwater capture. We scale 
the volumes across project types using the same distribution presented in the LA Basin Study. 
The results are summarized in Table 3. 

It should be noted that some of the stormwater capture costs shown above will be incurred by 
private property owners.  Private property owners that create, add or replace 500 ft2 or more of 
impervious area will be required to recapture the three-quarter inch rain event for infiltration or 
reuse on site. Geosyntec (2015) estimated the required capture volume (AF) for the LAR water-
shed from redevelopment to be 2,178 AF. Applying the ratio of volume captured to the volume 
needed to meet the city and max goals to the watersheds in our study area, we estimate that ap-
proximately 3,379 AF will be captured by private property owners. This equates to 31% and 
18% of the stormwater needed to meet the city-based and max local goals, respectively. How-
ever, these estimates do not account for translation of capture volume into available supply.  

Table 3: Total annual costs to meet stormwater supply goals 

 City based Max local 

Source Volume Cost ($M) Volume Cost ($M)* 
Distributed 18,000 136.8 32,000 $243.2 
Centralized 19,000 22.8 26,000 $31.2 
Total 37,000 159.6  58,000 $274.4 

A portion of the distributed costs will be incurred by private property owners.  

 

1.2 Comparing benefits and costs over time 

To compare benefits and costs over time, we assume that new stormwater projects will be added 
over time to meet the water supply goal so that the volume of stormwater captured will show a 
linear ramp up from 2017 to 2035. Capital costs are distributed evenly across this time period, 
and any remaining service life is credited at the end of the 50-year analysis period; we assume all 
expenditures of capital accrue benefits for 50 years.  

Benefit categories include the avoided cost of imported water, the associated reductions in CO2 
emissions, and several categories of ancillary benefits. The PV benefit of the avoided cost of im-
porting water is $896.2 million and $1,404.9 million for the city-based and max local scenarios, 
respectively. The PV benefit from avoided GHG emissions over the 50-year period is $58.9 mil-
lion under the “city-based” goal, and $92.3 million under the “max local” goal. 

The ancillary benefits associated with stormwater capture vary across project type. Table 4 
shows the benefit categories that apply to each of the project types for distributed and centralized 
stormwater capture.  

 Table 4: Monetized benefit categories applied to stormwater capture projects 

Project type 
Monetized benefit categories additional to avoided 
imported water and associated GHG reductions* 
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Distributed projects 

Local stormwater capture Recreation and habitat 

Low impact development 

Recreation and habitat; avoided stormwater runoff 
costs, carbon sequestration, urban heat island mitiga-
tion, improved air quality, aesthetic value, increased li-
ability from trees (negative) 

Green streets 
Avoided stormwater runoff costs, carbon sequestra-
tion, urban heat island mitigation, improved air quality, 
aesthetic value, increased liability from trees (nega-
tive), recreation and habitat 

Centralized projects 

New large stormwater recharge sites Recreation and habitat 

Enhanced maintenance practices at existing 
recharge sites None 

*Potentially important but non-monetized benefits include water quality benefits, improved flood con-
trol, job creation, reduced damages from drought, increased resiliency to climate change, the oppor-
tunity to reuse a water resource that would otherwise be lost, environmental benefits associated with 
reduced stress on the Bay-Delta resources due to lower demands for water extraction, and reduced 
human health risks associated with reduced energy-related emissions of air pollutants other than 
GHGs. 

As shown in Table 4, we apply recreation and habitat benefits to regional spreading grounds, lo-
cal stormwater capture, LID, and complete streets project types. The LA Basin Study estimated 
that these project types include recreation and habitat enhancements that result in an estimated 
1,698 acres of habitat and 830 miles of recreational trails. To estimate habitat and recreation ben-
efits for this analysis, we scaled the habitat and recreation trails in the LA Basin Study using the 
ratio of the volume of stormwater in the LA Basin Study to the volume of water supply needed to 
meet the scenario goals. The estimated quantities are: 

 City-based goal: 208 acres of habitat, 99 miles of recreation; 
 Max local goal: 362 acres of habitat, 174 miles of recreation.   
To monetize the benefits of the recreation and habitat improvements, we apply the following in-
puts:  

 Average trail use per mile, annually (Piper, 2016): 22,490 
 Consumer surplus value for leisure bicycling, running/jogging, and walking: $44.12 

(Rosenberger, 2011) 
 Wetland banking value for south coastal CA (applied as 1-time benefit in first year): 

$205,000 
 Range of annual per acre habitat benefit (Piper, 2016): $141 to $719. 
This approach results in estimated recreation and habitat benefits ranging from $223.1 million to 
$1,797.8 million.  

As shown in Table 4, we applied the following additional benefits to the green streets and LID 
project/programs:  
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 Avoided storm water runoff costs  
 Carbon sequestration  
 Urban heat island mitigation  
 Improved air quality 
 Aesthetic value  
We monetized the ancillary benefits associated with green streets based on information in the 
Living Streets study (Abdulla and Blyth, 2016), in which the authors monetized benefits associ-
ated with the stormwater capture elements of green streets555. To apply these monetized benefits 
to the project/program types from which our water supply volumes are derived, we scaled the 
monetized benefits using the estimated volume of stormwater capture. Abdulla and Blyth (2016) 
estimated that 2,782 acres would be converted and that 0.95 AF of stormwater would be captured 
per acre, which implies 2,643 AFY would be captured by the green street elements. We use this 
volume estimate to scale the monetized benefits to the volumes needed to meet the scenario 
goals. We calculate a per unit benefit using the volume of stormwater capture – 2,643 AFY - and 
apply the unit benefits ($/AFY) to the volumes needed to reach the scenario goals556. This ap-
proach introduces uncertainty for the following reasons: 

 Abdulla and Blyth (2016) assumed the average annual capture volume per acre, which we 
scaled to meet total volume goals, in AF. This implicitly assumes benefits are linear; 
whereas in reality, benefits could realize diminishing returns. Our estimates are highly 
sensitive to this assumption. For example, if we instead assume only 50% of benefits are 
realized per AF, our estimated monetary benefits are cut in half.  

 The capture volume may not accurately reflect (and most likely overstates) the actual vol-
ume of additional water supply that would result from the project. 

 We applied the same unit benefits to the LID and green street projects using the benefit 
per scaled volume in AF. This assumes uniform benefit accrual across both project types. 
At least some of the ancillary benefit categories such as improved air quality could vary 
across these project types (e.g., street trees provide considerable air quality benefits 
whereas under-street drainage does not).  

 Few studies have monetized similar benefits, and we were unable to identify a study that 
monetized benefits that would allow for an “apples-to-apples” comparison Abdulla and 
Blyth’s calculations. However, Abdulla and Blyth rely on peer reviewed or authoritative 
governmental sources for the individual benefit components, including McPherson 
(2011) for avoided stormwater costs as well as carbon sequestration and aesthetic value 
estimates, the Interagency Working Group (IWG, 2013) and Rosenfeld (1997) for urban 
heat island mitigation, and Akbari (2005) for improved air quality. 

                                                 
 

555 The “green street elements” are described in Abdulla and Blyth, 2016 (p. 22) as:  “Green Streets use an environ-
mental services approach to reduce stormwater flow, improve water quality, reduce urban heating, enhance pedes-
trian safety, reduce carbon footprints, and beautify neighborhoods. Green Streets use vegetation, soils, and natural 
processes to manage water and create healthier urban environments. Green Streets can incorporate a wide variety of 
design elements, yet their functional goals are the same: provide source control of stormwater, increase infiltration 
by limiting its transport, reduce pollutant conveyance to the collection system, and provide environmentally en-
hanced roads”. 
556 Following Abdulla and Blyth, 2016, we have included the increased liability from street trees (due to increased 
trips and falls) as a cost in our benefit calculations.  
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To account for this uncertainty, we apply these benefits as a range – that is, we present the totals 
with and without these benefits included.   

Table 5 summarizes the benefits associated with avoided imported water purchases, recreation, 
habitat, and the sum of ancillary benefits associated with green streets, and compares them to the 
PV costs of producing local stormwater supply.  

Table 5: Comparison of PV monetized benefits and costs of local stormwater supply 

Benefit/cost category City-based ($million) Max local ($million) 

Avoided cost of imported water 896.2 1,404.9 
Value of avoided CO2 emissions  58.9 92.3 
Recreation 1,795.1 3,152.1 
Habitat 0.54 to 2.7 0.93 to 4.8 
Other benefits of green streets and LID 4,526.4 8,046.9 
Total monetized benefits1 5,704.6 to 7,279.3 

(1,178.2 to 2,752.9 exclud-
ing street benefits) 

9,935.9 to 12,701.1 
(1,888.9 to 4,654.1 exclud-

ing street benefits) 
Total costs 2,910 5,003 
Net monetized benefits 2,795 to 4,370 4,933 to 7,699 
1Potentially important but non-monetized benefits include water quality benefits, improved reliability, improved 
flood control, job creation, reduced damages from drought, increased resiliency to climate change, the oppor-
tunity to reuse a water resource that would otherwise be lost, environmental benefits associated with reduced 
stress on the Bay-Delta resources due to lower demands for water extraction, and reduced human health risks 
associated with reduced energy-related emissions of air pollutants other than GHGs. 
 
2. Using the unit volume to scale benefits, 25% of the benefits are assumed from green streets and 75% from 
LID. This results in ranges of $1,130.7 to $2,010.1 and $3,395.7 to $6,036.8 (all in $million) for green streets and 
LID, respectively.  

In addition to the monetized benefits described above, stormwater capture projects/programs also 
provide water quality benefits such as reducing trash, sediment, and vegetation loading, reducing 
bacteria loading, and reducing toxic pollutant loading to receiving waters. These potentially im-
portant benefits could not be readily quantified or monetized for this analysis. 

The LA Basin Study modeled the quantity of stormwater available for use557. Applying their 
quantities to our analysis results in the implicit assumption that 100% of the stormwater captured 
is available for supply. The results of our analysis, specifically the comparison of benefits to 
costs, are sensitive to this assumption. To demonstrate this sensitivity, we can arbitrarily assume 
that some percentage of the water captured would be available for supply. For example, if 20% 
of the water captured is available for supply, the costs increase by 80%; that is, we would need to 
implement 80% more of each project to reach the water supply goals. The benefits of avoided 
cost of imported water and associated GHG emissions remain the same, as we are analyzing the 
same quantity of water supply. The ancillary benefits associated with the scale of the project 
(e.g., recreation and habitat benefits) increase proportionally with the increase in the project 
scale, specifically 80% in our example. Understanding how much of a certain project type could 

                                                 
 

557 See for example, Task 6 (Piper, 2016), page 6, in which the authors use the quantity of water provided in Task 5 
as the quantity of water supply.  
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be conducted is another area of uncertainty. There are limiting factors such as land availability 
and economies of scale that make it difficult to scale the unit costs and benefits if recovery is less 
than 100%.   

Recycled water 

To compare costs to benefits of recycled water produced across the three water supply portfolios, 
we need an estimate of the volume of recycled water by use category (NPR, GWR, and DPR), 
and the costs associated with producing those volumes. We base our analysis on information pre-
sented in the Recycled Water Master Plan (RWMP) (City of LA, 2012) and Raucher and 
Tchobanoglous (2014). 

The additional volumes of recycled water needed to achieve the city-based and max local sce-
nario goals are presented in Table 7 (assuming 10,054 AFY of recycled water is currently pro-
vided under the baseline). Recycled water projects are split between non-potable reuse (NPR) 
which includes irrigation and industrial process use, and groundwater replenishment (GWR) 
which includes indirect potable reuse (IPR) and, potentially, direct potable reuse (DPR). 

Table 7: Recycled water scenario goals 

 Net volume, City-based Net-Volume, Max local 

NPR 37,400 
151,346 GWR (IPR/DPR) 41,046 

Total  78,446 
 

1.1 Annualized costs 

The RWMP provides volume and cost estimates for a volume less than the goals of our analysis. 
The RWMP NPR report (City of Los Angeles, 2012) provides volume and cost estimates for 
NPR based on existing demand. The RWMP GWR report (City of Los Angeles, 2012) provides 
a cost estimate for providing 30,000 AFY of GWR. We use their estimates for the volumes pro-
vided and summarize our approach as follows:  

 Step 1: Assume that NPR will be provided first. We calculate the NPR volumes and asso-
ciated costs using the information provided in the RWMP NPR report, scaled up to the 
volume estimates in the scenario goals.  

 Step 2: Assume that planned GWR is the second priority. We calculate the costs of GWR 
for the 30,000 AFY for which costs are estimated in the RWMP GWR report. 

 Step 3: Assume the remaining volume needed to meet the scenario goals comes from a 
combination of DPR and IPR, for which we estimate costs using the costs provided in 
Raucher and Tchobanoglous, 2014. We use an average of the cost range to value future 
IPR and DPR supply. The cost range is the same for DPR and IPR, thus we do not make 
assumptions regarding the allocation between the two.  

NPR  
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The RWMP NPR report provides capital and O&M cost estimates for the planned and ultimate 
potential558 NPR volumes. In Table 8, we present the volume, capital and O&M costs, and annu-
alized costs using a 3% capital recovery rate and 50-year time period, and the annualized cost per 
AF for the planned and the ultimate potential. 

Table 8: NPR Annualized cost estimates 

  

Annual 
yield 
(AFY) Total capital cost 

Total annual 
O&M 

Annualized 
capital cost  

Total annual-
ized cost 

Annual cost 
per AF 

Planned 
                       

11,350   $312,554,273   $11,036,227   $12,147,576   $23,183,803  $2,043 

Ultimate poten-
tial 

18,453 $425,623,540 $7,860,709 $16,542,069 $24,402,778 $1,322 

 

To estimate the costs for the remaining 7,597 AFY needed to reach the scenario goal, we apply 
the annualized cost per AF associated with potential volume ($1,322/AF). The total estimated 
cost of producing the goal volume of 37,400 is $57.6 million.  

GWR 

The RWMP GWR report presents capital and annual O&M costs for 30,000 AFY of planned 
GWR assuming use of the existing plants and spreading grounds and injection wells. We present 
these below, along with the unit costs and total annualized costs: 

 Capital: $432.1 M 
 O&M: $18.6 M 
 Annualized capital cost: $16.8 M 
 Total annualized cost: $35.4 M 
 Annual cost per AF: $1,180 
To reach the city-based goal of 41,046 AFY of GWR, the city needs an additional 11,046 AFY. 
To reach the max local goal of 113,946, the city needs an additional 83,946 AFY. We assume the 
remaining volume needed to meet the scenario goals is provided through a mix of DPR and IPR, 
for which we estimate costs using the ranges provided in Raucher and Tchobanoglous, 2014. The 
annualized costs for IPR and DPR range generally range from $1,100 to $1,500 per AF, assum-
ing that transmission costs are not large for future projects in the area. We used the average of 
the range to represent future IPR or DPR costs. This results in annualized costs of $14.3 M and 
$109.1 M for the city-based and max local goals, respectively. Table 9 presents the total volume 
and annualized costs of recycled water. 

                                                 
 

11 The RWMP NPR report provides separate estimates for the “planned”, “potential” and “ultimate” NPR vol-
umes, where ultimate is the full volume of identified demand, and potential is a scaled-down version of ultimate 
that is used for planning purposes. Because our goal volumes for this analysis are higher than both the planned 
and potential, we used the ultimate volume of 18,453 AFY, and corresponding costs. 
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Table 9: Costs of additional supply of recycled water 

Source Volume (AF) Annualized cost per AF 
Total annualized cost to 

meet scenario goals  
($ million) 

NPR 37,400 $1,541 57.63 

GWR 

41,046 for city-based goal; 

 
$1,181 for first 30,000 AF; 

$1,300 for remaining AF 

49.8 for city-based goal; 

113,946 for max local goal 144.6 for max local goal 

Total 
78,446 for city-based goal; 

n/a 
107.4 for city-based goal; 

151,346 for max local goal 202.2 for max local goal 

 

1.2 Comparing benefits and costs over time 

The largest monetized benefit associated with recycled water is the avoided cost associated with 
imported water.  Recycled water use is assumed to avoid 78,446 AFY of imported water pur-
chases under the “city-based” goal, and 151,346 AFY of imported water purchases under the 
“max local” goal. This results in a present value benefit from avoided imported water purchases 
over the 50-year period of $1.9 billion under the “city-based” goal, and $3.3 billion under the 
“max local” goal. The PV benefits of reduced CO2 emissions associated with avoided imported 
water are $107.9 and $195.8 million for the “city-based” and “max local” scenarios, respectively; 
where avoided emissions are net of estimated emissions for recycled water, which we estimate to 
be 0.179 MT/AF. Table 10 summarizes the present value costs and benefits of recycled water.  

Another important monetized benefit for increased recycled water use is the value of improved 
water supply reliability compared to imported water. Recycled water yields are not linked to the 
hydrologic cycle and annual precipitation patterns; instead, the yield from recycled water is 
driven by a stable supply of regionally generated wastewater. As a climate-independent water 
supply option, recycled water offers some added economic reliability values to the region com-
pared to imported sources that depend on snow pack, precipitation, and storage. 

Although interest in water supply reliability is increasing (e.g., due to increasing water demands 
and concerns over climate-related events), only a few studies have directly attempted to quantify 
its value (i.e., through nonmarket valuation studies, see for example Carson and Mitchell, 1987, 
CUWA, 1994, Griffin and Mjelde, 2000, Wolfe, 2007, and Raucher et al, 2013). The results 
from these studies indicate that residential and industrial (i.e., urban) customers seem to value 
supply reliability quite highly. These and related stated preference studies have found that water 
customers are willing to pay $100 to more than $500 per household per year for total reliability 
(i.e., a 0% probability of their water supply being interrupted in times of drought).  

The challenge in applying these values to determine a value of increased reliability as a result of 
the increased reliance of recycled water within the City’s future water supply portfolio is recog-
nizing how to reasonably interpret these survey-based household monetary values. Most of the 
monetary values noted above reflect a willingness to pay per household to ensure complete relia-
bility (zero drought-related use restrictions in the future), whereas the increased share of recycled 
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water in LA only enhances overall reliability, but does not guarantee 100% reliability. Thus, if 
applied directly to the number of households within the City of Los Angeles service area, the 
dollar values from the studies would overstate the reliability value provided by the offsetting 
some imported water with increased use of recycled water. 

A simple way to roughly adjust for this “whole versus part” problem is to attribute a portion of 
the total value of reliability to the portion of the problem that is solved by the project. To adjust 
for the partial improvement in reliability from the increased use of recycled water, it is assumed 
that household willingness to pay for improved reliability is directly proportional to the amount 
of recycled water that will offset imported water, as a percentage of the total potable water sup-
ply. This represents the percentage of total supply that has been improved in terms of overall re-
liability (i.e., by offsetting imported water demand with local sources). 

The proposed recycled water portfolio will offset more than 88,500 AFY of imported water un-
der the 2035 city-based goal, and 161,400 AFY under the 2035 max local goal. To place this vol-
ume in perspective, baseline (FY 2013-2014) imported water demand is 441,871 AFY. Thus, 
about 20% (88,500/441,871=20%) of imported water will be offset by recycled water use under 
the city-based goal, and 37% (161,400/441,871=36.5%) of imported water baseline demand will 
be offset by recycled water use under the max local goal. To obtain a lower bound estimate for 
the value of improved reliability associated with this water, it may be assumed that households 
within the City are willing to pay about $20 per year for improved reliability of supplies ($100 
multiplied by 20%) under the city-based goal, and $37 under the max local goal. Applying the 
lower end per household dollar value to the approximately 1.7 million households within the 
City service area in 2040 (LADWP 2015) would result in $30 million per year in enhanced relia-
bility benefits for the city-based goal, and $63 million per year for the max local scenario.  

A second approach yields roughly the same estimate of the value of residential water supply reli-
ability gain. Raucher et al. (2013) offers estimated willingness to pay values for a more realisti-
cally defined increase in supply reliability. The research indicated that households are willing to 
pay between about $20 and $35 per year for each year that a water supply portfolio that reduces 
the likelihood of “Stage 2” water use restrictions by one year out of the next 20 (stage 2 re-
strictions reflect a highly restricted ability to do any landscape irrigation).  

For this study, we apply $20 per year estimate common to both valuation approaches for the city-
based scenario, and $36 per year for the max local scenario (an average of the $35 per year and 
$37 per year estimates from the two approaches). After applying this range of reliability values 
to the projected number of households in the LADWP service area over the timeframe of the 
study, and discounting the result to 2016 dollars, this approach shows $632 million in reliability 
benefit for recycled water supplies for the city-based scenario, and $1,139 million for the max 
local scenario. Monetized costs and benefits for recycled water are summarized in Table 10. 

There are several additional valuable benefit categories associated with recycled water use that 
are not quantified here. Those include hard-to-quantify environmental benefits associated with 
reduced stress on the Bay-Delta resources due to lower demands for water extraction (or more 
water available for other importers), the opportunity to reuse a water resource that would other-
wise be lost, and reduced human health risks associated with reduced energy-related emissions of 
air pollutants other than GHGs (compared to imported water use).  
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Table 10: Comparison of PV monetized benefits and costs of recycled water 

Benefit/cost category City based ($million) Max local ($million) 

Avoided cost of imported water 1,912.6  3306.3 
Value of avoided CO2 emissions     107.9    195.8 
Value of improved water supply reliability    632.6  1,138.7 
Total monetized benefits * 2,653.1 4,640.8 
Total costs 1,898.5 2,913.4 
Net monetized benefits    754.6 1,727.4 
*Potentially important but non-monetized benefits include improved job creation, the opportunity to 
reuse a water resource that would otherwise be lost, environmental benefits associated with reduced 
stress on the Bay-Delta resources due to lower demands for water extraction, and reduced human 
health risks associated with reduced energy-related emissions of air pollutants other than GHGs. 

 

Groundwater 

1.1 Annualized costs 

The groundwater supply goal is 114,100 AFY for both the city-based and max local scenario 
goals. The current groundwater supply is 79,403 (LADWP, 2015); thus, we focus the groundwa-
ter analysis on the costs and benefits of supplying an additional 34,697 AFY.  

LADWP’s Urban Water Management Plan (UWMP) provides a current overview of groundwa-
ter supplies and current usage. Per the UWMP, we assume that additional groundwater supplies 
from the Sylmar and Central basins will be met through existing groundwater right/credits and 
that the additional volume from the San Fernando basin will be met through treatment of con-
taminated groundwater.559 We allocate the additional groundwater volumes across the groundwa-
ter basins using the current distribution provided in the UWMP (Table 11). 

                                                 
 

559 According to the UWMP, "Sylmar Basin production will increase to 4,170 AFY from 2015-16 
to 2038-39 to avoid the expiration of stored water credits” "Industrial contamination issues are the 
principle reason for restricted use of local groundwater pumping by the City. Much of LADWP’s pump-
ing capacity has been impaired by contaminants, primarily volatile organic compounds (VOCs)." 
(LADWP, 2015 p. 6-1). 
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Table 11: Additional supply of groundwater to meet goals 

Basin 
Total projected 
yield AFY (From 

Exhibit 6I, p. 6-24) 
Percent of total Net AFY  Basis for cost estimate 

San Fernando 92,000 80% 27,837 Treatment of contaminated 
groundwater 

Sylmar 4,170 4% 1,262 Additional pumping through 
existing credits 

Central 18,500 16% 5,598 Additional pumping through 
existing credits 

Total 114,670  34,697  

Over the past 5 years, the average cost to pump, treat and convey groundwater has been $341 per 
AF (varying from $312/AF in 2011/2012 to $392/AF in 2014/2015560). We apply this unit cost to 
the additional yield from the Sylmar and Central basins, assuming constant real pumping costs 
into the future (this is equivalent to assuming the future pumping costs increase at the general 
rate of inflation). 

The cost of cleaning up the contaminated groundwater is less certain. Current estimates provided 
by the City of Los Angeles for contaminated groundwater cleanup in the San Fernando Valley, 
are: 

 Capital: $600 M (LADWP, 2014) 
 Annual O&M: $50,000 (LADWP, 2015) 
 Yield: 123,000 AFY (LADWP, 2014)  
Annualizing these costs using a capital recovery rate of 3% over 50 years, the annual unit costs 
of additional pumping and cleaning up contaminated groundwater are $596 and $341 per AFY, 
respectively. Next, we apply these annualized costs to the volumes for each basin to estimate the 
total cost of the city-based and max local groundwater IWM portfolios. As shown in Table 12, 
the total annualized cost of producing an additional 34,697 AFY of groundwater by 2035 is 
$18.9 million.  

                                                 
 

560 “Costs include operating and maintaining water well pumps, conveyance piping, disinfection 
treatment systems, electrical services, associated repairs, annualized depreciation of fixed infrastruc-
ture, and related financing and overhead costs.” (LADWP, 2015, p. 6-23) 
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Table 12: Costs of additional supply of groundwater 

Source Volume Annualized cost per AF 
Total annualized cost to 

meet scenario goals 
 ($ million) 

Treatment of contaminated 
groundwater 

27,837 $596 $16.59 

Additional pumping 6,860 $341 $2.34 

Total 34,697 n/a $18.93 

 

1.2 Comparing benefits and costs over time 

The benefits associated with additional groundwater withdrawals include the avoided cost of im-
ported water, water quality benefits (willingness to pay  estimates for reduced quantity of con-
taminated groundwater), resiliency benefits, and improved local water supply reliability (reduced 
damages from drought).  

The present value cost of producing an additional 34,697 AFY of groundwater over the 50-year 
period from 2017 to 2066 is $420.1 million. We estimated the present value benefit of avoiding 
the purchase of imported water following the same methodology described in Section 1. The pre-
sent value benefit over 50 years of avoiding the purchase of imported water to supply that vol-
ume is $1.06 billion. The PV benefit of the associated reduction in GHG emissions is $63.9 mil-
lion where avoided emissions are net of estimated emissions for ground water, which we esti-
mate to be 0.09 MT/AF561.  

Table 13 presents the present value monetizable benefits and costs of groundwater use. 

Table 13: Comparison of PV monetized benefits and costs of groundwater 

Benefit/cost category City-based and max local 
($million) 

Avoided cost of imported water 1,061.9 
Value of avoided CO2 emissions       63.9 
Total monetized benefits* 1,125.8 
Total costs    420.1 
Net monetized benefits    705.7 
*Potentially important but non-monetized benefits include water quality 
benefits (reduced discharge of effluent to coastal waters), improved reli-
ability, job creation, reduced damages from drought, increased resili-
ency to climate change, environmental benefits associated with reduced 
stress on the Bay-Delta resources due to lower demands for water ex-
traction, and reduced human health risks associated with reduced en-
ergy-related emissions of air pollutants other than GHGs. 

 

                                                 
 

561 Estimate provided by Katie from GHG analysis – used 2030 estimate. 
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1.3 Brackish groundwater recovery 

The UWMP includes brackish groundwater recovery as a potential water supply, noting that it is 
“merely in the concept phase” (LADWP, 2015 p. 9-6). According to the Gold, et al. 2015, 
“roughly 600,000 to 650,000 acre-feet of space in the West Central Basin (WCB) is currently 
taken up by the saltwater plume.” However, the report also notes that this is around 10 times the 
annual adjudication rights in the basin and greater than the City of LA’s annual water use and 
thus offers a very significant source of additional storage for fresh water as the brackish plume is 
remediated. Thus, the potential volume of brackish groundwater available for desalting in the 
three watersheds is uncertain. We present an analysis of the costs and benefits of desalting be-
tween 5,000 and 20,000 AFY.  

Cost 

Raucher et al., 2010 suggest a cost range between $1,000 and $1,450 per AF ($2016) for the unit 
costs of groundwater desalting. Discounting at 3% over a 50-year timeframe, the present value 
cost for a 5,000 AFY brackish groundwater recovery project ranges from $139.0 to $200.8 mil-
lion, and the cost for a 20,000 AFY project ranges from $556.1 to $803.3 million.  

These costs represent a range currently available in the literature; however, the costs of desalting 
are decreasing with improvements in technology. For example, researchers at UCLA recently de-
signed a technology to desalt water at $0.30 per 1,000 liters, which equates to $370 per AF (Uni-
versity of California Press, 2016).  

Benefits 

Following the same approach described in previous sections, the present value monetized benefit 
of avoiding 5,000 to 20,000 AFY of imported water is $205.3 and $821.1 million, respectively. 
The present value of the avoided associated GHG emissions is $10.1 and $40.5, respectively; for 
total benefits of $215.4 million for 5,000 AFY and $861.5 million for 20,000 AFY. And, as in 
the case of recycled water, there also may be hard to quantify environmental benefits associated 
with reduced stress on the Bay-Delta resources due to lower demands for water extraction (or 
more water available for other importers), and reduced human health risks associated with re-
duced energy-related emissions of air pollutants other than GHGs. There also are likely to be 
beneficial values associated with the enhanced reliability of the water supply, given that ground-
water supply yields are largely climate-independent and locally controlled, compared to imported 
waters.   

Conclusions 

The results of our analysis indicate that the estimated costs of producing local water supplies are 
higher than the projected cost of importing water. However, there are large monetized benefits 
(as well as potentially important non-monetized benefits) associated with local water supply pro-
jects; and when we compare monetizable benefits to costs, there are positive net benefits of local 
water supply. We estimate the net benefit of the city-based scenario goal as $4.3 to $5.8 billion, 
and the net benefit of the max local scenario goal as $7.4 to $10.1 billion.  

In Table 14, we present the comparison of the costs and monetizable benefits for the city-based 
and max local scenarios. In Tables 15 and 16, we present the comparison of costs and monetiza-
ble benefits by water supply type for the city-based and max-local scenarios, respectively. 
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     Table 14. Comparison of monetized benefits and costs across scenarios 
 

 City-based scenario Max-local scenario 
Volume of local water supply, net of 
baseline (AFY) 150,143 244,043 

PV monetized cost of additional local 
supply (millions of $2016) $5,228.1 $8,336.0 

PV monetized benefit of additional 
local supply (millions of $2016) $9,483.6 to $11,058.3 $15,702.6 to $18,467.7 

Net PV (millions of $2016) $4,255.4 to $5,830.1 $7,366.4 to 10,131.6 
 
 

Table 15: Comparison of monetizable benefits and costs for city-based scenario 

  

Net 
volume 
(AFY) 

Annualized 
cost of supply 

(millions 
$2016) 

PV cost 
of supply 
(millions 
$2016) 

PV monetized 
benefit (millions 

$2016)* 
Net PV (millions 

$2016) 

Groundwater (net) 34,697  18.9  420.1  1,125.8 705.7  

Recycled Water – NPR 
irrigation & industrial 37,400  57.6  1,051.5  1,257.6  206.1 

Recycled Water – GWR 41,046  49.8  846.9  1,395.6  548. 7 

Stormwater – Centralized 19,000  22.8  415.5  502.3 to 586.2  86.9 to 170.7  

Stormwater – Distributed 
(including Direct) 18,000  136.8  2,494.1  5,202.3 to 6,693.1  2,708.1 to 4,199  

Total 150,143  285.9  5,228.1  9,483.6 to 11,058.3 4,255.4 to 5,830.1 

*Potentially important but non-monetized benefits include water quality benefits, improved reliability, improved 
flood control, job creation, reduced damages from drought, increased resiliency to climate change, the opportunity 
to reuse a water resource that would otherwise be lost, environmental benefits associated with reduced stress on 
the Bay-Delta resources due to lower demands for water extraction, and reduced human health risks associated 
with reduced energy-related emissions of air pollutants other than GHGs.  

 
 

Table 16: Comparison of monetized benefits and costs for max local scenario 

 

Net 
volume 
(AFY) 

Annualized 
cost of sup-

ply (mil-
lions $2016) 

PV cost 
of supply 
(millions 
$2016) 

PV monetized 
benefit (millions 

$2016)* 
Net PV (millions 

$2016) 

Groundwater (net) 34,697  18.9  420.1  1,126.8  705.7  
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Recycled Water – NPR ir-
rigation & industrial use 37,400  57.6  1,051.5  1,257.6  206.1 

Recycled Water – GWR 113,946  144.6  1,861.9  3,383.3  1,521.4 

Stormwater – Centralized 26,000  31.2  568.5  687.4 to 802.1 118.9 to 233.6  

Stormwater – Distributed 
(including Direct) 32,000  243.2  4,434.0  9,248.5 to 11,898.9  4,814.4 to 7,464.9  

Total 244,043  495.5  8,336.0  15,702.6 to 18,467.7  7,366.4 to 10,131.6  

*Potentially important but non-monetized benefits include water quality benefits, improved reliability, improved 
flood control, job creation, reduced damages from drought, increased resiliency to climate change, the opportunity 
to reuse a water resource that would otherwise be lost, environmental benefits associated with reduced stress on the 
Bay-Delta resources due to lower demands for water extraction, and reduced human health risks associated with 
reduced energy-related emissions of air pollutants other than GHGs. 
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Appendix A1 – Avoided cost of imported water 

Water produced by stormwater capture, conservation, recycling, groundwater extraction, and 
other “local sources” will offset the need to use imported water supply. Imported water supply in 
Los Angeles is derived from the State Water Project (SWP) and/or Colorado River Aqueduct 
(CRA), and is delivered by the Metropolitan Water District of Southern California (MWD) as a 
wholesale supplier to member agencies, including LADWP.  

MWD recovers its costs through a two-tiered pricing approach. MWD’s Tier 1 supply rate recov-
ers the cost of maintaining a reliable water supply. Each member agency has a predetermined al-
location that can be purchased at the lower Tier 1 rate. Member agencies can make purchases in 
excess of this limit at the higher Tier 2 rate. The Tier 2 rate reflects MWD’s cost of purchasing 
water that is transferred from north of the San Francisco Bay-Delta. The Tier 2 rate is designed 
to encourage the member agencies to maintain and develop cost-effective local supply resources 
and conservation. Thus, by design, most of MWD’s supply is expected to be sold at a Tier 1 rate. 
For the seven years from 2009 to 2015, LADWP’s purchase of Tier 1 water averaged 88% of the 
total, with Tier 2 purchases averaging 12% (LADWP, 2015).  

In addition, MWD sells Tier 1 and Tier 2 water with or without treatment. Over the past seven 
years, LADWP purchased 70% of its MWD supplies as untreated, and 30% as treated supply 
(LADWP, 2015). MWD charged approximately $350 per AF for treatment in 2016. Table 1 
shows projected full service treated and untreated cost per AF for Tier 1 and Tier 2 supplies. 

Table 1. MWD Rates 2016-2018 
 Full Service Untreated Volumetric Cost ($/AF) 2016 2017 2018 
   Tier 1 $594 $666 $695 
   Tier 2 $728 $760 $781 
 Treatment Surcharge ($/AF) $348 $313 $320 
  Full Service Treated Volumetric Cost ($/AF) 2016 2017 2018 
   Tier 1 $942 $979 $1,015 
   Tier 2 $1,076 $1,073 $1,101 

      Source: MWD 2016. 

The value of adding new local supplies can thus be estimated based on the costs avoided by re-
ducing local demands for imported water, at the margin. For this study Tier 1 treated water is 
considered the marginal source, with a cost of $942 per AF in 2016. 

An important aspect in monetizing the value of avoided imports entails predicting the future cost 
of imported SWP water (which is the marginal imported source with the CRA allocation for Cal-
ifornia capped). Various factors have led to rate increases that have considerably outpaced gen-
eral inflation over the past two decades. This trend of real price increases for imported water 
(i.e., above the projected CPI) is likely to continue in the future as well, because the same factors 
that have driven these prices upward will remain relevant for several years to come. These fac-
tors principally include limitations on overall supply, due to a variety of factors primarily linked 
to the declining health of the Bay-Delta ecosystem from which these waters are extracted, and 
protracted drought conditions. These factors -- and the associated investments that MWD and 
other water agencies have needed to make in infrastructure and potable water treatment – have 
resulted in dramatic increases in the cost of water that MWD wholesales throughout southern 
California. 
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For example, Tier 1 rates in the 2008 through 2012 period increased by over 56%, which is 8.5 
times greater than the CPI over the same period. A very similar result is evident for Tier 2 rates. 
This indicates that the real rate of price increase (the rate of increase above general inflation rate) 
for MWD water has been between 9.4% and 10.2% over the five years from 2008 to 2012 (as 
shown in the right-most column in Tables 2 and 3).   

Table 2: MWD Tier 1 Treated Rates compared to CPI       
    cumulative change average annual change 

time interval # years Tier 1 CPI ratio Tier 1 CPI 
Real   
Tier 1 

2008 - 2012 5 years 56.3% 6.6% 8.5 11.8% 1.6% 10.2% 
2003 - 2012 10 years 94.6% 24.8% 3.8 7.7% 2.5% 5.2% 

 

Table 3: MWD Tier 2 Treated Rates compared to CPI       
    cumulative change average annual change 

time interval # years Tier 2 CPI ratio Tier 2 CPI 
Real    
Tier 2 

2008 - 2012 5 years 51.8% 6.6% 7.8 11.0% 1.6% 9.4% 
2003 - 2012 10 years 88.1% 24.8% 3.6 7.3% 2.5% 4.8% 
1993 - 2012 20 years 123.3% 58.9% 2.1 4.3% 2.5% 1.9% 

Sources: MWD, 2010; MWD rate schedules, various years. 

Over a longer timeframe, similar escalations are evident as well. The 10-year average annual cost 
increase for MWD water from 2003-2012 has been from 4.8% to 5.2% per year above inflation, 
for Tier 2 and Tier 1, respectively. The 20-year price trend indicates a real annual increase in im-
ported water costs of nearly 2% above inflation. 

Based on this evidence, we conservatively assume that imported water prices will escalate 
through the year 2021 at a 6% nominal rate, or 3.5% real rate (assuming a general rate of infla-
tion of 2.5%). For the year 2022 and years thereafter, we will escalate at a rate of 1.5% per year 
in real terms, or 4% in nominal terms. This is also conservative, given that observed 10 to 20 
year escalation rates have been in the 1.9% to 5.2% range in real terms. 
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XIII. Appendix C – Preliminary - Additional Emissions from Wastewater 
Treatment 

Water Reclamation Plant Background 

The discussion up to this point has focused on GHG emissions from the energy required to 
treat wastewater after it has undergone tertiary treatment; GHGs, however, can also be emitted 
during the earlier stages of wastewater treatment.  Therefore, in addition to assessing the GHG 
footprint of the energy required to treat wastewater flows at City-owned (or co-owned) WRPs, we 
assessed GHG emissions from the treatment processes themselves at HWRP, DCTWRP, LAG-
WRP, and TIWRP.  HWRP is the largest City-owned WRP, and 85% of the wastewater collected 
and treated at HWRP comes from the City (not including the Wilmington – San Pedro area, the 
strip north of San Pedro, and Watts); the remaining 15% of the influent comes from a few cities 
and agencies under contract.562  HWRP is part of the Hyperion Treatment System, located in Playa 
del Rey.  This treatment system consists of a joint outfall system that includes the wastewater 
collection system, HWRP, and three upstream WRPs: DCTWRP, LAGWRP, and BWRP.563   

HWRP treats wastewater to secondary levels through a high purity oxygen activated sludge 
process that uses 9 secondary reactor modules and 36 secondary clarifiers.564  With each secondary 
reactor having a treatment capacity of 50 MGD, the total treatment system capacity is 450 MGD 
of primary effluent.565  HWRP currently does not have tertiary treatment processes.  After clarifi-
cation, undisinfected secondary effluent is discharged through a five-mile outfall pipe into the 
Santa Monica Bay.  Approximately 30 to 35 MGD of the secondary effluent is sent to WBMWD’s 
Edward C. Little Water Reclamation Facility (ELWRF) for additional treatment for multiple re-
uses, mainly outside the City’s boundaries.  Plans are also underway to install approximately five 
MGD of MBR treatment at HWRP to provide additional reclaimed water for NPR uses and up to 
70 MGD of additional MBR treatment to help WBMWD meet their recycled water goal.566 

Located in San Pedro, TIWRP has a 30 MGD design capacity and a treatment system that 
includes primary treatment, secondary treatment, NdN, tertiary, and advanced treatment (capacity 
to produce 12 MGD of advanced treated water).  Tertiary treatment at TIWRP includes coagulation 
and sand filtration.  The on-site AWTF further treats the tertiary-treated wastewater through 
MFRO.  LAGWRP is located in the City and jointly owned by the Cities of LA and Glendale.  
LAGWRP and DCTWRP both have secondary treatment and NdN aeration tanks combined with 
clarifiers.  LAGWRP then further processes the wastewater through dual-bed or tetra denite sand 
filters, and DCTWRP further processes the wastewater through diamond shaped cloth filters.  All 

                                                 
 

562 Hyperion Treatment Plant National Pollutant Discharge Elimination System Permit 2005 p. 3 
563 BWRP is not discussed further in this report as it is not a City of LA-owned WRP. 
564 HWRP NPDES Permit 2005 p. 5 
565 HWRP NPDES Permit 2005 p. 5 
566 City of LA, personal communication 
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sludge is diverted downstream to HWRP as neither LAGWRP nor DCTWRP have the facilities to 
process solids.567   

Based on a 2015 LASAN hydraulics model, TIWRP serves a residential population of 133,435 
people and an employment population of 36,292 people.568  The residential population uses on 
average 78 gpcd, while the employment population uses an average of 23 gpcd; this represents 
about 30% of residential population use.569  To obtain a representative total service population 
size, the residential population was added to 30% of the employment population.  This resulted in 
a population of 144,323 people served by TIWRP.  Similarly, DCTWRP and LAGWRP had an 
adjusted total population of 656,926 and 429,338, respectively.  HWRP serves a residential popu-
lation of approximately 3,358,266 people and an employment population of 2,006,584 people.570  
However, as HWRP also receives and treats sludge from DCTWRP and LAGWRP, the adjusted 
populations of DCTWRP and LAGWRP were also added to HWRP, resulting in a total adjusted 
population served by HWRP of 5,046,504 people (Table 8.8).  

LASAN Modeled Population Numbers  

 Reclamation 
Plant  

 Residential 
Population  

 Employment 
Population   

 Adjusted Employ-
ment Population  

 Total Adjusted 
Population  

 HWRP 3,358,266   2,006,584   601,975   5,046,504571  
 DCTWRP   557,385   331,802   99,541   656,926  
 LAGWRP   376,879   174,863   52,459   429,338  
 TIWRP   133,435   36,292  10,887   144,323  

 
Table 8.8. Residential, Employment, and Total adjusted populations for 4 City WRPs 
 

Local Government Operating Protocol and GHGs 

Wastewater treatment processes can produce GHGs in multiple ways.  Treatment processes 
can produce GHGs indirectly through the energy required to operate those processes.  GHGs can 
also be produced directly from both the treatment mechanism itself (process emissions) and from 
unintended releases due to leaks or structural inefficiencies (fugitive emissions).  We assessed 
emissions from CO2 as well as from the non-CO2 GHGs that are commonly emitted from domestic 
wastewater treatment, N2O and CH4.   

                                                 
 

567 Los Angeles Bureau of Sanitation Virtual Tour. https://www.lacitysan.org/san/faces/home/portal/s-lsh-wwd/s-
lsh-wwd-cw/s-lsh-wwd-cw-p/s-lsh-wwd-cw-p-tiwrp/s-lsh-au-ti?_adf.ctrl-state=31b29ghwm_4&_afr-
Loop=34579831707055857#! Accessed on 08/31/2016 
568 LASAN Personal Communication Aug 2016 
569 LASAN Personal Communication Aug 2016 
570 LASAN Personal Communication Aug 2016 
571 Total adjusted population reflects the sum of HWRP adjusted population (3,960,241) and adjusted populations of 
DCTWRP and LAGWRP 

https://www.lacitysan.org/san/faces/home/portal/s-lsh-wwd/s-lsh-wwd-cw/s-lsh-wwd-cw-p/s-lsh-wwd-cw-p-tiwrp/s-lsh-au-ti?_adf.ctrl-state=31b29ghwm_4&_afrLoop=34579831707055857
https://www.lacitysan.org/san/faces/home/portal/s-lsh-wwd/s-lsh-wwd-cw/s-lsh-wwd-cw-p/s-lsh-wwd-cw-p-tiwrp/s-lsh-au-ti?_adf.ctrl-state=31b29ghwm_4&_afrLoop=34579831707055857
https://www.lacitysan.org/san/faces/home/portal/s-lsh-wwd/s-lsh-wwd-cw/s-lsh-wwd-cw-p/s-lsh-wwd-cw-p-tiwrp/s-lsh-au-ti?_adf.ctrl-state=31b29ghwm_4&_afrLoop=34579831707055857
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Direct emissions associated with the wastewater treatment process have been found to be ap-
proximately 0.005 tons of CO2e/AF of treated water, which represents about 0.38% of the total 
carbon footprint of a treatment plant.572  While the emissions associated with the process are small, 
the increasing volumes of water treated as populations grow will result in a commensurate increase 
in emissions.  A 2015 study found that “urbanization, economic development, and population 
growth may result in CH4 and CO2 emissions on the order of 107 kg-CO2e/year from wastewater 
systems in emerging nations by 2025.573”  Emissions reported for tertiary treatment ranged be-
tween 0.82 to 3.26 tons of CO2 per acre-foot.574  Emissions of 1.39 tons of CO2/AF were reported 
in a plant that uses NdN in their treatment process.575 

Findings from a Global Water Research Coalition (GWRC) study showed that CH4 emissions 
mainly form in sewers and sludge handling processes.  N2O emissions mainly stem from nitrifi-
cation as nitrite accumulation in aerobic zones given low oxygen levels, high temperatures, and 
sudden changes in NH4 load.576  Emissions were also found to vary widely from plant to plant and 
even through different times of the day and year.577  These emissions ranged from 5% to 40% of 
the total carbon footprint of a wastewater treatment plant for CH4 and 2% to 90% for N2O.578  
Given this variability, specific water treatment systems should ideally be analyzed to achieve an 
accurate depiction of the emissions based on rigorous monitoring and data collection.  

However, as there is a lack of monitoring data for many plants and processes, CARB, the 
California Climate Action Registry (CCAR), and Local Governments for Sustainability (ICLEI), 
developed the Local Government Operations Protocol (LGOP) in 2010 to provide a method to 
quantify GHGs in collaboration with TCR.  The LGOP provides principles, approaches, method-
ologies, and procedures to help local governments quantify and report GHG emissions associated 
with specific processes of their operations.579  GHG-emitting government operations analyzed in 
the LGOP include facilities, power generation facilities, vehicle fleets, solid waste facilities, and 
wastewater treatment facilities.  The ability to record and track GHG emissions allows local gov-
ernments to critically evaluate their activities and create a strategy to reduce their carbon footprint 

                                                 
 

572 Schneider et al. Impact of Direct Greenhouse Gas Emissions on the Carbon Footprint of Water Reclamation Pro-
cesses Employing Nitrification–Denitrification.  Science of the Total Environment. 2015. P. 1171 
573 Schneider et al. Impact of Direct Greenhouse Gas Emissions on the Carbon Footprint of Water Reclamation Pro-
cesses Employing Nitrification–Denitrification.  Science of the Total Environment. 2015. 
574 Cornejo et al. Carbon Footprint of Water Reuse and Desalination: A Review of Greenhouse Gas Emissions and 
Estimation Tools.  Journal of Water Reuse and Desalination. 2014.  
575 Schneider et al. Impact of Direct Greenhouse Gas Emissions on the Carbon Footprint of Water Reclamation Pro-
cesses Employing Nitrification–Denitrification.  Science of the Total Environment. 2015. 
576 Global Water Research Coalition. N2O and CH4 Emission From Wastewater Collection and Treatment Systems. 
Chapter 2. P.  4; P. 10 
577 Global Water Research Coalition. N2O and CH4 Emission From Wastewater Collection and Treatment Systems. 
Chapter 2. P.  4; P. 10 
578 Global Water Research Coalition. N2O and CH4 Emission From Wastewater Collection and Treatment Systems. 
Chapter 7. P. 96 
579 California Air Resources Board Local Government Operations Protocol 2010 p. 3 
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in a transparent and quantifiable way.  The LGOP is intended to help local governments in Cali-
fornia determine and report consistent and accurate GHG inventories in support of the AB 32 
program, including the Cap and Trade Program and its objectives.   

The LGOP contains methodologies to calculate CH4 emissions from digester gas and N2O 
emissions from wastewater treatment without NdN, wastewater treatment with NdN, and effluent 
discharge.  Using these equations, we analyzed the CH4 and N2O emissions of current processes 
and future potential processes at HWRP, TIWRP, DCTWRP, and LAGWRP.  The analyses in the 
following sections focus on direct emissions; the scope and scale of fugitive emissions is a critical 
area for future research to understand the complete picture of GHG emissions that might result 
from increasing the reuse of wastewater.  Additional work (and substantial data collection) is also 
needed to determine how accurately these generalized LGOP equations reflect site-specific emis-
sions as additional monitoring data becomes available.  

Methane Emissions 

CH4 can be emitted from several wastewater treatment sources in a community: septic sys-
tems, poorly-managed aerobic systems, anaerobic treatment, anaerobic digesters, and facultative 
treatment lagoons.  The wastewater treatment systems in the City do not use facultative lagoons, 
nor do they own or operate any septic systems (although there are thousands of private septic 
systems in the city of LA.).  Emissions from poorly-managed aerobic systems were omitted from 
the LGOP as the amounts were considered to be negligible by the EPA.580  HWRP and TIWRP 
both use anaerobic digesters to treat biosolids.  Anaerobic digesters produce CH4 that can either 
be piped to a power station to generate electricity or flared at the treatment plant.  Small but em-
bedded inefficiencies make these digesters a source of CH4 emissions from incomplete combus-
tion of digester gas during flaring. There are two LGOP methodologies to calculate digester gas 
emissions – one based on population served and one based on digester gas volumes produced daily.   

Based on populations served, CH4 emissions from incomplete combustion of digester gas at 
HWRP and TIWRP were estimated to be 47,137 MT of CH4 as CO2e and 1,348 MT of CH4 as 
CO2e, respectively, for a total of 48,485 MT of CH4 as CO2e.  It is important to note that most, if 
not all of the digester gas at HWRP is burned at a cogeneration plant (as described below in Section 
VIII.I.a), which would greatly reduce these estimates.  Emissions were also calculated using ap-
proximate TIWRP values for digester gas produced per day (ranging from approximately 200,000 
ft^3/day to 250,000 ft^3/day) and the fraction of CH4 in biogas (ranging from approximately 50% 
to 65%) for comparison to the population-based values.581   

Emissions were generally higher using digester gas data than population; using the lowest 
range of biogas produced (200,000 ft^3/day) and lowest percent CH4 of biogas (50%) yielded a 
calculated CH4 emissions of 1,436 MT of CO2e as compared to the population-based value of 
1,348 MT of CO2e.  The CH4 emissions for the other three combinations of the range of digester 
gas produced per day and fraction of CH4 in biogas were as follows: 1,868 MT of CH4 as CO2e 
(low, high), 1,796 MT of CH4 as CO2e (high, low), and 2,335 MT of CH4 as CO2e (high, high).  

                                                 
 

580 CARB LGOP 2010 p. 108, Box 10.2 
581 LASAN Personal Communication Sep 2016  
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This analysis could be expanded in the future for HWRP by using specific information on the 
volumes of biogas produced and fraction of methane.  These results point to the importance of 
having a dataset that is as complete as possible, and of ensuring that monitoring programs are 
occurring to assess the results of tools such as the LGOP equations utilized here.  This digester gas 
is also a renewable energy source, as described in Section VIII.H. 

Nitrous Oxide Emissions 

N2O emissions stemming from WRPs with and without NdN processes, as well as N2O emis-
sions from effluent discharge, can be calculated using LGOP equations.  NdN is the process of 
removing nitrogen (N), usually in the form of organic nitrogen, ammonia (NH3), or urea from 
wastewater using bacteria.  Microorganisms convert NH3 to nitrate (NO3) through nitrification, 
then through denitrification convert NO3 to gaseous nitrogen (N2), an inert gas that is released 
into the atmosphere.  N2O is produced during both of these processes as an intermediate form.582  
Currently the wastewater treatment systems at TIWRP, DCTWRP, and LAGWRP all use NdN 
processes to remove nitrogen.  Although HWRP does not currently have NdN, we included a future 
scenario where all FY2013-2014 flows through HWRP would undergo NdN to provide insight 
into the impacts on N2O emissions that could result from increased implementation of NdN.  

Based on the population served, TIWRP was estimated to produce 3,915 MT of N2O as CO2e, 
DCTWRP was estimated to produce 17,819 MT N2O as CO2e, and LAGWRP was estimated to 
produce 11,646 MT N2O as CO2e.  The total N2O as CO2e currently produced by NdN processes 
at TIWRP, LAGWRP, and DCTWRP is 33,380 MT.  If NdN processes were applied to the entire 
flow of the population served at HWRP, then 107,422 MT N2O as CO2e would be produced using 
LGOP equations.  In this potential future scenario, the total N2O emissions from NdN at all four 
WRPs would be much larger, at approximately 140,802 MT N2O as CO2e (Table 8.9).   

Total N2O Emissions from NdN 
 WRP   Current Emissions (MT of CO2e)  Potential Future Emissions (MT of CO2e) 
 HWRP  0 107,422 
TIWRP  3,915  3,915  
 DCTWRP  17,819  17,819  
 LAGWRP  11,646  11,646  
 Total  33,380 140,802 

 
Table 8.9.  Total N2O emissions from current flows treated with NdN and potential future 

emission if all HWRP flow is treated through NdN.  
 
However, N2O is still emitted through the other wastewater treatment processes occurring at 

HWRP even though NdN is not currently in use at HWRP.  Based on the LGOP methodologies 
available to assess emissions from non-NdN processes, HWRP is expected to emit 49,107 MT 

                                                 
 

582 Townsend et al. 2011 “Nitrous Oxide Emissions from Wastewater Treatment and Water Reclamation Plants in 
Southern California” 
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N2O as CO2e.  Thus, total N2O emissions of all four WRPs with current treatment activities (NdN 
at TIWRP, LAGWRP, and DCTWRP) is estimated to be 82,487 MT of N2O as CO2e. 

Finally, N2O is also emitted by effluent discharge through chemical reactions between N in 
the effluent and in the receiving aquatic environment.  Two equations are provided in the LGOP 
to calculate N2O emissions from effluent discharge – one based on population and one on N con-
centrations in effluent.  Both equations were utilized in this analysis to better understand the scale 
of the differences that might result depending on the type and quality of available data to conduct 
these analyses.   

First, N2O emissions were calculated using Effluent N data from the SWRCB’s Integrated 
Water Quality System Project electronic Self-Monitoring Reports (eSMR), which indicated that 
the total N loads of TIWRP, DCTWRP, and LAGWRP were 549 kg/day, 994 kg/day, and 305 
kg/day, respectively.  As only organic N data was available for HWRP, the total N number for 
HWRP was calculated using the ratio of total organic N and total N at the other WRPs.  This 
provided an estimate for the total N load at HWRP of 18,287 kg N/day.  The N2O emissions based 
on these total N loads are expected to be: 162,545 MT N2O as CO2e at HWRP; 4,879 MT N2O 
as CO2e at TIWRP; 8,834 MT N2O as CO2e at DCTWRP; and 2,709 MT N2O as CO2e at LAG-
WRP.  Thus, based on N effluent concentrations, all four WWTPs together emit a total of 178,966 
MT N2O as CO2e from effluent discharge (Table 8.10).   

 
N2O Emissions from Effluent Dis-
charge (population) (MT of CO2e) 

N2O Emissions from Effluent Discharge 
(TN data) (MT of CO2e) 

HWRP 1,124,201 162,545  
TIWRP 55,945 4,878  
DCTWRP 30,767 8,834  
LAGWRP 10,343 2,709  
Total 1,221,256 178,966  

Table 8.10.  N2O emissions from effluent discharge based on population or TN data. 

Next, N2O emissions were calculated using the population-served methodology, which led to 
much higher calculated emissions.  Based on population served, N2O emissions are 1,124,201 MT 
N2O as CO2e for HWRP; 55,945 MT N2O as CO2e; 30,767 MT N2O as CO2e for TIWRP; 30,767 
MT N2O as CO2e for DCTWRP; and 10,343 MT N2O as CO2e for LAGWRP, for a total of 
1,221,256 MT N2O as CO2e.  These values are generally an order of magnitude higher than those 
based on the actual effluent N data (Table 8.10).  This scale of difference between results could 
lead to very different decisions being made based on the emissions of these treatment processes 
and again points to the critical need for monitoring data at these plants to obtain a more accurate 
picture of current and future emissions from these processes.  

We also assessed the impacts on N2O emissions from effluent discharge of the future scenario 
in which the total flow at HWRP were treated through NdN as N levels would be lower in the 
effluent after NdN.  For this scenario, we assumed that total N levels in the effluent after NdN 
would be 5 mg / L (the effluent limit in inland plants).  Using this concentration, N2O emissions 
from effluent discharge at HWRP were 40,005 MT of CO2e, which is much lower than the current 
emissions of 162,545 MT of CO2e.  Therefore, using LGOP equations, the implementation of 
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NdN at HWRP would actually reduce overall emissions at HWRP by 64,224 MT of CO2e to 
194,564 MT of CO2e at HWRP (Table 8.11, Table 8.12).   

 

CH4 Emis-
sions from Di-
gesters (pop.) 
(MT of CO2e)  

N2O Emis-
sions no 
NdN (MT of 
CO2e) 

N2O Emis-
sions from 
NdN (pop.) 
(MT of CO2e) 

N2O Emissions 
from Effluent 
Discharge (TN 
data) (MT of 
CO2e) 

Total Emissions 
(MT of CO2e) 

HWRP  47,137  49,107  --    162,545   258,789  
TIWRP 1,348  --  3,915   4,878   10,141  
DCTWRP  --  --   17,819   8,834   26,653  
LAGWRP  --  --  11,646   2,709   14,355  
Total  48,485  49,107  33,380   178,966   309,938  

Table 8.11.  Emissions summary of current treatment processes at City of LA WRPs 

Future 
Scenario 

CH4 Emissions 
from Digesters 
(pop.) (MT of 
CO2e) 

N2O Emissions 
from NdN (pop_fu-
ture) (MT of 
CO2e) 

N2O Emissions from 
Effluent Discharge 
(TN data) (MT of 
CO2e) 

Total Emis-
sions (MT of 
CO2e) 

Hyperion 47,137  107,422  40,006  194,564  
Terminal 
Island 1,348  3,915  4,878  10,141  
Tillman  --  17,819  8,834  26,653  
LAG  --  11,646  2,709  14,355  
Total 48,485  140,801  56,427  245,713  

Table 8.12.  Emissions summary of ‘future’ treatment processes at City of LA WRPs 

Total Direct Emissions 

These analyses demonstrate that it is not only the energy requirements to treat wastewater but 
also the direct emission of GHGs from the treatment processes themselves that can contribute to 
the footprint of increasing the reuse of recycled water.  The resulting total emissions for each of 
the four WRPs under current treatment processes (no NdN at HWRP) from highest to lowest is: 
HWRP with 258,788 MT of CO2e, DCTWRP with 26,653 MT of CO2e, LAGWRP with 14,355 
MT of CO2e, and TIWRP with 10,141 MT of CO2e. 

The introduction of NdN at HWRP would substantially improve water quality by reducing the 
levels of ammonia and nitrogen in the effluent.  This is not only beneficial for the aquatic environ-
ment into which the effluent is discharged, but also for the additional treatment and reuse of HWRP 
effluent.  According to LGOP calculations, applying NdN to HWRP wastewater flows would re-
duce GHG emissions at HWRP and, thus, the total emissions from all WRPs (Table 8.11, Table 
8.12).  Based on LGOP equations, total emissions under current treatment processes are 309,938 
MT of CO2e; with NdN at HWRP, total emissions drop to 245,713 MT of CO2e.  It is important 
to note again here that LGOP equations include highly generalized assumptions and additional 
monitoring data is required to verify the actual emissions based on these processes at each WRP.   
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This reduction in emissions at HWRP stems mainly from the reduction in N2O emissions com-
ing from the effluent discharge at HWRP using the LGOP equations.  The mechanisms or chem-
istry that are responsible for the very large emissions that stem from effluent discharge in the 
LGOP are not immediately apparent.  This represents an area that needs additional study to deter-
mine the accuracy of this broadly applicable methodology to reflect site-specific conditions.  If the 
GHG footprint from effluent discharge is indeed this significant, and/or discharges are exacerbat-
ing localized ocean acidification and/or hypoxia impacts, then the reduction of GHG emissions 
that would result from NdN at HWRP is another important driver that would be a step towards the 
goal of increasing the reuse of recycled water from HWRP.  In a current modeling study led by 
UCLA with the University of Washington, the National Oceanic and Atmospheric Administration, 
and SCCWRP, researchers will determine the potential impacts of coastal sewage treatment plant 
nitrogen species discharges on localized ocean acidification and hypoxia. 

It is important to emphasize that the LGOP equations are based on broadly applicable, gener-
alizable values such as population, and that there is an urgent need for additional monitoring of 
actual emissions coming from WRPs to appropriately characterize both the direct emissions from 
the treatment processes and the potential GHG contributions of fugitive emissions from, for ex-
ample, leaking digesters.  The lack of measured WRP-specific data to assess these emissions is a 
critical gap that must be filled to accurately assess and identify the best pathways forward to mov-
ing the region to full reuse of its wastewater. 

The need for additional data can also be seen in the different results for N2O emissions at the 
same plant for the same process, effluent discharge, that are obtained using the two equations 
provided in the LGOP (Table 8.10).  The concentration-based approach is the more rigorous ap-
proach of the two equations as it is based on effluent-specific data, and also offered a capacity to 
assess changes caused by implementing NdN at HWRP that the population-based process did not.  
The discrepancy, however, between results using these two LGOP equations for effluent discharge 
emissions points to a critical need for monitoring to assess actual emission rates and better under-
stand the chemistry that occurs when effluent meets the receiving aquatic environment.  Data must 
be collected to assess the impacts on emissions of changing the treatment trains to increase water 
reclamation as we move towards a more locally-sourced water future.  
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Los Angeles could reduce its dependence on imported water if it does a better job of capturing local stormwater,
increases the use of recycled water and takes other measures recommended in a new UCLA report.

Asma Mahdi | February 28, 2018

During the height of the California drought that began in late 2011, Los Angeles imported 89
percent of its water from more than 200 miles away — an energy-intensive process. After a
yearlong reprieve, Southern California is again under severe water scarcity conditions: Only
2 1/2 inches of rain have fallen in Los Angeles during the past 12 months.

This time around, could Los Angeles shift its dependence from imported water to local
water? A new report by UCLA researchers  says the city could, eventually — if it does a
better job of capturing local stormwater, increases the use of recycled water, cleans up
groundwater and steps up conservation measures.

“It will take a lot of work, but 100 percent local water is possible by 2050,” said Mark Gold,
UCLA’s associate vice chancellor of environment and sustainability and one of the study’s
authors. “Los Angeles needs to reduce local water demand while also transforming its water
supply infrastructure to maximize recycled water, groundwater supply and stormwater
capture.”

The report also suggests that the city could increase the supply of local water in groundwater
basins, which the city uses as water storage reservoirs, by undertaking projects to improve
the management of stormwater. Los Angeles also could bank recycled water or water
imported from northern California or the Colorado River during times of plenty by letting it
seep into groundwater basins.

The study, co-authored with researchers from the Colorado School of Mines, is the last in a
four-part series  on sustainable water management in the city of Los Angeles.  This study
assesses the water landscape of the entire city, taking into account greenhouse gas
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The Los Angeles River at the Glendale Narrows.

emissions, stormwater pollution, groundwater management, conservation and the costs and
benefits of various city water supplies. The authors also offer several policy
recommendations for the city.

“The key for Los Angeles to potentially reach water independence would be to
simultaneously increase local water supply while bringing down local demand for water,” said
Katie Mika, a postdoctoral scholar at the UCLA Institute of the Environment and
Sustainability  and one of the study’s lead researchers.

The researchers analyzed various scenarios for capturing stormwater to increase, or
“recharge,” local water supplies.

“We learned through extensive modeling that
every watershed is different, and as a result,
different stormwater structural best
management practice approaches are needed
to achieve clean water and maximize
groundwater recharge for each watershed,”
said Terri Hogue, a professor at the Colorado
School of Mines and co-lead author of the
report.

According to the report, tens of thousands to
hundreds of thousands of treatment and
infiltration devices are needed throughout the
watersheds to come close to meeting California water quality standards.

For example, the study found that in order to maximize water quality in the Dominguez
Channel watershed, which spans 133 square miles in southern Los Angeles County, the city
would need to install 65,000 bioretention basins — landscaped depressions or shallow
basins used to slow and treat on-site stormwater runoff through physical, chemical and
biological processes.

The researchers also determined that to achieve the best water quality in the Los Angeles
River watershed, which covers 824 square miles and is the largest watershed in Los Angeles
County, it could take 138,000 vegetated swales (shallow, sloped channels of vegetation) and
83,000 dry ponds (low-lying, depressed areas near rivers and lakes that typically are used to
help clean stormwater).

But large-scale implementation of small, structural runoff infiltration and treatment devices
would be extremely difficult to complete over the next decade, the approximate time period
for compliance with California water quality standards. Regional runoff infiltration and
treatment solutions — like those in place in the city’s Echo Park and Machado Lake
watersheds and at the Tujunga Spreading Grounds — would need to accompany the smaller
measures, like distributed runoff treatment and infiltration devices.

Researchers found that toxic concentrations of zinc and copper in water runoff could be
reduced by 10 percent to 20 percent by 2035 if all cities in the studied watersheds
implemented a law similar to the Los Angeles City law that requires new and redevelopment
to infiltrate rainwater from a 3/4-inch storm. More permeable land area in the watershed
would dramatically reduce the cost to remove these toxic metals from local bodies of water,
which the study estimates would be $6 billion to $7 billion.

Lauren Miura 
424-625-3980 
lmiura@conet.ucla.edu

https://www.ioes.ucla.edu/
mailto:lmiura@conet.ucla.edu
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“We’re already seeing Los Angeles take incremental steps toward local water, but more
needs to be done, as we’ve seen from the backsliding on consumer water conservation rates
once the state prematurely declared the drought was over,” Gold said. He added that climate
change is already reducing water supplies from the Sierra Nevada snowpack and the
Colorado River watershed.

Another important advantage of using more local water is that it would reduce the region’s
demand for energy. Angelenos could lower the city’s greenhouse gas emissions from water
supplies by up to 70 percent by reducing the use of imported water and increasing
conservation rates, the study found.

The city has already taken some steps in that direction: In 2014, Los Angeles Mayor Eric
Garcetti issued an executive directive to purchase half as much imported water by 2025,
obtain half the city’s water from local sources and have the city use local water by 2035 and
reduce water consumption by 25 percent by 2035.

Among the report’s policy and research recommendations for Los Angeles:

“We need more data to understand and more accurately model potential outcomes,” Mika
said. “That also needs to be coupled with increased funding, which would be critical for
making these projects happen.”

The research team also included professor Stephanie Pincetl and associate research
director Erik Porse, both of UCLA, and researcher Elizabeth Gallo of Colorado School of
Mines. The Los Angeles Bureau of Sanitation and Department of Water and Power provided
data and reviewed the report before the findings were final, and the research was funded by
the sanitation bureau.

The study is part of the Sustainable LA Grand Challenge , a UCLA research initiative that
aims to transition Los Angeles County through cutting-edge research, technologies, policies,
and strategies to 100 percent renewable energy and 100 percent locally sourced water, while
enhancing ecosystem and human health, by 2050. 

Tags: environment | UCLA in the community | public policy | water | Los Angeles |
California

▪ By 2035, require roads and alleys to become “green streets” with stormwater treatment
or infiltration devices, and by requiring all parcels to be retrofitted to be able to better
capture water from a 3/4-inch rainstorm when the property is sold. Retrofit requirements
and programs will need financial incentives to ensure a rapid and successful city
landscape transformation.

▪ Develop policies that aim for 100 percent reuse of recycled water (except for the brine
removed during advanced wastewater treatment) while maintaining flows in rivers and
creeks to protect water needed for aquatic life recreation and other beneficial purposes.

▪ Create a new temporary position of water director, based in the mayor’s office, and
empower that person to lead the transformation of the city’s water infrastructure and
local water programs.

▪ Commission a new study of the Los Angeles River to better understand the flows
needed to create and support a healthy ecosystem, support the river’s other beneficial
uses and augment local water supplies.

https://grandchallenges.ucla.edu/sustainable-la/
https://newsroom.ucla.edu/search?t=environment
https://newsroom.ucla.edu/search?t=UCLA+in+the+community
https://newsroom.ucla.edu/search?t=public+policy
https://newsroom.ucla.edu/search?t=water
https://newsroom.ucla.edu/search?t=Los+Angeles
https://newsroom.ucla.edu/search?t=California
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Los Angeles Mayor Garcetti Announces Goal to Recycle 100 Percent
of City’s Wastewater by 2035
! California Water News Daily  " February 25, 2019

Los Angeles Mayor Eric Garcetti announced a major step to expand water recycling and reduce reliance on

imported water on Thursday. Improvements to the city’s Hyperion Treatment Plant will allow Los Angeles to

reach peak recycling capacity and recycle 100 percent of its wastewater by 2035.

“Conservation is about more than how we respond to a dry year — it should shape how we prepare our City

for tomorrow,” said Mayor Garcetti. “Maximizing L.A.’s recycling capacity will increase the amount of water

we source locally, and help to ensure that Angelenos can count on access to clean water for generations to

come,” he said to the crowd assembled which included Councilmember Mike Bonin and senior leadership

from the Los Angeles Department of Water and Power (LADWP) and the Bureau of Sanitation (BOS).

Hyperion is one of Los Angeles’ four water treatment facilities which also includes: L.A. Glendale, Tillman,

and Terminal Island facilities. Hyperion is the largest treatment plant west of the Mississippi River. It

currently receives 81 percent of the city’s total wastewater and recycles 27 percent of the water that flows

into the facility.

Just two percent of the Los Angeles’ water supply currently comes from its four water treatment facilities.

Increasing Hyperion’s recycling capabilities to 100 percent by the 2035 target date will increase that number

to 35 percent and will aid in meeting the mayor’s Sustainable City pLAn goals to cut purchases of imported

water by 50 percent by 2025 and source 50 percent of water locally by 2035. The planned improvements to

Hyperion will cost roughly $2 billion over the next 16 years and will create middle class engineering,

construction, operations, and maintenance jobs.

“With the City committing to 100 percent recycled water at all four treatment facilities by 2035, LADWP will

be able to reliably source up to 70 percent of its water sustainably and locally instead of depending on

costly imported water,” said LADWP General Manager David H. Wright. “Today’s announcement is nothing

short of a game changer when it comes to securing LA’s water future.”

“Hyperion played a pivotal role in restoring the Santa Monica Bay,” said Bureau of Sanitation Director

https://californiawaternewsdaily.com/author/nicoled/
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Enrique Zaldivar. “I am thrilled to see it now play a crucial role in the future of the City’s water resilience.”

The efforts at Hyperion and Los Angeles’ three other wastewater treatment plants are part of a growing

portfolio of projects spearheaded by the mayor to reduce Los Angeles’ dependence on imported water. The

three other wastewater facilities owned by the city are already at 100 percent recycling capacity.

Last year, Mayor Garcetti broke ground at the North Hollywood West Groundwater Treatment facility, the

first of four groundwater treatment projects that will eventually clean the San Fernando Valley Groundwater

Basin — an aquifer that can provide drinking water to more than 800,000 Angelenos. The mayor also

helped lead the passage of Measure W, a $300 million local measure approved by Los Angeles County

voters in 2018 to fund infrastructure projects and programs to capture, treat and recycle rainwater.

“The Mayor’s bold and visionary announcement marks the dawn of the City’s transformation to a

sustainable water management future where every drop of local water is treated as essential,” said Mark

Gold, UCLA Associate Vice Chancellor for Environment and Sustainability. “The transformation of the City’s

four treatment plants to full water recycling can supply Los Angeles with approximately a third of our

annual water supply: the most critical step in making this megacity a sustainable L.A.”

California Natural Resources Secretary Wade Crowfoot also praised the Los Angeles mayor for his

leadership in recycling water initiatives saying, “Mayor Garcetti’s strong leadership expanding water

recycling in Los Angeles is timely and important, both for the city and the entire state. This commitment,

paired with statewide investment in conservation, groundwater storage, stormwater capture and other

strategies, moves us toward the all-of-the-above approach we need for California’s future.”



C
re

di
t ©

G
ar

yJ
.K

oh
n

Global and Regional Sea Level Rise 
Scenarios for the United States

Attachment 7



Global and Regional Sea Level Rise Scenarios for the United States | ii

Cover Image: Flooding from 15-knot northerly winds on Smith Island, Maryland, on November 23, 2015. 
Credit ©Gary J. Kohn

National Oceanic and Atmospheric Administration
U.S. Department of Commerce
National Ocean Service
Silver Spring, Maryland
February, 2022

Recommended Citation:
Sweet, W.V., B.D. Hamlington, R.E. Kopp, C.P. Weaver, P.L. Barnard, D. Bekaert, W. Brooks, 
M. Craghan, G. Dusek, T. Frederikse, G. Garner, A.S. Genz, J.P. Krasting, E. Larour, D. Marcy, 
J.J. Marra, J. Obeysekera, M. Osler, M. Pendleton, D. Roman, L. Schmied, W. Veatch, K.D. White, 
and C. Zuzak, 2022: Global and Regional Sea Level Rise Scenarios for the United States: Up-
dated Mean Projections and Extreme Water Level Probabilities Along U.S. Coastlines. NOAA 
Technical Report NOS 01. National Oceanic and Atmospheric Administration, National Ocean 
Service, Silver Spring, MD, 111 pp. https://oceanservice.noaa.gov/hazards/sealevelrise/noaa-nos-
techrpt01-global-regional-SLR-scenarios-US.pdf



Global and Regional Sea Level Rise Scenarios for the United States | iii

Global and Regional Sea Level Rise 
Scenarios for the United States: 
Updated Mean Projections and 

Extreme Water Level Probabilities 
Along U.S. Coastlines

Notice:
Mention of a commercial company or product does not constitute an endorsement by NOAA. Use of information from this publication for 

publicity or advertising purposes concerning proprietary products or the tests of such products is not authorized.

Authors
William V. Sweet  
NOAA National Ocean Service
Benjamin D. Hamlington  
NASA Jet Propulsion Laboratory, 
California Institute of Technology 
Robert E. Kopp 
Rutgers University
Christopher P. Weaver 
U.S. Environmental Protection Agency
Patrick L. Barnard 
U.S. Geological Survey
David Bekaert 
NASA Jet Propulsion Laboratory, 
California Institute of Technology
William Brooks 
NOAA National Ocean Service
Michael Craghan 
U.S. Environmental Protection Agency
Gregory Dusek 
NOAA National Ocean Service
Thomas Frederikse  
NASA Jet Propulsion Laboratory 
California Institute of Technology
Gregory Garner 
Rutgers University
Ayesha S. Genz 
University of Hawai‘i at Mānoa, Cooperative 
Institute for Marine and Atmospheric Research

John P. Krasting 
NOAA Geophysical Fluid Dynamics Laboratory
Eric Larour 
NASA Jet Propulsion Laboratory, 
California Institute of Technology 
Doug Marcy 
NOAA National Ocean Service
John J. Marra 
NOAA National Centers for Environmental 
Information
Jayantha Obeysekera 
Florida International University
Mark Osler 
NOAA National Ocean Service
Matthew Pendleton 
Lynker
Daniel Roman 
NOAA National Ocean Service
Lauren Schmied 
FEMA Risk Management Directorate
Will Veatch 
U.S. Army Corps of Engineers
Kathleen D. White 
U.S. Department of Defense
Casey Zuzak 
FEMA Risk Management Directorate



Global and Regional Sea Level Rise Scenarios for the United States | iv

Table of Contents
List of Figures ............................................................................................................................................................ vi

List of Tables ............................................................................................................................................................... x

Executive Summary ................................................................................................................................................. xii

Section 1: Introduction ...............................................................................................................................................1

Section 2: Future Mean Sea Level: Scenarios and Observation-Based Assessments .................................6
2.1. Overview of Regional and Global Sea Level Rise ........................................................................................6
2.2. Updates from Sweet et al. (2017) ....................................................................................................................9
2.2.1 Inclusion of Near-Term Time Period (2020–2050) ...................................................................................9
2.2.2 GMSL Scenario Divergence and Tracking .................................................................................................9
Box 2.1: Uncertainties .......................................................................................................................................... 10
2.2.3 Updates to the 2017 Sea Level Scenarios ..............................................................................................11
2.2.4 Observation-Based Extrapolations .........................................................................................................12
2.3. Near-Term Sea Level Change (2020–2050) ............................................................................................. 13
2.4. Long-Term Sea Level Change (2050–2150) .............................................................................................20
2.5. Scenario Divergence and Tracking ............................................................................................................. 24

Section 3: Extreme Water Levels and Changing Coastal Flood Exposure .................................................. 28
3.1. Overview of Extreme Water Levels and Coastal Flooding ..................................................................... 28
3.2. Regional Frequency Analysis of Tide-Gauge Data................................................................................... 31
3.3. Average Event Frequencies of Extreme Water Levels ........................................................................... 32
3.4. Methods to Localize the Gridded Extreme Water Level Event Probabilities  ................................... 35
3.5. The Changing Nature of Coastal Flood Exposure   .................................................................................37
Box 3.1: Wave Contributions to Extreme Water Levels .................................................................................41

Section 4: Use Cases ............................................................................................................................................. 43
4.1. Mapping of NOAA High Tide Flood Thresholds and Flood Frequencies ........................................... 43
4.2. Application of Scenarios, Observation-Based Extrapolations, and Extreme Water Levels .......... 45
4.3. Growing Risk to Combined Storm and Wastewater Systems from Sea Level Rise ........................ 53
4.4. Use of InSAR Technology for Determining Regional Vertical Land Motion and Its Suitability for 

Computing Long-Term Sea Level Rise Projections ..................................................................................55

Section 5: Conclusions .......................................................................................................................................... 60

Section 6: Acknowledgments .............................................................................................................................. 63

Section 7: References ............................................................................................................................................ 64



Global and Regional Sea Level Rise Scenarios for the United States | v

Appendix ...................................................................................................................................................................74
Section A1: Tables and Figures .........................................................................................................................74
Section A2: Methods Appendix: Extreme Water Levels and Alaska Coastal Flood Height ................86
A2.1: Data and Regional Frequency Analysis .................................................................................................... 86
A2.2: Gridded (Regional) Extreme Water Level Probabilities ........................................................................ 88
A2.3: Localized Extreme Water Level Probabilities......................................................................................88
A2.3.1: Local Index Estimates from Short-Term Installations.......................................................................... 89
A2.3.2: Obtaining a Local Index from Tide Range Information ..................................................................... 91
A2.3.3: Uncertainties Using Alternative Methods to Estimate EWLlocal Probabilities  ............................. 93
A2.3.4: Adjusting Local Extreme Water Level Probabilities to Time Periods ............................................ 93
A2.4: Alaska Coastal Flood Heights ................................................................................................................93

Section 8: Acronyms .............................................................................................................................................. 95



Global and Regional Sea Level Rise Scenarios for the United States | vi

List of Figures
Figure 1.1: ................................................................................................................................................................................................... 1

Schematic (not to scale) showing physical factors affecting coastal flood exposure. Due to the clear and strong 
relative sea level rise signal (i.e., combination of sea level rise and sinking lands), the probability of flooding and 
impacts are increasing along most U.S. coastlines.

Figure 1.2: ................................................................................................................................................................................................. 2

a) Observed annual global mean sea level (GMSL) change from global tide gauges (blue line), along with the
sum (orange line) of contributions from thermal expansion (thermosteric) and four distinct water-mass-driven
increases in GMSL. b) GMSL change (blue line) as shown in a) with the annual average relative sea level change
measured by tide gauges around the contiguous United States (black line; with a linear regression estimate of
28 cm of sea level rise from 1920 to 2020). (Adaptation of Frederikse et al., 2020).

Figure 1.3: ..................................................................................................................................................................................................3

a) Annual probability density and b) annual expected exceedances for daily highest water levels relative to the
1983–2001 mean higher high water (MHHW) tidal datum showing increases in NOAA minor, moderate, and major
high tide flooding (HTF) probabilities/frequencies due to relative sea level (RSL) rise at the NOAA tide gauge in
Charleston, South Carolina.

Figure 2.1. .................................................................................................................................................................................................. 8

Regional sea level linear rates of rise (mm/year) from satellite altimetry over three different time periods: (a) 
1993–2006, (b) 2007–2020, and (c) 1993–2020. Linear rates of change of relative sea level (ocean and land 
height changes) from tide gauges over the same time period are also shown (circles).

Figure 2.2: ............................................................................................................................................................................................... 14

Observation-based extrapolations using tide-gauge data and five Scenarios, in meters, for a) global mean sea 
level and b) relative sea levels for the contiguous United States from 2020 to 2050 relative to a baseline of 2000. 
Median values are shown by the solid lines, while the shaded regions represent the likely ranges for the observa-
tion-based extrapolations and each scenario. Altimetry data (1993–2020) and tide-gauge data (1970–2020) are 
overlaid for reference. 

Figure 2.3: ............................................................................................................................................................................................... 18

Observation-based extrapolations and five regionalized global mean sea level scenario projections, in meters, of 
relative sea levels for eight coastal regions around the United States from 2020 to 2050 relative to a baseline of 
2000. Median values are shown by the solid lines, while the shaded regions represent the likely ranges for the 
observation-based extrapolations and each scenario. Tide-gauge data (1970 to 2020) are overlaid for reference, 
along with satellite altimetry observations, which do not include contributions from vertical land motion.

Figure 2.4: ..............................................................................................................................................................................................20

Relative sea level rise, in meters, in 2050 for the a) Intermediate-Low and b) Intermediate-High scenarios relative 
to the year 2000.

Figure 2.5: ..............................................................................................................................................................................................24

Regional deviations of relative sea level from the global mean sea level (GMSL; in meters) value for each scenario 
in 2100. To obtain the regional projection in 2100 for each scenario, the mapped values must be added to the 
GMSL value for the associated scenario.

Figure 2.6: ..............................................................................................................................................................................................25

Divergence of global mean sea level (GMSL) trajectory and scenarios. The time series shows the observa-
tion-based GMSL trajectory and the five GMSL scenarios from 2000 to 2100. The dots denote where each scenar-
io significantly (2 sigma) deviates from the a) observation-based trajectory and from the b) Intermediate scenario.



Global and Regional Sea Level Rise Scenarios for the United States | vii

Figure 2.7: ............................................................................................................................................................................................... 27

Proportions of the contributions from different IPCC AR6 sea level trajectories to each of the five global mean 
sea level (GMSL) rise scenarios used in this report: Low, Intermediate-Low, Intermediate, Intermediate-High, and 
High. The IPCC AR6 trajectories are Low Emissions; Low Emissions, LC (where LC indicates inclusion of low-con-
fidence ice-sheet processes); Intermediate Emissions; Intermediate Emissions, LC; High Emissions; and High 
Emissions LC. The emissions pathways associated with the IPCC AR6 trajectories are as follows: Low Emissions 
= Shared Socioeconomic Pathway (SSP) 1-1.9 or SSP1-2.6; Intermediate Emissions = SSP 2-4.5; High Emissions = 
SSP3-7.0 or SSP5-8.5. Shifts between different GMSL rise scenarios approximately reflect the relative odds of be-
ing close to a given scenario under different emissions pathways; e.g., the Low scenario is much more plausible 
under a low emissions pathway, while Intermediate and higher scenarios are much more likely to be associated 
with high emissions pathways, as well as with low-confidence ice-sheet processes. 

Figure 3.1: ................................................................................................................................................................................................29

National median rate of minor high tide flooding and relative sea level, in meters, from 98 NOAA tide gauges 
along U.S. coastlines outside of Alaska used to monitor and track flood-frequency changes (from Sweet et al., 
2021). Relative sea levels reference the lowest annual (1925) level.

Figure 3.2: ..............................................................................................................................................................................................32

Regional Frequency Analysis 1-degree grids and local index values (u) relative to local mean higher high water 
tidal datum at the NOAA tide gauges used in this study.

Figure 3.3:............................................................................................................................................................................................... 33

a) Empirical probability densities of hourly water levels and their daily maxima measured by the NOAA tide gauge
at The Battery (New York City), as well as the tidal datums of mean lower low water (MLLW), great diurnal tide
range (GT), local high tide flood (HTF) heights, and the local index (u) used to localize the RFA-gridded EWL for
this location (see Figure A2.2f). All values are referenced to the mean higher high water (MHHW) tidal datum and
shown in b) as a return interval curve with the 95% confidence interval (2.5% and 97.5% levels) normalized to year
2020 RSLs.

Figure 3.4: .............................................................................................................................................................................................. 34

Current (circa 2020 relative sea levels) EWLlocal that a) occur annually on average and b) have a 0.01-year aver-
age event frequency. Note: the scales in the two figures are not the same, and to be useful for decision-making, 
a conversion to land-based heights (e.g., NAVD88) should be made.

Figure 3.5: ..............................................................................................................................................................................................35

Comparison between (a–c) this study’s EWLlocal to those of NOAA (Zervas, 2013) based on a GEV fit of annual 
highest water levels and to (d–f) the stillwater (storm surge, tides, and wave set-up) components of FEMA used 
in their Flood Insurance Study at the 0.01-year, 0.1-year, and 0.5-year average event frequency levels.

Figure 3.6: .............................................................................................................................................................................................. 37

a) Map showing active NOAA tide gauges indicating Grand Bay, Mississippi, which has about 4–5 years of hourly
data, b) tide range to local index (u) regression relative to the 1983–2001 tidal datum epoch with fit equation,
goodness of fit (R2), and associated root mean square error (RMSE) for the surrounding region, c) RMSE for
estimates of u based on 1–19 years of consecutive data over the 2001–2019 period based on the regional tide
gauges for the surrounding region; and d) a 2020 EWLlocal return level curve for Grand Bay using a local index
(u) from tide range regression. Note: to be useful for decision-making, a conversion to land-based heights (e.g.,
NAVD88) should be made.

Figure 3.7: ...............................................................................................................................................................................................38

NOAA minor (red layer: land between mean higher high water [MHHW] and minor high tide flood [HTF] height 
above MHHW), moderate (orange layer), and major (yellow layer) HTF maps showing a regional layered map with 
individual layer panes to the right for a) Charleston, South Carolina, and b) West Palm Beach, Florida. MHHW for 
1983–2001 is the shoreline edge. Note: to be useful for decision-making, a conversion to land-based heights 
(e.g., NAVD88) should be made.



Global and Regional Sea Level Rise Scenarios for the United States | viii

Figure 3.8: ..............................................................................................................................................................................................39

 Average event frequencies in 2020 of a) minor high tide flooding (HTF); b) number of “days” (as compared to 
“events”) of HTF estimated in NOAA’s annual outlook (Sweet et al., 2021) and regression between events and 
days; c) average event frequencies in 2020 of moderate HTF; and d) average event frequencies in 2020 of major 
HTF. Flood height-severity definitions are from NOAA (Sweet et al., 2018) and, specifically for Alaska locations, 
from Sweet et al. (2020b).

Figure 3.9: ..............................................................................................................................................................................................40

 Coastal high tide flooding (HTF) frequencies projected at 2050 applying the sea level scenario that upper-bounds 
the regional observation-based extrapolations for NOAA a) minor, b) moderate, and c) major HTFs

Figure Box 3.1: .......................................................................................................................................................................................42

 Water level contribution due to a) wave set-up and b) wave swash; c) percent contribution of wave-driven water 
levels (i.e., wave run up = wave set-up and swash) relative to all components: tide, storm surge, and waves; and 
d) percent contribution of wave set-up relative to the sum of tide, storm surge, and wave set-up based on model 
reanalysis of Vitousek et al. (2017).

Figure 4.1: ................................................................................................................................................................................................45

 Maps of the NOAA minor, moderate, and major high tide flooding layers for a) Charleston, South Carolina, and 
b) West Palm Beach, Florida (as in Figure 3.7 but providing average event frequencies for each layer). Note: the 
shoreline on these maps is mean higher high water, but to be useful for decision-making, a conversion to land-
based heights (e.g., NAVD88) should be made.

Figure 4.2: ..............................................................................................................................................................................................46

 Tide gauges selected for the application of sea level scenarios and extreme water level methods.

Figure 4.3: .............................................................................................................................................................................................. 47

 a) RSL projections for the scenarios providing the upper bound to observation-based extrapolations to 2060 for 
the selected tide gauges. The corresponding scenario for each tide gauge is shown in parentheses in the leg-
end. b) RFA-based EWL (see Section 3) return level curves relative to the 1983–2001 MHHW tidal datum. Notes: 
(1) to be useful for decision-making, a conversion to land-based heights (e.g., geodetic datum such as NAVD88) 
should be made. (2) Average event frequency (x-axis label) is the reciprocal of average recurrence interval, which 
is also known as return period.

Figure 4.4: ..............................................................................................................................................................................................48

 Recurrent flood frequency estimates for a) Sewells Point (Norfolk), Virginia, and b) Galveston Pier 21, Texas. For 
both, the relative sea level projection for the scenarios and the return level are the same as in Table 4.1. Note: to 
be useful for decision-making, a conversion of the return level to land-based heights (e.g., geodetic datum such 
as NAVD88) should be made.

Figure 4.5: ..............................................................................................................................................................................................50

 Conceptual illustration of increasing exceedance probability (hence decreasing average recurrence interval) that 
assumes that the location parameter is a function of the magnitude of the relative sea level rise.

Figure 4.6: ...............................................................................................................................................................................................51

 a) Average recurrence interval (due to rising RSL) curves (T versus T_0) at each tide gauge using the selected 
scenario’s RSL projection (see Table 4.1). b) Risk curves as a function of design life: stationary (black curve), actual 
risk resulting from incorporating the site’s RSL scenario projection (red curve), and risk curve for a specific risk 
(blue curve).

Figure 4.7: ...............................................................................................................................................................................................55

 Location of combined stormwater and sewer system outfalls that are likely draining regions exposed to HTF 
within the Camden, New Jersey, region, with the minor (red: MHHW to 0.58 m [1.9 feet] above MHHW), moderate 
(orange: MHHW to 0.86 m [2.8 feet] above MHHW), and major (yellow: MHHW to 1.25 m [4.1 feet] above MHHW) 
HTF layers stacked in the enlarged map and individual layers mapped to the right. Note: heights are relative 
to the 1983–2001 tidal epoch, and to be useful for decision-making, a conversion to land-based heights (e.g., 
NAVD88) should be made.



Global and Regional Sea Level Rise Scenarios for the United States | ix

Figure 4.8: .............................................................................................................................................................................................. 57

 Comparison of vertical land motion (VLM) rate estimates (mm/year) from a) the scenario-based framework used 
in this report, and b) GPS-imaging estimates from Hammond et al. (2021). c) The difference between GPS-derived 
rates and scenario-derived rates and d) a comparison of the VLM estimates at the U.S. tide-gauge locations are 
also shown. Negative values of VLM reflect subsidence, while positive values reflect uplift.

Figure 4.9: ..............................................................................................................................................................................................58

 Map showing VLM rates (mm/year) for the Hampton Roads region displayed on top of satellite imagery. Higher 
rates of subsidence are indicated by darker orange colors. Of particular interest is the range of rates in such a 
small region (e.g., on the order of up to 5 mm/year difference in places). Based on Buzzanga et al. (2020).

Figure A1.1: ............................................................................................................................................................................................. 74

 Region definitions for observation-based extrapolations and scenarios in Section 2. These regions are used both 
to group tide gauges and also to generate regional averages for the gridded scenarios. A bathymetry mask is 
used to define the regions for the gridded scenarios.

Figure A1.2: ............................................................................................................................................................................................ 75

 Shown for each tide gauge record with at least 30 years of record length between 1970 and 2020 are a) range, 
in meters, between median projection of Low and High Scenarios in 2050, and b) difference, in meters, between 
median observation-based extrapolation and Intermediate scenario in 2050.

Figure A2.1: .............................................................................................................................................................................................86

 NOAA tide gauges used in the regional frequency analysis to generate extreme water level probabilities for 
U.S coastlines.

Figure A2.2: ........................................................................................................................................................................................... 87

 Example of data from grid number 46415 showing exceedances above each local index (u) relative to the 1983–
2001 mean higher high water (MHHW) tidal datum at a) Kings Point, New York; b) The Battery, New York; c) Ber-
gen Point, New York; and d) Sandy Hook, New Jersey, which are e) aggregated into a single dataset and f) fit by 
a Generalized Pareto Distribution to form a return level interval curve for the grid.

Figure A2.3: ...........................................................................................................................................................................................89

 Additional tide-gauge data available from NOAA  that can be used to localize the 1-degree gridded set of region-
al frequency analysis-based extreme water level probabilities. 

Figure A2.4: ...........................................................................................................................................................................................90

 Root mean square error for regional estimates of flood indices (u) based on 1–19 years of consecutive data over 
the 2001–2019 period, based on regional sets of tide gauges used in this study. Note: these regions are not the 
same as those shown in Figure A1.1 and used to describe results in Sections 2 and 3 of the report. 

Figure A2.5: ...........................................................................................................................................................................................92

 Tide range to local index (u) regressions with equations, goodness of fit (R2), and root mean squared error (RMSE) 
shown by regions. Note: all local indices (u) are relative to the 1983–2001 tidal datum epoch. In the equations, y 
represents the local index (u) and x represents tide range. 

Figure A2.6: ...........................................................................................................................................................................................94

 a) Quadratic regression of U.S. West Coast minor flood heights of NOAA’s National Weather Service, following 
methods of Sweet et al. (2020b), to obtain a minor HTF definition for Alaska’s coastline. The NOAA flood heights 
for b) minor, c) moderate, and d) major HTF are shown relative to mean higher high water.



Global and Regional Sea Level Rise Scenarios for the United States | x

List of Tables
Table 2.1: ...................................................................................................................................................................................................15

 Observation-based extrapolations and five scenarios, in meters, for global mean sea level and relative sea lev-
el for the contiguous United States from 2020 to 2050 relative to a baseline of 2000. Median [likely ranges] 
are shown.

Table 2.2: .................................................................................................................................................................................................19

 Observation-based extrapolation and regionalized global mean sea level scenario–based estimates, in meters, 
of relative sea level in 2050 relative to a baseline of 2000 for eight coastal regions of the United States. Median 
[likely ranges] are shown. The two scenarios that bound the median observation-based extrapolation are also 
provided for each region and indicated by red dividing lines. In regions where the observation-based extrapo-
lation is the same as a particular scenario, the scenario is indicated in red text and the bounding scenarios can 
be assumed to be the next higher or lower scenario (e.g., the Intermediate bounds the Northeast’s observa-
tion-based extrapolation).

Table 2.3: ................................................................................................................................................................................................20

 Global mean sea level and contiguous United States scenarios, in meters, relative to a 2000 baseline.

Table 2.4: ................................................................................................................................................................................................22

 IPCC warming level–based global mean sea level projections. Global mean surface air temperature anomalies 
are projected for years 2081–2100 relative to the 1850–1900 climatology. Sea level anomalies are relative to a 
2005 baseline (adapted from Fox-Kemper et al., 2021). The probabilities are imprecise probabilities, represent-
ing a consensus among all projection methods applied. For imprecise probabilities >50%, all methods agree that 
the probability of the outcome stated is at least that value; for imprecise probabilities <50%, all methods agree 
that the probability of the outcome stated is less than or equal to the value stated.

Table 2.5: ................................................................................................................................................................................................23

 Scenarios of relative sea level, in meters, for eight coastal regions of the United States in 2100 and 2150 relative 
to a baseline of 2000. Median values are shown. 

Table 3.1: ..................................................................................................................................................................................................30

 Physical processes affecting U.S. coastal water levels and their temporal and spatial scale properties (mod-
ification of Sweet et al., 2017). Extreme water levels, which, as measured by tide gauges, generally exclude 
high-frequency wave effects, include processes between tsunami and ocean-basin variability and, to a lesser 
extent, low-frequency changes or trends associated with land ice melt/discharge, thermal expansion, and vertical 
land motion.

Table 3.2: .................................................................................................................................................................................................41

 Annual average event frequencies for NOAA-defined minor, moderate, and major HTF heights by region that 
were typical (median values) in 1990, under current (circa 2020) sea levels and projected to occur considering 
the upper-bounding scenario of the observations-based extrapolations in 2050 (see Table 2.2).

Table 4.1: ..................................................................................................................................................................................................46

 Tide-gauge locations, scenarios bounding the observation-based extrapolations, and the extreme value dis-
tribution Generalized Pareto Distribution (GPD) model parameters estimated using the regional frequency 
analysis (RFA).

Table 4.2: ................................................................................................................................................................................................49

 Summary of design parameters to constrain the average event frequency, N, to 1 per year by 2060 (end-year of 
the design life). The 2005–2060 RSL projections are the local values associated with the scenarios providing 
the upper bound to the regional observation-based extrapolations shown in Table 2.2. Note: to be useful for 
decision-making, a conversion of the return level to land-based heights (e.g., geodetic datum such as NAVD88) 
should be made.



Global and Regional Sea Level Rise Scenarios for the United States | xi

Table 4.3: .................................................................................................................................................................................................51

 The parameters of generalized extreme value computed using the peaks-over-threshold Generalized Pareto 
Distribution model (Coles 2001).

Table 4.4: ................................................................................................................................................................................................53

 Results of the risk-based design for all tide gauges shown in Figure 4.2. Average recurrence interval (ARI) is listed 
and is the reciprocal of average event frequency. Values in the last column have been rounded to the closest 
5-year interval. Note: to be useful for decision-making, a conversion of the return level to land-based heights 
(e.g., geodetic datum such as NAVD88) should be made.

Table A1.1:................................................................................................................................................................................................ 76

 Projections methods employed. 

Table A1.2: .............................................................................................................................................................................................. 76

 Offsets, in meters, for different time periods and for each region considered in Section 2. These offsets are as-
sessed using the trajectory determined from the available tide-gauge data in each region.

Table A1.3: .............................................................................................................................................................................................. 77

 Regional designation, tide gauge information, extreme water level metadata, and high tide flood heights.



Global and Regional Sea Level Rise Scenarios for the United States | xii

Executive Summary

This report and accompanying datasets from the U.S. Sea Level Rise and Coastal Flood Hazard Scenarios 
and Tools Interagency Task Force provide 1) sea level rise scenarios to 2150 by decade that include esti-
mates of vertical land motion and 2) a set of extreme water level probabilities for various heights along the 
U.S. coastline. These data are available at 1-degree grids along the U.S. coastline and downscaled specifical-
ly at NOAA tide-gauge locations. Estimates of flood exposure are assessed using contemporary U.S. coastal 
flood-severity thresholds for current conditions (e.g., sea levels and infrastructure footprint) and for the next 
30 years (out to year 2050), assuming no additional risk reduction measures are enacted. 

This effort builds upon the 2017 Task Force report (Sweet et al., 2017). In particular, the set of global mean 
sea level rise scenarios from that report are updated and downscaled with output directly from the United 
Nations Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report (AR6; IPCC, 2021a), 
through the efforts of the NASA Sea Level Change Team; updates include adjustments to the temporal tra-
jectories and exceedance probabilities of these scenarios based upon end-of-century global temperatures. 
As with the 2017 report, these global mean sea level rise scenarios are regionalized for the U.S. coastline. 
In addition, methodology supporting the U.S. Department of Defense Regional Sea Level (DRSL) database1 
(Hall et al., 2016) is adapted for the extreme water level dataset newly developed for this report.

This report will be a key technical input for the Fifth National Climate Assessment (NCA5). These data and 
information are being incorporated into current and planned agency tools and services, such as NOAA’s Sea 
Level Rise Viewer and Inundation Dashboard,2 NASA’s Sea Level Change Portal,3 and others. Although the 
intent of this report is not to provide authoritative guidance or design specifications for a specific project, it is 
intended to help inform Federal agencies, state and local governments, and stakeholders in coastal commu-
nities about current and future sea level rise to help contextualize its effects for decision-making purposes. 

Key Message #1: 
Multiple lines of evidence provide increased confidence, regardless of the emissions pathway, in a narrower 
range of projected global, national, and regional sea level rise at 2050 than previously reported  
(Sweet et al., 2017).

• Both trajectories assessed by extrapolating rates and accelerations estimated from historical tide 
gauge observations, and model projections, fall within the same range in all cases, giving higher 
confidence in these relative sea level (RSL; land and ocean height changes) rise amounts by 2050.

• Relative sea level along the contiguous U.S. (CONUS) coastline is expected to rise on average 
as much over the next 30 years (0.25–0.30 m over 2020–2050) as it has over the last 100 years 
(1920–2020).

• Due to processes driving regional changes in sea level, there are similar regional differences in 
both the modeled scenarios and observation-based extrapolations, with higher RSL  rise along the 
East (0–5 cm higher on average than CONUS) and Gulf Coasts (10–15 cm higher) as compared to 
the West (10–15 cm lower) and Hawaiian/Caribbean (5–10 cm lower) Coasts.

• The projections do not include natural year-to-year sea level variability that occurs along U.S. 
coastlines in response to climatic modes such as the El Niño–Southern Oscillation.

1  https://drsl.serdp-estcp.org/
2  https://coast.noaa.gov/digitalcoast/tools/slr.html
3  https://sealevel.nasa.gov/

https://drsl.serdp-estcp.org/
https://coast.noaa.gov/digitalcoast/tools/slr.html
https://sealevel.nasa.gov/
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Key Message #2

By 2050, the expected relative sea level (RSL) will cause tide and storm surge heights to increase and will 
lead to a shift in U.S. coastal flood regimes, with major and moderate high tide flood events occurring as 
frequently as moderate and minor high tide flood events occur today. Without additional risk-reduction mea-
sures, U.S. coastal infrastructure, communities, and ecosystems will face significant consequences.

• Minor/disruptive high tide flooding (HTF; about 0.55 m above mean higher high water [MHHW]4) is 
projected to increase from a U.S average frequency of about 3 events/year in 2020 to >10 events/
year5 by 2050.

• Moderate/typically damaging HTF (about 0.85 m above MHHW) is projected to increase from a 
U.S. average frequency of 0.3 events/year in 2020 to about 4 events/year in 2050. 

• Major/often destructive HTF (about 1.20 m above MHHW) is projected to increase from a U.S. aver-
age frequency of 0.04 events/year in 2020 to 0.2 events/year by 2050. 

• Across all severities (minor, moderate, major), HTF along the U.S. East and Gulf Coasts will largely 
continue to occur at or above the national average frequency.

Key Message #3:

Higher global temperatures increase the chances of higher sea level by the end of the century and beyond. 
The scenario projections of relative sea level along the contiguous U.S. (CONUS) coastline are about  
0.6–2.2 m in 2100 and 0.8–3.9 m in 2150 (relative to sea level in 2000); these ranges are driven by uncer-
tainty in future emissions pathways and the response of the underlying physical processes. 

• With an increase in average global temperature of 2°C above preindustrial levels, and not consid-
ering the potential contributions from ice-sheet processes with limited agreement (low confidence) 
among modeling approaches, the probability of exceeding 0.5 m rise globally (0.7 m along the 
CONUS coastline) by 2100 is about 50%. With 3°–5°C of warming under high emissions pathways, 
this probability rises to >80% to >99%. The probability of exceeding 1 m globally (1.2 m CONUS) by 
2100 rises from <5% with 3°C warming to almost 25% with 5°C warming.

• Considering low-confidence ice-sheet processes and high emissions pathways with warming 
approaching 5°C, probabilities rise to about 50%, 20%, and 10% of exceeding 1.0 m, 1.5 m, or 2.0 m 
of global rise by 2100, respectively. These processes are unlikely to make significant contributions 
with 2°C of warming, but how much warming might be required to trigger them is currently un-
known.

• As a result of improved understanding of the timing of possible large future contributions from 
ice-sheet loss, the “Extreme” scenario from the 2017 report (2.5 m global mean sea level rise by 
2100) is now viewed as less plausible and has been removed. Nevertheless, the potential for in-
creased acceleration in the late 21st century and beyond means that the other high-end scenarios 
provide pathways that could reach this threshold in the decades immediately following 2100 (and 
continue rising).

• Regionally, the projections are near or higher than the global average in 2100 and 2150 for almost 
all U.S. coastlines due to the effects from vertical land motion (VLM); gravitational, rotational, and 
deformational effects due to land ice loss; and ocean circulation changes. Largely due to VLM, 
RSL projections are lower than the global amounts along the southern Alaska coast and are higher 
along the Eastern and Western Gulf coastlines.

4  Mean higher high water (MHHW) level is estimated over the 1983–2001 tidal epoch period and, in this case, is considered a fixed elevation 
that does not change with sea level rise.

5  The extreme value statistical methods in this report do not directly resolve frequencies >10 events/year. 
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Key Message #4

Monitoring the sources of ongoing sea level rise and the processes driving changes in sea level is critical for 
assessing scenario divergence and tracking the trajectory of observed sea level rise, particularly during the 
time period when future emissions pathways lead to increased ranges in projected sea level rise.  

• Efforts are under way to narrow the uncertainties in ice-sheet dynamics and future sea level rise
amounts in response to increasing greenhouse gas forcing and associated global warming.

• Early indicators of changes in sea level rise trajectories can serve to trigger adaptive manage-
ment plans and are identified through continuous monitoring and assessment of changes in sea
level (on global and local scales) and of the key drivers of sea level change that most affect U.S.
coastlines, such as ocean heat content, ice-mass loss from Greenland and Antarctica, vertical land
motion, and Gulf Stream system changes.
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Section 1: Introduction

Sea level rise driven by global climate change is a clear and present risk to the United States today and for 
the coming decades and centuries (USGCRP, 2018; Hall, Weaver et al., 2019). Sea levels will continue to rise 
due to the ocean’s sustained response to the warming that has already occurred—even if climate change 
mitigation succeeds in limiting surface air temperatures in the coming decades (Fox-Kemper et al., 2021). 
Tens of millions of people in the United States already live in areas at risk of coastal flooding, with more 
moving to the coasts every year (NOAA NOS and U.S. Census Bureau, 2013). Rising sea levels and land sub-
sidence are combining, and will continue to combine, with other coastal flood factors, such as storm surge, 
wave effects, rising coastal water tables, river flows, and rainfall (Figure 1.1), some of whose characteristics 
are also undergoing climate-related changes (USGCRP, 2017). The net result will be a dramatic increase 
in the exposure and vulnerability of this growing population, as well as the critical infrastructure related to 
transportation, water, energy, trade, military readiness, and coastal ecosystems and the supporting services 
they provide.

Global mean sea level (GMSL) rise is a direct effect of climate change, resulting from a combination of ther-
mal expansion of warming ocean waters and the addition of water mass into the ocean, largely associated 
with the loss of ice from glaciers and ice sheets. These processes are well understood for the recent past, 
and their contributions have been estimated for the 20th century (Figure 1.2a). With regard to increasing sea 
levels associated with climate change, the questions are when and how much, rather than if (USGCRP, 2017; 
Hall, Weaver et al., 2019). Increases in GMSL provide an important indicator of the changing climate, but it 
is the sea level rise on local and regional scales—measured by the global network of tide gauges and satel-
lites—that is most relevant for coastal communities around the world. Regional and local sea level rise has 
not been and will not be uniform in time or space. Rather, sea levels change locally for a variety of reasons, 
such as vertical land motion (VLM), which can exacerbate the effects of the rising ocean. For context, where-
as GMSL has risen by about 17 cm over the last 100 years (1920–2020), with noted acceleration since about 
1970, relative sea level (RSL) averaged along the contiguous United States (CONUS) has risen about 28 cm 
over the same period with similar onset of acceleration (Figure 1.2b). 

Figure 1.1: Schematic (not to scale) showing physical factors affecting coastal flood exposure. Due to the clear and strong relative 
sea level rise signal (i.e., combination of sea level rise and sinking lands), the probability of flooding and impacts are increasing 
along most U.S. coastlines. 
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While this long-term and upward shift in mean RSL is the underlying driver of changes to the Nation’s coasts, 
extreme water levels (EWLs) occurring against the background of this shifting sea level baseline are respon-
sible for many of the recurring and event-based impacts. In this report, EWLs are explicitly assumed to be 
ocean-related changes measured by tide gauges (e.g., high tides and storm surges), which typically do not 
measure other contributors such as direct rainfall or river flow unless they are positioned upstream of major 
river systems (Moftakhari et al., 2016). Specifically, EWLs are considered as those occurring with an average 
event frequency between 0.01 events/year (often referred to as the 1% annual chance event) and 10 events/
year. This range mostly spans the flood frequency of NOAA high tide flood (HTF) severity levels (minor, mod-
erate, and major). HTF levels are nationally calibrated against NOAA’s National Weather Service and local 
emergency managers’ depth-severity thresholds used in weather forecasting and impact communications 
(NOAA, 2020) to provide a consistent coastal-climate resilience standard (Sweet et al., 2018).

Higher sea levels amplify the impacts of storm surge, high tides, coastal erosion, and wetland loss, even 
absent any changes in storm frequency and intensity. Because of threshold effects related to changes mea-
sured relative to a fixed elevation (Figure 1.3a), even the relatively small increases in sea level over the last 
several decades have led to greatly increased frequency of flooding6 at many places along the U.S. coast 
(Figure 1.3b). Much of the coastline is already close to a flood regime shift, with respect to flood frequency 
(and presumably damages). That is, only about a 0.3–0.7 m height difference currently separates infrequent, 
moderate/typically-damaging and major/often-destructive HTF from minor/disruptive “nuisance” HTF (Sweet 
et al., 2018), whose impacts are already remarkable throughout dozens of densely populated coastal cities 
(Moore and Obradovich, 2020). Decades ago, powerful storms were what typically caused coastal flooding, 

6  The definition of a “flood” in this report is typically meant to refer to a water level associated with impacts rather than the occurrence of 
natural phenomena.

Figure 1.2: a) Observed annual global mean sea level (GMSL) change from global tide gauges (blue line), along with the sum 
(orange line) of contributions from thermal expansion (thermosteric) and four distinct water-mass-driven increases in GMSL. b) 
GMSL change (blue line) as shown in a) with the annual average relative sea level change measured by tide gauges around the 
contiguous United States (black line; with a linear regression estimate of 28 cm of sea level rise from 1920 to 2020). (Adaptation 
of Frederikse et al., 2020). 
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but today, due to RSL rise, even common wind events and seasonal high tides regularly cause HTF with-
in coastal communities, affecting homes and businesses, overloading stormwater and wastewater sys-
tems, infiltrating coastal groundwater aquifers with saltwater, and stressing coastal wetlands and estuarine 
ecosystems.

At multiple locations along the U.S. coastline, the annual frequency of minor HTF is accelerating and has 
more than doubled over the past couple of decades, turning it from a rare event into a recurrent and disrup-
tive problem (Sweet and Park, 2014; Sweet et al., 2018; USGCRP, 2018). For example, the trends in minor/
disruptive HTF have grown from about 5 days in 2000 to 10–15 days in New York City and Norfolk, Virginia, 
in 2020; in Miami, Florida, and Charleston, South Carolina, annual frequencies have grown from 0–2 days 
to about 5–10 days over the same period. These increases will continue, further accelerate, and spread to 
more locations over the next couple of decades (Sweet et al., 2021; Thompson et al., 2021). Thus, accurate 
projections of ongoing and future sea level rise and assessments that integrate across processes and tem-
poral and spatial scales are key inputs to planning efforts and a key goal of this report.

The Sea Level Rise and Coastal Flood Hazard Scenarios and Tools Interagency Task Force (hereafter “Task 
Force”) was jointly convened at the direction of the White House Resilience Council in 2015 under the U.S. 
Global Change Research Program (USGCRP), the Subcommittee on Ocean Sciences and Technology (SOST), 
and the National Ocean Council (NOC). This was in recognition of the strong need and demand for authori-
tative, consistent, and accessible sea level rise and associated coastal hazard information for the entire U.S. 
coastline, coordinated across the relevant Federal agencies, to serve as a starting point for on-the-ground 
coastal preparedness planning and risk management activities. The goal of the Task Force, since its incep-
tion, has been to develop the necessary products through sustained and coordinated participation of key 
agencies, based on the best available science, including regional science and expertise when possible and 
appropriate. The goal has also been to incorporate those products into user-friendly mapping, visualization, 
and analysis tools made easily accessible through existing agency portals serving specific partners and 
stakeholders, as well as interagency venues such as the National Climate Assessment (NCA), the U.S. Cli-
mate Resilience Toolkit, and others.

Figure 1.3: a) Annual probability density and b) annual expected exceedances for daily highest water levels relative to the 
1983–2001 mean higher high water (MHHW) tidal datum showing increases in NOAA minor, moderate, and major high tide flood-
ing (HTF) probabilities/frequencies due to relative sea level (RSL) rise at the NOAA tide gauge in Charleston, South Carolina. 
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The Task Force focused its initial efforts on the development of an interagency report (Sweet et al., 2017), 
providing updated GMSL rise scenarios focused primarily on 2100 and integrating these GMSL rise scenarios 
with regional factors contributing to sea level change to produce, for the first time, a set of RSL scenarios for 
the entire U.S. coastline. These scenarios were also a major technical input to Volumes I and II of the Fourth 
NCA (NCA4; USGCRP 2017, 2018) and have been widely used in the development of state (e.g., Florida7 and 
Virginia [CCRM, 2019]) and local agency adaptation plans (e.g., Pensacola, Florida,8 and Portland, Maine [One 
Climate Future, 2019]), and processes for anticipating and managing future coastal risks.

The Task Force’s first report (Sweet et al., 2017) built upon the most current scenarios at that time (e.g., Parris 
et al., 2012; Kopp et al., 2014; Hall et al., 2016) and estimated the full possible range for GMSL rise by 2100 as 
being bounded by 0.3 m on the low end, representing a simple linear extrapolation of the GMSL rate since 
the early 1990s, and by 2.5 m on the high end, representing an extreme ice-sheet melt/discharge scenario. 
This 0.3–2.5 m range was discretized and aligned with emissions-based, conditional probabilistic storylines 
and global model projections into six GMSL rise scenarios: Low, Intermediate-Low, Intermediate, Intermedi-
ate-High, High, and Extreme, corresponding to GMSL rise by 2100 of 0.3 m, 0.5 m, 1.0 m, 1.5 m, 2.0 m, and 
2.5 m, respectively. These GMSL rise scenarios were then used to derive regional RSL responses on a 1-de-
gree grid covering the coastlines of the U.S. mainland, Alaska, Hawai‘i, the Caribbean, and the Pacific Island 
territories, as well as at the precise locations of tide gauges along these coastlines. 

This current report takes the Sweet et al. (2017) report as its starting point, updating the GMSL scenarios and 
the associated local and regional RSL projections to reflect recent advances in sea level science, as well as 
expanding the types of scenario information provided to better serve stakeholder needs for coastal risk man-
agement and adaptation planning. As with the 2017 report, this iteration will also serve as a key technical 
input to the NCA, in this case NCA5. Specific updates in this report include the following:

• While this report still uses the same nomenclature as the NOAA 2017 GMSL scenarios, it draws 
upon new science of the Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment 
Report (AR6; Fox-Kemper et al., 2021; Garner et al., 2021) to provide updated temporal trajectories 
and exceedance probabilities based on different levels of global warming. One effect is that the 
associated RSL projections for the U.S. coastline (gridded and at individual tide-gauge locations) 
differ in timing and magnitude as compared to the NOAA 2017 projections. 

• In addition, in leveraging this updated science, including a longer observational record, improved 
understanding of ice-sheet dynamical processes, and better-constrained models, this report pro-
vides a more comprehensive and detailed assessment of the distinct types and range of uncer-
tainties associated with the GMSL rise scenarios, particularly at the high end.

• By utilizing 50-year regional sets of tide-gauge data, observation-based rates and accelerations 
are extrapolated to the year 2050 to identify the scenario projections aligning with current RSL 
trajectories.

• Lastly, gridded EWL probabilities are provided, along with methods to localize them along most 
U.S. coastlines, to contextualize each of the regionalized sea level scenarios across a range of 
flood frequencies under current standards, from recurrent tidal flooding to major storm-surge 
flooding, out to 2050. 

To frame the remainder of this report, it is important to emphasize the distinction between describing scien-
tific progress, in terms of current understanding and key uncertainties, and translating such advances in the 
scientific knowledge base into actionable science. The latter requires sustained engagement by groups such 
as NOAA’s Office of Coast Management and the Sea Grant program with users, stakeholder groups, and as-
sociated boundary organizations regarding their specific planning and decision contexts. Our development 

7  https://floridadep.gov/rcp/florida-resilient-coastlines-program/documents/proposed-rule-development-draft-62s-7-sea-level
8  https://storymaps.arcgis.com/stories/e812723f69ad4a618c8f5f8b08cb208e

https://floridadep.gov/rcp/florida-resilient-coastlines-program/documents/proposed-rule-development-draft-62s-7-sea-level
https://storymaps.arcgis.com/stories/e812723f69ad4a618c8f5f8b08cb208e


Global and Regional Sea Level Rise Scenarios for the United States | 5

of scenarios in this report is grounded in the principles of risk-based framing for climate assessment (King 
et al., 2015; Weaver et al., 2017; Sutton, 2019; Kopp et al., 2019) and is consistent with adaptation pathways 
approaches for long-term planning. What we thus aim to provide are screening-level (suitable for first-order 
assessment) products appropriate for framing and bounding important problems in coastal risk assessment 
and management, along with contextualization of the underlying science and illustrative case studies. For 
example, consistent with this purpose, this report aims to provide the underlying scientific information to de-
velop both planning- and bounding-type scenarios across the full spectrum of coastal risk; that is, 1) planning 
scenarios intended to frame near- to mid-term decision contexts and/or longer-term decisions with high-risk 
tolerance or ability to adjust plans, which address the question, What is most likely to happen? and 2) bound-
ing scenarios designed to set the envelope of possible future outcomes, which can be used to stress-test 
long-term objectives, gauge the “when, not if” a given level of sea level rise might be reached, and address 
the question How bad could things get? What this report does NOT provide is official guidance nor design 
specifications for a specific project.

Section 2 describes advances in the understanding of the drivers of mean sea level since the 2017 report, 
discusses the use of observations for a near-term trajectory assessment, and provides the updated GMSL 
rise scenarios and their associated regional RSL projections. Section 3 focuses on high-frequency EWLs, 
including a regional frequency analysis of historical NOAA tide-gauge data to develop a set of EWL probabil-
ities for assessing and projecting (to 2050) across a range of flood levels. Section 4 applies these scenarios 
and projections in illustrative use-case examples. Section 5 provides a summary of the report findings, as 
well as conclusions and next steps.
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Section 2: Future Mean Sea Level: Scenarios and Observation-Based Assessments

Since Sweet et al. (2017), the observations and available data records of both sea level change and the asso-
ciated processes have increased in number and length. In part due to these observations, our understanding 
of the drivers of sea level change has improved. There have also been significant advances in modeling 
how these processes will cause sea level to change in the future. This has led to an improved understand-
ing of the possible trajectory of future sea level rise. In this report, these advances are reflected both in an 
update to the GMSL scenarios and a change in approach from Sweet et al. (2017). The primary change in 
approach is in separating this section into two different time periods: 1) near term (2020–2050) and 2) long 
term (2050–2150). There is also a section discussing divergence of the GMSL scenarios and tracking that is 
particularly relevant during the transition between the near- and long-term time periods. In the remainder of 
this section, a brief overview of the drivers of global and regional sea level rise is provided. Next, updates to 
Sweet et al. (2017) are discussed, and the motivation and scientific justification for these changes are given. 
Finally, the updated information for the two time periods, along with the transition between these periods, 
is provided.

2.1. Overview of Regional and Global Sea Level Rise
Over long, multidecadal to centennial timescales, the primary drivers of changes in GMSL are thermal ex-
pansion due to the heating of the ocean and the addition of water mass associated with ice-mass loss from 
the ice sheets and glaciers. Other changes in the movement of water between ocean and land, including 
from groundwater depletion and water impoundment, have a secondary impact on GMSL, although they can 
increase in importance for certain time periods (see Frederikse et al., 2020). During the 20th century, GMSL 
estimated from tide-gauge records has been explained by the individual processes contributing to it (see 
Figure 1.2a; Frederikse et al., 2020). More recently, observed GMSL from satellite altimetry over the past 15 
years has been explained using the in situ measurements of the Argo profiling floats and the observations of 
water-mass change from the GRACE and GRACE-FO satellites (WCRP, 2018). On shorter timescales, consid-
erable interannual and decadal variability in GMSL is linked primarily to variations in terrestrial water storage 
and driven heavily by the El Niño–Southern Oscillation (ENSO; Boening et al. 2012; Fasullo et al., 2013; Pie-
cuch and Quinn, 2016; Hamlington et al., 2020a, 2020b].

At the regional level, rates of sea level rise can deviate significantly from the globally averaged rate. Sea lev-
el rise is not uniform across the globe; rather, it manifests as relative sea level (RSL) rise that also responds 
to several key factors important at regional and local scales (Kopp et al., 2014; Sweet et al., 2017; Hamlington 
et al., 2020a; Fox-Kemper et al., 2021). On short timescales and in short records, natural variations on inter-
annual to decadal timescales can impact estimates of rates and accelerations. On long timescales, however, 
there are three primary causes of regional variations in estimated rates and accelerations: 1) sterodynamic 
sea level change; 2) gravitational, rotational, and deformational (GRD) changes due to contemporary ice-
mass loss and the movement of water between land and ocean; and 3) vertical land movement (VLM; sub-
sidence or uplift) due to glacial isostatic adjustment (GIA), tectonics, sediment compaction, groundwater and 
fossil fuel withdrawals, and other non-climatic factors. These three causes are discussed briefly below.

Sterodynamic sea level changes are those that arise from changes in the ocean’s circulation (currents) and 
its density (temperature and salinity). Sea level rise associated with sterodynamic sea level change is the 
combination of global mean thermosteric rise associated with global ocean warming and local deviations 
from the global mean due to ocean dynamic processes. It is these changes in ocean dynamics that lead 
to regional differences. Focusing on possible causes of long-term sterodynamic sea level changes for the 
U.S. coastlines, future changes in the Atlantic meridional overturning circulation (AMOC) are particular-
ly relevant. The IPCC AR6 (IPCC, 2021a) determined that it is very likely that the AMOC will decline in the 
future, although there is still disagreement as to the extent of this decline. A weakening AMOC will lead to 
an increase in sea level along the coastal Northeast and Southeast regions (Yin et al., 2009; Krasting et al., 
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2016; see Figure A1.1 for region definitions). For the Northwest and Southwest coastal regions, ENSO plays 
a substantial role in interannual sea level change, although there is no clear evidence for a sustained shift in 
ENSO that will result in a long-term increase or decrease in sea level. Some models project future sea level 
changes associated with ocean dynamics to be large in magnitude in some locations, but these projections 
remain uncertain (Fox-Kemper et al., 2021). 

The ice-mass loss from ice sheets and glaciers to the ocean has a strong influence on regional sea level. 
Changes in Earth’s GRD responses dictate the spatial distribution of water across the global ocean (Farrell 
and Clark, 1976; Milne and Mitrovica, 1998; Mitrovica et al., 2001). These so-called sea level fingerprints are 
important to determining regional sea level rise. Mass loss causes a sea level fall in the near-field, a reduced 
sea level rise at intermediate distances, and a greater-than-global-average sea level rise at larger distances. 
For U.S. coastlines, particularly in the Northeast, this means that a similar amount of ice-mass loss in Antarc-
tica will have a larger impact than ice-mass loss in Greenland. Similarly, ice-mass loss in Greenland leads to 
bigger increases in sea level along the Northwest and Southwest coastal regions than along the Northeast 
coastal region. At any time horizon, the regional sea level rise associated with GRD will be driven both by 
the amount of ice that is being lost and the source of that ice. These regional fingerprints are tied to project-
ed trajectories of mass loss from the associated source. Changes in terrestrial water storage (groundwater 
withdrawal and dam building) also have an associated fingerprint, but the regional contribution is generally 
smaller than that from the ice sheets and glaciers. 

Lastly, the VLM considered in this report refers to either subsidence or uplift that occurs in coastal regions 
and can lead to the change in the height of sea level relative to land. VLM is not a singular phenomenon 
but instead results from various processes that display different patterns in space and time. These patterns 
have different impacts from place to place, especially in coastal settings where many of them operate at the 
same time. For much of the coastal United States, subsidence is driven on local scales by groundwater and 
fossil fuel withdrawal and on larger scales by GIA. However, in some regions such as southern Alaska, GIA 
leads to high rates of uplift in coastal regions. GIA is the ongoing response of the solid earth due to ice-mass 
changes in the past, particularly the deglaciation after the last glacial maximum. GIA induces VLM, in particu-
lar subsidence along the U.S. East Coast, as well as changes in the gravity field, which cause local sea level 
changes. Accurate future projections of VLM require an understanding of the underlying processes and the 
time and space scales on which they vary. Currently, and in this report, VLM projections are based in part 
on analysis of past observations. If activities change in a particular location (e.g., reduction in groundwater 
pumping), an associated change in the rate of VLM will not necessarily be captured. Modeling of future VLM 
under a range of possible scenarios is not currently available over large scales. (See the vertical land motion 
use case in Section 4.4 for more information.)

Beyond these processes that impact long-term changes in sea level, there is also considerable natural (or 
“unforced”) climate variability that can lead to significant, albeit temporary, changes to sea level on the order 
of years or even decades. In many of the available observational records, it can be a challenge to distin-
guish between these natural signals and those processes discussed above. As an example, in Figure 2.1, the 
regional rates of sea level rise along U.S. coastlines are shown for the first half (a, 1993–2006), second half 
(b, 2007–2020), and full (c, 1993–2020) satellite altimeter record (which do not measure VLM effects), along 
with overlaid tide-gauge rates (which measure VLM effects) measured over the same time period. A signifi-
cant shift occurs from the first half of the record to the second half, with high sea level rise rates found along 
all coastlines of CONUS from 2007 to 2020. For the Northwest and Southwest coastal regions, in particular, 
the rate was near 0 for the first half of the record before shifting to almost 10 mm/year over the second half, 
driven by decadal variability linked to the Pacific Decadal Oscillation (PDO; e.g., Bromirski et al., 2011; Ham-
lington et al., 2021). For the full record, there is considerably less spatial variability, with most regions ap-
proaching the globally averaged rate of 3.1 mm/year.
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In this section of the report, the contribution of natural variability is not assessed directly, but its importance 
and contribution should be considered when looking at observed rates and assessing possible sea level at a 
specific time in the future. In other words, there is an “envelope” of naturally occurring sea level variability on 
top of the sea level rise discussed here that needs to be included to estimate sea level at a particular loca-
tion at a specific time in the future. A depiction of the relationship between sea level rise and this envelope is 
provided in Figure 1.3. The median of the distribution increases over time as a result of the rising sea levels, 
while other sea level variability on a range of timescales contributes to the spread around this central value.

Figure 2.1: Regional sea level linear rates of rise (mm/year) from satellite altimetry over three different time periods:  
(a) 1993–2006, (b) 2007–2020, and (c) 1993–2020. Linear rates of change of relative sea level (ocean and land height changes) 
from tide gauges over the same time period are also shown (circles).
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2.2. Updates from Sweet et al. (2017) 
One of the main structural changes from the Sweet et al. (2017) report to this one is a specific emphasis on 
the near-term time period, 2020–2050. There is also a detailed discussion of GMSL scenario divergence 
and tracking that becomes particularly important in the transition from the near term to the long term. The 
motivation for the focus on these two topics is given below. Following this explanation, the primary advances 
in the sea level scenarios and assessments of future sea level are discussed in two subsections. The first 
provides an overview of the science and framework advancements that have led to an update of the scenar-
ios first presented in Sweet et al. (2017). The second covers the inclusion of observation-based assessments 
of near-term sea level change for the first time. 

2.2.1. Inclusion of Near-Term Time Period (2020–2050)

The dedicated focus on the near-term time period represents a new element in this report. Motivation for this 
change is provided briefly here. With increasing record lengths, the impact of natural sea level variability on 
estimated rates and accelerations diminishes, revealing more of the underlying climate change signal (see 
Figure 2.1c, for example). Tide gauges surrounding the U.S. coastlines provide records exceeding 100 years 
in some locations, and the satellite altimeter record is nearing three decades in length. Recent studies have 
assessed the degree to which rates and accelerations estimated from these records are reflective of the 
long-term increase in sea level (via satellite altimetry; e.g., Fasullo and Nerem, 2018; Richter et al., 2020) and 
RSL (via tide gauges; e.g., Wang et al., 2021). These studies suggest that with appropriate consideration of 
uncertainty, observation-based extrapolations can be informative in the near term. In this report, an assess-
ment based solely on extrapolation of the observed rates and acceleration out to 2050 is used for trajectory 
tracking and a comparison to the GMSL and regional scenarios. These trajectories serve as an additional line 
of evidence for near-term sea level rise and provide a mostly independent (observational VLM information is 
shared in both) comparison to the model-based scenario. To maintain a distinction between estimates arising 
from observations and those coming from model-derived GMSL scenarios, the observation-based assess-
ments are referred to in this report as “extrapolations” or “trajectories” and not as “projections.” These terms 
are also preceded by “observation-based” whenever used.

Beyond this renewed observational focus, the inclusion of this near-term time period is motivated by the fact 
that for certain decision types, short time horizons and nearer-term assessments are most relevant. For the 
typical lifetime of buildings and infrastructure in coastal areas, for example, a 30-year planning horizon has 
particular relevance (e.g., Fu, 2020; Hinkel et al., 2018). Additionally, flexible adaptation pathways and solu-
tions typically require significant lead times on upgrades or replacements of coastal structures that necessi-
tate assessments across a range of timescales. (Haasnoot et al., 2013, 2019; Bloeman et al., 2018; Werners 
et al., 2021; Hall, Harvey, and Manning, 2019). Knowing whether adaptation actions are required within the 
next 30 years or afterwards informs decisions about initial designs, the adaptations required, and the metrics 
that would trigger adaptation.

2.2.2. GMSL Scenario Divergence and Tracking

After 2050, the assessments and comparisons made using the observation-based extrapolations of future 
sea level rise become less informative and should be made with caution. This is because uncertainty in the 
current estimates of rates and accelerations leads to large projected ranges and because current estimates 
may not be reflective of shifts or process changes that may occur in the future with additional emissions 
and global warming, resulting in increasing divergence between the future GMSL scenarios after 2050. 
During the transition from near- to long-term assessments, an understanding of when the GMSL scenarios 
will diverge and what drives this divergence becomes increasingly important. Two types of uncertainty are 
important to consider in this context: uncertainty in physical processes and uncertainty in future emissions 
and ensuing warming. Although there are possible alternative definitions and framings, as used in this report, 
process uncertainty (Box 2.1) is associated with how well we currently understand why sea level has changed 
in the past and how it will change in the future. Stated another way, how well do we understand and model 
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the processes that will combine to impact sea level at a specific time and location in the future? This un-
certainty is also reflected in the likely range of future sea level rise for a given GMSL scenario. The spread 
between the five GMSL rise scenarios is intended to reflect the range of potential future emissions pathways 
and associated warming levels that depends highly on global socioeconomic factors that have yet to unfold. 
This unknown future pathway leads to what is referred to here as emissions uncertainty (Box 2.1).

At some point in the future, the separation between GMSL rise scenarios will overtake the process uncertain-
ty associated with individual GMSL rise scenarios. In other words, scenario dependence will emerge, and it 
will be possible to distinguish between the observation-based trajectories associated with two neighboring 
GMSL rise scenarios. In general, these time periods are important for connecting the near-term similarities 
between scenarios to the time period where scenarios diverge rapidly. An effort is made here to understand 
when divergence of the GMSL rise scenarios might occur and to link them to possible future warming and 
emissions pathways. This analysis then serves as the foundation for process-based monitoring that could be 
useful in determining the trajectory of ongoing sea level rise and, by extension, the possible future sea level 
rise out to 2150.

Box 2.1: Uncertainties

When assessing future changes in sea level, this report con-
siders two main sources of uncertainty.

Process Uncertainty
An increase in emissions will cause ice-mass loss, ocean 
thermal expansion, and local ocean dynamic changes, but the 
sensitivity of these processes to these forcing changes comes 
with uncertainty. For example, the sensitivity of the Antarctic 
ice sheet is not yet fully understood, leading to a substan-
tial uncertainty in how sea level reacts to forcing changes. 
Additionally, the future contributions from processes, such as 
changes in ocean circulation and VLM, that impact RSL change 
more locally have an associated uncertainty. This uncertainty 
in the contribution of these various processes to future RSL 
change is referred to in this report as process uncertainty.

Emissions Uncertainty 
Increasing the amount of greenhouse gases (GHGs) in the at-
mosphere will trap more heat in the earth system. The amount 
of GHGs in the atmosphere determines the “forcing” of climate 
change and its effects, such as changes in temperature and 
sea level rise. Various forcing scenarios describe possible 
GHG emissions pathways, which range from quick emissions 
reduction to unmitigated future emissions. In the IPCC AR6 
(IPCC, 2021a), these possible future pathways are referred to 
as Shared Socioeconomic Pathways (SSPs). The uncertainty in 
the future pathway is referred to as emissions uncertainty.

Uncertainties in this Report
In this report, emissions uncertainty and process uncertainty 
are combined to generate five sea level scenarios with GMSL 
target values in 2100: Low (0.3 m), Intermediate-Low (0.5 m), 
Intermediate (1 m), Intermediate-High (1.5 m), and High (2 m). 
These sea level scenarios are related to but distinct from the 
emissions pathway scenarios in the IPCC AR6. 

Natural Variability
Next to sea level changes caused by changes in GHG forcing, 
many physical processes cause natural variations (e.g., ENSO). 
The scenarios and uncertainty ranges for each scenario and 
for the observation-based trajectories in this report do not 
include variations due to natural variability (the decadal sce-
nario values are 19-year averages that remove most variability 
effects). Natural variability is not directly considered a source 
of uncertainty in the context of this report but does contribute 
to the uncertainty range in the observation-based extrapola-
tions, as it can influence the estimated rates and accelerations 
in observational records. Natural, or non-forced, variations 
can also make significant contributions to sea level on a wide 
range of timescales. For example, along the U.S. West coast, 
sea levels are higher during El Niño years. When assessing 
sea level at a specific location and time in the future, the sea 
level contribution from natural variability must be combined 
with the scenarios and trajectories provided here.
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2.2.3 Updates to the 2017 Sea Level Scenarios

In order to support decision-making efforts related to future sea level risks, past interagency efforts (Par-
ris et al., 2012; Hall et al., 2016; Sweet et al., 2017) have defined a set of GMSL rise scenarios spanning a 
range from a Low scenario, consistent with no additional GMSL acceleration, to a worst-case, or high-end, 
Extreme scenario, judged to be at the physically plausible limits based on the scientific literature. In Sweet 
et al. (2017), these scenarios were developed to span a range of 21st-century GMSL rise from 0.3 m to 2.5 m. 
Sweet et al. (2017) built these scenarios upon the probabilistic emissions scenario–driven projections of 
Kopp et al. (2014). Kopp et al. (2014) combined a variety of different lines of evidence—global climate model 
(GCM) projections, the IPCC AR5 assessment of ice-sheet changes, and structured expert-judgment ice-
sheet projections, among other sources of information—to generate distributions of future global and asso-
ciated regional sea level changes consistent with low, medium, and high emissions scenarios. Sweet et al. 
(2017) filtered the ensemble of different future projections generated by Kopp et al. (2014) to identify those 
subsets consistent with 0.3 m, 0.5 m, 1.0 m, 1.5 m, 2.0 m, and 2.5 m of 21st-century GMSL rise. These subsets 
constituted the six Sweet et al. (2017) GMSL scenarios. For most purposes, Sweet et al. (2017) focused on the 
median of each subset, although 17th and 83rd percentile levels were also reported.

This report retains the Sweet et al. (2017) scenarios (except the Extreme 2.5 m scenario, discussed below), 
with the principal difference being updated temporal trajectories and exceedance probabilities now based 
on global warming levels rather than emissions scenarios. Linking to global warming levels provides a 
straightforward physical link for the GMSL scenarios and establishes a connection to global temperature 
monitoring efforts. The updates made in this report reflect the underlying ensemble of future projections 
based on methods used in the IPCC AR6 (Fox-Kemper et al., 2021; Garner et al., 2021) and listed in Table 
A1.1. As in Sweet et al. (2017), these projections are filtered based on 21st-century GMSL rise. In other words, 
projected pathways that intersect the GMSL scenario target values in 2100 are retained and then used to 
generate the GMSL scenarios from Low to High described here.

In addition to being updated based on the latest generation of GCMs and the IPCC AR6, this set of projec-
tions incorporates multiple methods of projecting future ice-sheet changes, which are the major sources of 
future sea level rise and pose the biggest source of uncertainty in projecting the timing and magnitude of fu-
ture possible rise amounts. For Antarctica, this includes emulators derived from two different ice-sheet mod-
el intercomparison exercises (Edwards et al., 2021; Levermann et al., 2020), as well as from a single-model 
study focused on the potentially high-impact but uncertain-likelihood marine ice cliff instability (MICI) mecha-
nism (DeConto et al. 2021) and a structured expert-judgment study (Bamber et al, 2019). For Greenland, this 
includes a single intercomparison-derived emulator (Edwards et al., 2021) and a structured expert-judgment 
study (Bamber et al., 2019). There is now a broader range of both Antarctic and Greenland potential con-
tributions, compared to Sweet et al. (2017). Whereas the high-end scenarios of Sweet et al. (2017) were all 
dominated by Antarctic contributions, the potential for high Greenland contributions now also adds to these 
high-end scenarios, and due to its proximity, also drives larger differences along U.S. coastlines.

The use of multiple methods, including methods that consider mechanisms that could substantially increase 
ice-sheet sensitivity under high emissions scenarios, means that the time path of the higher GMSL scenarios 
is more realistic than in Sweet et al. (2017), which assumed (based on the underlying Kopp et al. [2014] pro-
jections) that ice-sheet loss would accelerate at a constant rate over the remainder of the century. A result 
is that there is less acceleration in the higher scenarios until about 2050 and greater acceleration toward 
the end of this century. This has two primary implications. First, despite maintaining the same target values 
and having the same range between scenarios in 2100, the range covered by the scenarios is smaller in the 
near term than in Sweet et al. (2017). Second, the likely (17th–83rd percentile) ranges of projections consis-
tent with each scenario before and after the 2100 time point used to define the scenarios tend to be broader 
than in Sweet et al. (2017).
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An important change from the Sweet et al. (2017) report is the exclusion of the Extreme (2.5 m) scenario in 
this report. Based on the most recent scientific understanding and as discussed in the IPCC AR6, the uncer-
tain physical processes such as ice-sheet loss that could lead to much higher increases in sea level are now 
viewed as less plausible in the coming decades before potentially becoming a factor toward the end of the 
21st century and beyond. A GMSL increase of 2.5 m by 2100 is thus viewed as less plausible, and the asso-
ciated scenario has been removed from this report. Nevertheless, the increased acceleration in the late 21st 
century and beyond means that the other high-end scenarios provide pathways that potentially reach this 
threshold in the decades immediately following 2100 (and continue rising).

2.2.4. Observation-Based Extrapolations

As discussed above, the pathways of the updated GMSL scenarios differ from those presented in Sweet 
et al. (2017), and the range between the scenarios in the near term is now reduced. This report, for the first 
time, includes observation-based extrapolations to serve as a near-term (2020–2050) comparison for the 
scenarios. They can also be viewed as “trajectories” of current sea level rise. When interpreting these ex-
trapolations, they should be considered as an additional line of evidence for near-term sea level rise along-
side the model-based GMSL scenarios. They are not intended to replace the GMSL scenarios. Additionally, 
such observation-based extrapolations, or trajectories, can be potentially misleading if not appropriately 
constrained. This report makes no detailed assessment of whether the long-term rate and acceleration have 
emerged from the influence of natural variability in the observational record, although recent studies suggest 
this could be the case in some regions (Lyu et al., 2014; Richter et al., 2020; Fasullo and Nerem, 2018; Wang 
et al., 2021). Instead, the observation-based extrapolations are presented as computed and without inter-
pretation after several methodological choices were made to generate extrapolations that can be compared 
to the scenarios and identify those scenarios that “bound” the 2050 extrapolations. These methodological 
choices are described briefly below.

First, the rates and accelerations are estimated from the tide-gauge records starting in 1970. Recent studies 
have shown a consistent acceleration in GMSL since 1970 (Dangendorf et al., 2019; Frederikse et al., 2020), 
and this is a primary motivator for the time period chosen. The impact of varying this start date on the region-
al scales relied on here was assessed and found to be negligible within a few years of 1970 (more below). 
This is not true, as a general statement, when using individual tide-gauge records. Second, the observa-
tion-based extrapolations are made only to 2050. Beyond that date, it is assumed that processes not fully 
represented in the observations could become dominant. Third, the uncertainty in the rate and acceleration 
associated with the influence of natural variability is accounted for as fully as possible and included in the ex-
trapolation. Finally, the extrapolations are made for GMSL, the coastlines of CONUS, and 10 separate coastal 
regions around the United States and outlying islands (see Figure A1.1 for region definitions). By grouping 
tide gauges regionally, the influence of localized variability is reduced, and challenges associated with 
individual tide gauges with incomplete or short records are overcome, thus yielding more useful and narrow-
er extrapolated ranges. These regional comparisons also fulfill the intent of providing an additional line of 
evidence and comparison point to the GMSL scenarios. 

For each individual region, the observation-based extrapolation is performed as follows:

1. The tide gauges in the region are grouped and combined following the virtual station method (see 
Frederikse et al., 2020) to generate a monthly time series of RSL from 1920 to present.

2. Natural variability is partially removed through regression analysis using climate indices represent-
ing the El Niño–Southern Oscillation, Pacific Decadal Oscillation, and North Atlantic Oscillation 
(see Calafat et al., 2012; Hamlington et al., 2021).

3. The rate and acceleration from 1970 to present is computed, and the uncertainty on each term is 
assessed, accounting for the influence of remaining natural variability (see Hamlington et al., 2021) 
and serially correlated variability in the tide-gauge record (Bos et al., 2013, 2014).
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4. The rates, accelerations, and uncertainties are used to generate an ensemble of 5,000 extrap-
olations with a baseline year of 2000 and extending to 2050. Median projections and a likely
(17th–83rd) range are computed from this ensemble.

Following this procedure, observation-based extrapolations are obtained for GMSL, CONUS, and 8 coast-
al regions (Figure A1.1)—the Northeast (Maine to Virginia), the Southeast (North Carolina to the east coast 
of Florida), the Eastern Gulf (west coast of Florida to Mississippi), the Western Gulf (Louisiana to Texas), the 
Southwest (California), the Northwest (Oregon to Washington), the Hawaiian Islands, and the Caribbean. 
Elsewhere in the report, projections are discussed for the Pacific Islands, but due to the availability of tide-
gauge data and the geographic range covered by the region, the extrapolations are conducted using only 
those gauges on the Hawaiian Islands. Observation-based extrapolations are also made for the southern 
and northern coasts of Alaska and mentioned in the text but not included in the tables below. Differential 
VLM heavily impacts the tide-gauge records along the southern coastline of Alaska and makes the creation 
of a regionally representative time series challenging. The observation-based extrapolations for Alaska are 
thus caveated with increased uncertainty in the underlying regional processes that heavily limit their utility as 
a comparison to the GMSL scenarios. 

2.3. Near-Term Sea Level Change (2020–2050)
In Sweet et al. (2017), the range between the median values of the Low and High GMSL scenarios in 2020, 
2030, 2040, and 2050 was 0.05 m, 0.12 m, 0.23 m, and 0.38 m, respectively. As a result of improved science 
and the updated framework and procedure for generating the GMSL scenarios, the time path of the sce-
narios—particularly the higher scenarios—is now more realistic and consistent with current process-based 
understanding. In this report, the range between the Low and High scenarios in 2020, 2030, 2040, and 
2050 is now 0.02 m, 0.06 m, 0.15 m, and 0.28 m, respectively (Table 2.1). In other words, there is less di-
vergence between the GMSL scenarios in this near-term time period, which reduces uncertainty in the 
projected amount of GMSL rise up to the year 2050. The Low scenario remains largely the same between 
this report and Sweet et al. (2017); this range reduction reflects a downward shift in the higher scenarios in 
2050 and times prior, as discussed above. As an example, the projected value in 2050 for the High scenario 
in this report (~0.4 m) is the same as that for the Intermediate-High projected value in 2050 in Sweet et al. 
(2017). In short, while the scenarios continue to be defined by projected values of GMSL increase in 2100, it 
is important to note that the paths to get to these target values have changed in this report compared to the 
previous one.

Following the procedure outlined in Section 2.2.4, an observation-based extrapolation of GMSL is comput-
ed using the global tide-gauge reconstruction from Frederikse et al. (2020; Figure 2.2a; also see top row of 
Table 2.1). The extrapolated value of GMSL increase in 2050 relative to a baseline of 2000 is 0.24 m, with a 
likely (17th–83rd percentile) range between 0.19 m and 0.29 m. A similar extrapolation was made using GMSL 
data measured by satellite altimeters over 1993–2021, resulting in an estimate of 0.23 m of rise from 2000 to 
2050 and in agreement with the results of the tide-gauge extrapolation. Based on the updated GMSL sce-
narios, the median of the 2050 observation-based extrapolation is bounded by (i.e., it falls between) the In-
termediate-Low and Intermediate scenarios. The likely ranges for the Low and High scenarios do not overlap 
with the likely range of observation-based extrapolation in 2050, although the very likely ranges (5th–95th 
percentiles) do overlap. The likely range of the Intermediate-High scenario does overlap with the likely range 
of the observation-based extrapolation. A similar observation-based extrapolation is completed using only 
the tide gauges located around CONUS (Figure 2.2b), resulting in a projected increase of 0.38 m in 2050, 
with a likely range of 0.32 m to 0.45 m. This range for CONUS is again narrower than in Sweet et al. (2017). 
Similar to GMSL, this observation-based assessment is bounded by the Intermediate-Low and Intermediate 
scenarios in 2050.
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As a result of the smaller region used and the increased influence of natural variability and VLM, the likely 
ranges in 2050 for CONUS in both the scenario projections and observation-based extrapolations are larger 
than those associated with the GMSL scenarios themselves. The likely range from the observation-based 
extrapolation does overlap with the likely ranges from both the Low and High scenarios. This is both a reflec-
tion of the larger range in the extrapolation for CONUS and the narrower range between the High and Low 
scenarios in this report. A key takeaway from this assessment is that on global and national scales, two lines 
of evidence (observations and GMSL scenarios) are consistent out to 2050 and support a narrower range 
in possible near-term sea level change than provided in Sweet et al. (2017). As discussed previously, this is 
consistent with and a result of the improved process-based understanding and projection approach that has 
been incorporated in this report. 

The observation-based extrapolations are also computed for 10 coastal regions of the United States. Only 
8 of these regions are shown in the tables and figures below, with the coastlines of Alaska covered sepa-
rately in the text. As in the global and national cases, the observation-based extrapolations are extended 
out to 2050. Following the procedure outlined in section 2.2.4, tide gauges within each of these regions 
are combined into a single time series prior to extrapolating estimated rates and accelerations. Building 
on the discussion in section 2.2.4, the motivation for doing these assessments regionally as opposed to at 
each individual tide gauge location is two-fold. First, the observation-based extrapolations are intended to 
serve as a comparison to the model-based GMSL scenarios. Outside the possibility of very localized VLM, 
the processes included in the regionalized GMSL scenarios are generally spatially coherent over the re-
gions considered. Indeed, the selection of specific regions is driven by process-based similarities mostly 
associated with ocean dynamics and large-scale VLM. Grouping the tide gauges and generating regional 
comparisons yields a closer analog to the information contained in the scenarios. The regional averages also 
reduce the influence of local signals—including VLM and other natural ocean variability—that can influence 
extrapolations and associated ranges. Second, some of the individual tide gauges around the U.S. coastlines 
have records that either do not span the full time period from 1970 to 2020 or contain data gaps. Generating 

Figure 2.2: Observation-based extrapolations using tide-gauge data and five Scenarios, in meters, for a) global mean sea level 
and b) relative sea levels for the contiguous United States from 2020 to 2050 relative to a baseline of 2000. Median values are 
shown by the solid lines, while the shaded regions represent the likely ranges for the observation-based extrapolations and 
each scenario. Altimetry data (1993–2020) and tide-gauge data (1970–2020) are overlaid for reference. 
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regional time series alleviates these challenges and allows us to provide generalized comparisons and 
assessments about the match between observations and model-based scenarios along the U.S. coastlines. 
These regional comparisons then provide an additional line of evidence for the possible overall trajectory of 
sea level in the near term. The result is shown in Figure 2.3, with corresponding values in Table 2.2 for each 
of the eight regions and compared to the scenarios in each region. 

The regional differences in the observation-based extrapolations and scenarios in Figure 2.3 are consistent 
with the current process-based understanding of sea level rise. Processes such as ocean dynamics, the GRD 
response to contemporary ice-mass loss (i.e., fingerprints), and coastal VLM lead to differences between 
the eight regions. Additionally, uncertainty ranges on the extrapolations can be bigger or smaller depending 
on the number of tide gauges in a particular region and the influence of natural variability on the rate and 
acceleration estimates. To demonstrate this regionalization, Figure 2.4 shows these regional variations of 
sea level in 2050 for the Intermediate-Low and Intermediate-High scenarios. In 2050, the regional variation 
in future sea levels does not change significantly between scenarios. Although the values increase from the 
Intermediate-Low scenario to the Intermediate-High scenario, the east–west difference in sea level rise is 
similar. Higher values for both scenarios are found along the entire East and Gulf Coasts. Subsidence leads 
to the highest rates along the Gulf Coast, driven by regional and local factors, such as river sediment com-
paction and withdrawal of subsurface fluids (Dokka, 2011; NGS, 2001; Rydlund and Densmore, 2012). Along 
the East Coast, subsidence is generally associated with the large-scale process of GIA, with fluid extraction 
being an issue in some areas (Frederikse et al., 2017; Karegar et al., 2016). Beyond VLM, many of the re-
gional differences are driven by differences in the ocean dynamic variability. For example, the sterodynamic 
contribution from 2000 to 2050 in the Northeast is more than double the sterodynamic contribution in the 
Southwest. This regional difference is similarly reflected in the observation-based extrapolations in 2050. It 
should be noted that this difference arises from higher-than-global-average projections for the Northeast as 
opposed to lower-than-global-average projections for the Southwest, which tracks very closely to the GMSL 
values shown in Table 2.1.

Table 2.1: Observation-based extrapolations and five scenarios, in meters, for global mean sea level and relative sea level for 
the contiguous United States from 2020 to 2050 relative to a baseline of 2000. Median [likely ranges] are shown.

Global Mean Sea Level
2020 2030 2040 2050

Obs. Extrapolation 0.07 [0.06, 0.08] 0.12 [0.11, 0.13] 0.18 [0.16, 0.19] 0.24 [0.19, 0.29]

Low 0.06 [0.05, 0.07] 0.09 [0.08, 0.10] 0.12 [0.11, 0.13] 0.15 [0.14, 0.17]

Intermediate-Low 0.07 [0.06, 0.07] 0.11 [0.09, 0.12] 0.15 [0.13, 0.17] 0.20 [0.18, 0.23]

Intermediate 0.07 [0.07, 0.09] 0.13 [0.11, 0.15] 0.19 [0.16, 0.23] 0.28 [0.22, 0.32]

Intermediate-High 0.08 [0.07, 0.10] 0.14 [0.11, 0.20] 0.23 [0.18, 0.32] 0.37 [0.27, 0.46]

High 0.08 [0.07, 0.10] 0.15 [0.11, 0.22] 0.27 [0.18, 0.39] 0.43 [0.31, 0.57]

Contiguous United States
2020 2030 2040 2050

Obs. Extrapolation 0.11 [0.09, 0.13] 0.19 [0.16, 0.21] 0.28 [0.23, 0.32] 0.38 [0.32, 0.45]

Low 0.12 [0.09, 0.15] 0.18 [0.14, 0.23] 0.25 [0.19, 0.31] 0.31 [0.24, 0.39]

Intermediate-Low 0.13 [0.10, 0.16] 0.20 [0.15, 0.25] 0.28 [0.22, 0.34] 0.36 [0.28, 0.44]

Intermediate 0.13 [0.10, 0.16] 0.21 [0.16, 0.26] 0.30 [0.23, 0.37] 0.40 [0.31, 0.49]

Intermediate-High 0.13 [0.10, 0.16] 0.22 [0.16, 0.28] 0.33 [0.24, 0.43] 0.46 [0.35, 0.61]

High 0.13 [0.10, 0.16] 0.22 [0.17, 0.29] 0.35 [0.26, 0.47] 0.52 [0.39, 0.68]
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For the observation-based extrapolations, the largest estimates of sea level rise in 2050 are found along the 
entire Gulf Coast (Table 2.2). The Western Gulf has the highest extrapolated values in 2050, driven by high 
rates of coastal subsidence in the region and consistent with the scenarios discussed above. The Northwest 
and Southwest coastal regions have the lowest observation-based extrapolations to 2050. For the purposes 
of offering a comparison to the scenarios, the scenarios that either bound or track the median of the obser-
vation-based extrapolations are provided (denoted by red text or markers in Table 2.2). Two regions track the 
Intermediate-Low scenario (Northeast and Hawaiian Islands), and two regions track the Intermediate scenar-
io (Southwest and Caribbean). The Intermediate-Low to Intermediate scenarios bound the Northwest, and 
the Intermediate to Intermediate-High scenarios bound the Southeast and Western Gulf regions. Finally, the 
Intermediate-High to High scenarios bound the Eastern Gulf region. With only the exceptions of the low-end 
scenarios in the Southwest and Eastern Gulf, the likely ranges from the observation-based extrapolations 
have at least some overlap with the likely ranges of all the scenarios within a given region. This is due to a 
combination of the larger uncertainty on the observation-based assessments at these regional levels for an 
individual scenario and the narrower ranges between the median values of each GMSL scenario found in 
this report compared to Sweet et al. (2017). While not shown in Table 2.2, the observation-based extrapola-
tion for the northern coast of Alaska in 2050 (median value of 0.27 cm) is bracketed by the Intermediate and 
Intermediate-High scenarios. The extrapolation of the southern coast of Alaska leads to a large RSL de-
crease in 2050 and is inconsistent with the scenario median values. As mentioned above, this is a result of 
challenges in generating a representative tide-gauge time series to use in the extrapolation.

As a note on the interpretation of the results provided in this near-term section, the regional comparisons 
between the observation-based extrapolations and scenarios need to be considered in the context of the 
global comparison in Figure 2.2. The regional scenarios are intrinsically linked to their associated GMSL tar-
get values in 2100. In an ideal framework that perfectly represented the regionalization of these GMSL sce-
narios and the relevant regional processes, separate comparisons on a regional level would be unnecessary. 
In other words, all regions and locations would track the same GMSL scenario. Since this is not the case, if a 
particular region deviates from the others, it would be an indication that either the observation-based extrap-
olation for that region is biased high or low or that the framework used to generate the regionalization of the 
GMSL scenarios is not adequately representing the contribution of a regional process. Since the observed 
GMSL trajectory is near the Intermediate-Low scenario, as shown here, based on the current understanding 
of the processes driving regional RSL, it is not expected that a particular region would track a much higher 
scenario. These regional comparisons during the near-term time period then serve two potential purposes: 
1) they provide an additional line of evidence along with the GMSL and CONUS comparisons for the near-
term trajectory of sea level rise, and 2) they can serve to identify cases when the contributions of regional
processes may be tracking differently than represented by the regionalization of the GMSL scenarios.

As a general assessment of these two purposes, the likely ranges of all but one of the regions are either 
bounded on one side by the Intermediate scenario or tracks a scenario neighboring the Intermediate sce-
nario, showing some level of consistency with the GMSL and CONUS comparisons. This provides additional 
confidence in the narrower range (when compared to Sweet et al., 2017) of sea level rise at the regional 
level out to 2050 presented in this report. The Eastern Gulf is the only region bounded by the High scenario. 
The high observation-based extrapolation for the Eastern Gulf should be interpreted with caution, as it does 
not necessarily mean a higher scenario is applicable compared to other regions. As a possible explanation, 
unresolved natural ocean variability in the observational record could lead to an observation-based extrap-
olation that is biased high. Such variability would need to be low-frequency—or long period—to significantly 
impact a rate and acceleration estimated in a 50-year record. For all regions considered here, it is likely 
that natural variability still contributes to the median observation-based extrapolation, and as seen in Figure 
2.1, this variability has a substantial impact on the coastlines of the United States. This influence of natural 
variability on rates and accelerations is captured to the extent possible in the likely ranges of the observa-
tion-based extrapolations, and these likely ranges should be considered in tandem with the median values 
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when assessing near-term trajectories. Beyond the possible influence of natural variability, there may also be 
a mismatch in the process representation between the observations and regionalized, model-based GMSL 
scenarios that leads to a projection that is too low in the latter. One possibility is non-linear or unresolved 
VLM in the region. The regionalized GMSL scenarios consider only long-term linear rates of VLM, while the 
observation-based extrapolations could represent a shift in the rate of VLM in the estimated acceleration.

An explanation of regional differences between observation-based extrapolations and model-based scenar-
ios requires additional investigation, likely on a tide gauge-by-tide gauge basis. As a first step in this direc-
tion, the range between Low and High scenarios at each individual tide gauge (considering only the tide 
gauges with at least 30 years of data—102 of the full set of 121) is provided in Figure A1.2a, and the depar-
ture between the observation-based extrapolation and Intermediate scenario at each individual tide gauge 
is shown in Figure A1.2b. These figures show that the range between Low and High scenarios is generally 
lower than 20 cm in 2050 at the local level and that most observation-based extrapolations are within 15 cm 
of the Intermediate scenario in 2050.  Of the 102 tide gauges used in this report, 65 have observation-based 
extrapolations that fall within the narrower Low to High ranges in 2050, and 80 of these 102 are within 15 cm 
of the Intermediate scenario. The majority of those falling below the Low scenario are found in the Northwest 
and southern Alaska regions, and the majority of those exceeding the High scenario are found in the two 
Gulf regions. This supports the regional comparisons shown in Figure 2.3 and Table 2.2 while also conveying 
that there is general agreement and consistency between the ranges of the observation-based extrapola-
tions and regionalized GMSL scenarios even on a local, tide gauge-by-tide gauge level. A more definitive 
assessment of why some regions track higher (e.g., Eastern Gulf) or lower relative to others requires further 
analysis that should be done with consideration of the associated uncertainty and ranges.

As a general concluding statement on this near-term section, the link between the regional and global 
scenarios needs to be considered when drawing conclusions at the regional level based on the observa-
tion-based extrapolations. In practice, regionally identifying the scenario that upper-bounds the observa-
tion-based extrapolation at year 2050 (Table 2.2) may help compensate for potential interannual variability 
when projecting sea level for a particular location. The associated uncertainties in the approaches adopted 
here do emphasize the importance of ongoing monitoring using the observations and the need to update 
trajectories. As records continue to lengthen, likely ranges on near-term assessments will narrow. Additional-
ly, satellite altimeter records are reaching sufficient length to be important in such monitoring. As a final note, 
the same framework used for extrapolating the observations forward can also be used to assess the increas-
es—or offsets—observed over different recent time periods. These offsets are useful for adjusting baselines 
of the scenarios and are provided for each region in Table A1.2.
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Figure 2.3: Observation-based extrapolations and five regionalized global mean sea level scenario projections, in meters, of 
relative sea levels for eight coastal regions around the United States from 2020 to 2050 relative to a baseline of 2000. Median 
values are shown by the solid lines, while the shaded regions represent the likely ranges for the observation-based extrapola-
tions and each scenario. Tide-gauge data (1970 to 2020) are overlaid for reference, along with satellite altimetry observations, 
which do not include contributions from vertical land motion.
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Table 2.2: Observation-based extrapolation and regionalized global mean sea level scenario–based estimates, in meters, of 
relative sea level in 2050 relative to a baseline of 2000 for eight coastal regions of the United States. Median [likely ranges] 
are shown. The two scenarios that bound the median observation-based extrapolation are also provided for each region and 
indicated by red dividing lines. In regions where the observation-based extrapolation is the same as a particular scenario, the 
scenario is indicated in red text and the bounding scenarios can be assumed to be the next higher or lower scenario (e.g., the 
Intermediate bounds the Northeast’s observation-based extrapolation).

Observation 
Extrapolations Low Intermediate-

Low Intermediate Intermediate-
High High

Median 
Bounding 
Scenarios

Northeast

0.40 
[0.30, 0.47]

0.36  
[0.27, 0.45]

0.40 
[0.31, 0.49]

0.43  
[0.34, 0.54]

0.49 
[0.38, 0.64]

0.54 
[0.40, 0.69] Int-Low

Southeast

0.41 
[0.32, 0.50]

0.28 
[0.20, 0.35]

0.32 
[0.25, 0.40]

0.36 
[0.28, 0.46]

0.43 
[0.32, 0.58]

0.49 
[0.35, 0.64] Int–Int-High

Eastern Gulf

0.48 
[0.43, 0.54]

0.30  
[0.22, 0.38]

0.34 
[0.26, 0.42]

0.38 
[0.30, 0.48]

0.45  
[0.34, 0.60]

0.51 
[0.38, 0.68] Int-High–High

Western Gulf

0.59  
[0.51,0.67]

0.49 
 [0.41, 0.57]

0.53 
 [0.44, 0.62]

0.57 
[0.47, 0.67]

0.63 
[0.51, 0.79]

0.69 
[0.56, 0.87] Int–Int-High

Southwest

0.24 
[0.20,0.29]

0.15  
[0.10, 0.20]

0.20 
[0.14, 0.26]

0.24  
[0.18, 0.32]

0.31  
[0.22, 0.45]

0.38  
[0.26, 0.54] Intermediate

Northwest

0.16 
[0.08, 0.24]

0.10 
[0.05, 0.15]

0.15 
[0.09, 0.20]

0.18 
[0.12, 0.26]

0.25 
[0.15, 0.39]

0.31 
[0.19, 0.47] Int-Low–Int

Hawaiian Islands

0.24 
[0.20, 0.28]

0.19  
[0.13, 0.24]

0.24 
[0.18, 0.31]

0.29 
[0.22, 0.39]

0.38 
[0.27, 0.53]

0.46 
[0.31, 0.64] Int-Low

Caribbean

0.28  
[0.24, 0.31]

0.19 
[0.10, 0.29]

0.24 
[0.14, 0.33]

0.28  
[0.18, 0.39]

0.35 
[0.22, 0.51]

0.42 
[0.27, 0.59] Intermediate
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Figure 2.4: Relative sea level rise, in meters, in 2050 for the a) Intermediate-Low and b) Intermediate-High scenarios relative to 
the year 2000.

2.4. Long-Term Sea Level Change (2050–2150)

The updated GMSL values in 2050, 2100, and 2150 relative to a 2000 baseline are shown for each of the 
five scenarios in Table 2.3. Note that the current National Tidal Datum Epoch (NTDE) has a baseline of 1992 
(midpoint of the 1983–2001 epoch). Comparisons between the projections here and calculations tied to the 
NTDE will require an adjustment between 1992 and 2000 (see Table A1.2 for offsets). Beyond the middle 
of this century, the differences between sea level scenarios become increasingly large, and the differences 
between sea level scenarios become more closely associated with differences in potential future GHG emis-
sions pathways and associated global warming. Although the GMSL scenarios (names and their values) are 
the same at 2100 for this report and for Sweet et al. (2017), there is a narrowing in the range covered by the 
scenarios in both 2050 and 2150, driven primarily by a reduction in the values at those two target dates as-
sociated with the Intermediate-High and High scenarios in this report. As previously discussed, in 2050, the 
updated median value for the High scenario is similar to the median value for the Intermediate-High scenario 
from Sweet et al. (2017). This is not the case in 2150, however, where the separation between the scenarios 
remains similar to Sweet et al. (2017). Because of this, and because the scenarios are defined by the 2100 
values, the same scenario naming is used in this report as in Sweet et al. (2017), with the notable exception 
of the omission of the Extreme (2.5 m) scenario.

In the very long term (over millennia), the magnitude of global mean sea level rise closely relates to the mag-
nitude of global warming; however, over the timescales of decades and centuries, the magnitude of global 
warming more closely relates to the rate of GMSL rise. It is thus not possible to tie specific levels of warm-
ing in general to amounts of sea level rise, but it is possible to relate specific levels of warming at specific 
points in time (e.g., at the end of the century) to different levels of sea level rise. Thus, based on the IPCC 
AR6 (§9.6.3.4 in Fox-Kemper et al., 2021), it is possible to connect the GMSL rise scenarios to different levels 

Table 2.3: Global mean sea level and contiguous United States scenarios, in meters, relative to a 2000 baseline.

Global Mean Sea Level
2050 2100 2150

Low 0.15 0.3 0.4

Intermediate-Low 0.20 0.5 0.8 

Intermediate 0.28 1.0 1.9 

Intermediate-High 0.37 1.5 2.7 

High 0.43 2.0 3.7 

Contiguous United States
2050 2100 2150

Low 0.31 0.6 0.8

Intermediate-Low 0.36 0.7 1.2

Intermediate 0.40 1.2 2.2

Intermediate-High 0.46 1.7 2.8

High 0.52 2.2 3.9
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of future global mean surface air temperature occurring at the end of the century. The median GMSL pro-
jection for 2100 for a world with global mean surface air temperature in 2081–2100 averaging 2.0°C above 
1850–1900 levels is about 0.5 m (likely range of 0.4–0.7 m; Table 2.4), consistent with the Intermediate-Low 
scenario. The median GMSL projection for a world with global mean surface air temperature in 2081–2100 
averaging 4.0°C higher is about 0.7 m (likely range of 0.6–0.9 m), between the Intermediate-Low and Inter-
mediate scenarios, with the upper end of the likely range approaching the Intermediate scenario. These 
two scenarios are also consistent with the current observed acceleration, which, if extrapolated, would yield 
about 0.24 m of GMSL rise by 2050 and 0.69 m by 2100. 

However, these projections include only physical processes in which there is at least medium confidence in 
the current scientific understanding. As described in the IPCC AR6 (Box 9.4 in Fox-Kemper et al., 2021), the 
largest potential contributions to long-term GMSL rise come from ice-sheet processes in which there is cur-
rently low confidence. Projections that include the magnitudes, rates, and thresholds associated with these 
ice-sheet processes, particularly under higher emissions futures, could give rise to GMSL rise values well 
above the likely range. Pathways to such unknown-likelihood, high-impact outcomes—“potential surprises” in 
the words of NCA4 (Kopp et al., 2017)—include

• earlier-than-projected ice-shelf disintegration in Antarctica,
• abrupt, widespread onset of marine ice-sheet instability and/or marine ice-cliff instability in 

Antarctica, and
• faster-than-projected changes in surface-mass balance on Greenland, potentially associated with 

changes in atmospheric circulation, cloud processes, or albedo changes.

These outcomes are represented in the IPCC projections (§9.6.3 in Fox-Kemper et al., 2021) through the in-
clusion of an illustrative very high emissions (SSP5-8.5), low-confidence projection range, the 83rd percentile 
of which for 2100 extends to 1.6 m (modestly above the Intermediate-High scenario) and the 95th percentile 
of which extends to 2.3 m (above the High scenario). In 2150, the 83rd and 95th percentiles of this low-con-
fidence scenario are 4.8 and 5.4 m, respectively. Because these outcomes are based on processes poorly 
represented in climate and ice-sheet models, the IPCC assessment of these processes incorporates informa-
tion from a structured expert-judgement study (Bamber et al., 2019) and a single Antarctic ice-sheet model-
ing study that explicitly incorporates ice-shelf hydrofracturing and ice-cliff collapse mechanisms (DeConto et 
al., 2021). (See §9.6.3.2, §9.6.3.3, and Box 9.4 of Fox-Kemper et al., 2021, for further discussion.) 

To connect this to the scenarios provided here, the Intermediate-High and High scenarios represent poten-
tial futures in which these deeply uncertain ice-sheet processes play important roles in the late 21st century 
and beyond. After 2100, these processes may also play important roles in the Intermediate scenario. These 
trajectories are highly emissions-dependent. For example, in an illustrative low emissions (SSP1-2.6) future, 
in which the world achieves net-zero carbon dioxide emissions by the 2070s and net-negative emissions 
thereafter, the corresponding AR6 low-confidence ranges in 2100 extend to 0.8 m at the 83rd percentile 
(between the Intermediate-Low and Intermediate scenarios) and 1.1 m at the 95th percentile (modestly above 
the Intermediate scenario), reaching 1.3 m (between the Intermediate-Low and Intermediate scenarios) and 
1.9 m (consistent with the Intermediate scenario), respectively, in 2150. Thus, in a low emissions future, there 
is little evidence to support the plausibility of GMSL projections substantially higher than the median Interme-
diate scenario.

These warming levels are further compared to the five scenarios in this report by assessing the probability 
that the given GMSL value in 2100 will be exceeded for a particular warming level (Table 2.4). At all warming 
levels, there is at least a 92% chance of exceeding the Low scenario in 2100. The probability for exceeding 
the Intermediate-Low (0.5 m) scenario drops for all warming levels when compared to the probability for ex-
ceeding the Low scenario. For the Intermediate, Intermediate-High, and High scenarios, the probability drops 
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off at each warming level. Consistent with the framing of the five scenarios in this report, greater warming 
and higher emissions are generally needed to arrive at the Intermediate through High scenarios in 2100.

The median regional scenario values in 2100 and 2150 for the eight coastal regions discussed in Section 2.3 
are provided in Table 2.5. The values in 2100 for each region differ from the GMSL value used to define a 
given scenario due to the combination of regionally relevant factors that are discussed in Section 2.1. Similar 
to the near term, the highest values across all scenarios are found in the Western Gulf region, followed by 
the Eastern Gulf. These high values are heavily driven by the high rates of subsidence in the region. For all 
but two regions (Southwest and Northwest), the projected values exceed the GMSL values associated with 
a particular scenario. The values for each scenario in the Southwest region correspond closely to the GMSL 
values, which is consistent with the agreement seen between the observation-based extrapolations in 2050 
for the global and regional case discussed in Section 2.3. To further understand the regional variability for 
a given scenario, Figure 2.5 shows the regional departure from the GMSL value for each scenario in 2100. 
In other words, the provided maps display the amount that needs to be added to the global value to get 
the associated regional value for a given scenario. The regional pattern is similar in each case. The Eastern 
Gulf and Western Gulf regions are consistently much higher than the global value, and the southern coast 
of Alaska is much lower across all scenarios. In the highest scenarios, the Northeast, Southeast, Northwest, 
and Southwest regions are near the global values, although there is a larger east–west separation in the 
lower scenarios. In these lower scenarios, the higher projections for the Northeast, when compared to the 
Southwest, are a result of both VLM and ocean circulation changes along the U.S. East Coast. In the higher 

Table 2.4: IPCC warming level–based global mean sea level projections. Global mean surface air temperature anomalies are 
projected for years 2081–2100 relative to the 1850–1900 climatology. Sea level anomalies are relative to a 2005 baseline (adapted 
from Fox-Kemper et al., 2021). The probabilities are imprecise probabilities, representing a consensus among all projection methods 
applied. For imprecise probabilities >50%, all methods agree that the probability of the outcome stated is at least that value; for 
imprecise probabilities <50%, all methods agree that the probability of the outcome stated is less than or equal to the value stated.

Global Mean Surface 
Air Temperature

2081–2100
1.5°C 2.0°C 3.0°C 4.0°C 5.0°C

Unknown 
Likelihood, High 

Impact – Low 
Emissions

Unknown 
Likelihood, High 

Impact – Very High 
Emissions

Closest Emissions 
Scenario–Based GMSL 
Projection

Low  
(SSP1-2.6)

Low  
(SSP1-2.6) to 
Intermediate 

(SSP2-4.5)

Intermediate 
(SSP2-4.5) to 

High  
(SSP3-7.0)

High  
(SSP3-7.0)

Very High  
(SSP5-8.5)

Low (SSP1-2.6),  
Low Confidence 

processes

Very High (SSP5-8.5),  
Low Confidence 

processes

Total (2050) 0.18 
(0.16–0.24)

0.20 
(0.17–0.26)

0.21 (0.18–
0.27)

0.22 
(0.19–0.28)

0.25 
(0.22–0.31)

0.20  
(0.16–0.31)

0.24  
(0.20–0.40)

Total (2100) 0.44 
(0.34–0.59)

0.51  
(0.40–0.69)

0.61 (0.50–
0.81)

0.70 (0.58–
0.92)

0.81 
(0.69–1.05)

0.45  
(0.32–0.79)

0.88  
(0.63–1.60)

Bounding Median 
Scenarios in 2100

Low to 
Intermediate-

Low

Intermediate-
Low to 

Intermediate

Intermediate-
Low to 

Intermediate

Intermediate-
Low to 

Intermediate

Intermediate-
Low to 

Intermediate

Low to  
Intermediate-Low

Intermediate-Low to 
Intermediate

Probability > Low  
(0.3 m) in 2100 92% 98% >99% >99% >99% 89% >99%

Probability > Int.-Low  
(0.5 m) in 2100 37% 50% 82% 97% >99% 49% 96%

Probability > Int.   
(1.0 m) in 2100 <1% 2% 5% 10% 23% 7% 49%

Probability > Int.-High  
(1.5 m) in 2100 <1% <1% <1% 1% 2% 1% 20%

Probability > High  
(2.0 m) in 2100 <1% <1% <1% <1% < % <1% 8%
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scenarios, the contributions from the ice sheets dominate and lead to less separation between the U.S. East 
and West Coasts. 

Table 2.5: Scenarios of relative sea level, in meters, for eight coastal regions of the United 
States in 2100 and 2150 relative to a baseline of 2000. Median values are shown. 

Region Low Intermediate-
Low Intermediate Intermediate-

High High

Northeast

2100 0.6 0.8 1.3 1.6 2.1

2150 0.9 1.3 2.3 2.7 3.7

Southeast

2100 0.5 0.7 1.1 1.6 2.1

2150 0.7 1.1 2.1 2.7 3.7

Eastern Gulf

2100 0.6 0.8 1.2 1.7 2.2

2150 0.8 1.2 2.2 2.8 3.9

Western Gulf

2100 0.9 1.1 1.6 2.1 2.6

2150 1.3 1.7 2.8 3.4 4.5

Southwest

2100 0.3 0.5 1.0 1.5 2.0

2150 0.4 0.8 1.9 2.6 3.7

Northwest

2100 0.2 0.4 0.8 1.3 1.8

2150 0.3 0.7 1.6 2.3 3.3

Pacific Islands

2100 0.4 0.6 1.1 1.7 2.3

2150 0.6 1.0 2.2 2.9 4.2

Caribbean

2100 0.4 0.6 1.0 1.5 2.1

2150 0.5 0.9 2.0 2.6 3.7
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Figure 2.5: Regional deviations of relative sea level from the global mean sea level (GMSL; in meters) value for each scenario in 
2100. To obtain the regional projection in 2100 for each scenario, the mapped values must be added to the GMSL value for the 
associated scenario.

2.5. Scenario Divergence and Tracking

In this report, for the first time, a specific focus is given to the near-term time period (2020–2050). During 
this window, observations can provide useful information on the trajectory of sea level rise on global and 
regional scales and serve as a comparison to the model-based GMSL scenarios. Prior to 2050, there is rela-
tively small process uncertainty and little sensitivity to different emissions trajectories, and there is reduced 
spread between the scenarios in this report compared to Sweet et al. (2017). Connected to this reduced 
spread, the likely ranges of the revised GMSL scenarios presented here remain overlapping after 2050, 
whereas the Sweet et al. (2017) scenarios do not overlap after about 2040. In other words, in this report, the 
process uncertainty continues to exceed the GMSL scenario divergence past the near-term time period. Until 
the divergence exceeds the range for a given scenario, it will not be possible to determine when higher-end 
GMSL scenarios will unambiguously emerge from the potential range of the lower-end GMSL scenarios for 
decades to come. In this report, the time periods (or “gates”) when the scenarios become separable are 
estimated. Different considerations for determining these gates must be made before and after the near-
term time period, when the observations are most useful. It should be noted that the gates presented here 
are based solely on the GMSL differences between scenarios. Regionally, the timing of these gates may 
be different due to uncertainty in the contributing regional processes. Additionally, other lines of evidence 
including monitoring of individual processes or emissions trajectories could allow for distinguishing between 
the scenarios earlier than the gates provided here. 

In Figure 2.6, the time pathways of the five GMSL scenarios from 2020 to 2100 are shown, and the gates at 
which the likely ranges diverge from a particular trajectory or scenario are determined. In Figure 2.6a, the 
divergence relative to the observation-based GMSL extrapolation is assessed. Note: the GMSL observa-
tion-based extrapolation is extended only to 2100 here for the purposes of this divergence assessment. For 
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the Low and High scenarios, the likely ranges separate prior to 2060, with the Intermediate-High scenario 
separating after 2060. On the other hand, the Intermediate-Low and Intermediate scenarios do not diverge 
from the extrapolated observation-based trajectory until after 2080. Consistent with the discussion in Sec-
tion 2.3, if the processes driving sea level rise are assumed to remain similar for the next three decades, 
the Intermediate-Low and Intermediate scenarios provide useful bounds on GMSL rise for the near-term 
time period. 

In the decades beyond 2050, however, the more uncertain processes described in Section 2.4 could be-
come a factor and the observation-based trajectory becomes less informative. Instead of assessing the 
divergence relative to this trajectory, the separation gates relative to the Intermediate scenario are shown 
in Figure 2.6b. In this case, the Intermediate-High and High scenarios will not diverge from the Intermedi-
ate scenario until after 2070 and 2060, respectively. Only the Low scenario diverges from the Intermediate 
scenario prior to 2050. Although not depicted in Figure 2.6, the higher scenarios also start to overlap again 
after 2100; for example, GMSL rise consistent with the Intermediate scenario in 2100 (1.0 m) does not rule 
out GMSL rise consistent with the Intermediate-High scenario by 2150. In tying the two different gate assess-
ments together, even though the Intermediate scenario tracks near the current observation-based trajectory, 
it will not be possible to statistically distinguish between the Intermediate scenario and the two higher sce-
narios for decades to come. This also provides important context and caution if attempting to use the obser-
vations directly to infer future sea level rise beyond the near-term time period. 

To explore this further, the proportions of the IPCC AR6 sea level projections contributing to each GMSL rise 
scenario are shown in Figure 2.7, with contributing emissions pathways specified. As an example interpreta-
tion of this figure, the Low scenario generally requires a low emissions pathway, while the Intermediate-Low 
scenario arises from low, intermediate, and high emissions pathways. Pathways consistent with the Interme-
diate scenario include low emissions trajectories but are mostly related to high emissions scenarios. In fact, 
the Intermediate, Intermediate-High, and High scenarios are all heavily driven by high emissions scenarios, 
and differences between these scenarios are associated predominantly with the possible role and contribu-
tions of the low-confidence ice-sheet processes described in section 2.4. The other processes that cause 

Figure 2.6: Divergence of global mean sea level (GMSL) trajectory and scenarios. The time series shows the observation-based 
GMSL trajectory and the five GMSL scenarios from 2000 to 2100. The dots denote where each scenario significantly (2 sigma) 
deviates from the a) observation-based trajectory and from the b) Intermediate scenario.
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future sea level change have similar contributions across these scenarios. In other words, sterodynamic sea 
level change is similar for the Intermediate, Intermediate-High, and High scenarios. 

These estimates provide a link between the emissions trajectories in the near term and the possible sce-
nario for GMSL rise in the long term. When coupled with the gating assessment in Figure 2.6, these esti-
mates hold particular relevance for assessing the pathway of sea level rise and determining which long-
term scenarios are then possible or even likely. As a way of connecting the elements of the report, the time 
period where the GMSL scenarios begin to diverge can be put in the context of the analysis done in both the 
near-term and long-term sections. The likely ranges of the Low and Intermediate-Low versus Intermediate 
scenarios separate at about 2040 and 2065, respectively. The observation-based extrapolations of global 
GMSL rise have a relatively narrow range out to this time horizon and can therefore play a role in determin-
ing whether a particular low-end trajectory or scenario is more or less likely to be exceeded in the coming 
decades. As shown in Figure 2.7, the Low scenario depends very heavily on a low emissions pathway on any 
time horizon. Monitoring using observations of both sea level and emissions can be useful for evaluating the 
likelihood of the Low scenario, both in the near term and long term. 

On the other hand, the separations of the likely ranges for the Intermediate to Intermediate-High and Inter-
mediate to High scenarios do not occur until after 2060 and 2070, respectively. The values at the end of 
the 21st century and beyond for these scenarios can arise under a variety of different emissions pathways, 
although higher scenarios are predominantly linked to higher emissions, as expected. To state it another 
way, the near-term trajectories discussed in Section 2.3 do not currently inform the likelihood of a given sce-
nario occurring in 2100 or 2150. However, the observations can provide useful monitoring as the windows 
of separation (gates) for a different scenario approach in the future. On these global scales, process-based 
monitoring of the ice sheets, for example, can play an important role, as the higher scenarios (Intermediate 
to High) are closely linked to the potential for ice-sheet changes. Additionally, a link between the scenarios 
in 2100–2150, emissions pathways, and warming levels has been established here. Ongoing and continuous 
monitoring of both global temperatures9 and emissions10 will aid in determining the possible trajectory of 
future GMSL rise. It should be noted that while the windows provided in Figure 2.6 would be different on the 
national or regional level, the scenarios for a given location are still closely linked to emissions and warming, 
and the monitoring discussion above is still relevant.

Finally, regardless of future emissions pathways, GMSL rise will continue past 2150. The amount of “commit-
ted” rise can be assessed based on historical comparisons, modeling, and the current process-based un-
derstanding of GMSL rise. This committed rise is the amount of total sea level rise that will likely occur for a 
given warming level. For higher warming levels, the ranges of committed sea level are wide, but the possible 
values are large in magnitude. Even for a relatively low warming level of 1.5°C, the committed sea level over 
the next 2000 years still ranges between about 2 m and 3 m. For 2°C, the upper range increases to 6 m 
(IPCC, 2021a). Although the focus of this report is on the time period between 2020 and 2150, it does rein-
force the “when, not if” framing provided in Section 1.

9  https://climate.nasa.gov/vital-signs/global-temperature/
10  https://gml.noaa.gov/ccgg/trends/

https://climate.nasa.gov/vital-signs/global-temperature/
https://gml.noaa.gov/ccgg/trends/
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Figure 2.7: Proportions of the contributions from different IPCC AR6 sea level trajectories to each of the five global mean sea 
level (GMSL) rise scenarios used in this report: Low, Intermediate-Low, Intermediate, Intermediate-High, and High. The IPCC 
AR6 trajectories are Low Emissions; Low Emissions, LC (where LC indicates inclusion of low-confidence ice-sheet processes); 
Intermediate Emissions; Intermediate Emissions, LC; High Emissions; and High Emissions LC. The emissions pathways associated 
with the IPCC AR6 trajectories are as follows: Low Emissions = Shared Socioeconomic Pathway (SSP) 1-1.9 or SSP1-2.6; Interme-
diate Emissions = SSP 2-4.5; High Emissions = SSP3-7.0 or SSP5-8.5. Shifts between different GMSL rise scenarios approximately 
reflect the relative odds of being close to a given scenario under different emissions pathways; e.g., the Low scenario is much 
more plausible under a low emissions pathway, while Intermediate and higher scenarios are much more likely to be associated 
with high emissions pathways, as well as with low-confidence ice-sheet processes. 
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Section 3: Extreme Water Levels and Changing Coastal Flood Exposure

Since Sweet et al. (2017), some objectives of the Task Force have been to define and develop for the U.S. 
coastline 1) a set of coastal-climate flood-resilience standards and 2) a gridded set of extreme water level 
(EWL) probabilities that span flood frequencies with associated impacts to assess these standards. Together, 
these sets of information are used to describe how flood exposure within coastal floodplains are slated to 
change from rising sea levels (i.e., without mitigative action). Specifically for 1), we use a nationally calibrated 
set of the coastal water-level-impact-severity thresholds from the NOAA National Weather Service (Sweet et 
al., 2018), which are used in public communications. For 2), a regional frequency analysis (RFA) of tide-gauge 
observations is developed by adapting methods for exposure assessments within the Pacific Basin (Sweet 
et al., 2020b) and for the U.S. Department of Defense coastal installations worldwide11 (Hall et al., 2016). 
Regional frequency analysis can provide many types of geospatial information based on limited sets of local 
observations, such as rainfall characteristics published by NOAA12 (Perica et al., 2018), which are widely used 
in stormwater design and management within the United States. Both the RFA-based extremes and NOAA 
flood-threshold information are discussed below. 

There are a few important notes about terminology for this section (and the report as a whole). First, “aver-
age event frequency” terminology is used throughout (except in Section 4.2 to build off of relevant papers/
concepts) to describe extreme water level probabilities instead of the more traditional “return period” termi-
nology. This is done primarily to address best practices (or avoid bad practices), which have been reviewed 
by the United States Corps of Engineers (USACE; USACE, 1994). Although “frequency” and “period” are relat-
ed (they are reciprocals), the use of “periods” can be misconstrued; e.g., the so-called 100-year event can 
be easily confused or communicated (e.g., IPCC, 2021b) as an event that “occurs once per century.” Such an 
interpretation could be assumed to imply a static and permanent water level that happens, on average, 100 
years from the last event. In reality, such coastal water levels have and will continue to change with sea level 
rise, among other potential factors, and can occur (albeit with low probability) several times over the span of 
a few years. Second, although annual exceedance probability terminology is often used to describe average 
event frequencies (e.g., 0.1 events/year frequency expressed as the 10% annual chance event), we again 
stick to events/year frequency terminology, partly due to underlying method but also because events occur-
ring more often than once a year are also being quantified and communicated (a 5 events/year frequency is 
poorly conveyed as a 500% annual chance event). Finally, the use of the word “occurrence” in this section 
means “has the probability of equaling or exceeding,” as it applies to a particular water level or flood height.

3.1. Overview of Extreme Water Levels and Coastal Flooding
As sea levels continue to rise, coastal water levels—from the mean to the extreme—are growing deeper and 
reaching farther inland along most U.S. coastlines. Where local relative sea level (RSL) is rising, the wet–dry 
land delineation (i.e., mean higher high water [MHHW] tidal datum; NOAA, 2003) is encroaching landward, 
causing more permanent inundation and land loss (e.g., in Louisiana); affecting groundwater levels (Befus et 
al., 2020), stormwater systems’ effectiveness (Habel et al., 2020), and water quality (McKenzie et al., 2021); 
and altering the intertidal zone and its ecosystems (Kirwan and Gedan, 2019). Where local RSL is falling 
relative to the land surface, other problems can occur, such as changes in coastal erosion processes, inci-
sion of tributaries, decreased draft for waterborne transport, decreased sedimentation in saltwater marshes, 
and alterations in intertidal zones and estuaries (Larsen et al., 2004; Sweeny and Becker, 2020). Especially 
problematic for society’s coastal footprint is that the entire spectrum of flood exposure is also growing where 
RSL is rising, from minor high tide flooding (HTF) to more severe major flooding during storms (Sweet and 
Park, 2014; Fox-Kemper et al., 2021). For example, the national rate of minor HTF is accelerating and is now 
(circa 2020) more than double what it was in 2000 due to RSL rise (Figure 3.1), with projections suggesting 

11  https://drsl.serdp-estcp.org/
12  https://www.weather.gov/owp/hdsc

https://drsl.serdp-estcp.org/
https://www.weather.gov/owp/hdsc
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a doubling of its current rate by 2030 (Sweet et al., 2018, 2021; The State of High Tide Flooding and Annual 
Outlook13; Thompson et al., 2021; Flooding Days Projection Tool14).

Assessments of current and future changes in minor to major HTF using RSL projections require probabilistic 
information about local water level variability. Specifically, they require the envelope of variability encapsulat-
ing EWLs that define the magnitude and frequency of events capable of causing a range of known or as-
sumed impacts (Tebaldi et al., 2012; Church et al., 2013; Hall et al., 2016; USGCRP, 2017; Oppenheimer et al., 
2019; Fox-Kemper et al., 2021). The basis for quantifying EWLs along U.S. coastlines originates with NOAA’s 
tide-gauge network, which measures water level responses from multiple processes operating over a range 
of frequencies (Table 3.1). However, due to their general placement (e.g., in harbors), protective housings that 
dampen wave effects, and their multi-minute sampling rates, tide gauges typically do not measure or report 
values that include higher-frequency wave effects (Sweet et al., 2015; see Box 3.1). Other sources of useful 
tide level information for the U.S. and globally include USACE inventories (e.g., USACE MRG&P, 2017), the 
University of Hawaii Sea Level Center,15 and the Global Extreme Sea Level Analysis database.16

Extreme water levels are often used as a proxy for impacts, such as the 0.01 events/year frequency level, 
better known as the “once per century” event (Oppenheimer et al., 2019), with connotations of the “flood of 
the century.” However, such a probabilistically defined event can be both misleading about its true frequency 
(USACE, 1994) or might go mostly unnoticed in some locations (Sweet et al., 2020b). High tide flood heights, 
on the other hand, are absolute heights that are calibrated to the depth-severity impact thresholds of the 
NOAA National Weather Service and local emergency managers to trigger public notification of impending 
flood risks (NOAA, 2020). NOAA minor, moderate, and major HTF is defined as a water level reaching or 
exceeding about (national median values) 0.55 m, 0.85 m, and 1.20 m above current MHHW, respectively 
(Sweet et al., 2018). Put another way, an EWL is only a “flood” if it actually impacts the public in some manner 
and is not necessarily a description of a meteorological event.

13  https://tidesandcurrents.noaa.gov/HighTideFlooding_AnnualOutlook.html
14  https://sealevel.nasa.gov/data_tools/15
15  https://uhslc.soest.hawaii.edu/
16  https://www.gesla.org/

Figure 3.1: National median rate of minor high tide flooding and relative sea level, in meters, from 98 NOAA tide gauges along 
U.S. coastlines outside of Alaska used to monitor and track flood-frequency changes (from Sweet et al., 2021). Relative sea levels 
reference the lowest annual (1925) level.

https://tidesandcurrents.noaa.gov/HighTideFlooding_AnnualOutlook.html
https://sealevel.nasa.gov/data_tools/15
https://uhslc.soest.hawaii.edu/
https://www.gesla.org/
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But the NOAA tide-gauge network is relatively sparse compared to the density of coastal communities, and 
the tide gauges have varying record lengths. From the perspective of a particular coastal community, this 
may result in either 1) a lack of local data (often data that are simply extrapolated from the closest NOAA tide 
gauge) or 2) a data record that is biased by lack of or overexposure to regionally significant rare events such 
as storm surges from landfalling tropical cyclones. Probabilistic assessments using atmospheric/ocean circu-
lation models can increase spatial coverage (Vousdoukas et al., 2018), but they often perform poorly in areas 
with high tropical storm activity or with complex bathymetries (Muis et al., 2016). Targeted deployments of 
in situ sensors by communities to monitor changes in sea level, tide heights, and flood exposure (McCallum 
et al., 2013) can be informative but still lack the necessary longer-term regional perspective. 

For the U.S., there are two primary sources of federally provided EWL probabilities. The first comes from the 
Federal Emergency Management Agency (FEMA, 2016b), which provides sets of regional solutions using a 
combination of NOAA storm-tide observations, historical high-water marks,17 synthetic storm simulations (e.g., 
Nadal-Caraballo et al., 2020; ERDC Coastal Hazards System18), and wave effects to estimate the regulatory 
floodplain and its exposure to the rarest of events (e.g., 1% and 0.2% annual chance events). FEMA provides 
this information for national flood insurance purposes19 but does not consider future sea levels. Another set 
of EWL probabilities is from NOAA’s Center for Operational Oceanographic Products and Services (Zervas, 
2013), which currently uses a generalized extreme value (GEV) distribution fit to annual highest water levels 
for tide-gauge records of >30 years).20 The U.S. Army Corps of Engineers and their Sea Level Change Cal-
culator21 provide the NOAA EWL probabilities (Zervas, 2013) with several projections of future RSL to help in 
project planning but only for specific long-term tide-gauge locations.

A primary goal of the following subsections is to introduce a new set of EWL probabilities to support sea lev-
el rise and flood-exposure assessments and planning. The EWL set is applicable for most of the U.S. coast-
line and further resolves (both in physical and probability space) the EWL information currently available from 

17  https://stn.wim.usgs.gov/FEV/
18  https://chs.erdc.dren.mil/
19  https://www.fema.gov/flood-maps/national-flood-hazard-layer
20  https://tidesandcurrents.noaa.gov/est/
21  https://cwbi-app.sec.usace.army.mil/rccslc/slcc_calc.html

Table 3.1: Physical processes affecting U.S. coastal water levels and their temporal and spatial scale properties 
(modification of Sweet et al., 2017). Extreme water levels, which, as measured by tide gauges, generally exclude 
high-frequency wave effects, include processes between tsunami and ocean-basin variability and, to a lesser 
extent, low-frequency changes or trends associated with land ice melt/discharge, thermal expansion, and vertical 
land motion. 

Physical Process
Spatial Scale

Temporal Scale Potential Magnitude 
(yearly)Global Regional Local

Wind Waves Effects — — X seconds to minutes <10 m

Tsunami — X X minutes to hours <10’s of m’s

Storm Surge (e.g., tropical and 
extra-tropical storms) — X X minutes to days <10 m

Tides — X X hours to years <15 m

Ocean/Atmospheric Variability 
(e.g., ENSO response) — X X days to years <0.5 m

Ocean Gyre and Over-turning 
Variability — X X years to decades <0.5 m

Land Ice Melt/Discharge X X X years to centuries mm’s to cm’s

Thermal Expansion X X X years to centuries mm’s to cm’s

Vertical Land Motion — X X minutes to centuries mm’s to m’s

https://stn.wim.usgs.gov/FEV/
https://chs.erdc.dren.mil/
https://www.fema.gov/flood-maps/national-flood-hazard-layer
https://tidesandcurrents.noaa.gov/est/
https://cwbi-app.sec.usace.army.mil/rccslc/slcc_calc.html
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FEMA and NOAA; although again, the EWL data here, which are derived from tide-gauge data, generally do 
not include wave effects (see Table 3.1 and Figure 1.1). Section 3.2 briefly describes the RFA of NOAA tide-
gauge data with pointers to the Appendix for a fuller description. In Section 3.3, data for all NOAA tide gaug-
es with >10 years of record are used to compute EWL probabilities, and these results are compared to NOAA 
and FEMA datasets. Section 3.4 discusses methods on how local EWL probabilities can be 1) computed us-
ing other records, such as those of shorter duration (<10 years) from NOAA or other (user supplied) sources, 
and 2) estimated approximately every 500 m along the U.S. coastline based on local tide range information 
from NOAA models (e.g., VDatum22). Lastly, Section 3.5 assesses current and future flood exposure within 
the coastal floodplain using NOAA’s height-severity categories of minor, moderate, and major HTF (Sweet 
et al., 2018), which broadly define water levels where U.S. infrastructure becomes impacted and are used 
in weather forecasting to trigger emergency responses (NOAA, 2020). Estimates of how flood exposure is 
projected to change by 2050 (assuming no additional adaptation or risk-deduction measures) are provided 
using the upper-bounding scenarios of the regional observation-based extrapolations along U.S. coastlines 
(see Table 2.2). 

3.2. Regional Frequency Analysis of Tide-Gauge Data
Extreme water level probabilities and their 95% confidence intervals are provided at a 1-degree spacing 
along nearly the entire U.S. coastline (Figure 3.2). The EWL information is based on an RFA (Hosking and 
Wallis, 1997) of NOAA tide gauges within a 400-km radius of the center of each individual 1-degree grid and 
fit with a Generalized Pareto Distribution (GPD) of threshold exceedances (Coles, 2001). The RFA process 
not only better assesses EWL exceedance probabilities from a regional perspective as compared to a sin-
gle-gauge assessment but also can supply information where no tide gauges exist. Furthermore, a GPD fit to 
exceedances above a high threshold as compared to a GEV fit to annual maxima uses more of the data re-
cord (e.g., two or more significant events within a particular year), not just those maxima within a certain (e.g., 
annual) time block. This approach, using RFA-based GPD fits, better resolves both the low- and high-fre-
quency spectrum with output in this report ranging from 0.01 events/year to 10 events/year frequencies. 
Combining an RFA with GPD fits to obtain EWL probabilities is unique for U.S. coastlines, although there are 
other statistical methods such as the joint probability method (Baranes et al., 2020) and Bayesian hierarchi-
cal modeling (Calafat and Marcos, 2020), which may also prove useful in assessing rare event probabilities 
or providing information where no tide gauges exist.

22  https://vdatum.noaa.gov/

https://vdatum.noaa.gov/
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To be useful for local decision-making, the gridded EWLs (EWLgridded) derived by RFA need to be further 
localized (EWLlocal), which is achieved via a “local index” (u) estimated at a particular tide gauge (u values 
are shown in Figure 3.2) or for a particular location and converted to the vertical control datum on the land 
surface, normally the North American Vertical Datum of 1988 (NAVD88). The following equation is used to 
estimate EWLlocal probabilities (median and 95% confidence intervals):

 1)

where EWLgridded is the gridded EWL composed on normalized (unitless) sets of tide-gauge data, and ulocal, 
referred to simply as “u,” are the same value and represent the height of the 98th percentile of daily highest 
water levels with a 4-day filter applied and are relative to the 1983–2001 (or 5-year modified epoch; Gill et al., 
2014) MHHW tidal datum. For statistical independence when quantifying the EWL probabilities, the filtering 
process is needed to isolate and only include the peak water level value from a particular storm or “event,” 
rather than including multiple consecutive daily peak levels resulting from the same event (e.g., a multiday 
storm surge). See Section A2 for more details. 

3.3. Average Event Frequencies of Extreme Water Levels
The focus of this analysis is on EWL events and their probabilities that span the frequency space associated 
with coastal flooding under current sea levels (Sweet et al., 2018). An example for the NOAA tide gauge at 
The Battery in New York City (NYC) in Figure 3.3a shows the NOAA HTF heights and probability distributions 
for hourly water levels and also for their daily maxima.23 Also shown is the local index (u = 0.55 m above 
MHHW) computed for this tide gauge, which is used to estimate EWLlocal from the EWLgridded probabilities 
for this location (Figure 3.3b). See Figure A2.2f for the gridded probabilities applicable for NYC. At higher 
frequencies, such as those associated with the height of the minor HTF level (0.56 m above MHHW), the 
EWLlocal probabilities for ”events” (about 4–5 events/year) are close but slightly underestimate flood fre-
quency estimates for “days” (about 11 days/year; not shown), which are based on a multidecadal distribution 

23  https://tidesandcurrents.noaa.gov/stationhome.html?id=8518750

Figure 3.2: Regional Frequency Analysis 1-degree grids and local index values (u) relative to local mean higher high water tidal 
datum at the NOAA tide gauges used in this study. 

https://tidesandcurrents.noaa.gov/stationhome.html?id=8518750
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of daily highest water levels (shown in Figure 3.3a) used by NOAA when making projections of minor HTF 
(Sweet et al., 2018). This difference reflects the 4-day event filter in estimates of the EWLlocal probabilities 
discussed above. A similar ratio (about 2 days per event) exists in NOAA’s HTF Outlook (about 11 days/year 
for 2020 at NYC, which is based on an extrapolation of quadratic or linear fits to annual counts of minor HTF 
days (Sweet et al., 2020a). The ratio of minor HTF “events” to “days” estimated at NOAA tide gauges as a 
whole is further discussed later in this section. The main point is that, typically, the duration of a minor HTF 
“event,” as in NYC and along U.S. coastlines, spans about 2 days and multiple tide cycles on average. 

Some general patterns emerge in regional EWLslocal with 1 event/year (Figure 3.4a) and 0.01 events/year 
frequencies (Figure 3.4b). Locations with higher 0.01 events/year EWLlocal are found adjacent to wide, shal-
low continental coasts that are exposed to frequent tropical or extratropical storm surges, such as occur 
along the Eastern and Western Gulf coastal regions at 2.5 ± 1.1 m and 2.8 ± 0.8 m (median ± 1 standard 
deviation), respectively. In contrast, the U.S. Pacific/Hawaiian Islands and Southwest Pacific coastal regions 
have lower 0.01 events/year EWLslocal due to deep, narrow continental shelves and generally calmer condi-
tions (0.8 ± 0.1 m and 1.0 ± 0.1 m, respectively), although wave effects not inherent to the EWL probabilities 
are often the primary factor causing flooding, overwash, and erosion along natural landscapes in these 
locations (Barnard et al., 2019; see Box 3.1). In terms of the 1 event/year heights, tide ranges become influ-
ential (correlation of ~0.7 between great diurnal tide range [GT] and u across all locations), as is the case in 
the Northwest Pacific coastal region and the southern Alaska coasts, where the highest 1-year EWLs occur 
(0.8 ± 0.1 m and 1.0 ± 0.3 m, respectively) and larger tide ranges are found.

Figure 3.3: a) Empirical probability densities of hourly water levels and their daily maxima measured by the NOAA tide gauge 
at The Battery (New York City), as well as the tidal datums of mean lower low water (MLLW), great diurnal tide range (GT), local 
high tide flood (HTF) heights, and the local index (u) used to localize the RFA-gridded EWL for this location (see Figure A2.2f). 
All values are referenced to the mean higher high water (MHHW) tidal datum and shown in b) as a return interval curve with the 
95% confidence interval (2.5% and 97.5% levels) normalized to year 2020 RSLs. 



Global and Regional Sea Level Rise Scenarios for the United States | 34

There are differences when comparing the RFA-based EWLslocal from this study to current FEMA and NOAA 
governmental datasets. Comparisons to NOAA EWLs (Zervas, 2013) in Figure 3.5a–c show that the RFA-
based 0.01, 0.1, and 0.5 events/year levels are about 6%, 9%, and 13% higher across the board based on 
linear regression, respectively. The bias between datasets is not unexpected, as an RFA typically results in 
higher EWL probabilities with narrowed confidence intervals due to the regionalization process as compared 
to a single-gauge analysis (Sweet et al., 2020b). Overall, there is strong correlation between datasets, al-
though less so at the 0.01 events/year EWLlocal (R2 = 0.49) due in part to the large differences occurring along 
the Gulf coastlines of Alabama, Mississippi, and Louisiana, where the RFA-based 0.01 events/year EWLlocal 
(~4 m above MHHW) values are substantially higher (>1 m) than the NOAA GEV estimates in a few locations. 

The RFA-based EWLlocal probabilities are also compared to the tide-gauge-equivalent “stillwater” compo-
nent (tides, storm surge, and limited wave set-up, but not wave swash; see Figure 1.1) generated by FEMA 
and used within their regional Flood Insurance Studies24 (Figure 3.5d–f). The FEMA EWLs vary in their con-
struction by region, using a combination of singular and RFA tide-gauge analyses, storm-surge modeling, 
and synthetic tropical storm modeling (for the Northeast, Southeast, and Eastern and Western Gulf coastal 
regions) via a joint probability method–optimal sampling (JPM–OS) procedure (FEMA, 2016a, 2016b). The 
0.01 and 0.1 events/year EWLlocal are slightly lower (7% and 4%, respectively), with differences again noted 
along the Eastern and Western Gulf and Caribbean coastal regions. At the 0.5 events/year levels, both sets 
of EWLs are nearly the same based on linear regression. The goodness-of-fit (R2) values are about the same 
as with the NOAA (2013) GEV results, although a little less at the 0.01 events/year levels—likely due to the 
inclusion of synthetic storm-surge modeling in the FEMA estimates, compared to the NOAA (2013) values, 
which are based on tide-gauge observations. Thus, it is concluded that the RFA-based EWL provides higher 
estimates than a single-gauge analysis (Zervas, 2013) but less than those of FEMA stillwater values at lower 
probabilities, since FEMA’s data also include storm-surge modeling, synthetic storms, and high-water marks 
in addition to tide-gauge data. 

24  https://www.fema.gov/glossary/flood-insurance-study-fis

Figure 3.4: Current (circa 2020 relative sea levels) EWLlocal that a) occur annually on average and b) have a 0.01-year average 
event frequency. Note: the scales in the two figures are not the same, and to be useful for decision-making, a conversion to 
land-based heights (e.g., NAVD88) should be made.

https://www.fema.gov/glossary/flood-insurance-study-fis
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Figure 3.5: Comparison between (a–c) this study’s EWLlocal to those of NOAA (Zervas, 2013) based on a GEV fit of annual 
highest water levels and to (d–f) the stillwater (storm surge, tides, and wave set-up) components of FEMA used in their Flood 
Insurance Study at the 0.01-year, 0.1-year, and 0.5-year average event frequency levels.

3.4. Methods to Localize the Gridded Extreme Water Level Event Probabilities
There are several ways to obtain EWLlocal from the EWLgridded. All require a local index (u), which can be ob-
tained from 1) a NOAA tide gauge used in this study (Figure 3.2; Table A1.3); 2) alternative sources of water 
level/tide-gauge data not used in this study (e.g., see Figure A2.3); or 3) tide range knowledge from mea-
surements or models. When using short-term water level measurements (Figure A2.4), additional uncertainty, 
dependent on record length, is factored into the 95% confidence interval of the EWLlocal estimate (see Equa-
tion 4 in the Appendix). This additional uncertainty relates to the fact that the local index (u) will vary from 
year to year akin to how RSL varies through time.25 On a national scale (and for most regions as well; see 
Figure A2.4), the root mean square error (RMSE) in local index estimates is about 6–7 cm after 5 years and 
falls to less than 3 cm at 10 years, which is close to the standard error in tidal datum calculations themselves 
(see datum errors in Bodnar, 1981).

Where local water level measurements are not available, another option is to estimate a local index (u) and 
EWLlocal probabilities based on an underlying relationship between local index values and tide range along 
U.S. coastlines. Additional uncertainty using this method will need to be factored into the results as well. 

25  https://tidesandcurrents.noaa.gov/sltrends/sltrends.html

https://tidesandcurrents.noaa.gov/sltrends/sltrends.html
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This relationship (Figure A2.5) builds off of the findings of Sweet et al. (2020b) within the Pacific Ocean and 
of Merrifield et al. (2013) globally, who found a strong global correlation between the range of water level 
variability and average annual highest water level across the globe. Nationally, there exists a strong positive 
relationship (R2 = 0.72 in Figure A2.5), although with fairly large uncertainty (RMSE of 0.11 m). But when tide 
range and local index values are regressed regionally, all the fits’ RMSEs are less (see Figure A2.5). Across 
all U.S. regions, it takes about 6 years of data for the RMSE (see Figure A2.4) in local index (u) estimates to 
match the RMSE values based on measured tide range (see Figure A2.5). Tide range information can be ob-
tained from NOAA Vertical Datum Transformation (VDatum).26 Comparison of RMSEs based on multiple years 
of record versus tide range estimates of a local index (u) will vary by region (see Figures A2.4 and A2.5), and 
the lesser of the two is considered the better option in estimating an EWLlocal for any specific location not 
associated with a tide-gauge location used in the study.

Here we provide an example of how to obtain EWLlocal probabilities for a location not used in this study. The 
location for this example is the NOAA National Estuarine Research Reserve in Grand Bay, Mississippi (Figure 
3.6a), which has a NOAA tide gauge, but the hourly record is only about 4 years long.27

1. The first step is to identify the specific EWL grid where the location resides, which in this case is 
grid number 42811 (Figure 3.6a), and obtain the EWLgridded probabilities.

2. Next, a local index needs to be estimated for an EWLlocal to be computed, either by the tide-range-
based method (Figure 3.6b) or using the existing short data record (Figure 3.6c) for the specific 
region, depending on the smaller RMSE of the two methods. The RMSE based on the tide range 
regression is 0.078 m (Figure 3.6b) and is less than the 0.099 m RMSE based on a 4-year water 
level record for this region (solving the equation shown in Figure 3.6c).

3. Using the published NOAA tide range value at this location (0.49 m) leads to an estimated local 
index value of 0.47 m through the regional regression (solving the equation shown in Figure 3.6b).

4. An EWLlocal return level curve (Figure 3.6d) relative to the 1983–2001 tidal epoch is generated by 
substituting a local index value of 0.47 m and an RMSE of 0.078 m (with a variance of 0.0782) into 
Appendix Equations 1 and 4 (see Section A2), respectively.

5. Finally, to update the curve to current conditions (circa 2020) from the midpoint of the 1983–2001 
epoch (1992), 0.12 m is added to the return level curve values. The 0.12 m value represents the re-
gional-median trend in u of 4.3 mm/year multiplied by 28 years (see Table A1.3 and Section A2.3.4 
for more information). Alternatively, 0.15 m could be added instead by applying the RSL offsets 
from the regional observation-based extrapolations for this region (Table A1.2).

The resultant EWLlocal probabilities estimated for Grand Bay are similar to others at nearby tide gauges that 
share the same 1-degree EWLgridded (see Figure 3.4). Less noticeable is that the 95th confidence intervals are 
more inflated (i.e., 0.5 m vs. 0.1 m at the 1 event/year EWL) because of the additional uncertainty from using 
the tide-range-based method to obtain a local index. Nationally, the spread of the 95% confidence interval 
at the 1 event/year EWLlocal using a local index (u) estimated by tide range (Figure 3.6b and Figure A2.5) is 
0.32 m as compared to 0.03 m when assessed across all NOAA tide gauges.

26  https://vdatum.noaa.gov/
27  https://tidesandcurrents.noaa.gov/stationhome.html?id=8740166

https://vdatum.noaa.gov/
https://tidesandcurrents.noaa.gov/stationhome.html?id=8740166


Global and Regional Sea Level Rise Scenarios for the United States | 37

Figure 3.6: a) Map showing active NOAA tide gauges indicating Grand Bay, Mississippi, which has about 4–5 years of hourly 
data, b) tide range to local index (u) regression relative to the 1983–2001 tidal datum epoch with fit equation, goodness of fit 
(R2), and associated root mean square error (RMSE) for the surrounding region, c) RMSE for estimates of u based on 1–19 years 
of consecutive data over the 2001–2019 period based on the regional tide gauges for the surrounding region; and d) a 2020 
EWLlocal return level curve for Grand Bay using a local index (u) from tide range regression. Note: to be useful for decision-making, 
a conversion to land-based heights (e.g., NAVD88) should be made.

3.5. The Changing Nature of Coastal Flood Exposure 

To assess U.S. coastal flood exposure using the EWLlocal probabilities, we use the nationally calibrated coastal 
HTF heights of NOAA (Sweet et al., 2018) and a modification of Sweet et al. (2020b) for Alaska coastlines 
(see Section A2.4). The NOAA HTF heights include three categories: minor, moderate, and major (national 
median) starting at about 0.55 m, 0.85 m, and 1.20 m, respectively (Figure A2.6), whose impacts are disrup-
tive, typically damaging, and often destructive, respectively, under current flood defenses. NOAA provides 
data (e.g., Flood Frequency [MapServer]28) and maps (Figure 3.7) in its SLR Viewer of exposure to HTF to 
help communities recognize potential flood exposure associated with weather–water level forecasts and for 
vulnerability assessments associated with sea level rise. 

Currently (with EWLlocal relative to year 2020 trend levels), minor HTF events occur (median value) about 3 
times per year along U.S. coastlines and are most frequent along the Northeast, Western Gulf, and Northwest 
coastlines (about 4 events/year) and along the Southeast and Eastern Gulf coastlines (about 2 events/year; 
Figure 3.8a). A similar pattern emerges when comparing the 2020 NOAA minor HTF outlook (Sweet et al., 
2020a) for the number of flood “days” at about 100 of the tide gauges (Figure 3.8b). The NOAA outlook for 

28  https://coast.noaa.gov/arcgis/rest/services/dc_slr/Flood_Frequency/MapServer

https://coast.noaa.gov/arcgis/rest/services/dc_slr/Flood_Frequency/MapServer
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minor HTF days uses extrapolations of linear and/or quadratic fits to days per year with a water level at or 
above the flood height. As a whole, there are about twice the number of days of minor HTF than the number 
of discrete events (Figure 3.8b inset), which is largely reflective of typical synoptic-scale (temporal) variability 
and the 4-day event filtering used in the RFA process and GPD fitting. The national (median) outlook for mi-
nor HTF in 2020 was 4–5 days, with about 8–9 days each along the Northeast and Western Gulf coastlines 
and 3–5 days each along the Southeast and Eastern Gulf coastlines (Sweet et al., 2020a). 

Currently, moderate HTF in 2020 (Figure 3.8c) has about a 0.3 events/year frequency (median value) nation-
ally and a similar 0.2–0.4 events/year frequency along the Southeast, Eastern Gulf, and Northwest coast-
lines. Moderate HTF is most likely along the Western Gulf coastlines (0.6–0.7 events/year). Major HTF (Figure 
3.8d) nationally and along the Southeast coastline has about a 0.04 events/year frequency. Major HTF is 
most likely along the Western Gulf coastline (0.15 events/year) and along the Northeast and Eastern Gulf 
coastlines (0.08–0.09 events/year). For a more local perspective (see Figure 3.7), 2020 annual frequencies 
of minor, moderate, and major HTF in Charleston, South Carolina, and West Palm Beach, Florida, were about 
2–3 events/year, 0.15–0.25 events/year, and about 0.02–0.04 events/year, respectively, based on the near-
est tide gauge (see Table A1.2).

Changes in flood exposure are projected to 2050 considering no additional flood risk reduction or adap-
tation (e.g., via improved stormwater system functionalities) at NOAA tide gauges (Figure 3.9). The EWLlocal 
probabilities are brought to 2050 levels by adding the local RSL projections initiating in year 2005 associat-
ed with the upper-bounding sea level scenario identified by the regional observation-based extrapolations 
(Table 2.2). Other scenarios could be used, but we opted for this particular set because it uses observational 
evidence—extrapolation of fits over the last 50-years (i.e., 1970–2020) to provide some level of prediction for 
the next 30 years. For instances where the extrapolations are the same as a particular scenario (e.g., North-
east), the adjacent (higher) scenario is used (e.g., the Intermediate is considered the upper-bounding scenar-
io for the Northeast), which also serves to partially compensate for natural variability that is not reflected in 
the extrapolations.

Figure 3.7: NOAA minor (red layer: land between mean higher high water [MHHW] and minor high tide flood [HTF] height above 
MHHW), moderate (orange layer), and major (yellow layer) HTF maps showing a regional layered map with individual layer panes 
to the right for a) Charleston, South Carolina, and b) West Palm Beach, Florida. MHHW for 1983–2001 is the shoreline edge. Note: 
to be useful for decision-making, a conversion to land-based heights (e.g., NAVD88) should be made.
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Nationally and along all regions except the Hawaiian/Pacific Islands (about 9 events/year), the Caribbean 
(about 6 events/year), and Alaska (0.7 events/year) coastlines, the median event frequency in minor HTF is 
projected to increase to >10 events/year (Figure 3.9a). Moderate HTF (median) frequencies (Figure 3.9b) are 
projected by 2050 to increase nationally to about 4 events/year; >10 events/year along the Western Gulf 
coastline; 3–6 events/year along the Northeast, Southeast, and Eastern Gulf coastlines; about 1 event/year 
along the Northwest coastline; and 0.7 events/year along the Southwest coastline. Major HTF frequencies 
(Figure 3.9c) are projected to increase to about 0.2 events/year nationwide (median), with 1 event/year along 
the Western Gulf coastline, 0.5 events/year along the Northeast coastline, and 0.2–0.3 events/year along 
the Southeast Atlantic and Eastern Gulf coastlines. For a local perspective, the 2050 projections of annual 
frequencies of minor HTF in Charleston and West Palm Beach are >10 events/year, with 4–5 of those events 
reaching or exceeding moderate HTF and the possibility (0.1–0.2 events/year) of major HTF.

For perspective and a summary assessment by region, Table 3.2 quantifies how minor, moderate, and 
major HTF frequencies have changed and are projected to change considering the local RSL scenari-
os associated with the upper-bounding scenario of the regional observation-based extrapolations (Table 
2.2) using 1990, 2020, and 2050 time slices. Nationally, minor HTF frequencies nearly tripled between 
1990 and 2020, growing from about 1 to 3 events/year. They are projected to more than triple by 2050 to 

Figure 3.8: Average event frequencies in 2020 of a) minor high tide flooding (HTF); b) number of “days” (as compared to 
“events”) of HTF estimated in NOAA’s annual outlook (Sweet et al., 2021) and regression between events and days; c) average 
event frequencies in 2020 of moderate HTF; and d) average event frequencies in 2020 of major HTF. Flood height-severity 
definitions are from NOAA (Sweet et al., 2018) and, specifically for Alaska locations, from Sweet et al. (2020b).
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>10 events/year. Moderate HTF frequencies nationally experienced about a 50% increase (0.2 events/year 
growing to 0.3 events/year) from 1990 to 2020, which is slightly higher than the frequency increase in major 
HTF frequencies. By 2050, moderate HTF frequencies nationally are projected to increase by more than a 
factor of 10, with about a factor of 5 increase in major HTF frequencies. In short, assuming continuation of 
current trends and summarized at the national level, a flood regime shift is projected by 2050, with moder-
ate HTF occurring a bit more frequently than minor HTF events occur today and major HTF events occurring 
about as frequently as moderate HTF frequencies occur today. 

Figure 3.9: Coastal high tide flooding (HTF) frequencies projected at 2050 applying the sea level scenario that upper-bounds 
the regional observation-based extrapolations for NOAA a) minor, b) moderate, and c) major HTFs.
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Table 3.2: Annual average event frequencies for NOAA-defined minor, moderate, and major HTF heights by region 
that were typical (median values) in 1990, under current (circa 2020) sea levels and projected to occur considering the 
upper-bounding scenario of the observations-based extrapolations in 2050 (see Table 2.2).

U.S. Region
1990 2020 2050

Minor 
Flood

Moderate 
Flood

Major 
Flood

Minor 
Flood

Moderate 
Flood

Major 
Flood

Minor 
Flood

Moderate 
Flood

Major 
Flood

National 1 0.2 0.03 3 0.3 0.04 >10 4 0.2

*Hawaii/Pac Is 0.06 <0.02 <0.02 0.2 <0.02 <0.02 9 0.1 <0.02

NE Atlantic 2 0.3 0.06 4 0.6 0.09 >10 6 0.4

SE Atlantic 0.9 0.1 0.03 2 0.2 0.04 >10 4 0.2

E Gulf 0.7 0.2 0.06 2 0.3 0.08 >10 3 0.3

W Gulf 1 0.3 0.1 4 0.7 0.2 >10 >10 1

SW Pacific 0.8 0.02 <0.02 1 0.04 <0.02 >10 0.7 <0.02

NW Pacific 3 0.3 <0.02 4 0.4 <0.02 >10 1 0.03

**Alaska 0.7 <0.02 <0.02 0.2 <0.02 <0.02 0.7 0.03 <0.02

US Carib 0.02 <0.02 <0.02 0.04 <0.02 <0.02 6 0.04 <0.02

*The Pacific Island locations use the same scenario assigned to the Hawaiian Islands (see Table 2.2); **Alaska locations, which as a whole could 
not be regionalized due to large differences in VLM, use the lower-bounding scenario per CONUS, which is the Intermediate-Low scenario (see 
Table 2.1). The lower-bounding scenario for Alaska is used to reflect the significant deviations below the Intermediate scenario (Figure A1.2b).

Box 3.1: Wave Contributions to Extreme Water Levels
Water level heights are a common proxy for coastal flooding 
(e.g., Sweet et al., 2018) and consist of a variety of compo-
nents (see Figure 1.1). This report focuses primarily on projec-
tions of relative sea level (RSL) rise together with tides and 
storm surge contributions to extreme water levels (EWLs). 
However, along exposed coasts, wave-driven water levels can 
play a significant role in EWLs during storm events and during 
lesser storm conditions as exacerbated by sea level rise. Here 
we illustrate the relative influence of wave-driven water levels, 
broken down into the components of set-up and swash during 
extreme events across the United States, compared to tide 
and surge contributions.
Wave set-up is the quasi-static rise in water level at the shore-
line due to breaking waves (Longuet-Higgins and Stewart, 
1963). Swash is the time-varying elevation of the leading edge 
of wave uprush, which varies in frequency from seconds (due 
to incident waves) to minutes (e.g., surf beat; Guza and Thorn-
ton, 1982). Wave set-up and swash components, collectively 
known as wave run-up, are dependent on wave height, peri-
od, and beach slope (Stockdon et al., 2006) and are therefore 
controlled by local beach morphology and transient ocean 
conditions. To perform regional assessments of present-day or 
future wave-driven water level contributions, wave conditions 
are typically determined via global wave models forced by 
wind-reanalysis studies (e.g., Reguero et al., 2012) or histori-
cal/future wind fields produced by global climate models (e.g., 
Hemer et al., 2013).

Leveraging the global total water level assessment of Vitousek 
et al. (2017), which combines reanalysis models for waves, 
surge, and tides (“total water level” implying that all relevant 
components in Table 3.1 are included), we demonstrate the 
relative influence of waves on coastal water levels during 
extreme events (Figure Box 3.1). Even though the coarse 
resolution of this study (1° x 1° grid cells) cannot fully resolve 
tropical cyclones, which play a significant role in EWL events 
for the Southeast, Eastern and Western Gulf, Caribbean, and 
Hawaiian/Pacific Islands regions, this analysis demonstrates 
the relevance of waves in contributing to EWLs. Across the 
United States and its territories, using the 0.1 events/year EWL 
event as an example, this study estimates that wave set-up 
ranges from about 20–75 cm (Figure Box 3.1a) and swash 
from 35–125 cm (Figure Box 3.1b), together accounting for 
25%–90% of EWLs (Figure Box 3.1c and based on Vistousek 
et al., 2017—not this study’s RFA-based EWLs) for open-coast 
beaches (i.e., not for embayments protected from ocean 
waves). Wave-driven water levels (i.e., wave run-up) represent 
~50% or more of the EWL contributions (again, not from this 
study) in areas with narrow continental shelves (reduces surge 
potential) and/or small tidal ranges, in particular the Hawaiian 
and Pacific Islands, the Caribbean, the Outer Banks (North Car-
olina), most of Florida, the entire U.S. West Coast, and portions 
of Louisiana, Texas, and Alaska. But swash oscillations only 
amplify coastal EWLs over short periods (i.e., seconds to min-
utes), whereas wave set-up represents a relatively sustained 
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Box 3.1 (cont.): Wave Contributions to Extreme Water Levels
contribution during storm events with about a 10% to 80% 
contribution to EWLs, with the highest values in the tropics 
(Figure Box 3.1d). As these examples indicate, when omitting 
wave-driven processes, coastal flood risk can be significantly 

underestimated for open-coast beaches, especially along U.S. 
island coastlines. Including wave-driven processes will be a 
focus of subsequent Task Force attention leading up to the 
Sixth National Climate Assessment (NCA6). 

Figure Box 3.1. Water level contribution due to a) wave set-up and b) wave swash; c) percent contribution of wave-driven water 
levels (i.e., wave run up = wave set-up and swash) relative to all components: tide, storm surge, and waves; and d) percent 
contribution of wave set-up relative to the sum of tide, storm surge, and wave set-up based on model reanalysis of Vitousek 
et al. (2017).
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Section 4: Use Cases

Below are four use cases, which use

• the (regional frequency analysis) RFA-based extreme water levels (EWLs) to map (at city scales)
the annual probabilities/frequencies for the NOAA minor (disruptive), moderate (typically damag-
ing), and major (often destructive) high tide flooding (HTF) layer classifications that are nationally
calibrated to those used in weather-warning forecasting by NOAA;

• the relative sea level (RSL) projections and the RFA-based EWLs to incorporate trends (e.g., sea
level rise projections) into design engineering criteria for risk management and adaptive planning;

• the RSL projections and RFA-based EWL probabilities with maps of NOAA minor, moderate, and
major HTF layers to assess current and future vulnerabilities to combined storm and wastewater
systems; and

• vertical land motion (VLM) rates inherent to the RSL projections are compared to rates from new
satellite technologies at very high spatial resolution to showcase possibilities to monitor current
rates from space and further localize the RSL projections.

The goal is to contextualize how the emerging science and this report’s datasets can assist in developing 
products suitable for approaching (mapping, designing, or bounding) important problems in coastal risk 
assessment and management.

4.1. Mapping of NOAA High Tide Flood Thresholds and Flood Frequencies
High tide flooding29 is increasingly common due to years of RSL rise. NOAA has been 1) documenting chang-
es in minor HTF patterns since 2015, with about 100 NOAA tide gauges along the U.S. coastlines, and 2) 
providing a yearly coastal HTF outlook for these locations for the coming year,30 as well as projections for 
the next several decades based on RSL projections from NCA4/Sweet et al., 2017. NOAA has also mapped 
the three HTF depth-severity (minor, moderate, and major) categories based on the relationship with tide 
range (Sweet et al., 2018) to show the spatial extent of associated impacts (see Figure 3.7). The minor 
HTF maps are provided in the NOAA SLR Viewer,31 and all three map layers are accessible through NOAA 
map services.32

In an effort to provide better flood exposure information, NOAA is developing a product with input from 
partners (e.g., the Federal Emergency Management Agency [FEMA]) to assign exceedance probabilities us-
ing the RFA-based EWLs to the minor, moderate, and major HTF categories as shown for Charleston, South 
Carolina, and West Palm Beach, Florida (Figure 4.1). The annual event frequency shown for each NOAA 
HTF “zone” is assigned to the particular flood height. For example, the moderate HTF zone in Charleston 
is shown as the orange-brown layer in Figure 4.1a, which includes all land elevations between the minor 
HTF height threshold (0.570 m above mean higher high water [MHHW]; see Table A1.2) and the moderate 
HTF threshold (0.853 m above MHHW). This moderate HTF zone is expected to be completely (up to 0.853 
m above MHHW) at risk of flooding, with an average event frequency between about 1 event/year and 0.2 
events/year. A frequency range is provided to partially address the 95% confidence intervals in both the EWL 
statistics and the mapping data. In the case of local maps, like Charleston and West Palm Beach, the average 
event frequency for each NOAA HTF layer is a constant across the area shown.

These types of products can help inform the probability of higher-frequency, lower-impact events. As agen-
cies (e.g., FEMA) start to develop products that provide more comprehensive hazard and risk information 

29  https://oceanservice.noaa.gov/facts/high-tide-flooding.html
30  https://tidesandcurrents.noaa.gov/HighTideFlooding_AnnualOutlook.html
31  https://coast.noaa.gov/slr/
32  https://coast.noaa.gov/arcgis/rest/services/dc_slr/Flood_Frequency/MapServer

https://oceanservice.noaa.gov/facts/high-tide-flooding.html
https://tidesandcurrents.noaa.gov/HighTideFlooding_AnnualOutlook.html
https://coast.noaa.gov/slr/
https://coast.noaa.gov/arcgis/rest/services/dc_slr/Flood_Frequency/MapServer
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(e.g., graduated flood risk; see The Future of Flood Risk Data33), there is a need to better define and resolve 
the probabilities of these more frequent flood conditions. In addition, considering today’s height-severity 
flood thresholds in the face of sea level rise (see Figure 1.3), understanding the event probabilities in this 
more frequent space is critical. Such information would help graduate the flood probabilities more compre-
hensively than FEMA’s binary 1% annual chance floodplain definition and allow for a more comprehensive 
picture of structure-level risk.

How Can This Be Done?

The process to spatially assign probabilities again relies on a relationship to tide range (see Figure A2.5), 
with tide range values obtained by subtracting VDatum’s MHHW and mean lower low water [MLLW] modeled 
tidal surfaces.34 Using VDatum’s tide range and the regional regression equations (Figure A2.5) to obtain a 
local index (u), the EWL return level (or rather, average event frequency) curves for the associated grid are 
downscaled to individual VDatum grid cells (~100 m) using Equation 1 in Section 3.2. With these downscaled 
curves, the HTF levels at each VDatum cell—also based on VDatum’s tide range (i.e., great diurnal tide 
range [GT] tide datum) relationships (Sweet et al., 2018)—are intersected with the localized frequency curve 
(expected values) for the cell in order to determine event frequencies on a cell-by-cell basis. The average 
event frequencies are then associated with their respective mapped inundation footprints (3–5 m horizontal 
resolution). To refine the data, they were clipped to the coastal HUC (hydrologic unit code) 12 watersheds35 
that overlapped VDatum model data. This was done in order to provide a probability in watersheds that con-
tained source VDatum data only.

The value of these data is that we can now provide not only the mapped inundation extent of each of the 
three HTF levels (see Figure 3.7) but also the probability, or event frequencies, for each level on high-res-
olution inundation data (Figure 4.1). By leveraging the relationship between the local indices (u) to GT on a 
regional basis, the EWL statistics can provide event frequencies for 1) most water levels or flood heights of 
interest and 2) most locations, even if there is not a local tide gauge nearby to assist coastal managers when 
planning for potential impacts to their communities. In terms of the mapped product and inherent uncer-
tainties, it should be recognized that the VDatum model’s standard error is on the order of 15 cm,36 which is 
similar to that of the LIDAR elevation data.37 The associated 95% confidence intervals from both VDatum and 
the LIDAR used in the mapping is then (standard error x 1.96) about 30 cm and similar to that of the EWL at 
the 1 event/year frequency (0.3 m median) using tide range to spatially derive EWLlocal (Figure A2.5), although 
it increases to about 0.9 m at the 0.01 events/year frequency. Thus, it is recommended that these maps be 
used cautiously in any type of application.

Both NOAA and FEMA are currently exploring methods to further localize the EWLgridded probabilities, such as 
using NOAA short-term gauges (e.g., Section 3.4) and multidecadal hindcast modeling to develop a higher 
resolution set of local indices (u). FEMA is working to merge the higher-frequency portion of the EWL distri-
butions (e.g., > 0.05 events/year) with the FEMA EWL stillwater datasets (some of which are shown in Figure 
3.5). These efforts will serve, in general, to refine coastal exposure by today’s standards and, specifically, mi-
nor to major HTF probabilities to better understand and communicate the Nation’s coastal flood risk through 
products such as FEMA’s National Risk Index.38

33  https://www.fema.gov/fact-sheet/future-flood-risk-data-ffrd
34  https://vdatum.noaa.gov/
35  https://www.usgs.gov/core-science-systems/ngp/national-hydrography/watershed-boundary-dataset?qt-science_support_page_related 

_con=4 - qt-science_support_page_related_con
36  https://vdatum.noaa.gov/docs/est_uncertainties.html
37  https://www.usgs.gov/ngp-standards-and-specifications/lidar-base-specification-online
38  https://hazards.fema.gov/nri/

https://www.fema.gov/fact-sheet/future-flood-risk-data-ffrd
https://vdatum.noaa.gov/
https://vdatum.noaa.gov/docs/est_uncertainties.html
https://www.usgs.gov/ngp-standards-and-specifications/lidar-base-specification-online
https://hazards.fema.gov/nri/
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Figure 4.1: Maps of the NOAA minor, moderate, and major high tide flooding layers for a) Charleston, South Carolina, and b) 
West Palm Beach, Florida (as in Figure 3.7 but providing average event frequencies for each layer). Note: the shoreline on 
these maps is mean higher high water, but to be useful for decision-making, a conversion to land-based heights (e.g., NAVD88) 
should be made.

4.2. Application of Scenarios, Observation-Based Extrapolations, and Extreme Water Levels

Because future sea level rise amounts are inherently uncertain, planners and engineers who engage in ad-
dressing adaptation to future sea level rise in coastal communities often adopt a scenario approach. Based 
on several national and regional sea level projections (Hall, Weaver et al., 2019; Parris et al., 2012; USACE, 
2014; Hall et al., 2016; Sweet et al., 2017), many communities have developed their own specific scenario 
sets and guidelines for how to use them. In this section, the application of the regional sea level scenarios 
(see Section 2) that leverage the newly developed observation-based extrapolations (see Section 2.3) and 
the EWL probabilities produced using the RFA (see Section 3) are illustrated for representative locations 
around the United States. 

This use case is not meant to provide standardized planning guidance for using information on sea level rise 
projections; rather, it is provided as an example of applying concepts of time-varying extreme value proba-
bilities due to sea level rise, risk reduction, and adaptive planning that may be used in practice (Salas and 
Obeysekera, 2014; Salas et al., 2018). One of the primary tasks in coastal infrastructure projects is to deter-
mine the design elevation (also known as the return level) of a particular structure (e.g., seawall or building) 
for a desired level of risk or probability. Such design problems typically require the knowledge of advanced 
statistical methods associated with extreme values such as those illustrated in the commonly referenced 
textbook by Coles (2001).

The use case is illustrated for 10 tide gauges around the United States (Figure 4.2). For reference, the up-
per-bounding scenarios of the observation-based extrapolations for 2050 (see Table 2.2) and the RFA-based 
EWL distribution parameters (Section 3) are provided in Table 4.1. The EWL probability parameters are neces-
sary to replicate this use case, and they are specifically from a Generalized Pareto Distribution (GPD) peaks-
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over-threshold approach (Coles 2001): a) the local Index, u; b) rate of exceedances above the local index, λ; 
c) scale, σRFA; and d) shape, ξ (see Section A2 for more details). In the examples below, the upper-bounding 
scenario is used (Figure 4.3a) with the corresponding return level curves for the selected tide-gauge loca-
tions (Figure 4.3b). 

Figure 4.2: Tide gauges selected for the application of sea level scenarios and extreme water level methods.

Table 4.1: Tide-gauge locations, scenarios bounding the observation-based extrapolations, and the extreme 
value distribution Generalized Pareto Distribution (GPD) model parameters estimated using the regional 
frequency analysis (RFA).

Tide-gauge location details

Upper-bounding 
scenarios circa 2050 
of the observation-

based extrapolations

RFA-based GPD parameters

NOAA ID Location Region Upper Bound
Local 
Index 

u
λ σRFA ξ

1612340 Honolulu, HI Haw. Int 0.248 3.19 0.218 0.066

8518750 The Battery, NY NE Int 0.546 2.98 0.261 0.179

8638610 Sewells Point, VA NE Int 0.502 2.95 0.332 0.067

8723214 Virginia Key, FL SE Int-High 0.284 3.00 0.152 0.251

8726520 St. Petersburg, FL E. Gulf High 0.337 2.99 0.266 0.354

8729840 Pensacola, FL E. Gulf High 0.345 2.85 0.212 0.456

8771450 Galveston Pier 
21, TX W. Gulf Int-High 0.366 2.75 0.289 0.340

9410660 Los Angeles, CA SW Int-High 0.472 3.21 0.150 −0.063

9414290 San Francisco, CA SW Int-High 0.375 3.15 0.211 0.038

9447130 Seattle, WA NW Int 0.541 3.07 0.233 −0.110
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As shown in Figure 4.3a, 2005 is the reference year for the projection scenarios. However, the return level 
curves shown in Figure 4.3b are referenced to the year 2000. The return level curves are first adjusted to 
the year 2005 by raising the curves by an amount equivalent to the local trend in the flood index (u) from 
2000 to 2005 (see Table A1.3). Alternatively, the RSL offsets (see Table A1.2) could be applied, with differ-
ences between the two insignificant to the results here.

Accounting for Time-Varying Relative Sea Level Rise 

A particular scenario depicts the changes in RSL at a selected location. A common assumption is that as RSL 
rises, the EWLs also increase, and that must be accounted for in the changing behavior of the probability 
distribution of the EWLs. One approach for developing a time-varying extreme value distribution is to as-
sume that one or more parameters (location, scale, and shape) are functions of time or some other covariate 
(e.g., El Niño–Southern Oscillation index; Coles, 2001; Menendez and Woodworth, 2010). When two or more 
parameters evolve with time (i.e., strong nonstationarity), the paradigm shifts from a “stationary” approach, 
typically used for planning infrastructure until recently, to one reflecting significant temporal change in the 
probability distribution. A common practice is to remove the trend in the extreme dataset and then to as-
sume the distribution of the detrended extremes to be stationary. This approach is similar to the case when 
only the location parameter is varying with time and the other parameters are constant. 

In the ensuing sections, it is assumed that only the location parameter (i.e., local index, u, in GPD) changes as 
a function of RSL (i.e., per the specified sea level scenario). This may be expressed as 

where u is the RFA/GPD local index that is a function of RSL, and σ ̃ and ξ are scale and shape parameters, 
respectively, which are assumed to be constant over time. However, this assumption does not preclude the 
analysis of using a higher degree of temporal variability (e.g., both u and σ ̃ are functions of RSL or some 
other covariate). As a consequence of the above assumption, the local index u is adjusted by a magnitude δ 
(i.e., the regional mean sea level change from the reference year) obtained from a selected scenario. 

Figure 4.3: a) RSL projections for the scenarios providing the upper bound to observation-based extrapolations to 2060 for the 
selected tide gauges. The corresponding scenario for each tide gauge is shown in parentheses in the legend. b) RFA-based EWL 
(see Section 3) return level curves relative to the 1983–2001 MHHW tidal datum. Notes: (1) to be useful for decision-making, a 
conversion to land-based heights (e.g., geodetic datum such as NAVD88) should be made. (2) Average event frequency (x-axis 
label) is the reciprocal of average recurrence interval, which is also known as return period.
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For planning infrastructure using the scenario’s RSL projections and the EWL probabilities, two approaches 
are illustrated: 1) recurrent flood frequency and 2) time-varying average recurrence interval (ARI; which is the 
reciprocal of average event frequency [AEF]) and risk.39 While the infrastructure designs are based on a vari-
ety of factors, one or both of these approaches may be used to support that process (e.g., height of a sea-
wall or base-flood elevation). In this use case, the term “flood” could pertain to a particular NOAA HTF level 
or an arbitrary probabilistic EWL level, although not necessarily to imply a meteorological (e.g., storm) event. 

Designs Based on Recurrent Flood Frequency 

In many U.S. coastal locations, the frequency of flooding is increasing, mostly due to rising sea levels (Sweet 
et al., 2021). A community may tolerate infrequent flooding initially, but at some point, when the sea level rise 
is significant, the flooding frequency will increase, which in turn may exceed that community’s risk tolerance 
for flooding. Using the extreme value distributions and the sea level scenarios, it is possible to predict the 
time-varying change in frequency (e.g., as in Figure 3.9). In case of the GPD, the recurrent flood frequency 
(number of exceedances above a return level [z]) may be computed as (Buchanan et al., 2017) 

where δ is the change in RSL (relative to the project construction year) obtained from Figure 4.3a.

In the example used here, the planning problem may be stated as follows: What should the initial return 
level (used for the design) be to ensure that the recurrent flood frequency is limited to a specified number of 
events at the end of the design life? It is now possible to lay this out graphically, as shown in Figure 4.4 for 
two tide gauges (Sewells Points, Virginia, and Galveston Pier 21, Texas).

In Figure 4.4, the number to the right of each point along the curve shows the recurrent flood frequency, N, 
corresponding to the year indicated on the left. For this example, it was assumed that by 2060, the desired 
value of N = 1, and the design AEF necessary for this criterion, is indicated in Figure 4.4 (AEF = 0.06 events/
year for Sewells Point and AEF = 0.05 events/year for Galveston Pier 21). The corresponding design re-
turn levels are 1.31 m and 1.35 m, respectively, relative to MHHW datum. A summary of results for all 10 tide 

39  In the context of Section 4.2, risk is defined as the probability of one or more events exceeding a given height threshold over the life of a 
project. 

Figure 4.4: Recurrent flood frequency estimates for a) Sewells Point (Norfolk), Virginia, and b) Galveston Pier 21, Texas. For both, 
the relative sea level projection for the scenarios and the return level are the same as in Table 4.1. Note: to be useful for deci-
sion-making, a conversion of the return level to land-based heights (e.g., geodetic datum such as NAVD88) should be made.
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gauges is shown in Table 4.2. The design average event frequency required in 2005 to meet the flood fre-
quency criteria shows significant variability across the sites. The design return level depends on two factors: 
1) the magnitude of the sea level rise from 2005 to 2060 (end of the design life); and 2) the slope (a function 
of the scale and shape parameters) of the return level curve (Figure 4.3b).

Design Based on Time-Varying Exceedance Probabilities 

Average recurrence interval is used to describe EWL probabilities in the following examples to directly relate 
to and build off of a couple of recent, relevant focused studies on the topic. Interpretation of the results 
should follow guidelines of the U.S Army Corps of Engineers (USACE, 1994).

In current practice, the projects with a longer design life (> 25 years) typically use a low average event fre-
quency (<0.1 events/year) or, equivalently, a high/long ARI (> 10 years or more). At high recurrence intervals, 
the peaks-over-threshold and the annual maxima recurrence intervals converge (Langbein, 1949), although 
not necessarily where tropical storm surges are present (Wahl et al., 2017). Revisiting the concepts of tra-
ditional ARI and risk concepts for annual maxima in time-varying frameworks has been addressed recently 
(e.g., Salas and Obeysekera, 2014). The application of time-varying ARI and risk concepts is illustrated by 
converting the GPD model to an equivalent annual maxima model, which in this case is the GEV distribution. 
The equivalent annual-maxima modeling approach, as used here, will also facilitate the direct application of 
emerging risk and recurrent interval concepts already developed for situations of time-varying extreme prob-
abilities (Salas and Obeysekera, 2014; Salas et al., 2018; Obeysekera and Salas, 2020).

The cumulative distribution function (CDF) of the GEV model of annual maxima is expressed as

where μ, σ, ξ are the location, scale, and shape parameters of the GEV (Coles 2001). 

Table 4.2: Summary of design parameters to constrain the average event frequency, N, to 1 per year by 2060 (end-year of the 
design life). The 2005–2060 RSL projections are the local values associated with the scenarios providing the upper bound to 
the regional observation-based extrapolations shown in Table 2.2. Note: to be useful for decision-making, a conversion of the 
return level to land-based heights (e.g., geodetic datum such as NAVD88) should be made.

NOAA ID Location
Relative Sea level 

rise (in meters from 
2005 to 2060)

Return level (m above 
1983–2001 MHHW) 

corresponding to  
AEF = 1 year

Return level (m above 
1983–2001 MHHW) 
required in 2005 to 

ensure N = 1 by 2060

Design average event 
frequency (events/

year) required in 
2005 to achieve N = 1 

by 2060
1612340 Honolulu, HI 0.39 0.33 0.72 <0.01

8518750 The Battery, NY 0.50 0.76 1.26 0.10

8638610 Sewells Point, VA 0.56 0.75 1.31 0.06

8723214 Virginia Key, FL 0.55 0.44 0.99 0.01

8726520 St. Petersburg, FL 0.70 0.49 1.19 0.05

8729840 Pensacola, FL 0.66 0.47 1.13 0.06

8771450 Galveston Pier 21, TX 0.77 0.58 1.35 0.05

9410660 Los Angeles, CA 0.41 0.57 0.98 <0.01

9414290 San Francisco, CA 0.46 0.49 0.95 <0.01

9447130 Seattle, WA 0.29 0.70 0.99 0.05
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For computing u, the local index is further adjusted to reflect the translation of the return level curve from 
2000 to the reference year (i.e., 2005). The GEV scale parameter, σ = σ ̃λξ, where the at-site scale parameter 
σ ̃, is computed as σ ̃ = σRFA*u. For this use case, the adjusted local index is computed as uadj = u * s (2005–
2000), where s is the trend of the local index u at the site (see Table A1.3). If desirable, other adjustment 
procedures may be used. Finally, the time-varying GEV model assumes that only the location parameter, μ, 
changes with sea level change, δ and the time varying annual extreme value distribution is given by

The exceedance probability, pt, which corresponds to an initial return level (zq0, initial design), changes with 
time because of the rising RSL, δ (Figure 4.5). Consequently, the ARI is not a fixed measure but decreases 
with increasing sea level. 

The traditional concept of the ARI is the average waiting time for between two successive exceedances of 
the return level. Using the same definition but in a time-varying exceedance probability framework (Figure 
4.5), an equivalent measure of ARI (T) may be derived as (Cooley, 2013; Salas and Obeysekera, 2014)

where pt = 1 − Ft (z, δ) i is the time-varying exceedance probability. If a project is designed for a return period, 
T0[t = t0], then T < T0 implies that the actual recurrence interval due to rising RSL will be less.

Figure 4.5: Conceptual illustration of increasing exceedance probability (hence decreasing average recurrence interval) that 
assumes that the location parameter is a function of the magnitude of the relative sea level rise.
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The methods described in the preceding paragraphs are applied to the 10 tide-gauge locations shown in 
Figure 4.2. For illustration, it was assumed that the projection scenario for each tide gauge would continue 
beyond 2060. However, the methodology described above can be used with any other scenario. The de-
rived GEV parameters for each gauge are shown in Table 4.3.

The ARI curves,T, as a function of T0, for all 10 tide gauge locations are shown in Figure 4.6a. This figure 
demonstrates that, in all cases, the actual ARI is less than the design recurrence interval. For instance, for a 
location near Pensacola, Florida, if a project is designed for T0 = 100 years, the actual ARI, due to future RSL 
rise (Table 4.1, “Upper Bound” column), is only about 50 years. As another example, for a location near The 
Battery, New York City, a project may need to be designed for T0 = 90 years if the desired ARI under its asso-
ciated (Table 4.1, “Upper Bound” column) RSL rise scenario is 40 years.

Table 4.3: The parameters of generalized extreme value computed using the peaks-over-threshold Generalized Pareto Distribu-
tion model (Coles 2001).

NOAA ID Location At-site scale 
parameter 

Local index 
adjustment from 
2000–2005 (m)

GEV location 
parameter

GEV scale 
parameter

GEV shape 
parameter

1612340 Honolulu, HI 0.054 0.007 0.330 0.058 0.066

8518750 The Battery, NY 0.142 0.016 0.757 0.173 0.179

8638610 Sewells Point, VA 0.167 0.023 0.748 0.179 0.067

8723214 Virginia Key, FL 0.048 0.026 0.444 0.063 0.251

8726520 St. Petersburg, FL 0.090 0.014 0.494 0.132 0.354

8729840 Pensacola, FL 0.073 0.012 0.474 0.118 0.456

8771450 Galveston Pier 21, TX 0.106 0.033 0.579 0.149 0.340

9410660 Los Angeles, CA 0.071 0.005 0.565 0.066 −0.063

9414290 San Francisco, CA 0.079 0.010 0.492 0.083 0.038

9447130 Seattle, WA 0.126 0.010 0.701 0.111 −0.110

Figure 4.6: a) Average recurrence interval (due to rising RSL) curves ( T versus T0 ) at each tide gauge using the selected scenar-
io’s RSL projection (see Table 4.1). b) Risk curves as a function of design life: stationary (black curve), actual risk resulting from 
incorporating the site’s RSL scenario projection (red curve), and risk curve for a specific risk (blue curve).
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Risk-Based Design

Under stationary conditions, the risk (defined as the probability of one or more exceedances above the 
design elevation) is a function of the life of the project, n. The risk formula under stationarity is given by  
R = 1 − (1 − 1/T0)n. For example, there is about a (R = 0.26) 26% chance of experiencing an event with an ARI of 
(T0) 100 years over the course of (n) 30 years under a non-changing (stationary statistical) environment. As 
the length of the design life increases, risk also increases. Under conditions of time-varying exceedance 
probability, pt, the risk (R) formula is (Salas and Obeysekera, 2014)

With rising relative sea levels, pt increases, and the risk is higher than that under stationarity. This increase in 
risk is illustrated for the San Francisco, California, tide gauge in Figure 4.6b when the initial design, T0 = 50 
years (the event level with a 50-year ARI). The black curve in Figure 4.6b shows the increasing risk as the 
design life becomes longer even under stationarity. For instance, if the design life,  equals 25 years, this risk 
is about 0.4 (40%). However, when the local sea level rise scenario is incorporated, the risk over a given life 
of the project increases more rapidly, exceeding the corresponding risk under stationarity (see red curve in 
Figure 4.6b). In the above example, when n = 25 years, the risk will increase to about 60% due to the RSL 
scenario projection. Moreover, the RSL rise causes the risk to approach 100% (R = 1) when the design life is 
about 50 years or more. In the risk-based design approach, one can specify the tolerable risk and determine 
the initial design period (or return level). 

One option is to design a project in such a way that the resulting increasing risk profile due to application 
of the scenario’s RSL projection is at or below that under stationarity. While the risk-reduction approach 
described below is illustrated for a selected RSL scenario for the future, it can be implemented for multiple 
scenarios, leading to a variety of risk-reduction options depending on the future RSL scenarios. In such a 
broader application, a risk-based framing founded on risk tolerance may be adopted.

Considering uncertainty in the sea level rise projections, one may wish to approach the problem using con-
cepts of dynamically adaptive planning. In the example shown in Figure 4.6b (blue curve), two parameters 
are specified to illustrate this concept. First, it is assumed that the project will be constructed in, for example, 
two or more phases. Considering such a planning assumption, phase I is 25 years long (i.e., n = 25 years), 
and the maximum tolerable risk during this phase is 0.3 (30%), as opposed to the 60% risk mentioned above. 
The blue curve shows the risk profile for such a design. This curve was computed by constraining R = 0.3 
when n = 25, as shown by the green dot in Figure 4.6b. The implication of this adaptive approach is that 
the initial return level will need to increase from 0.84 m MHHW to 0.93 m MHHW (Table 4.4), and the corre-
sponding initial ARI has to increase from 50 years to 125 years. In this approach, one must also assume that 
the project will be expanded after that initial period, and measures must be adopted to prevent locking in 
the design and preempting the planners from expanding it into a bigger project after the initial 25-year peri-
od. For example, the foundation design of the project may need to assume the eventual capacity expansion 
and allow for it in the initial design. This approach of dynamically adaptive planning is becoming increasingly 
popular as a way to deal with deep uncertainties associated with sea level rise.
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Table 4.4 shows that with a relatively small increase in initial design elevation, the risk can be managed to a 
desirable level. In this example, however, the ultimate design (at the end of the full design life; e.g., 50 or 100 
years) needs to be assessed to ensure that resources (e.g., land) that may be needed for the build-out are 
considered.

4.3. Growing Risk to Combined Storm and Wastewater Systems from Sea Level Rise

Sea level rise is causing HTF to become more severe—more frequent, deeper, and more widespread—in 
terms of its impacts (Sweet et al., 2021). Coastal areas that are not exposed to HTF now may become so in 
the coming decades. As the footprint of flooding expands, water from adjacent estuaries and bays will flood 
into communities and encounter previously unaffected urban infrastructure.

Many places already see backflow from tidal waters through stormwater pipes that spill out of catch basins 
into neighborhood streets. Cities with combined sewer systems often have backflow preventers on their 
vulnerable outfall pipes (EPA, 1995a, 1995b). However, combined sewers will be open to inflow from surface 
flooding. If floodwater in the streets encounters a catch basin that connects to a combined sewer system, 
then high tide waters will enter the sewer. At best, the tide waters will be on their way to the sewage treat-
ment plant; at worst, a combined sewer outflow would be triggered if the sewer pipes cannot handle the 
volume of water.

While Camden, New Jersey, has taken action to prevent runoff from entering its system,40 tidal inflow is a 
novel problem. Identification of risks like this can provide lead time to take adaptation actions. Still, in some 
combined sewer communities, such as Camden, the onset of risk can arrive well before midcentury. Map-
ping shows that minor HTF at a height of 0.58 m above current MHHW tidal datum (Table A1.3) begins to 
have a footprint in Camden neighborhoods served by combined sewers (red shade in Figure 4.7, spanning 
from MHHW to 0.58 m [1.9 feet] above MHHW; locations are provided by the New Jersey Department of 
Environmental Protection41). By the time the tide reaches the moderate (0.86 m above MHHW) and major 

40  https://www.epa.gov/arc-x/camden-new-jersey-uses-green-infrastructure-manage-stormwater
41  https://njdep.maps.arcgis.com/apps/Viewer/index.html?appid=70dd49de342949ca933e840d0c530fc7

Table 4.4: Results of the risk-based design for all tide gauges shown in Figure 4.2. Average recurrence interval 
(ARI) is listed and is the reciprocal of average event frequency. Values in the last column have been rounded to 
the closest 5-year interval. Note: to be useful for decision-making, a conversion of the return level to land-based 
heights (e.g., geodetic datum such as NAVD88) should be made.

NOAA ID Location

Design return 
level for T0 = 50 
years (m above 

MHHW)

Design return level to 
constrain risk to 30% over a 
25-year period (m MHHW)

Average recurrence interval 
(ARI) of the design to constrain 
probability (risk) to 30% over a 

25-year period
1612340 Honolulu, HI 0.59 0.69 >100

8518750 The Battery, NY 1.74 1.95 90

8638610 Sewells Point, VA 1.55 1.75 >100

8723214 Virginia Key, FL 0.78 1.00 >100

8726520 St. Petersburg, FL 1.61 1.88 80

8729840 Pensacola, FL 1.75 2.09 75

8771450 Galveston Pier 21, TX 1.79 2.13 85

9410660 Los Angeles, CA 0.79 0.86 >100

9414290 San Francisco, CA 0.84 0.93 >100

9447130 Seattle, WA 1.05 1.13 >100

https://www.epa.gov/arc-x/camden-new-jersey-uses-green-infrastructure-manage-stormwater
https://njdep.maps.arcgis.com/apps/Viewer/index.html?appid=70dd49de342949ca933e840d0c530fc7
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(1.25 m above MHHW) HTF levels, the extent of flooding increases dramatically, and many intersections will 
be flooded. 

The Camden region currently (circa 2020) experiences

• about 2 events/year (or about 4 days/year per Figure 3.8b) of minor HTF;
• 0.2 events/year of moderate HTF; and
• 0.03 events/year of major HTF,

based on the EWLlocal directly across the Delaware River at the NOAA tide gauge in Philadelphia. The EWL-
based probabilities support actual observations in 2020, when the Camden/Philadelphia region experienced 
4 days of minor HTF, with 4–8 days projected to occur in 2021 (Sweet et al., 2021).

Considering the Intermediate scenario, which is the upper-bounding scenario for this region’s RSL obser-
vation-based extrapolations (see Table 2.2), a rise of 0.19 m by 2030 (measured since 2005) is projected to 
result in

• 5–10 events/year (on the order of 10–20 days/year) of minor HTF,
• 0.6 events/year of moderate HTF, and
• 0.07 events/year of major HTF.

By 2050, a 0.38 m RSL rise is projected (above 2005 levels) for this area, resulting in

• >10 events/year (perhaps >20 days/year) of minor HTF,
• about 3 events/year (6 days/year) of moderate HTF, and
• 0.3 events/year of major HTF.

So, within about the next 30 years (by 2050), a surface flood regime shift with subsurface impacts is project-
ed to occur in Camden, considering current RSL rise trajectories. By then, moderate and major HTF (flooding 
upwards of 0.9 m and 1.2 m above MHHW, respectively) is projected to occur with similar frequencies/prob-
abilities as minor (about 0.6 m above MHHW) and moderate HTF occur today. With nearly 4 high tides per 
event (1 event lasts about 2 days; 2 high tides occur almost every day), this implies that by 2050, upwards of 
80 tides per year or more at the minor HTF level are projected, with about 12 of those tides per year exceed-
ing the moderate HTF level and a 0.3 events/year frequency of major HTF flooding. Any time street inter-
sections are underwater, tidal waters could flow down catch basins into the combined system (Figure 4.7). 
Beyond 2050, HTF frequency, depth, and extent will continue to grow. It is unclear how this increased flood 
frequency will affect the combined sewer system’s functionality and surrounding water quality.
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Figure 4.7: Location of combined stormwater and sewer system outfalls that are likely draining regions exposed to HTF within 
the Camden, New Jersey, region, with the minor (red: MHHW to 0.58 m [1.9 feet] above MHHW), moderate (orange: MHHW to 
0.86 m [2.8 feet] above MHHW), and major (yellow: MHHW to 1.25 m [4.1 feet] above MHHW) HTF layers stacked in the enlarged 
map and individual layers mapped to the right. Note: heights are relative to the 1983–2001 tidal epoch, and to be useful for 
decision-making, a conversion to land-based heights (e.g., NAVD88) should be made.

4.4: Use of InSAR Technology for Determining Regional Vertical Land Motion and Its Suitability 
for Computing Long-Term Sea Level Rise Projections

Vertical land motion is an important component of RSL rise, leading to changes in the height of the ocean 
relative to land. Vertical land motion is not a singular phenomenon but instead results from various process-
es that display different patterns in space and time. These patterns have different impacts from place to 
place, especially in coastal settings where many of them operate at the same time and can serve to either 
increase RSL (subsidence) or decrease RSL (uplift). For much of the coastal United States, subsidence is 
driven on local scales by both natural processes, such as compaction of river sediments, and unnatural, hu-
man-caused reasons, such as groundwater and fossil fuel withdrawal; on larger scales, subsidence is driven 
by glacial isostatic adjustment (GIA). On the other hand, in some regions, such as southern Alaska, GIA leads 
to high rates of uplift in coastal regions. For example, Grand Isle, Louisiana, has experienced more than 0.9 
m (3 feet) of RSL rise, whereas Juneau, Alaska, has experienced more than 1.2 m (4 feet) of RSL fall based on 
a 100-year historical linear rate value,42 in large part due to VLM. For perspective, the national median RSL 
rise along U.S. coastlines during this 100-year period was about 0.25–0.30 m (see Figure 1.2b).

42  https://tidesandcurrents.noaa.gov/sltrends/

https://tidesandcurrents.noaa.gov/sltrends/
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Accurate future projections of VLM require an understanding of and accounting for the underlying process-
es and the time and space scales on which they vary. In this report, VLM projections are based in part on 
analysis of past observations. Vertical land motion rates are estimated at tide-gauge locations as well as 
at 1-degree grids using a statistical model of tide-gauge observations (Kopp et al., 2014; Sweet et al., 2017; 
Fox-Kemper et al., 2021; Garner et al., 2021). The model assesses RSL change across the global tide-gauge 
network43 with data through about 2019 and separates the tide-gauge observations into 3 modes: 1) a global 
rise signal (Dangendorf et al., 2019), 2) a long-term linear—but regionally varying—rate, and 3) local effects 
that vary in time and by region. It is the second mode that defines this report’s linear VLM rates, which have 
been incorporated into the RSL projections for each GMSL rise scenario. These rates are assumed to be 
linear over the past record and to persist linearly into the future over the length of the projected record. 
Assumed persistence may not necessarily be valid over the long term (e.g., if groundwater pumping ceases) 
but may be necessary due to a lack of data. As shown in Figure 4.8a, high rates of subsidence are estimated 
along the entire Gulf Coast, and moderate rates of subsidence are assessed along the entire East Coast. On 
the other hand, high rates of uplift are estimated for the southern coast of Alaska. 

Over the past couple of decades, GPS stations have provided estimates of VLM in coastal areas across the 
United States. These GPS-based VLM estimates provide a comparison to the VLM rates in this report, al-
beit with a couple of caveats. First, the record lengths over which the GPS-based estimates are computed 
are significantly shorter than the tide-gauge data records used to infer the VLM rates in this report. Second, 
many tide-gauge locations do not have a co-located GPS station. While it is not possible to extend the record 
lengths of the available GPS measurements, the second challenge has been addressed using the GPS-im-
aging technique discussed in Hammond et al. (2021), which leverages the GPS network in coastal areas of 
the United States to generate VLM estimates at all tide-gauge locations (Figure 4.8b). Note that negative 
values of VLM reflect subsidence while positive values reflect uplift. To determine the VLM contribution to 
RSL at the coast, the negative and positive direction would be reversed. Broadly, the GPS-based estimates 
are consistent with the VLM estimates contained in this report. However, when subtracting the VLM rates in 
this report from the GPS-derived rates, differences become apparent (Figure 4.8c). The largest differences 
are found along the Southern Alaska coastlines, where rates of uplift are very large, and along the entire 
Gulf Coast, where subsidence rates are large. The rates are further compared in Figure 4.8d, which again 
reflects general agreement between the two sets of estimates, although at roughly 75% of the gauges, the 
tide-gauge-based VLM estimate in this report is greater (less negative in the case of subsidence) than that 
from GPS. In other words, there are generally higher rates of subsidence indicated in the GPS rates when 
compared to the VLM estimates in this report. 

This comparison with the GPS is not intended to be an assessment of the accuracy of VLM rates and asso-
ciated projections included in this report. Instead, it highlights some of the challenges associated with both 
estimating VLM rates at the coast and then projecting these into the future, particularly away from the tide-
gauge and GPS stations. The spatial variability and local drivers of VLM are clear in Figure 4.8, and extending 
the tide-gauge-centered estimates to fill in spatial gaps either through the projection framework in this report 
or with GPS imaging is challenging to validate, particularly as these methods are not intended to capture 
VLM varying on small spatial scales. An opportunity is provided, however, by new technologies using sat-
ellite-based advanced Interferometric Synthetic Aperture Radar (InSAR) analysis, which can provide higher 
spatial resolution measurements of VLM rates. Calibrated to land GPS station estimates, measurements of 
land elevations over time by InSAR are producing VLM rates for large swaths or the U.S. coastal plain (e.g., 
Bekaert et al., 2017; Buzzanga et al., 2020; Bekaert et al., 2019; all InSAR VLM estimates are publicly avail-
able through references). Having a higher-resolution assessment of VLM rates can in turn help communities 
understand where VLM is now occurring at very fine scales (e.g., street block level) and help make informed 
decisions of how continued VLM will contribute to future RSL projections. Furthermore, InSAR provides an 

43  https://www.psmsl.org/data/

https://www.psmsl.org/data/
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additional component to the coastal VLM observing network. Integrated assessments across tide gauges, 
GPS, and InSAR are likely to be most useful for inferring VLM rates and projecting these rates forward at the 
spatial scales key to coastal communities. Following is a case study of how the InSAR VLM connects to this 
VLM-observing network. In general, as there is the possibility of using a user-defined VLM rate within the 
RSL projections, we examine other sources of VLM that may offer options. 

Hampton Roads, Virginia 
The historical long-term linear RSL rise rate at the Sewells Point, Virginia, tide gauge44 is about 4.7 mm/
year. More than half of this rate is estimated to be from downward VLM or subsidence with a rate of about 
2.9 mm/year, which is close to previous estimates (Zervas, 2013; Kopp et al., 2014; Sweet et al., 2017). This 
subsidence is driven by both GIA and more localized groundwater withdrawal. If assumed to be linear and 
persistent into the future, VLM will contribute about 0.29 m to projections of RSL over the next 100 years. 
For example, by 2050 under the Intermediate-Low and Intermediate scenarios, the amount of RSL rise is 
projected to be between about 0.4 m and 0.45 m, respectively, with about 35% and 30% of that rise amount, 
respectively, from VLM. 

However, VLM rates across the Hampton Roads region are not uniform. A past study (Eggleston and Pope, 
2013) leveraged a variety of in situ observations to find a spatially varying pattern of subsidence ranging 
from 1.8 to 4.4 mm/year in the region from 1940 to 1971. The variations were connected to groundwater 
withdrawal in the region, which was captured via this assessment even with an effective spatial resolution 
on the order of tens of kilometers. More recently, InSAR rate maps have shown a range of subsidence from 

44  https://tidesandcurrents.noaa.gov/stationhome.html?id=8638610

Figure 4.8: Comparison of vertical land motion (VLM) rate estimates (mm/year) from a) the scenario-based framework used in 
this report, and b) GPS-imaging estimates from Hammond et al. (2021). c) The difference between GPS-derived rates and scenar-
io-derived rates and d) a comparison of the VLM estimates at the U.S. tide-gauge locations are also shown. Negative values of 
VLM reflect subsidence, while positive values reflect uplift.

https://tidesandcurrents.noaa.gov/stationhome.html?id=8638610
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about 1 mm to 5 mm/year in the region over the time period from 2014 to present, with locally higher rates 
(Figure 4.9; Buzzanga et al., 2020). Importantly, the satellite-based assessment revealed spatial variations 
on sub-kilometer scales, with some of the most prominent features in the spatial map connected to specific 
construction projects and land-use changes. With an average rate of subsidence around 3 mm/year over the 
course of the 21st century, VLM could contribute about 0.3 m to projected RSL, with locally higher amounts 
elsewhere in the region. Furthermore, comparing the InSAR-derived spatial pattern of VLM to that in either 
Eggleston and Pope (2013) or the gridded rates in this report provides important information about the 
linearity of VLM and the timescales on which VLM varies. There are considerable differences between the 
different assessments, indicating a shift in rates over the time periods considered. While it is necessary to 
consider the uncertainty in the VLM rate estimates and differences in measurement type, users of VLM infor-
mation should assess land-use changes over the time periods considered along with the relevant processes 
driving VLM in the region. InSAR-derived VLM maps will play an increasingly key role in this assessment due 
to the spatial coverage and resolution provided by the satellites. 

Figure 4.9: Map showing VLM rates (mm/year) for the Hampton Roads region displayed on top of satellite imagery. Higher rates 
of subsidence are indicated by darker orange colors. Of particular interest is the range of rates in such a small region (e.g., on 
the order of up to 5 mm/year difference in places). Based on Buzzanga et al. (2020).
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Observing and Projecting Coastal Vertical Land Motion

While InSAR-measured VLM provides advantages over other measurement platforms in terms of spatial cov-
erage and resolution, it should be considered in the context of the larger observing network when assessing 
VLM at the coast. In particular, InSAR serves two potential roles. First, InSAR can be used to provide ongoing 
monitoring of VLM at high spatial resolutions. InSAR has the potential to generate time series of VLM on a 
fine spatial scale. Subsidence “hotspots” can be identified along with abrupt shifts in VLM, which can assist 
in planning and executing adaptation efforts. For coastal communities attempting to alleviate subsidence in 
their region through efforts such as groundwater reinjection, InSAR provides a potentially better alternative 
to in situ monitoring to assess the effectiveness of these efforts. Second, InSAR can serve to assess spatial 
variability in VLM, filling in the gaps between tide gauges and GPS stations in coastal regions. The obser-
vations can then be combined in a statistical framework to provide more accurate projections of VLM with 
better estimates of uncertainty. 

Assessing VLM with InSAR is not without challenges, however, although many of these are being addressed 
in ongoing and planned efforts. First, to be useful for assessing long-term VLM rates with the still relatively 
short satellite records, the shorter-term VLM rates can be calibrated and tied into the existing National Spa-
tial Reference System (NSRS)45 to improve accuracy and representativeness of long-term changes. Second, 
the availability and coverage of GPS in coastal regions impact the accuracy of VLM by InSAR. To provide a 
measurement of absolute VLM, InSAR needs to be tied to available GPS measurements. In areas with large 
gaps between GPS stations, this can lead to reduced accuracy of the InSAR estimates. Ideally, analysis 
would be conducted to determine optimal GPS station spacing for maintaining integrity of the InSAR-derived 
velocity field in various environments, including, but not limited to, regions of coastal subsidence, landslide/
earthquake/volcanic activity, high plains aquifer depletion, and aquifer depletion in a tectonic area. Finally, In-
SAR VLM estimates are computationally expensive to perform over large regions, making national coverage 
a challenge. Efforts are underway, however, to generate a consistent surface displacement product (a pre-
liminary step to estimating VLM) for the United States. A generalized approach for generating absolute VLM 
estimates from this product could then be created, paving the way for ongoing monitoring of VLM along the 
U.S. coastlines at high spatial resolutions.

To improve projections of VLM, InSAR alone is not sufficient. Instead, InSAR should be analyzed in tan-
dem with available tide-gauge, GPS, and any other available in situ observations to assess both the spatial 
variability of VLM rates and potential non-linearities in the VLM rates estimated over these records. These 
non-linearities are critical for determining the future contribution of VLM to RSL. For example, the long-term 
rate assessed at a tide gauge as done in this report could differ significantly from the rate of VLM over the 
past decade because of a sustained land-use change. The comparison between the two types of VLM esti-
mates in Figure 4.9 indicate that these shifts may be present at some locations along the U.S. coastlines and 
need to be assessed to improve projections of VLM.

45  https://oceanservice.noaa.gov/education/tutorial_geodesy/geo08_spatref.html

https://oceanservice.noaa.gov/education/tutorial_geodesy/geo08_spatref.html
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Section 5: Conclusions

Sea level rise driven by global climate change is a clear and present risk to the United States, now and for 
the foreseeable future. It is the goal of the Sea Level Rise and Coastal Flood Hazard Scenarios and Tools 
Interagency Task Force to continue to provide projections and future scenarios to assist decision-makers for 
both planning and risk-bounding purposes. This report builds upon the progress made in Sweet et al. (2017), 
updating the GMSL scenarios and the associated local and regional RSL projections to reflect recent ad-
vances in sea level science, as well as expanding the types of scenario information provided to better serve 
stakeholder needs for coastal risk management and adaptation planning.

The major findings of this report are as follows:

Multiple lines of evidence provide increased confidence, regardless of the emissions pathway, in a narrower 
range of projected global, national, and regional sea level rise at 2050 than previously reported  
(Sweet et al., 2017).

Both trajectories assessed by extrapolating rates and accelerations estimated from historical tide-gauge ob-
servations, and model projections, fall within the same range in all cases, giving higher confidence in these 
relative sea level (RSL; land and ocean height changes) rise amounts by 2050. Specifically, RSL along the 
contiguous U.S. (CONUS) coastline is expected to rise, on average, as much over the next 30 years (0.25–
0.30 m over 2020–2050) as it has over the last 100 years (1920–2020). Due to processes driving regional 
changes in sea level, the report found regional differences in both the modeled scenarios and observa-
tion-based extrapolations, with higher RSL rise along the East (0–5 cm higher on average than CONUS) and 
Gulf Coasts (10–15 cm higher) as compared to the West (10–15 cm lower) and Hawaiian/Caribbean (5–10 cm 
lower) Coasts. 

For coastlines outside CONUS, and for individual regions and locations within CONUS, the projections can 
differ from the aforementioned mean values. In addition, it is important to note that the projections do not 
include natural year-to-year sea level variability that occurs along U.S. coastlines in response to climatic 
modes such as the El Niño–Southern Oscillation. Nevertheless, if we assume that regional sea level will keep 
following its present trajectory for the coming three decades, most U.S. regions are mostly tracking between 
the Intermediate-Low and Intermediate-High scenarios. Although the near-term observation-based extrap-
olations will continue to evolve over time with new observations and analyses, this updated information 
should help inform both near-term decisions and projects that may require decades’ worth of planning prior 
to actual implementation.

By 2050, the expected relative sea level (RSL) will cause tide and storm surge heights to increase and will 
lead to a shift in U.S. coastal flood regimes, with major and moderate high tide flood events occurring as 
frequently as moderate and minor high tide flood events occur today. Without additional risk-reduction mea-
sures, U.S. coastal infrastructure, communities, and ecosystems will face significant consequences.

Minor/disruptive high tide flooding (HTF; about 0.55 m above mean higher high water [MHHW]) is projected 
to increase from a U.S average frequency of about 3 events/year in 2020 to >10 events/year by 2050. The 
projected increases for moderate/typically damaging (about 0.85 m above MHHW) and major/often de-
structive (about 1.20 m above MHHW) HTF are 0.3 events/year in 2020 to about 4 events/year in 2050 and 
0.04 events/year in 2020 to 0.2 events/year by 2050, respectively. Across all severities (minor, moderate, 
major), HTF along the U.S. East and Gulf Coasts will largely continue to occur at or above the national aver-
age frequency.
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In other words, much of the coastline is already close to a flood regime shift with respect to flood frequen-
cy and, consequently, damages. Only a small height difference (0.3–0.7 m) currently separates infrequent, 
damaging, or destructive HTF from the current regime of more frequent, so-called nuisance, flooding (whose 
impacts are in fact already remarkable throughout dozens of densely populated coastal cities). Decades 
ago, powerful storms were what typically caused coastal flooding, but due to RSL rise, even today’s common 
wind events and seasonal high tides are already regularly flooding communities, and they will do so to an 
ever greater extent in the next few decades, affecting homes and businesses, overloading stormwater and 
wastewater systems, infiltrating coastal groundwater aquifers with saltwater, and stressing coastal wetlands 
and estuarine ecosystems.

Higher global temperatures increase the chances of higher sea level by the end of the century and beyond. 
The scenario projections of relative sea level (RSL) along the contiguous U.S. (CONUS) coastline are about 
0.6–2.2 m in 2100 and 0.8–3.9 m in 2150 (relative to sea level in 2000); these ranges are driven by uncer-
tainty in future emissions pathways and the response of the underlying physical processes.

With an increase in average global temperature of 2°C above preindustrial levels, and not considering the 
potential contributions from ice-sheet processes with limited agreement (low confidence) among modeling 
approaches, the probability of exceeding 0.5 m rise globally (0.7 m along the CONUS coastline) by 2100 is 
about 50%. With 3°–5°C of warming under high emissions pathways, this probability rises to >80% to >99%. 
The probability of exceeding 1 m globally (1.2 m CONUS) by 2100 rises from <5% with 3°C warming to almost 
25% with 5°C warming. Considering low-confidence ice-sheet processes and high emissions pathways with 
warming approaching 5°C, these probabilities rise to about 50%, 20%, and 10% of exceeding 1.0 m, 1.5 m, or 
2.0 m of global rise by 2100, respectively. While these low-confidence ice-sheet processes are unlikely to 
make significant contributions with 2°C of warming, how much warming might be required to trigger them is 
currently unknown.

In addition, as a result of improved understanding of the timing of possible large future contributions from 
ice-sheet loss, the “Extreme” scenario from the 2017 report (2.5 m GMSL rise by 2100) is now viewed as less 
plausible and has been removed from consideration. Nevertheless, the increased acceleration in the late 
21st century and beyond means that the other high-end scenarios provide pathways that potentially reach 
this threshold in the decades immediately following 2100 (and continue rising). Regionally, the projections 
are near or higher than the global average in 2100 and 2150 for almost all U.S. coastlines due to vertical land 
motion (VLM); gravitational, rotational, and deformational  effects due to land ice loss; and ocean circulation 
changes. Largely due to VLM, RSL projections are lower than the global amounts along the southern Alaska 
coast and are higher along the Eastern and Western Gulf coastlines.

Monitoring the sources of ongoing sea level rise and the processes driving changes in sea level is critical for 
assessing scenario divergence and tracking the trajectory of observed sea level rise, particularly during the 
time period when future emissions pathways lead to increased ranges in projected sea level rise.

Efforts are currently under way to narrow the uncertainties in ice-sheet dynamics and future sea level rise 
amounts in response to increasing greenhouse gas forcing and associated global warming. Early indicators 
of changes in sea level rise trajectories can serve to trigger adaptive management plans and are identified 
through continuous monitoring and assessment of changes in sea level (on global and local scales) and of 
the key drivers of sea level change that most affect U.S. coastlines, such as ocean heat content, ice-mass 
loss from Greenland and Antarctica, vertical land motion, and Gulf Stream system changes.

As emphasized in the summary findings above, beyond 2050 the amount of sea level rise is strongly af-
fected by future global warming. By reducing greenhouse gas (GHG) emissions, severe and transformative 
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impacts occurring later this century or early next century along U.S. coastlines are more likely to be avoided. 
As GHG emissions and global temperatures continue to rise, the likelihood of very high U.S. sea level rise 
does too. If global warming reaches 2°C (warming levels are already >1°C), corresponding to a 50% chance 
that U.S. sea level as a whole will rise at least 0.7 m by 2100 and 1.2 m by 2150 (measured since 2000), major 
HTF by 2100 would occur more often than minor HTF occurs today in many coastal communities if risk-re-
duction action is not taken. If global mean temperatures were to rise as high as about 3°–5°C, much larger 
amounts of sea level rise would become increasingly possible, as instabilities in ice-sheet dynamics would 
potentially come into play. Constant monitoring of global to local sea levels and their source contributions 
by Federal agencies, such as NOAA and NASA, will be key to help assess potential trajectory divergence for 
triggering adaptive management plans.

The updated sea level scenarios and the EWL probability datasets in this study are being delivered or 
planned via numerous agency data servers, tools, and associated guidance products. Additionally, this 
report is a key technical input to the Fifth National Climate Assessment (NCA5 currently under way), and the 
datasets and derived information are being delivered to the NCA5 author teams. In terms of next steps, the 
Task Force will continue to refine these sea level projections and extreme (e.g., high tides, storms) water 
level probabilities while working to improve understanding of the implications of these projections for coast-
al hazards (e.g., flooding, erosion, and rising water tables), societal exposure and risk, infrastructure vulnera-
bility, ecosystem health (including habitat transformation/loss), and cascading societal impacts. In order to do 
so, additional and improved observations and more sophisticated modeling approaches that incorporate the 
relevant physical processes (e.g., waves; see Box 3.1) will be needed at the regional scale, with local granu-
larity to assess the impacts of these coastal hazards. Such information is expected to ultimately feed into the 
next generation of interagency reports and assessments to enable informed climate adaptation planning.
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Section A1: Tables and Figures

Figure A1.1: Region definitions for observation-based extrapolations and scenarios in Section 2. These regions are used both to 
group tide gauges and also to generate regional averages for the gridded scenarios. A bathymetry mask is used to define the 
regions for the gridded scenarios.
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Figure A1.2. Shown for each tide gauge record with at least 30 years of record length between 1970 and 2020 are a) range, in 
meters, between median projection of Low and High Scenarios in 2050, and b) difference, in meters, between median observa-
tion-based extrapolation and Intermediate scenario in 2050.
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Table A1.1: Projections methods employed.

Driver of GMSL or 
RSL change

Kopp et al. (2014) projection method 
(used in Sweet et al., 2017)

AR6 (Fox-Kemper et al., 2021) projection methods 
(used here)

Thermal expansion CMIP5 ensemble drift-corrected zostoga
Two-layer model with climate sensitivity calibrated to the 
IPCC assessment and expansion coefficients calibrated to 
emulate CMIP6 models

Greenland ice sheet 
Likely range from IPCC AR5, with shape of 
tails based on structured expert judgment 
(Bamber and Aspinall, 2013)

1. Emulated ISMIP6 simulations through 2100 (Edwards et al., 
2021), extended after 2100 based on constant post-2100 
rates

2. Structured expert judgment (Bamber et al., 2019)

Antarctic ice sheet 
Likely range from IPCC AR5, with shape of 
tails based on structured expert judgment 
(Bamber and Aspinall, 2013)

1. Emulated ISMIP6 simulations through 2100 (Edwards et al., 
2021), extended after 2100 with constant rates based on the 
IPCC AR5 parametric Antarctic Ice Sheet model (Church et 
al., 2013)

2. LARMIP-2 simulations (Levermann et al., 2020) augmented 
by AR5 surface mass balance model (Church et al., 2013), 
extended past 2100 based on constant rates 

3. Single ice-sheet model incorporated marine ice cliff insta-
bility (DeConto et al., 2021)

4. Structured expert judgment (Bamber et al., 2019)

Glaciers Distribution based on Marzeion et al. (2012) 
surface mass balance model

Emulated GlacierMIP (Marzeion et al., 2020; Edwards et al., 
2021) extended after 2100 with IPCC AR5 parametric model 
refit to GlacierMIP (Marzeion et al., 2020)

Land water storage 

Groundwater depletion: Population/
groundwater depletion relationship 
calibrated based on Konikow (2011) and 
Wada et al. (2012)
Water impoundment: Population/dam 
impoundment relationship calibrated 
based on Chao et al. (2008)

Groundwater depletion: Updated population/groundwater 
depletion relationship calibrated based on Konikow (2011) 
and Wada et al. (2012, 2016)
Water impoundment: Population/dam impoundment 
relationship calibrated based on Chao et al. (2008), adjusted 
for new construction, following Hawley et al. (2020) for 2020 
to 2040

Ocean dynamic sea 
level

Distribution derived from CMIP5 ensemble 
zos field

Distribution derived from CMIP6 ensemble zos field after 
linear drift removal

Gravitational, 
rotational, and 
deformational 

effects

Sea-level equation solver (Mitrovica et al., 
2011) driven by projections of ice-sheet and 
glacier changes

Sea-level equation solver (Slangen et al., 2014) driven by 
projections of ice-sheet, glacier, and land water storage 
changes

GIA and other 
drivers of VLM

Spatiotemporal statistical model of tide-
gauge data

Spatiotemporal statistical model of tide-gauge data 
(updated from Kopp et al., 2014)

Table A1.2: Offsets, in meters, for different time periods and for each region considered in 
Section 2. These offsets are assessed using the trajectory determined from the available 
tide-gauge data in each region.

1992–2000 2000–2005 2005–2020

Contiguous U.S. 0.02 0.03 0.08

Northeast 0.03 0.02 0.09

Southeast 0.03 0.02 0.09

Eastern Gulf 0.03 0.02 0.1

Western Gulf 0.05 0.04 0.14

Southwest 0.01 0.01 0.05

Northwest 0.01 0.01 0.04

Hawaiian Islands 0.02 0.02 0.06

Caribbean 0.02 0.01 0.06



Global and Regional Sea Level Rise Scenarios for the United States | 77

US 
Region

EWL 
Grid 
No.

NOAA ID Location Latitude Longitude
Tide 

Range 
(m)

Flood 
Index 
u (m, 

MHHW)

u Trend 
(mm/yr)

Epoch 
of u

Minor 
Flood (m, 
MHHW)

Moderate 
Flood (m)

Major   
Flood 

(m)

Pacific 39509 1611400 Nawiliwili, HI 21.95 −159.36 0.558 0.244 1.7 1983–
2001 0.522 0.817 1.192

39511 1612340 Honolulu, HI 21.31 −157.87 0.580 0.248 1.3 1983–
2001 0.523 0.817 1.193

39511 1612480 Mokuoloe, HI 21.43 −157.79 0.646 0.265 2.0 1983–
2001 0.526 0.819 1.196

39153 1615680 Kahului, HI 20.90 −156.48 0.686 0.252 2.1 1983–
2001 0.527 0.821 1.197

39154 1617433 Kawaihae, HI 20.04 −155.83 0.659 0.237 7.9 1983–
2001 0.526 0.820 1.196

38795 1617760 Hilo, HI 19.73 −155.06 0.731 0.272 3.1 1983–
2001 0.529 0.822 1.199

37704 1619000 Johnston Atoll 16.74 −169.53 0.674 0.295 2.2 1983–
2001 0.527 0.820 1.197

42004 1619910 Midway Islands 28.21 −177.36 0.381 0.303 1.9 1983–
2001 0.515 0.811 1.185

36941 1630000 Apra Harbor, 
Guam 13.44 144.65 0.715 0.249 4.2 1983–

2001 0.529 0.821 1.199

36941 1631428 Pago Bay, 
Guam 13.43 144.80 0.525 0.287 4.2 1983–

2001 0.521 0.816 1.191

26574 1770000 American 
Samoa −14.28 189.32 0.848 0.338 3.8 1983–

2001 0.497 0.788 1.167

35169 1820000 Kwajalein 8.73 167.74 1.194 0.446 3.1 1983–
2001 0.548 0.836 1.218

39117 1890000 Wake Island 19.29 166.62 0.718 0.295 2.1 1983–
2001 0.529 0.822 1.199

NE 47859 8410140 Eastport, ME 44.90 −66.98 5.874 0.930 2.1 1983–
2001 0.735 0.976 1.405

47858 8411250 Cutler Naval 
Base, ME 44.64 −67.30 4.133 0.716 2.4 1983–

2001 0.665 0.924 1.335

47857 8413320 Bar Harbor, ME 44.39 −68.21 3.465 0.657 2.1 1983–
2001 0.639 0.904 1.309

47496 8418150 Portland, ME 43.66 −70.25 3.019 0.605 1.9 1983–
2001 0.621 0.891 1.291

47496 8419317 Wells, ME 43.32 −70.56 2.914 0.667 3.5 1983–
2001 0.617 0.887 1.287

47496 8423898 Fort Point, NH 43.07 −70.71 2.864 0.662 3.5 1983–
2001 0.615 0.886 1.285

47136 8443970 Boston, MA 42.35 −71.05 3.131 0.634 2.8 1983–
2001 0.625 0.894 1.295

46777 8447386 Fall River, MA 41.70 −71.16 1.456 0.566 3.5 1983–
2001 0.558 0.844 1.228

46778 8447930 Woods Hole, 
MA 41.52 −70.67 0.672 0.446 3.2 1983–

2001 0.527 0.820 1.197

46778 8449130 Nantucket 
Island, MA 41.29 −70.10 1.089 0.418 3.8 1983–

2001 0.544 0.833 1.214

46777 8452660 Newport, RI 41.51 −71.33 1.174 0.478 2.8 1983–
2001 0.547 0.835 1.217

Table A1.3: Regional designation, tide gauge information, extreme water level metadata, and high tide flood heights.
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Table A1.3 (cont.): Regional designation, tide gauge information, extreme water level metadata, and high tide flood heights.

US 
Region

EWL 
Grid 
No.

NOAA ID Location Latitude Longitude
Tide 

Range 
(m)

Flood 
Index 
u (m, 

MHHW)

u Trend 
(mm/yr)

Epoch 
of u

Minor 
Flood (m, 
MHHW)

Moderate 
Flood (m)

Major   
Flood 

(m)

NE
(cont.) 46777 8452944 Conimicut 

Light, RI 41.72 −71.34 1.398 0.560 3.5 1983–
2001 0.556 0.842 1.226

46777 8454000 Providence, RI 41.81 −71.40 1.476 0.549 2.3 1983–
2001 0.559 0.844 1.229

46777 8454049 Quonset Point, 
RI 41.59 −71.41 1.249 0.547 3.5 1983–

2001 0.550 0.837 1.220

46776 8461490 New London, 
CT 41.36 −72.09 0.930 0.468 2.6 1983–

2001 0.537 0.828 1.207

46776 8465705 New Haven, CT 41.28 −72.91 2.045 0.603 3.5 1983–
2001 0.582 0.861 1.252

46775 8467150 Bridgeport, CT 41.17 −73.18 2.231 0.555 3.0 1983–
2001 0.589 0.867 1.259

46777 8510560 Montauk, NY 41.05 −71.96 0.771 0.487 3.4 1983–
2001 0.531 0.823 1.201

46416 8514560 Port Jefferson, 
NY 40.95 −73.08 2.181 0.527 2.5 1983–

2001 0.587 0.865 1.257

46416 8516945 Kings Point, NY 40.81 −73.76 2.378 0.638 2.5 1983–
2001 0.597 0.873 1.267

46415 8518750 The Battery, NY 40.70 −74.01 1.542 0.546 3.1 1983–
2001 0.562 0.846 1.232

46415 8519483 Bergen Point, 
NY 40.64 −74.14 1.681 0.549 4.4 1983–

2001 0.567 0.850 1.237

46415 8531680 Sandy Hook, NJ 40.47 −74.01 1.593 0.552 2.7 1983–
2001 0.564 0.848 1.234

46056 8534720 Atlantic City, NJ 39.36 −74.42 1.403 0.534 4.1 1983–
2001 0.556 0.842 1.226

45697 8536110 Cape May, NJ 38.97 −74.96 1.659 0.486 4.7 1983–
2001 0.566 0.850 1.236

46055 8537121 Ship John 
Shoal, NJ 39.31 −75.38 1.894 0.578 3.5 1983–

2001 0.576 0.857 1.246

46055 8540433 Marcus Hook, 
PA 39.81 −75.41 1.871 0.563 3.5 1983–

2001 0.575 0.856 1.245

46055 8545240 Philadelphia, 
PA 39.93 −75.14 2.039 0.462 3.1 1983–

2001 0.582 0.861 1.252

46055 8551762 Delaware City, 
DE 39.58 −75.59 1.830 0.540 3.5 1983–

2001 0.573 0.855 1.243

46055 8551910 Reedy Point, DE 39.56 −75.57 1.779 0.423 4.1 1983–
2001 0.571 0.853 1.241

45696 8555889 Brandywine 
Shoal, DE 38.99 −75.11 1.676 0.616 3.5 1983–

2001 0.567 0.850 1.237

45696 8557380 Lewes, DE 38.78 −75.12 1.418 0.530 3.5 1983–
2001 0.557 0.843 1.227

45696 8570280 Ocean City, MD 38.33 −75.08 1.187 0.413 3.5 1983–
2001 0.547 0.836 1.217

45696 8570283 Ocean City 
Inlet, MD 38.33 −75.09 0.751 0.360 3.5 1983–

2001 0.530 0.823 1.200

45695 8571421 Bishops Head, 
MD 38.22 −76.04 0.624 0.503 3.5 1983–

2001 0.525 0.819 1.195
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Table A1.3 (cont.): Regional designation, tide gauge information, extreme water level metadata, and high tide flood heights.

US 
Region

EWL 
Grid 
No.

NOAA ID Location Latitude Longitude
Tide 

Range 
(m)

Flood 
Index 
u (m, 

MHHW)

u Trend 
(mm/yr)

Epoch 
of u

Minor 
Flood (m, 
MHHW)

Moderate 
Flood (m)

Major   
Flood 

(m)

NE 
(cont.) 45695 8571892 Cambridge, MD 38.57 −76.07 0.622 0.414 4.9 1983–

2001 0.525 0.819 1.195

46054 8573364 Tolchester 
Beach, MD 39.21 −76.25 0.527 0.484 2.5 1983–

2001 0.519 0.814 1.189

46055 8573927 Chesapeake 
City, MD 39.53 −75.81 0.980 0.470 3.8 1983–

2001 0.539 0.829 1.209

46054 8574070 Havre De 
Grace, MD 39.54 −76.09 0.746 0.482 3.5 1983–

2001 0.530 0.822 1.200

46054 8574680 Baltimore, MD 39.27 −76.58 0.506 0.443 3.2 1983–
2001 0.520 0.815 1.190

45695 8575512 Annapolis, MD 38.98 −76.48 0.438 0.430 3.7 1983–
2001 0.518 0.813 1.188

45695 8577330 Solomons 
Island, MD 38.32 −76.45 0.449 0.398 6.0 1983–

2001 0.518 0.813 1.188

45694 8594900 Washington, DC 38.87 −77.02 0.965 0.461 3.3 1983–
2001 0.539 0.829 1.209

45337 8631044 Wachapreague, 
VA 37.61 −75.69 1.376 0.508 5.4 1983–

2001 0.564 0.850 1.234

45337 8632200 Kiptopeke, VA 37.17 −75.99 0.896 0.435 4.7 1983–
2001 0.536 0.827 1.206

45695 8635150 Colonial Beach, 
VA 38.25 −76.96 0.591 0.406 4.7 1983–

2001 0.524 0.818 1.194

45336 8635750 Lewisetta, VA 38.00 −76.46 0.458 0.420 5.6 1983–
2001 0.518 0.814 1.188

45336 8636580 Windmill Point, 
VA 37.62 −76.29 0.424 0.419 5.2 1983–

2001 0.532 0.828 1.202

45336 8637689 Yorktown, VA 37.23 −76.48 0.786 0.567 3.5 1983–
2001 0.531 0.824 1.201

44977 8638610 Sewells Point, 
VA 36.95 −76.33 0.841 0.502 4.6 1983–

2001 0.534 0.825 1.204

44977 8638863 CBBT, VA 36.97 −76.11 0.885 0.503 6.0 1983–
2001 0.535 0.827 1.205

44977 8639348 Money Point, 
VA 36.78 −76.30 0.977 0.528 5.6 1983–

2001 0.539 0.829 1.209
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Table A1.3 (cont.): Regional designation, tide gauge information, extreme water level metadata, and high tide flood heights.

US 
Region

EWL 
Grid 
No.

NOAA ID Location Latitude Longitude
Tide 

Range 
(m)

Flood 
Index 
u (m, 

MHHW)

u Trend 
(mm/yr)

Epoch 
of u

Minor 
Flood (m, 
MHHW)

Moderate 
Flood (m)

Major   
Flood 

(m)

SE 44978 8651370 Duck, NC 36.18 −75.75 1.124 0.494 4.6 1983–
2001 0.545 0.834 1.215

44619 8652587 Oregon Inlet, 
NC 35.80 −75.55 0.360 0.384 4.6 1983–

2001 0.514 0.811 1.184

44619 8654400 Cape Hatteras, 
NC 35.22 −75.64 1.056 0.412 3.2 1983–

2001 0.542 0.832 1.212

44619 8654467 USCG Hatteras, 
NC 35.21 −75.70 0.186 0.598 3.2 1983–

2001 0.507 0.806 1.177

44259 8656483 Beaufort, NC 34.72 −76.67 1.079 0.362 3.8 1983–
2001 0.543 0.832 1.213

44258 8658120 Wilmington, NC 34.23 −77.95 1.427 0.327 2.3 1983–
2001 0.557 0.843 1.227

44258 8658163 Wrightsville 
Beach, NC 34.21 −77.79 1.366 0.564 3.2 1983–

2001 0.555 0.841 1.225

43898 8661070 Springmaid 
Pier, SC 33.66 −78.92 1.707 0.493 2.9 1983–

2001 0.568 0.851 1.238

43897 8662245 Oyster Landing, 
SC 33.35 −79.19 1.561 0.496 3.2 1983–

2001 0.562 0.847 1.232

43538 8665530 Charleston, SC 32.78 −79.93 1.757 0.453 3.3 1983–
2001 0.570 0.853 1.240

43537 8670870 Fort Pulaski, GA 32.03 −80.90 2.287 0.500 3.3 1983–
2001 0.591 0.869 1.261

42818 8720030 Fernandina 
Beach, FL 30.67 −81.47 1.999 0.473 2.3 1983–

2001 0.580 0.860 1.250

42818 8720218 Mayport, FL 30.40 −81.43 1.508 0.378 2.6 1983–
2001 0.557 0.842 1.227

42818 8720357 St Johns River, 
FL 30.19 −81.69 0.312 0.333 3.2 1983–

2001 0.512 0.809 1.182

42459 8720587 St. Augustine 
Beach, FL 29.86 −81.26 1.569 0.531 3.2 1983–

2001 0.563 0.847 1.233

42101 8721604 Trident Pier, FL 28.42 −80.59 1.193 0.407 5.1 1983–
2001 0.537 0.825 1.207

41024 8723214 Virginia Key, FL 25.73 −80.16 0.667 0.317 5.1 1983–
2001 0.518 0.811 1.188

40664 8723970 Vaca Key, FL 24.71 −81.11 0.297 0.249 4.2 1983–
2001 0.512 0.809 1.182

40664 8724580 Key West, FL 24.56 −81.81 0.551 0.262 2.5 1983–
2001 0.522 0.817 1.192
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Table A1.3 (cont.): Regional designation, tide gauge information, extreme water level metadata, and high tide flood heights.

US 
Region

EWL 
Grid 
No.

NOAA ID Location Latitude Longitude
Tide 

Range 
(m)

Flood 
Index 
u (m, 

MHHW)

u Trend 
(mm/yr)

Epoch 
of u

Minor 
Flood (m, 
MHHW)

Moderate 
Flood (m)

Major   
Flood 

(m)

E. Gulf 41382 8725110 Naples, FL 26.13 −81.81 0.875 0.323 2.9 1983–
2001 0.535 0.826 1.205

41382 8725520 Fort Myers, FL 26.65 −81.87 0.401 0.325 3.1 1983–
2001 0.516 0.812 1.186

41740 8726384 Port Manatee, 
FL 27.64 −82.56 0.669 0.260 6.6 1983–

2001 0.527 0.820 1.197

41740 8726520 St Petersburg, 
FL 27.76 −82.63 0.688 0.337 2.8 1983–

2001 0.528 0.821 1.198

41740 8726607 Old Port 
Tampa, FL 27.86 −82.55 0.749 0.304 3.2 1983–

2001 0.530 0.822 1.200

41740 8726667 Mckay Bay 
Entrance, FL 27.91 −82.43 0.814 0.320 3.2 1983–

2001 0.533 0.824 1.203

41740 8726724 Clearwater 
Beach, FL 27.98 −82.83 0.841 0.294 7.1 1983–

2001 0.540 0.831 1.210

42457 8727520 Cedar Key, FL 29.14 −83.03 1.157 0.415 2.2 1983–
2001 0.546 0.835 1.216

42456 8728690 Apalachicola, 
FL 29.73 −84.98 0.492 0.390 3.0 1983–

2001 0.520 0.815 1.190

42814 8729108 Panama City, 
FL 30.15 −85.67 0.409 0.368 2.5 1983–

2001 0.516 0.812 1.186

42814 8729210 Panama City 
Beach, FL 30.21 −85.88 0.420 0.348 4.3 1983–

2001 0.517 0.813 1.187

42812 8729840 Pensacola, FL 30.40 −87.21 0.383 0.345 2.4 1983–
2001 0.515 0.811 1.185

42812 8732828 Mobile Bay, AL 30.42 −87.83 0.490 0.519 4.3 1983–
2001 0.520 0.815 1.190

42811 8735180 Dauphin Island, 
AL 30.25 −88.08 0.367 0.354 4.3 1983–

2001 0.512 0.808 1.182

42811 8736897 Mobile, AL 30.65 −88.06 0.517 0.535 4.3 1983–
2001 0.521 0.816 1.191

42811 8737048 Mobile State 
Docks, AL 30.71 −88.04 0.501 0.439 4.3 1983–

2001 0.520 0.815 1.190

42811 8741533 Pascagoula 
NOAA Lab, MS 30.37 −88.56 0.466 0.494 4.3 1983–

2001 0.519 0.814 1.189

42810 8747437 Bay Waveland 
Yacht Club, MS 30.33 −89.33 0.529 0.498 4.6 1983–

2001 0.522 0.816 1.192
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Table A1.3 (cont.): Regional designation, tide gauge information, extreme water level metadata, and high tide flood heights.

US 
Region

EWL 
Grid 
No.

NOAA ID Location Latitude Longitude
Tide 

Range 
(m)

Flood 
Index 
u (m,

MHHW)

u Trend
(mm/yr)

Epoch 
of u

Minor 
Flood (m, 
MHHW)

Moderate 
Flood (m)

Major   
Flood 

(m)

W. Gulf
42092 8760922

Pilots Station 
East, SW Pass, 

LA
28.93 −89.41 0.356 0.399 4.3 2012–

2016 0.514 0.811 1.184

42451 8761724 Grand Isle, LA 29.26 −89.96 0.323 0.309 7.8 2012–
2016 0.428 0.725 1.098

42809 8761927 New Canal 
Station, LA 30.03 −90.11 0.164 0.485 5.6 1983–

2001 0.507 0.805 1.177

42450 8762075 Port Fourchon, 
LA 29.11 −90.20 0.368 0.298 4.3 2012–

2016 0.515 0.811 1.185

42449 8764227 Amerada Pass, 
LA 29.45 −91.34 0.487 0.535 4.3 1983–

2001 0.519 0.815 1.189

42449 8765251 Cypremort 
Point, LA 29.71 −91.88 0.518 0.458 4.3 1983–

2001 0.521 0.816 1.191

42448 8766072 Freshwater 
Canal Locks, LA 29.56 −92.31 0.657 0.696 4.3 1983–

2001 0.526 0.820 1.196

42806 8767816 Lake Charles, 
LA 30.22 −93.22 0.427 0.494 4.3 1983–

2001 0.517 0.813 1.187

42447 8768094 Calcasieu Pass, 
LA 29.77 −93.34 0.589 0.465 6.1 1983–

2001 0.524 0.818 1.194

42447 8770570 Sabine Pass 
North, TX 29.73 −93.87 0.488 0.368 6.1 1983–

2001 0.520 0.815 1.190

42446 8770613 Morgans Point, 
TX 29.68 −94.99 0.398 0.488 3.1 1983–

2001 0.535 0.831 1.205

42446 8771013 Eagle Point, TX 29.48 −94.92 0.338 0.331 13.8 1983–
2001 0.494 0.790 1.164

42446 8771341 Galveston Bay 
Entrance, TX 29.36 −94.72 0.510 0.499 6.1 1983–

2001 0.520 0.815 1.190

42446 8771450 Galveston Pier 
21, TX 29.31 −94.79 0.429 0.366 6.5 1983–

2001 0.517 0.813 1.187

42446 8771510
Galveston 

Pleasure Pier, 
TX

29.29 −94.79 0.622 0.425 6.5 1983–
2001 0.525 0.819 1.195

42086 8772440 Freeport, TX 28.95 −95.31 0.536 0.391 9.0 1983–
2001 0.521 0.816 1.191

42086 8772447 USCG Freeport, 
TX 28.94 −95.30 0.549 0.460 6.1 1983–

2001 0.522 0.816 1.192

42084 8774770 Rockport, TX 28.02 −97.05 0.111 0.336 5.7 2002–
2006 0.504 0.803 1.174

41725 8775870 Corpus Christi, 
TX 27.58 −97.22 0.497 0.391 4.8 1983–

2001 0.529 0.824 1.199

41366 8779770 Port Isabel, TX 26.06 −97.22 0.418 0.337 4.0 1983–
2001 0.517 0.813 1.187
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Table A1.3 (cont.): Regional designation, tide gauge information, extreme water level metadata, and high tide flood heights.

US 
Region

EWL 
Grid 
No.

NOAA ID Location Latitude Longitude
Tide 

Range 
(m)

Flood 
Index 
u (m, 

MHHW)

u Trend 
(mm/yr)

Epoch 
of u

Minor 
Flood (m, 
MHHW)

Moderate 
Flood (m)

Major   
Flood 

(m)

SW 43500 9410170 San Diego, CA 32.71 −117.17 1.745 0.490 2.2 1983–
2001 0.570 0.852 1.240

43500 9410230 La Jolla, CA 32.87 −117.26 1.624 0.468 2.1 1983–
2001 0.565 0.849 1.235

43858 9410660 Los Angeles, 
CA 33.72 −118.27 1.674 0.472 1.0 1983–

2001 0.567 0.850 1.237

44217 9410840 Santa Monica, 
CA 34.01 −118.50 1.654 0.489 1.8 1983–

2001 0.566 0.850 1.236

44216 9411340 Santa Barbara, 
CA 34.41 −119.69 1.645 0.485 0.6 1983–

2001 0.566 0.849 1.236

44574 9412110 Port San Luis, 
CA 35.18 −120.76 1.623 0.449 1.0 1983–

2001 0.565 0.849 1.235

44932 9413450 Monterey, CA 36.61 −121.89 1.627 0.431 1.6 1983–
2001 0.565 0.849 1.235

45290 9414290 San Francisco, 
CA 37.81 −122.47 1.780 0.375 1.9 1983–

2001 0.571 0.853 1.241

45290 9414523 Redwood City, 
CA 37.51 −122.21 2.501 0.400 2.7 1983–

2001 0.600 0.875 1.270

45290 9414750 Alameda, CA 37.77 −122.30 2.010 0.411 0.4 1983–
2001 0.580 0.860 1.250

45290 9414863 Richmond, CA 37.93 −122.40 1.846 0.359 3.1 1983–
2001 0.574 0.855 1.244

45290 9415020 Point Reyes, CA 38.00 −122.98 1.758 0.447 2.1 1983–
2001 0.570 0.853 1.240

45649 9415144 Port Chicago, 
CA 38.06 −122.04 1.498 0.388 1.4 1983–

2001 0.560 0.845 1.230

45648 9416841 Arena Cove, CA 38.91 −123.71 1.787 0.500 0.6 1983–
2001 0.573 0.856 1.243

46365 9418767 North Spit, CA 40.77 −124.22 2.090 0.491 4.8 1983–
2001 0.584 0.863 1.254

46724 9419750 Crescent City, 
CA 41.75 −124.18 2.095 0.548 -0.8 1983–

2001 0.584 0.863 1.254

47083 9431647 Port Orford, OR 42.74 −124.50 2.220 0.594 0.2 1983–
2001 0.572 0.850 1.242

47442 9432780 Charleston, OR 43.35 −124.32 2.323 0.586 1.1 1983–
2001 0.593 0.870 1.263

47801 9435380 South Beach, 
OR 44.63 −124.04 2.543 0.579 1.7 1983–

2001 0.602 0.876 1.272

48161 9437540 Garibaldi, OR 45.55 −123.92 2.536 0.597 2.4 1983–
2001 0.601 0.876 1.271

48520 9439040 Astoria, OR 46.21 −123.77 2.624 0.629 −0.2 1983–
2001 0.605 0.879 1.275
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Table A1.3 (cont.): Regional designation, tide gauge information, extreme water level metadata, and high tide flood heights.

US 
Region

EWL 
Grid 
No.

NOAA ID Location Latitude Longitude
Tide 

Range 
(m)

Flood 
Index 
u (m, 

MHHW)

u Trend 
(mm/yr)

Epoch 
of u

Minor 
Flood (m, 
MHHW)

Moderate 
Flood (m)

Major   
Flood 

(m)

NW 48520 9440910 Toke Point, WA 46.71 −123.97 2.720 0.807 0.6 1983–
2001 0.609 0.882 1.279

48519 9441102 Westport, WA 46.90 −124.11 2.786 0.670 1.9 1983–
2001 0.611 0.884 1.281

48878 9442396 La Push, WA 47.91 −124.64 2.577 0.766 1.9 1983–
2001 0.603 0.877 1.273

49237 9443090 Neah Bay, WA 48.37 −124.61 2.425 0.688 −1.7 1983–
2001 0.597 0.873 1.267

49238 9444090 Port Angeles, 
WA 48.13 −123.44 2.153 0.562 0.2 1983–

2001 0.586 0.865 1.256

49239 9444900 Port Townsend, 
WA 48.11 −122.76 2.597 0.538 1.7 1983–

2001 0.604 0.878 1.274

48880 9446484 Tacoma, WA 47.27 −122.41 3.595 0.517 3.4 1983–
2001 0.644 0.908 1.314

48880 9447130 Seattle, WA 47.60 −122.34 3.462 0.541 2.1 1983–
2001 0.639 0.904 1.309

49239 9449424 Cherry Point, 
WA 48.86 −122.76 2.788 0.585 0.4 1983–

2001 0.612 0.884 1.282

49238 9449880 Friday Harbor, 
WA 48.55 −123.01 2.364 0.554 1.2 1983–

2001 0.595 0.871 1.265

Alaska 51743 9450460 Ketchikan, AK 55.33 −131.63 4.708 1.086 −0.4 1983–
2001 2.059 2.359 2.759

52099 9451054 Port Alexander, 
AK 56.25 −134.65 3.329 0.738 −5.8 1983–

2001 1.031 1.331 1.731

52457 9451600 Sitka, AK 57.05 −135.34 3.029 0.768 −2.4 1983–
2001 0.883 1.183 1.583

52817 9452210 Juneau, AK 58.30 −134.41 4.970 1.152 −15.1 2012–
2016 2.319 2.619 3.019

53175 9452400 Skagway, AK 59.45 −135.33 5.100 1.218 −19.9 2012–
2016 2.456 2.756 3.156

52815 9452634 Elfin Cove, AK 58.19 −136.35 3.360 1.149 −5.8 1983–
2001 1.048 1.348 1.748

53171 9453220 Yakutat, 
Yakutat Bay, AK 59.55 −139.73 3.070 0.891 −10.7 2012–

2016 0.902 1.202 1.602

53524 9454050 Cordova, AK 60.56 −145.75 3.838 0.937 0.8 1983–
2001 1.344 1.644 2.044

53882 9454240 Valdez, AK 61.13 −146.36 3.702 0.878 −5.8 1983–
2001 1.253 1.553 1.953

53520 9455090 Seward, AK 60.12 −149.43 3.238 0.884 −4.0 1983–
2001 0.983 1.283 1.683

53159 9455500 Seldovia, AK 59.44 −151.72 5.499 1.350 −9.8 2012–
2016 2.906 3.206 3.606

53518 9455760 Nikiski, AK 60.68 −151.40 6.262 1.254 −9.9 2012–
2016 NaN NaN NaN

53879 9455920 Anchorage, AK 61.24 −149.89 8.889 1.269 −2.7 1983–
2001 NaN NaN NaN

52440 9457292 Kodiak Island, 
AK 57.73 −152.51 2.675 0.715 −9.2 2012–

2016 0.743 1.043 1.443
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Table A1.3 (cont.): Regional designation, tide gauge information, extreme water level metadata, and high tide flood heights.

US 
Region

EWL 
Grid 
No.

NOAA ID Location Latitude Longitude
Tide 

Range 
(m)

Flood 
Index 
u (m, 

MHHW)

u Trend 
(mm/yr)

Epoch 
of u

Minor 
Flood (m, 
MHHW)

Moderate 
Flood (m)

Major   
Flood 

(m)

Alaska 
(cont.) 52079 9457804 Alitak, AK 56.90 −154.25 3.578 0.908 −5.8 2012–

2016 1.174 1.474 1.874

51714 9459450 Sand Point, AK 55.34 −160.50 2.204 0.737 1.4 1983–
2001 0.615 0.915 1.315

51712 9459881 King Cove, AK 55.06 −162.33 2.082 0.753 −5.8 1983–
2001 0.592 0.892 1.292

50262 9461380 Adak Island, AK 51.86 −176.63 1.131 NaN NaN NaN 0.572 0.872 1.272

50623 9461710 Atka, AK 52.23 −174.17 1.041 0.424 −5.8 1983–
2001 0.584 0.884 1.284

50629 9462450 Nikolski, AK 52.94 −168.87 1.213 0.537 −5.8 1983–
2001 0.563 0.863 1.263

50990 9462620 Unalaska, AK 53.88 −166.54 1.098 NaN NaN NaN 0.576 0.876 1.276

51714 9463502 Port Moller, AK 55.99 −160.57 3.175 0.697 −5.8 1983–
2001 0.952 1.252 1.652

52422 9464212 Village Cove, 
AK 57.13 −170.29 1.005 NaN NaN NaN 0.589 0.889 1.289

54940 9468756 Nome, AK 64.50 −165.43 0.464 NaN NaN NaN 0.719 1.019 1.419

56018 9491094 Red Dog Dock, 
AK 67.58 −164.07 0.269 NaN NaN NaN 0.787 1.087 1.487

57111 9497645 Prudhoe Bay, 
AK 70.40 −148.53 0.214 NaN NaN NaN 0.808 1.108 1.508

Carib 38168 9751364 St. Croix, VI 17.75 −64.71 0.226 0.205 2.4 1983–
2001 0.509 0.807 1.179

38527 9751381 St. John, VI 18.32 −64.72 0.252 0.210 2.4 1983–
2001 0.510 0.808 1.180

38168 9751401 Lime Tree Bay, 
VI 17.69 −64.75 0.216 0.154 3.0 1983–

2001 0.509 0.806 1.179

38527 9751639 Charlotte 
Amalie, VI 18.34 −64.92 0.240 0.172 2.3 1983–

2001 0.510 0.807 1.180

38526 9752695 Vieques Island, 
PR 18.09 −65.47 0.225 0.190 2.4 1983–

2001 0.509 0.807 1.179

38525 9755371 San Juan, PR 18.46 −66.12 0.481 0.191 2.4 1983–
2001 0.519 0.814 1.189

38165 9759110 Magueyes 
Island, PR 17.97 −67.05 0.204 0.157 1.9 1983–

2001 0.508 0.806 1.178

38524 9759938 Mona Island, 
PR 18.09 −67.94 0.247 0.257 2.4 1983–

2001 0.510 0.807 1.180
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Section A2: Methods Appendix: Extreme Water Levels and Alaska Coastal 
Flood Height 

A2.1: Data and Regional Frequency Analysis 

A regional frequency analysis (RFA) of NOAA tide gauges is used to estimate extreme water levels (EWLs) 
along U.S. coastlines at and away from tide gauges. The RFA method (Hosking and Wallis, 1997) is based 
on the assumption that similar physical forcing across a region will produce a similar frequency of events 
and a probability density up to a local index (u), which is a local scaling factor that captures response pe-
culiarities (Dalrymple, 1960). An RFA uses regional sets of data that have been locally normalized by their 
respective local index with a statistical heterogeneity test (H value) to assess the extent that the data are 
sufficiently similar. Using statistical L-moments, heterogeneity is a measure of the variation between sites 
of a location’s summary distribution statistics and the amount of dispersion expected if the locations were 
indeed a homogeneous region (Hosking and Wallis, 1997). If H < 1, the region is considered acceptably 
homogeneous. If 1 ≤ H < 2, the region is considered possibly heterogeneous but acceptable for our study. If 
H ≥ 2, then the tide-gauge group is definitely heterogeneous and not suitable for analysis. Once the region-
al bounds are established whose data are acceptably homogeneous, the aggregated data are fit with an 
extreme value distribution.

This study uses hourly and “top ten” data from all NOAA tide gauges46 with at least 10 years of record (Fig-
ure A2.1). Water levels are put onto the mean higher high water (MHHW) tidal datum and detrended (the 
trend value is retained and shown in Table A1.3) relative to the midpoint of the current national datum tid-
al epoch (1983–2001), which is similar for NOAA EWL procedures using a single-gauge analysis (Zervas, 
2013; Extreme Water Levels47). From the datasets, daily highest water levels are picked and declustered at 
each tide gauge using a 4-day storm window to ensure event independence. The 98th percentile of the 

46  https://tidesandcurrents.noaa.gov/
47  https://tidesandcurrents.noaa.gov/est/

Figure A2.1: NOAA tide gauges used in the regional frequency analysis to generate extreme water level probabilities for 
U.S. coastlines.

https://tidesandcurrents.noaa.gov/
https://tidesandcurrents.noaa.gov/est/
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declustered daily highest levels at each tide gauge is used as the local index (u) to normalize the data for the 
RFA process. 

To form regions, the tide-gauge data is aggregated across a 400 km radius, similar to methods of Hall et al. 
(2016) but from the midpoint of a continuous set of coastline-intersecting 1-degree grids instead of site-spe-
cific installations. A maximum of 10 and a minimum of 3 tide gauges are included for each grid. Next, the 
regional data are spatially declustered with an additional 4-day event (i.e., storm) window to ensure that only 
the maximum water level within a region is retained (keep only the highest peak water levels for a particu-
lar event). Then, the statistical heterogeneity measure is estimated to ensure that the grouped tide-gauge 
data are sufficiently homogeneous (H < 2). In some instances, when a region surrounding a grid centroid 

Figure A2.2: Example of data from grid number 46415 showing exceedances above each local index (u) relative to the 
1983–2001 mean higher high water (MHHW) tidal datum at a) Kings Point, New York; b) The Battery, New York; c) Bergen Point, 
New York; and d) Sandy Hook, New Jersey, which are e) aggregated into a single dataset and f) fit by a Generalized Pareto 
Distribution to form a return level interval curve for the grid.
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has H ≥ 2, tide gauges farthest away are sequentially dropped until homogeneity is achieved. In the end, 
all 1-degree grids along the contiguous United States (CONUS) had H < 2 (considered acceptably homoge-
neous) except a grid (number 48519) along the Northwest Pacific coastline, which, along with the Hawaiian 
and other U.S. Pacific Islands, uses the much larger physical-process regions identified and quantified in 
Sweet et al. (2020b). Grids along the Alaska coastline are fairly well resolved by the RFA except along the 
western and northern coasts.

An example is shown for grid number 46415, which is where the NOAA tide gauge at The Battery in New 
York City (NYC) is located (Figure A2.2). Four tide gauges are included in this grid (Kings Point, New York; 
The Battery, New York; Bergen Point, New York; and Sandy Hook, New Jersey [Figure A2.2a–d]), and their 
data are considered homogeneous (H value of 0.32). After the 4-day spatial filtering for events, each of the 
tide-gauge datasets is normalized by (divided by) its respective local index (u) value and aggregated as 
shown in Figure A2e.

A2.2: Gridded (Regional) Extreme Water Level Probabilities
With the tide gauges identified for each 1-degree grid, the aggregated and normalized datasets are fit with a 
Generalized Pareto Distribution (GPD; Coles, 2001). Using the penalized maximum likelihood method (Coles 
and Dixon, 1999; Frau et al., 2018; Sweet et al., 2020b), expected and 95% confidence interval (2.5th% and 
97.5th% levels) values are estimated for the gridded EWL probabilities and defined as:

1) 

where G is the exceedance probability (P[Z > z]), λ is the probability of an individual (normalized) observation 
exceeding the local index (u), α is the scale parameter, and ξ is the shape parameter. It is assumed that the 
distribution of the number of exceedances per year follows a Poisson distribution and that the return level for 
an EWL of height (Z) is given by:

2) 

where N is the average recurrence interval (referred to in this study as the average event frequency, which is 
the reciprocal value), ny is number of days per year (365.25), and λ is the average number of event exceed-
ances per year (about 3 on average across all tide gauges in the study). To estimate EWLs with return levels 
with a 10 events/year frequency, we extrapolate the gridded GPD model with a logarithmic fit for return levels 
between the 0.5–3 events/year frequencies. A return level interval curve fit to the aggregated data (Figure 
A2.2e) for the grid where NYC is located is shown in Figure A2.2f.

A2.3: Localized Extreme Water Level Probabilities
When fitting a GPD to the RFA of aggregated tide-gauge data, the local EWL (EWLlocal) probabilities including 
the model of expected values and their 95% confidence interval at a particular location are given as

 3)

where EWLgridded is the gridded return level for a particular coastal 1-degree grid and ulocal is the local index 
used in both the RFA and GPD processes. The value of u is a height (98th percentile of 4-day event filtered 
daily highest water level) above the local MHHW tidal datum for the current (1983–2001) national tidal da-
tum epoch (NTDE) or for a modified 5-year epoch. The associated uncertainty of the EWLgridded estimated 
during the RFA is expressed as σgridded. When localized at a tide gauge used in the formulation of the grids 
(see Figure A1), u is assumed to have no uncertainty. However, just as the location parameters in generalized 
extreme value (GEV) have time-dependent characteristics (Menéndez and Woodworth, 2010), it is recognized 
that u would experience similar behavior, but that is not quantified in this study.
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In this RFA framework, it is possible to estimate EWLlocal from the EWLgridded probabilities (expected values and 
95% confidence interval) through the use of other sources of data. Specifically, the local indices needed to 
localize the EWLgridded values can either be 1) obtained from short-term tide-gauge data (or by targeted de-
ployments) within a particular grid that is not included in the RFA formulation (<10 years; Figure A2.3) or 2) 
based on an underlying relationship between regional sets of local index (u) values and tide range available 
from, for example, NOAA VDatum.48 In both cases, we establish large U.S. coastal regions (note: these are 
slightly different than the regions discussed in Sections 2 and 3 of the report and shown in Figure A1.1) that 
encompass several 1-degree grids to quantify information needed to obtain local indices and/or estimate 
variance/uncertainties (e.g., RMSE). These alternative methods, which are discussed below, may be of inter-
est to coastal communities that are not co-located to a tide gauge used in this study but have predictions 
of tide range or have access to or are planning temporary tide-gauge installations to establish tidal datums 
and/or EWLs.

A2.3.1: Local Index Estimates from Short-Term Installations

When other sets of tide/water level data are available, a local index can be directly estimated to obtain 
EWLlocal probabilities from the EWLgridded probabilities. The first step for using data that are not from NOAA 
would be to estimate a local MHHW tidal datum using, for example, NOAA’s online datum tool.49 Following 
Equation 3 above, there will be some uncertainty in the local index value that is dependent on record length 
(e.g., 1–10 years). To account for short-record uncertainty in the local indices (u), RMSE (1 standard error) is es-
timated for regional estimates of u for the tide gauges used in the RFA (see Figure A2.1). Root mean square 
error is estimated using a logarithmic fit over a 19-year record length (Figure A4). To compute the RMSE, the 
maximum absolute differences are computed between u derived over the entire record and for progres-
sively longer consecutive record lengths between 2001 and 2019 at each tide gauge (e.g., 19 discrete 1-year 

48  https://vdatum.noaa.gov/
49  https://access.co-ops.nos.noaa.gov/datumcalc/

Figure A2.3: Additional tide-gauge data available from NOAA that can be used to localize the 1-degree gridded set of regional 
frequency analysis-based extreme water level probabilities. See https://tidesandcurrents.noaa.gov/. 

https://vdatum.noaa.gov/
https://access.co-ops.nos.noaa.gov/datumcalc/
https://tidesandcurrents.noaa.gov/
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records; 18 consecutive 2-year records). The maximum (absolute) difference is used to account for interannu-
al variability that can be significant (e.g., during phases of El Niño–Southern Oscillation [ENSO]). This differ-
ence is considered the error in estimating u for shorter records, and the average of the absolute differences 
across the regional set of tide gauges is considered the bias. The standard deviation of the absolute differ-
ences is also computed across all tide gauges, and an estimate of the RMSE is then computed as the square 

Figure A2.4: Root mean square error for regional estimates of flood indices (u) based on 1–19 years of consecutive data over 
the 2001–2019 period, based on regional sets of tide gauges used in this study. Note: these regions are not the same as those 
shown in Figure A1.1 and used to describe results in Sections 2 and 3 of the report.
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root of the sum of the square of the bias and the standard deviation (variance). The estimates for Hawaiian 
and U.S. Pacific Islands follow estimates of Sweet et al. (2020b). 

A2.3.2: Obtaining a Local Index from Tide Range Information

Another method to obtain an estimate of a local index (u) and its uncertainty is based on a dependency 
(correlation) that exists with tide range (great diurnal [GT]) along most coastal regions similar to findings of 
Merrifield et al. (2013). In essence, tide range (GT), which represents the spread between MHHW and mean 
lower low water (MLLW), partially quantifies the variance of the daily highest water level distribution and the 
height of the local index u. Figure A2.5 illustrates the regression-based relationships between tide range and 
u along U.S. coastal regions (these are the same regions used in Figure A2.4). All regressions are significant
above the 90% significance level (p values < 0.1) and applicable for the 1983–2001 tidal epoch. For the Ha-
waiian and U.S. Pacific Islands, the Pacific-wide regression of Sweet et al. (2020b) is used.
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Figure A2.5: Tide range to local index (u) regressions with equations, goodness of fit (R2), and root mean squared error (RMSE) 
shown by regions. Note: all local indices (u) are relative to the 1983–2001 tidal datum epoch. In the equations, y represents the 
local index (u) and x represents tide range.
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A2.3.3: Uncertainties Using Alternative Methods to Estimate EWLlocal Probabilities 

When using either alternative method (tide range or short-record estimates) to obtain a local index (u), the 
uncertainty estimates of EWLlocal probabilities will include additional uncertainty in u (σu). Following methods 
of Sweet et al. (2020b), it can be shown that

4)

where μEWLgridded and μu are the expected values of the gridded return levels and the expected value of u, for 
example, estimated by the tide-range and u dependency (see Figure A2.5), respectively, σu

2 is the uncertain-
ty inherent to any u-prediction relationship (e.g., RMSE). Thus, there is an additive uncertainty in u as estimat-
ed from this relationship, which would introduce additional uncertainty in estimates of EWLlocal.

A2.3.4: Adjusting Local Extreme Water Level Probabilities to Time Periods

To adjust the EWLlocal probabilities to a different sea level other than the current tidal epoch (e.g., from 1992 
to 2000 or 2005 so as to apply the sea level rise scenarios), RSL estimates using the trends inherent to the 
hourly data used to compute the local index (u) should be applied (Table A1.3) to the epoch-specific EWLlocal 
probabilities themselves. For tide gauges used in the RFA analysis and with more than 20 years of data, 
the local u trend can be used; otherwise, a median regional trend as defined in Figures A2.4 and A2.5 can 
be used. Alternatively, the RSL offsets derived from the regional observational RSL data (Table A1.2) could 
be used with differences between methods considered insignificant. For example, to estimate probabilities 
for the year 2000, the EWLlocal probabilities values would be increased by an amount equal to the trend in 
u (or the median u trend value for the region) multiplied by 8 years (since 1992, which is the midpoint of the 
1983–2001 epoch). The same procedure should be followed to adjust EWLlocal probabilities for a given loca-
tion estimated via the tide range regression (see Figure A5). In the case of a short-term estimate of u, similar 
procedures should be followed if local tidal datums have been computed and adjusted to the national tidal 
datum epoch (e.g., using the CO-OPS Tidal Analysis Datum Calculator50); in the case where no epoch can be 
established (see the CO-OPS Tidal Analysis Datum Calculator for guidance), then the measurements will be 
assumed to be referenced to the period of collection, and trend adjustment may be less straightforward.

A2.4: Alaska Coastal Flood Heights
To assess flood exposure, the coastal high tide flooding (HTF) heights of Sweet et al. (2018) are used for 
all U.S. coastlines outside of Alaska. Used in NOAA annual outlooks (e.g., Sweet et al., 2021; The State of 
High Tide Flooding and Annual Outlook51), these heights are a best-fit solution (regression) to the dozens of 
National Weather Service (NWS) emergency response warning thresholds established at many (but not all) 
NOAA tide gauges along the country’s coastline. The NWS thresholds are used to communicate expected 
or ongoing coastal flood hazards to the public (NOAA, 2020), but often their depth-severity thresholds vary 
according to specific features near the tide gauge that affect both the associated flood frequency and the 
degree of broader vulnerabilities. Along the Alaska coastline, we follow the methodologies of Sweet et al. 
(2020b), who used a slight modification to assess “damaging flood heights” for the Pacific Basin coastlines. 
Here, the Alaska flood heights are based on a quadratic regression model using only Pacific Coast NWS 
minor flood heights and considered for only tide ranges below 6 meters (Figure A2.6a). To obtain moderate 
and major flood heights for Alaska, 0.3 m and 0.7 m are added to the regression, which is approximately the 
median difference between these heights and those for minor flooding along CONUS (Sweet et al., 2018). 
With flood heights defined nationally, minor, moderate, and major HTF are defined as occurring when water 
levels reach or exceed heights of about (median values) 0.55 m, 0.85 m, and 1.2 m above MHHW, respective-
ly, and linearly vary with tide range (Figures A2.6b–d).

50  https://access.co-ops.nos.noaa.gov/datumcalc/index.jsp
51  https://tidesandcurrents.noaa.gov/HighTideFlooding_AnnualOutlook.html

https://access.co-ops.nos.noaa.gov/datumcalc/index.jsp
https://tidesandcurrents.noaa.gov/HighTideFlooding_AnnualOutlook.html
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Figure A2.6: a) Quadratic regression of U.S. West Coast minor flood heights of NOAA’s National Weather Service, following 
methods of Sweet et al. (2020b), to obtain a minor HTF definition for Alaska’s coastline. The NOAA flood heights for b) minor, c) 
moderate, and d) major HTF are shown relative to mean higher high water.
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8. Acronyms

Note: state abbreviations have been omitted

AIS: Antarctic ice sheet
AEF: average event frequency
AMOC: Atlantic meridional overturning circulation
AR5: [IPCC] Fifth Assessment Report
AR6: [IPCC] Sixth Assessment Report
ARI: average return interval
C: celsius
CDF: cumulative distribution function
cm: centimeter
CMIP5: Coupled Model Intercomparison Project Phase 5
CMIP6: Coupled Model Intercomparison Project Phase 6
CONUS: contiguous United States
CO-OPS: Center for Operational Oceanographic Products and Services
CoSMoS: Coastal Storm Modeling System
DRSL: Department of Defense Regional Sea Level [database]
ENSO: El Niño–Southern Oscillation
EPA: Environmental Protection Agency
EWL: extreme water level
FEMA: Federal Emergency Management Agency
FFRD: Future of Flood Risk Data
GCM: global climate model
GEV: generalized extreme value
GHG: greenhouse gas
GIA: glacial isostatic adjustment
GlacierMIP: Glacier Model Intercomparison Project
GMSL: global mean sea level
GPD: Generalized Pareto Distribution
GPS: Global Positioning System
GRD: gravitational, rotational, and deformational
GT: great diurnal tide range
HTF: high tide flood, flooding
HUC: hydrologic unit code
InSAR: Interferometric Synthetic Aperture Radar
IPCC: Intergovernmental Panel on Climate Change
ISMIP6: Ice Sheet Model Intercomparison Project for CMIP6
JPM–OS: joint probability method–optimal sampling [procedure]
LARMIP-2: Linear Antarctic Response Model Intercomparison Project [version 2]
m: meter
MHHW: mean higher high water
MICI: marine ice cliff instability
MLLW: mean lower low water
mm: millimeter
NASA: National Aeronautics and Space Administration
NAVD88: North American Vertical Datum of 1988
NCA: National Climate Assessment
NCA5: Fifth National Climate Assessment
NCA4: Fourth National Climate Assessment
NOAA: National Oceanic and Atmospheric Administration
NOC: National Ocean Council



NSRS: National Spatial Reference System
NTDE: national tidal datum epoch
NWS: National Weather Service
NYC: New York City
PDO: Pacific Decadal Oscillation
R2: goodness of fit
RFA: regional frequency analysis
RMSE: root mean square error
RSL: relative sea level
SOST: Subcommittee on Ocean Sciences and Technology
SSP: Shared Socioeconomic Pathway
USACE: U.S. Army Corps of Engineers
USGCRP: U.S. Global Change Research Program
USGS: U.S. Geological Survey
VDatum: Vertical Datum Transformation
VLM: vertical land motion
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April 17, 2020 

VIA EMAL DeltaConveyanceScoping@water.ca.gov 

Wade Crowfoot 
Secretary 
California Natural Resources Agency 

Karla Nemeth 
Director 
California Department of Natural Resources 

Re:  Comments Notice of Preparation Environmental Impact Report 
For the Delta Conveyance Project 

Dear Secretary Crowfoot and Director Nemeth: 

These comments are submitted on behalf of Save the California Delta Alliance. Thank 
you for the opportunity to submit these comments and for considering our views. 

In short, we believe that the Notice of Preparation (“NOP”) should be redrafted because it 
is not consistent with the Delta Reform Act, the Delta Plan, the Public Trust Doctrine, 
California Constitution Article X, section 2, the California Environmental Quality Act 
(“CEQA”), the legal uses to which the State Water Project (“SWP”) may be put, 
environmental justice principles codified in Government Code section 65040.12, 
requirements to consider and avoid climate change impacts of new infrastructure and to 
consider mitigation of climate impacts through alternative uses of natural infrastructure 
codified in Public Resources Code section 71154, and other applicable laws.  

A revised NOP should provide for a Natural Systems Alternative that reduces exports in 
order to provide more water for through-Delta seaward flow and includes strengthening 
and restoring Delta levees through the use of setback levees and channel margin habitat. 
This approach will achieve the  project objectives of mitigating salt water intrusion from 
climate-induced sea level rise and mitigating the risk of salt water intrusion from 
catastrophic levee failure. It will also achieve the project objectives of providing 
operational flexibility to improve aquatic conditions in the Delta and of protecting the 
ability of the SWP and CVP1 to reliably deliver water. It is superior to a tunnel with 
regard to project objectives and without the significant adverse environmental impacts of 
a tunnel. The Natural Systems Alternative should therefore be the preferred alternative 
pursuant to CEQA. 

The major premises of the project are to mitigate sea level rise due to climate change and 
to mitigate the risk of levee failure due to earthquake risk. The rationale is that by moving 
the point of diversion upstream, the incremental effects of salt water intrusion into the 

1	The federal government has not indicated that it will participate in the tunnel project and it appears that the Trump 
administration is focused on maximizing CVP supplies with existing infrastructure.  

Attachment 8
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south and central Delta due to continuing sea level rise, and the potential for abrupt salt 
water intrusion due to levee failure, will be mitigated because the point of diversion will 
be far enough upstream to remain in fresh water--despite significant incursion of salt 
water into the Delta (whether over time due to climate change or suddenly due to 
catastrophic levee failure). 

This approach abandons the south, west, and central Delta to salt water intrusion and 
seeks to protect export water supplies by moving the point of diversion to the far north 
out of reach of salt water intrusion. However, it ignores the fact that a fundamental 
purpose of the SWP is to prevent salt water intrusion into the Delta. “One of the major 
purposes of the projects was containment of maximum salinity intrusion into the Delta. 
By storing waters during periods of heavy flow and releasing water during times of low 
flow, the freshwater barrier could be maintained at a constant level.” (United States v. 
State Water Resources Control Bd. (1986) 182 Cal.App.3d 82, 107.) With sea level rise 
as an omnipresent increased source of salt water intrusion, diverting Sacramento River 
inflow upstream of the south and central Delta, and reducing through-Delta freshwater 
flows, is antithetical to the purpose of the SWP. 

It is also antithetical to the dire need for more seaward flow in order to reverse the 
catastrophic decline of the Delta ecosystem now in progress. In the words of former 
United States Environmental Protection Agency Regional Administrator and current 
Secretary of the California Environmental Protection Agency, Jared Blumenfeld, 
“existing freshwater diversions and significantly diminished seaward flows have played a 
significant role in precluding the recovery of Bay Delta ecosystem processes and 
declining fish populations.” (August 26, 2014, Letter from USEPA Administrator Jared 
Blumenfeld to National Marine Fisheries Service Administrator Will Stelle, p.2.)  

The only logical, and legally sound, approach to the problem is to increase the capacity 
for through-Delta freshwater flows in order to enhance the ability to push back 
anticipated increased salt water intrusion and at the same time address the ongoing 
ecosystem crisis. Reducing water withdrawals for export is the optimal response to 
provide more water for critically needed in-stream seaward flow. “[T]he condition of the 
Delta’s watery ecosystem, as measured especially by the population of wild salmon and 
other native fishes, has gone critical. The list of causes begins, but does not end, with all 
those water withdrawals, a kind of tax that leaves the system in a condition of chronic 
drought.” (Delta Plan, p. ES-2.) 

Strengthening the levees and at the same time utilizing setback levees with channel 
margin habitat is the proper response to salt water intrusion from seismic risk. Although 
set in a heavily altered system, restored setback levees implement the requirements of 
Public Resources Code section 71154  for “using natural ecological systems or processes 
to reduce vulnerability to climate change related hazards, or other related climate change 
effects, while increasing the long-term adaptive capacity of coastal and inland areas by 
perpetuating or restoring ecosystem services.” (Pub. Res. Code § 71154, subd. (c)(3).) 
Specifically, “levees that are combined with restored natural systems … provide a wide 
array of benefits to people and wildlife.” (Id.) A wholly artificial tunnel, on the other 
hand, is not consistent with state policy on climate change adaptation as codified section 
71154. 

A single-tunnel project also itself contributes significantly to carbon emissions over the 
very long run and thereby hampers California’s ability to rapidly reduce carbon 
emissions. It does this because it locks in export of Delta water to the Metropolitan Water 
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District (“MWD” or “Met”), the major advocate and financial guarantor of the single-
tunnel project, and to other south of Tehachapi contractors.2 
 
The State Water Project (“SWP”) is one of the worst carbon offenders in the nation, if not 
the world. The SWP consumes approximately 8,000 gigawatt-hours of electricity each 
year. SWP dams and hydropower plants generate abut half that much, leaving 4,000 
gigawatt-hours of net energy consumption, much of which is generated by gas-fired 
power plants.3 (https://water.ca.gov/Programs/All-Programs/Climate-Change-
Program/Climate-Action-Plan, last visited April 12, 2020.) 
 
DWR has taken some steps in recent years to address the most egregious climate 
offensive aspects of the SWP, including elimination of a filthy coal fired power plant in 
Nevada as a source of purchased SWP power and bringing online the Pearblossom Solar 
Facility. However, the fact remains that the SWP wastes enormous amounts of energy 
because delivering Delta water to Southern California is by far the most energy intensive 
source of water while much more energy efficient means of supplying southern 
California are readily available. 
 
The SWP is the largest consumer of electricity in California and the Edmonston Pumping 
Plant (which pushes Delta water up and over the Tehachapi Mountains to Met’s service 
area) consumes 40% of SWP electricity usage. 
(https://www.watereducation.org/aquapedia/ad-edmonston-pumping-plant, last visited 
April 15, 2020.) Edmonston is the largest single-point user of electricity in California. 
(David Carle, Introduction to Water in California (2d ed. 2016) p. 103.) Additional 
electricity consumption occurs at the pumping plants prior to Edmonston in the foothills, 
and at distribution pumping plants south of the Tehachapis. 
Delta water delivered south of the Tehachapis consumes over 5,000 kWh/acre foot. By 
comparison, water re-use (including Reverse Osmosis filtration) supplies water at about 
1,200 kWh/acre foot and many conservation and water efficiency measures are available 
that use only nominal amounts of energy. Even the more energy intensive alternatives 
come in at less than 2,000 kWh/acre per acre foot. (See, e.g., Professor Bob Wilkinson, 
August 23, 2007, presentation to the State Water Resources Control Board, Water, 
Energy, and Climate, p.9 [Attachment 1].) 
 
It simply does not make sense in the face of a climate crisis to found California’s water 
future on pushing trillions of tons of water up and over a half-mile high mountain range. 
Current pumping burns massive amounts of fossil fuel. The clean energy we may acquire 
in the future must be applied to more rapidly replacing carbon based power in essential 
sectors of the economy. It would be hard to imagine a waste of energy more profligate 
than continued export of Delta water to Southern California. 
 
It is time to implement a planned retreat from exporting Delta water south of the 
                                                
2	There are 13 south of Tehachapi SWP contractors, including Met. In recent years, Met has accounted for about 
80% of Delta exports to Southern California and the other 12 contractor combined, about 20%. Several of the other 
south of Tehachapi contractors have received only de minimis amounts of SWP water in recent years. (Bulletin 132-
17, Appendix B, Table B-5B.) 
3 DWR proclaims itself a climate leader and a leader in carbon emission transparency. However, no evidence could 
be found to support those claims. For example, how much of the 4,000 gigawatts of non-hydropower consumption is 
attributable to carbon based generation and how much to renewables could not be found despite several hours 
searching DWR websites and bulletins. From the incomplete information found, DWR’s GHG emissions have been 
increasing since 2014. (https://water.ca.gov/Programs/State-Water-Project/Clean-Energy, last visited April 15, 
2020.) If better information exists in an accessible format, Delta Alliance would appreciate DWR pointing the way 
in its response to this comment. 
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Tehachapi Mountains, thereby achieving the Delta Reform Act’s imperative to “reduce 
reliance on the Delta in meeting California’s future water supply needs” by completely 
replacing Met’s Delta water supply with “improved regional supplies, conservation, and 
water use efficiency,” (Wat. Code § 85021), and carefully reassessing the delivery of 
Delta water to other south of Tehachapi contractors. 
 
I. Public Resources Code Section 71154 Requires That DWR Fully Consider A 

Non-tunnel Natural Systems Alternative. 
 
Public Resources Code section 71154 is binding on all state agencies and requires that 
when state agencies are taking steps to adapt to climate change, in particular the 
development of new infrastructure, they develop an alternative that utilizes existing 
natural features rather than constructing large new artificial infrastructure: 
 

When developing infrastructure to address [climate] adaptation, where 
feasible, a project alternative should be developed that utilizes existing 
natural features and ecosystem processes or the restoration of natural 
features and ecosystem processes to meet the project’s goals. 
 
For purposes of this subdivision, “natural infrastructure” means using 
natural ecological systems or processes to reduce vulnerability to climate 
change related hazards, or other related climate change effects, while 
increasing the long-term adaptive capacity of coastal and inland areas by 
perpetuating or restoring ecosystem services … [including] levees that are 
combined with restored natural systems, to provide clean water, conserve 
ecosystem values and functions, and provide a wide array of benefits to 
people and wildlife. 
 

(Pub. Res. Code §§ 71154, subd. (c)(2) & (3).) 
 
State agencies adapting to climate change are also required, to the maximum extent 
practicable, to “Protect[] and enhance habitat, species strongholds, and wildlife corridors 
that are critical to the preservation of species that are at risk from the consequences of 
climate change.” (Pub. Res. Code § 71154, subd. (g).) 
 
The single-tunnel project is proffered to “address anticipated rising sea levels and other 
reasonably foreseeable consequences of climate change and extreme weather events,” 
(NOP, p.2), and is therefore subject to section 71154.  Read together with CEQA, section 
71154 requires that DWR develop a non-tunnel Natural Systems Alternative for full 
study in any Environmental Impact Report (“EIR”) culminating from the NOP in order to 
comply with CEQA’s mandate to study a reasonable range of alternatives. We believe 
that the Natural Systems Alternative should be the preferred project. 
 
II. The Natural Systems Alternative.  
 

A. First, strengthen Delta Levees and use setback levees and channel 
margin habitat at critical and feasible locations.  

 
Setback levees with channel margin habitat are feasible and cost-effective, at a cost of 
$14 million or less per mile. (See, e.g., West Sacramento Setback Levee Project, 
https://www.cityofwestsacramento.org/government/departments/community-
development/flood-protection/levee-projects-overview, last visited April 14, 2020.). 
Where set back levees are not practical, strengthening conventional levees would be 
much less costly per mile. For example, 4.7 miles of levee on Bouldin Island were 
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recently strengthened at a cost of $3 million per mile. 
(http://www.mwdh2o.com/DocSvcsPubs/Delta_Islands/, last visited April 15, 2020.) An 
adequate portion the Delta’s approximately 1100 miles of levees could be replaced or 
strengthened for far less than the $15 billion plus or minus price tag of a single tunnel. 
 
A tunnel mitigates levee failure risk only as to exported water supplies but ignores 
catastrophic damage to the Delta ecosystem and loss of fresh water supply to in-Delta 
users, including Delta communities and farms. Restored levees protect export supplies, 
in-Delta users, and not only protect the Delta ecosystem but greatly enhance it.  
 
Restored levees, using setback levees in locations where feasible, are consistent with 
Delta Plan Recommendations: 
 

Setting levees back from the riverbank can expand flood conveyance 
capacity and reduce flood risk while providing ecosystem restoration and 
recreational opportunities. Setback levees also allow opportunities for 
construction of an improved levee foundation and section using modern 
design and construction practices, thereby reducing risk of failure. 
Integrating fish-and-wildlife-friendly channel margin treatments into levee 
improvements can also help. 
 

(Delta Plan, Chapter 7, as amended March 2020 , p.21.) 
 
The Natural Systems Alternative might also consider flooding of selected Delta Islands. 
Intentionally breeching levees at some locations can mitigate the threat of future 
unplanned catastrophic levee failure in an earthquake and also create additional 
freshwater storage and habitat, serving the twin goals of ecosystem restoration and water 
system reliability. Although requiring careful study and planning before acceptance of 
any future project, freshwater storage on flooded Delta Islands has been found feasible 
and cost-effective in the past. 
(http://www.semitropic.com/pdfs/Delta%20Welands%20project%20EIR/209629-delta-
wetlands-feir-20110817%20permissions.pdf, last visited April 15, 2020.) 
 

B. Second, implement a planned retreat from exporting of Delta water 
south of the Tehachapi Mountains. 

 
Replacing Delta water exported to the Metropolitan Water District with new local and 
regional supplies is feasible and cost-effective. 
 
Credible estimates of the cost of water delivered from the late WaterFix tunnel project 
ranged from about $2400 to well over $5,000 per acre foot. The Natural Resources 
Defense Council estimated the cost at $2361 per acre foot. (Doug Obegi, MWD’s 
WaterFix Cost Assessment is Inaccurate and Inadequate, August 11, 2017 [Attachment 
2].) The Final WaterFix EIR estimated the yield of WaterFix at 172,000 acre feet per 
year. Dr. Rodney T. Smith, of Stratecon, Inc., produced a table analyzing WaterFix cost 
per acre foot at a range of yields. For 200,000 acre feet per year, the cost would be 
between $4795 and $8463 per acre foot, depending on the assumed risk premium. For 
100,000 acre feet per year, the cost would be over $9500 per acre foot. (Rodney T Smith, 
Impact of the Annual Yield of the Twin Tunnels Project on the Cost of Project Water, 
August 30, 2016 [Attachment 3].) There is no reason to believe that a new single tunnel 
project could deliver water more cheaply than the former WaterFix projections. 
 
From 2012 to 2016, an average of about 1,095,000 acre feet per year of SWP water was 
delivered to Southern California. (Bulletin 132-17, table B5-B.) Even assuming that half 
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of Delta deliveries would be foreclosed without a tunnel ( a scenario not supported by 
evidence, but apparently part of contract amendment negotiations) the cost per acre foot 
for a tunnel project would be over $2,000 per acre foot utilizing Dr. Smith’s former 
WaterFix projections. 
 
Any credible cost estimate for single tunnel delivered water will make numerous other 
sources of supply more cost-effective than a tunnel. 
 
Costs for replacing exported Delta water with local and regional supplies in Southern 
California would be less per acre-foot than supplies delivered through a single tunnel 
project. DWR estimated the mid-point cost  for municipal recycled water as $800 per 
acre foot. (DWR, California Water Plan 2013.) The WateReuse Research Foundation has 
estimated the following costs for water supply alternatives per acre foot: direct potable 
re-use $820–$2000; indirect potable re-use $820–$2000; seawater desalination $1500–
$2300; water use efficiency and conservation $495–980. (WaterReuse Research 
Foundation, The Opportunities and Economics of Direct Potable Reuse (2014).) 
 
The Metropolitan Water District of Southern California's 2015 Urban Water Management 
Plan identifies specific potential recycling projects with a yield of 680,000 acre feet per 
year but none of those projects are included in Met's projected supply figures. Met 
consistently overstates demand and understates local and regional supply potential in 
order to justify continued demand on Delta Water. (See, e.g., Issue Brief, Mismatched, 
Natural Resources Defense Council 2017.)  
 
The untapped potential for stormwater capture in Southern California is at least 300,000 
acre-feet per year. (See The Untapped Potential of California's Water Supply: Efficiency, 
Reuse, and Stormwater Capture, NRDC and Pacific Institute 2014; see also Testimony of 
Doug Obegi before the State Water Resources Control Board for unpublished county-by-
county data, available at 
https://www.waterboards.ca.gov/waterrights/water_issues/programs/bay_delta/california
_waterfix/exhibits/nrdc.html.) The Southern California Water Coalition conducted a 
survey of stormwater capture projects in Southern California and found that the median 
cost per acre foot was $1070. In the aggregate, for all the projects surveyed, there was a 
cost of $132 million for a yield of 13,400 acre feet annually, or a cost of $328 per acre 
foot over a 30 year period. (SCWC Stormwater Task Force, 2018 WhitePaper Update, 
available at http://www.socalwater.org/wp-content/uploads/scwc-2018-stormwater-
whitepaper_75220.pdf, last visited April 16, 2020.) 
 
Met has placed the cost of water savings through turf replacement at $600 per acre foot. 
(http://mwdh2o.com/PDF_Newsroom/Turf_Removal_Program.pdf, last visited April 16, 
2020.) Turf replacement, encouraging homeowners and businesses to replace thirsty 
green lawns with water-efficient landscaping, is perhaps one of the biggest untapped, 
cost-effective, sources of new water in Southern California. No data were found to 
indicate the total potential for turf replacement at this writing. Extrapolating from Met’s 
figures, approximately one acre foot per year is saved for every 7400 square feet of turf 
replaced. With a service area of 5200 square miles, populated with millions upon millions 
of detached single family homes, and businesses, sprouting lush lawns, the potential must 
be at least in the hundreds of thousands of acre feet per year. If they do not exist, accurate 
figures for this potential should be developed. If DWR has information as to the potential 
for turf replacement, Delta Alliance would appreciate the provision of those figures in 
response to these comments. 
 
Substantial new water is also available in Southern California through better indoor water 
conservation rebate and incentive programs, which are also currently limited in budget 
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and application. Estimates range from 1.4 to 2.4 million acre-feet of new water annually 
from untapped urban water conservation measures, including indoor measures and 
outdoor measures in the South Coast Hydrologic Region, most of which is comprised of 
Met's service area.  (See The Untapped Potential of California's Water Supply: 
Efficiency, Reuse, and Stormwater Capture, NRDC and Pacific Institute 2014; see also 
Testimony of Doug Obegi before the State Water Resources Control Board for 
unpublished county-by-county data, available at 
https://www.waterboards.ca.gov/waterrights/water_issues/programs/bay_delta/california
_waterfix/exhibits/nrdc.html.) 
 
Desalination technology is improving, and with advances in brine management, provides 
an additional, essentially unlimited, source of regional supply. 
 
From 2012 through 2016, Met received an average of about 830,000 acre feet of SWP 
supplies per year. (Bulletin 132-17, table B-5B.) There can be little doubt that it is 
feasible to replace Met’s SWP supplies with local and regional supplies that are cost 
effective, without the environmental damage to the Delta, and that are not wildly energy 
intensive as is pushing trillions of tons of water over a mountain range. 
 
III. The Public Trust Doctrine Requires DWR To Consider Phasing Out Exports 

South Of The Tehachapi Mountains. 
 
DWR has an affirmative duty to perform a public trust analysis of any tunnel project, 
which involves considerations beyond those required by CEQA. (See, e.g. California 
WaterFix Findings of Fact and Statement of Overriding Considerations, Part IV, Findings 
Regarding the Public Trust Doctrine.) 
 
Even absent a new project, tunnel or otherwise, DWR has an ongoing duty of supervision 
to consider public trust principles in managing water resources. DWR’s water rights, in 
particular as to place of use in Southern California, are not vested. DWR must consider 
changes in the allocation of water resources when new information makes a renewed 
public trust analysis appropriate: 
 

The public trust doctrine and the appropriative water rights system are parts 
of an integrated system of water law. The public trust doctrine serves the 
function in that integrated system of preserving the continuing sovereign 
power of the state to protect public trust uses, a power which precludes 
anyone from acquiring a vested right to harm the public trust, and imposes 
a continuing duty on the state to take such uses into account in allocating 
water resources. 
 

(National Audubon Society v. Superior Court (1983) 33 Cal.3d 419, 452.) 
 
In particular, past allocation decisions may need to be revised in light of new 
information: 
 

Once the state has approved an appropriation, the public trust imposes a 
duty of continuing supervision over the taking and use of the appropriated 
water. In exercising its sovereign power to allocate water resources in the 
public interest, the state is not confined by past allocation decisions which 
may be incorrect in light of current knowledge or inconsistent with current 
needs. 
 

(National Audubon, 33 Cal.3d at 447.) 
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Contract provisions designating delivery to Southern California SWP contractors and 
DWR’s water rights permits designating place of use in Southern California must give 
way to public trust considerations where a public trust analysis demonstrates that 
protection of public trust resources is feasible and reducing or eliminating diversions is in 
the public interest. The “state must bear in mind its duty as trustee to consider the effect 
of the taking on the public trust, and to preserve, so far as consistent with the public 
interest, the uses protected by the trust.” (National Audubon, 33 Cal.3d at 446-447, 
citations omitted.) 
 
“The state accordingly has the power to reconsider allocation decisions even though those 
decisions were made after due consideration of their effect on the public trust. The case 
for reconsidering a particular decision, however, is even stronger when that decision 
failed to weigh and consider public trust uses.” (National Audubon, 33 Cal.3d at 447.) 
 
Here, there is no doubt that ongoing diversions of Delta water to supply Southern 
California significantly harm public trust resources in the Delta, including driving several 
fish species to the brink of extinction. The Delta ecosystem is in crisis. There are multiple 
stressors but it is beyond dispute that lack of freshwater flow through the Delta, caused 
by excessive exports, is the master stressor that needs to be addressed before ecosystem 
recovery will be possible. (See, e.g., August 26, 2014, Letter from USEPA Administrator 
Jared Blumenfeld to National Marine Fisheries Service Administrator Will Stelle, p.2; 
Delta Plan, p. ES-2; State Water Resources Control Board, Development of Flow Criteria 
for the Sacramento-San Joaquin Delta Ecosystem, p. 2 [“The best available science 
suggests that current flows are insufficient to protect public trust resources”]; p.5 
[“Recent Delta flows are insufficient to support native Delta fishes … . Flow 
modification is one of the immediate actions available” to address ecosystem decline].) 
 
But the need to protect public trust resources in the Delta must be balanced against the 
consumptive needs of Southern California. “As a matter of practical necessity the state 
may have to approve appropriations despite foreseeable harm to public trust 
uses.” (National Audubon, 33 Cal.3d at 446.) However, the public interest balance has 
changed significantly in recent years due to three factors: 1) Increasing awareness as to 
the availability of feasible, cost effective, alternative supplies that do not harm public 
trust resources; 2) The awareness of climate change and the energy / GHG impacts of 
exporting water over the Tehachapi Mountains; and 3) The dramatic worsening of Delta 
ecosystem decline. 
 
At one time in history, perhaps when the Edmonston Pumping Plant went into operation 
in 1972, a public interest balancing may have favored continued exports. The Delta 
ecosystem was not yet in catastrophic decline, technology for alternative sources of water 
was not yet developed, and the climate impacts of enormously energy intensive pumping 
were not understood. The societal good of supplying water might have outweighed 
impacts on the Delta ecosystem—so far as those impacts were understood. However, we 
know today that the public interest counterbalance of supplying water to Southern 
California is obliterated by the climate impacts of pumping that water over the Tehachapi 
Mountains, especially in light of far more energy efficient and cost-effective sources of 
water. There is no longer any public good to weigh against the need to reduce harm to the 
Delta ecosystem as the benefit to society of exported water is canceled out by the climate 
impacts of export pumping. 
 
Any public trust analysis culminating from the NOP should fully consider phasing out 
exports to Met. 
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IV. Locating Intakes At Former WaterFix Locations, And A Through-Delta 
Tunnel Route Violate The Delta Reform Act, Are Inconsistent With The 
Delta Plan, Violate California Constitution Article X, Section 2, And Offend 
Principles Of Environmental Justice. 

The NOP continues to limit intake location to one of three former WaterFix intake sites. 
We know from conclusive evidence developed in the former WaterFix proceedings that 
the massive concentrated construction impacts associated with intake siting in this 
location place enormous and unreasonable stress on the nearby Delta legacy 
communities, including Hood, Clarksburg, and Locke.  
 
The massive size of the intake(s) at this location is an unreasonable method of diversion. 
California Constitution, Article X, section 2, expressly prohibits any “unreasonable 
method of diversion of water.” The NOP violates this provision of our state constitution. 
 
Delta Plan Policy DP P2 (23 CCR §5011) requires that DWR “Respect Local Land Use 
When Siting Water or Flood Facilities or Restoration Habitats.”  Extensive evidence 
developed during the State Water Resources Control Board and Delta Stewardship 
Council Proceedings for the former WaterFix shows that it is not feasible to site intakes 
in these locations consistent with Policy DP P2. 
 
Hood is a largely low income and minority community that would bear the brunt of 
intake impacts, including increased air pollution from diesel exhaust associated with 
construction activities. Locating intakes as shown in the NOP is not consistent with 
environmental justice principles expressed in Government Code section 65040.12. 
 
DWR continues to push for intake siting near these legacy communities not because of 
any physical advantage to locating intakes here but because it believes it retains an 
antiquated water right for a point of diversion. Siting an intake here would, on DWR’s 
belief, require only a petition for a change in the point of diversion and would not initiate 
a new water right. However, this is not a legitimate justification for placing intakes in an 
unreasonable manner. Intake location should be considered based on minimal impact to 
Delta communities and locations not included in the current NOP need to be open for 
consideration. 
 
Finally, it has been conclusively proven through extensive evidence introduced in the 
former WaterFix proceedings that a tunnel route through the Delta is not feasible. 
Impacts on Delta recreation and navigation of a through-Delta route are unacceptable. It 
is a waste of time and money to continue to pursue a through-Delta tunnel route as shown 
on the NOP. Attachment 4 hereto is a slide show presented to the Delta Stewardship 
Council during the former WaterFix proceedings summarizing some of the evidence 
showing that the intakes cannot be located as shown on the NOP and that a through-Delta 
tunnel route is not an option. 
V. Conclusion. 
The NOP should be redrafted to provide for a Natural Systems Alternative that includes 
phasing out exports of Delta water to the Metropolitan Water District, strengthened 
levees, and increased through Delta seaward flow to manage salinity intrusion and 
recover the Delta ecosystem. Intake locations at the sites of former WaterFix intakes and 
any through-Delta tunnel route should be eliminated from consideration now. 
 
     Sincerely, 
 
     Michael A. Brodsky 

testaccount2
Brodsky signature
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The Metropolitan Water District of Southern

California (MWD) released its final white paper

on paying for the California WaterFix project

yesterday. Based on my initial review, as

discussed below the white paper relies on two

inaccurate assumptions, which significantly

bias the analysis and conclusions and provides

the Board of Directors with misleading and

inaccurate information.  An accurate

EXPERT BLOG › DOUG OBEGI 

MWD’s WaterFix
Cost Assessment
is Inaccurate and
Inadequate
August 11, 2017  Doug Obegi 

http://www.mwdh2o.com/DocSvcsPubs/WaterFix/assets/mwd_california_waterfix_policy_paper3_combined_august2017_final.pdf
https://www.nrdc.org/experts/doug-obegi
https://www.nrdc.org/experts/doug-obegi
https://www.nrdc.org/blogs


assessment of costs and cost allocation is

critical for the Board of Directors to exercise

their fiduciary duty to ratepayers across

Southern California, as they decide whether to

commit billions of dollars over the coming

decades in higher water rates and property

taxes, to pay for WaterFix. MWD’s white paper

provides a wholly inadequate basis for the

Board of Directors to exercise that fiduciary

duty. MWD’s Board of Directors should demand

an external review of the memo (for instance,

the Westlands Water District had Goldman

Sachs provide a presentation to their Board of

Directors), and more time to consider the pros

and cons, before making a decision on whether

to fund the tunnels. 

Inaccurate assumption #1: SWP will
pay 55% of the cost for WaterFix. 
MWD’s memo claims that there will be a

55%/45% split of SWP and CVP cost allocation

for WaterFix. This is almost certainly inaccurate

and significantly understates the cost allocation

for the State Water Project and MWD. Because

the Bureau of Reclamation is not intending to

opt into WaterFix (see USBR's memorandum

regarding CVP contractor participation in

WaterFix), two groups of CVP contractors will

continue to get nearly 20% of the total average

water exports from the Delta, but will not pay

https://www.nrdc.org/sites/default/files/media-uploads/20170725_cvp_cwf_participation_method_v10.docx


for WaterFix: the San Joaquin River Exchange

Contractors (875taf/year), and south of Delta

wildlife refuges (271taf/year). As a result, the

SWP’s share of WaterFix cost allocation is likely

to be at least 65-75%, generously assuming all

other CVP contractors opt in, based on the

SWP’s share of the remaining Delta water

exports. 

This is not a new problem. In a 2015 cost-

benefit analysis commissioned by the State of

California, David Sunding “assume[d] that the

federal government or some other entity makes

a roughly $3.9 billion contribution to the capital

and operating costs of WaterFix to cover the

costs allocated to the exchange contractors

and refuges. If these costs must be borne by

the other Delta water users, then the net

benefits of the project are even more negative

for agricultural contractors.” Because the

federal government will not be paying these

costs, the SWP and MWD will have to pay a

higher share of the total costs of WaterFix. In a

prior blog I explained why Goldman Sachs’

presentation to the Westlands Water District,

which similarly failed to account for the costs

associated with Delta exports to the Exchange

Contractors and wildlife refuges, was also

inaccurate.  

http://www.restorethedelta.org/wp-content/uploads/2016/09/CA-WaterFix-Economic-Analysis-Sunding.pdf
https://www.nrdc.org/experts/doug-obegi/goldman-sachs-underestimates-waterfix-costs-westlands


This incorrect assumption has major

implications for MWD member agencies.

Instead of paying for 26% of total WaterFix

costs, assuming that all other SWP and CVP

contractors opt in, MWD is likely to pay a

minimum of 32-35% of the total cost. This

incorrect assumption is likely to increase the

cost to MWD and other SWP contractors by

nearly 30% compared with what MWD

presented in its white paper. 

In addition, MWD’s memo largely ignores what

happens if other contractors opt out (USBR’s

Participation Memo assures CVP contractors

that they will not suffer any water supply

impacts or financial impacts if they opt out of

WaterFix). If other contractors opt out, then the

share of those contractors who opt in would

necessarily have to increase. Similarly, the prior

financial analysis for the California Treasurer’s

office also noted that the contracts will have to

include provisions to deal with contractors

defaulting or opting out later (step up

provisions), as well as provisions to deal with

how agricultural contractors can afford to pay

for the project in dry and drought years when

they get little or no water from the Delta. And if

the contractors decide to capitalize interest

payments during the construction period (as

some other analyses have assumed), this would

http://www.treasurer.ca.gov/cdiac/publications/baydelta.pdf


also increase the repayment costs. All of these

factors are likely to result in additional fiscal

impacts that MWD ignores.

NOTE: MWD and other SWP contractors

apparently have been meeting with the Bureau

of Reclamation and CVP contractors for months

to discuss WaterFix cost allocation, but they

have refused to make any of those documents

publicly available.  NRDC filed a request for

these documents under the Public Records Act

on April 10, 2017, but the California Department

of Water Resources has repeatedly delayed

providing any documents in response to our

request. 

Inaccurate Assumption #2: WaterFix
will increase water supply by 1.3
million acre feet.
MWD’s memo asserts that WaterFix would

increase water supply by 1.3 million acre feet

per year, with MWD getting 337,000 acre feet of

additional water supply per year.  In contrast,

the final EIS/EIR for WaterFix estimates that the

State Water Project would increase exports by

186,000 acre feet, and the Central Valley Project

would reduce exports by 14,000 acre feet, for a

total increase of 172,000 acre feet per year.  Of

course, one could ask why CVP contractors

would agree to pay half the cost of a project



that reduces their water supply, but we’ll ignore

that problem for now. 

MWD member agencies should be alarmed by

MWD’s continued use of this fake baseline to

estimate water supply costs. Why are staff
hiding behind fake numbers, and refusing to

use the numbers in the EIS/EIR to calculate per

acre foot costs? MWD’s continued use of these

false numbers to compare with other water

supply options is false and misleading. Indeed,

MWD’s use of this fake baseline to estimate

increased water supply might be considered

fraudulent if it was asserted in an official

statement for a bond or other financial

document.

In contrast, if we use MWD’s estimated $207M

annual cost for WaterFix (ignoring incorrect

assumption #1 above), and assume that MWD

gets 47.13% of the 186,000 acre feet per year

increase in SWP exports from the final EIS/EIR

(fixing incorrect assumption #2), then the cost

per acre foot is approximately $2,361. Even

ignoring incorrect assumption #1, fixing

incorrect assumption #2 shows that the cost

per acre foot is nearly four times the cost

estimate in MWD’s memo. If we were to try to

fix incorrect assumption #1 and incorrect



assumption #2, the costs would skyrocket.

Conclusion #1: WaterFix is less cost
effective than local water supply
projects.
Contrary to MWD’s incorrect assumptions and

assertions, WaterFix is more expensive than

other local water supply projects. As shown

above, even without fixing incorrect assumption

#1, fixing incorrect assumption #2 shows that

the cost of WaterFix is more than $2,300 per

acre foot, significantly more expensive than the

cost of local recycled water projects and is

nearly the same as desalination. There are

numerous local water supply projects that MWD

Member Agencies have identified in their urban

water management plans, which will enable

Southern California to reduce reliance on the

Delta, increase drought resilience, and help

protect the economy and environment. Below

are just a few examples of projects that are

significantly cheaper than WaterFix:

Project Cost

Water

Supply

Yield

(average)

Source

$2.7



Carson

Regional

Water

Recycling

Project

billion

capital

cost

$129M

annual

O&M

cost

$1,600

per

acre

foot

168,000

AF/year

(150

MGD)

Source:

MWD

Pure Water

San Diego

$1,700-

$1,900

per

acre

foot

90,000

AF/year

(83 MGD)

Source: City

of San

Diego

Tillman

Groundwater

Replenishment

Project

$400M

capital

cost

$19M

annual

O&M

Cost

30,000

AF/year

Source: Los

Angeles

Department

of Water

and Power

http://www.mwdh2o.com/PDF_NewsRoom/RRWP_FeasibilityStudyRelease.pdf
https://www.sandiego.gov/sites/default/files/legacy/water/pdf/purewater/2015/faq_purewater.pdf
https://www.lacitysan.org/cs/groups/public/documents/document/mhfh/mdax/~edisp/qa001440.pdf


OCWD

Groundwater

Replenishment

System,

Phase III

$252M

33,000

AF/year

(30 MGD)

Source:

Orange

County

Water

District

Inland Empire

Recycled

Water

Distribution

System

$81.8M

capital

cost

$3.6M

annual

O&M

cost

20,000

AF/year

Source:

MWD 2015

UWMP;

IEUA 2015

UWMP

LA Basin

Regional

Stormwater

Capture

$1,300

per

acre

foot

43,300

AF/year

Source: Los

Angeles

County

Public

Works, LA

County

Flood

Control

District,

U.S. Bureau

of

Reclamation

https://www.ocwd.com/media/5404/gwrs-fe-leg-handout_v13.pdf
https://www.usbr.gov/lc/socal/basinstudies/AppendixB.pdf


LA County

Flood Control

Dams

modification

(stormwater

capture)

$183

per

acre

foot

150,000

AF/year

Source: Los

Angeles

County

Public

Works, LA

County

Flood

Control

District,

U.S. Bureau

of

Reclamation

Conclusion #2: MWD’s White Paper
provides an inadequate basis for the
Board of Directors to make this major
fiduciary decision.
MWD’s Board of Directors has a fiduciary duty

to the millions of Southern Californians who

would have to pay for this project. If WaterFix is

approved, Southern Californians will pay for the

project for decades; that’s true even if they

don’t use any water from the Bay-Delta, since

MWD has assumed it will collect more than

$100M per year in property taxes across the

region to pay for WaterFix. The Board of

Directors must have an accurate assessment of

the costs and cost allocation to make this

https://www.usbr.gov/lc/socal/basinstudies/AppendixB.pdf
http://www.mwdh2o.com/PDF_Who_We_Are_Proposed_Water_Rates_n_Charges/02092016%20FI%209-2%20A-2.pdf


DOUG OBEGI
Director, California River
Restoration, Water Division,
Nature Program

decision. In addition to understanding what the

actual cost of WaterFix is likely to be, the Board

of Directors must also decide whether WaterFix

is a better investment than other water supply

projects, and whether paying for the tunnels

precludes more cost-effective investments in

local and regional water supply projects that the

member agencies have planned in their Urban

Water Management Plans. MWD’s white paper

fails on all counts.

Ultimately, MWD’s White Paper on Cost

Allocation is misleading, inaccurate, and an

inadequate basis on which to decide whether to

spend billions of dollars over the coming

decades. If I were on the Board of Directors of

MWD, I would demand an independent review

and significantly more time to weigh the pros

and cons of this momentous decision.

ABOUT THE AUTHORS

https://www.nrdc.org/experts/doug-obegi
https://www.nrdc.org/experts/doug-obegi
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To: Jeffrey Michael 

From: Rodney T. Smith 

RE: Impact of the Annual Yield of the Twin Tunnels Project on the Cost of Project Water 

Date: August 30, 2016 

This memorandum responds to your inquiry for an update of my analysis on the above 
matter I originally published in September 2013.  As with any long-term project, expectations 
about the future are critical for project assessment.  There are no guarantees.  We can identify the 
implications of a range of possible outcomes.   

Structure of Project Commitment 

Like any infrastructure project, the Twin Tunnels requires significant investments up 
front, with a significant delay between the timing of financial commitments and start of project 
operations.  With the design and construction period currently anticipated to last fifteen years 
before the start of project operations, a meaningful economic valuation of project costs must 
address the timing issue.1 

The Annual Cost of Twin Tunnels Water 

  The table below shows how the annual cost (2014$) varies with average annual yield of 
incremental water supplies from the project.2  Use your own expectation about the future water 
supply situation with and without the tunnels.  Go down the first column until you reach your 
estimate of the annual (incremental) yield of the tunnels.  Go across the row for the annualized 
cost estimate that is consistent with your project risk assessment.  If you believe that project risk 
(other than hydrology) is as sound as a U.S. Treasury Note or Bond, then stop at the estimated 
water cost for the risk premium of 0%.  Keep going if you think that there are material project 
risks.   

California water utilities earn risk premium 150 basis points (1.5%) above the yield on 
U.S. Treasury Notes.  A risk premium of this magnitude seems reasonable given the well-known 
financial risks of “mega infrastructure projects” and the legendary environmental risks 
confronting the State Water Project.  Therefore, the annual cost of project water would fall 
within the amounts given in the last two columns in the table.   

                                                 
1 To address the timing issue, the annualized cost of water is estimated by dividing the present value of 

project costs (design, construction, land acquisition, mitigation, commissioning and operations and maintenance) by 
the present value of water anticipated water deliveries using an inflation-adjusted interest rate.  The resulting annual 
cost represents the financial equivalent of the project value of project costs by paying the estimated annual cost at 
the time of project deliveries.   

2 See attachment for discussion of assumptions.   
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The annual cost of project water must be considered within the context of water quality 
(untreated), location (Tracy) and reliability (non-firm supply).   

Annualized Cost of Twin Tunnels Water (2014$)  
by Incremental Yield of Tunnels 

Annual Yield  Risk Premium  
(acre feet) 0% 1% 2% 

       
100,000  $9,590 $12,817 $16,926 

       
200,000  $4,795 $6,408 $8,463 

       
300,000  $3,197 $4,272 $5,642 

       
400,000  $2,397 $3,204 $4,231 

      500,000  $1,918 $2,563 $3,385 

       
600,000  $1,598 $2,136 $2,821 

       
700,000  $1,370 $1,831 $2,418 

       
800,000  $1,199 $1,602 $2,116 

       
900,000  $1,066 $1,424 $1,881 

    
1,000,000  $959 $1,282 $1,693 

    
1,100,000  $872 $1,165 $1,539 

    
1,200,000  $799 $1,068 $1,410 

    
1,300,000  $738 $986 $1,302 

    
1,400,000  $685 $915 $1,209 
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Annual Yield  Risk Premium  
(acre feet) 0% 1% 2% 

    
1,500,000  $639 $854 $1,128 

    
1,600,000  $599 $801 $1,058 

    
1,700,000  $564 $754 $996 

1,800,000 $533 $712 $940 

1,900,000 $505 $675 $891 

2,000,000 $479 $641 $846 

 

Assumptions of Analysis 

Item Assumption Comment 
Design and Construction 
Costs 

$14.9 billion (2014$) Program Budget3 

Mitigation Costs $796 million (2014$) California WaterFix 
Mitigation Cost Estimate4 

Operations & Maintenance 
Cost 

$25.1 million for 5 years and 
$38.1 million thereafter 

(2014$) 

2012 BDCP estimate 

Timing of Design and 
Construction Costs 

Pro-rated over periods 
identified in DCE Program 

Schedule5 

 

Timing of Mitigation Costs Prorated over construction 
period 

 

Project Cost Increases Real cost of design and 
construction increase at 1% 
annually 

Based on historical record of 
Bureau of Reclamation 
indexes increasing by 1.1% 
faster than inflation since 2000 

Mid-year adjustment for 
calculation of present value 

Costs incurred throughout the 
year 

 

Debt Service Reserve 50% of annual debt service Valuation considers earned 

                                                 
3 AGREEMENT REGARDING CONSTRUCTION OF CONVEYANCE PROJECT BETWEEN THE 

DEPARTMENT OF WATER RESOURCES AND THE CONVEYANCE PROJECT COORDINATION AGENCY 
, Budget | Exhibit E | V. 4 

4 Ibid  
5 Ibid 
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Item Assumption Comment 
interest and terminal value of 
debt reserve at the end of 
project financing 

Real Interest Rate 2.275% Based on DWR’s estimate of 
interest rate and inflation 
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SAVE THE 
CALIFORNIA 

DELTA ALLIANCE

C20185-A21



DP P2 – Respect Local Land Use When 
Siting Water or Flood Facilities or 
Restoring Habitats

“Water management facilities, ecosystem 
restoration, and flood management 
infrastructure must be sited to avoid or 
reduce conflicts with existing uses....”

WATERFIX VIOLATES POLICY DP P2

(Delta Plan, p. 194)C20185-A22



WaterFix Intakes 

Improperly Sited At 

Delta Legacy 

Communities 

Clarksburg & Hood
C20185-A23



¡ “[WaterFix construction will] result in changes to the rural 
qualities of  these communities during the construction 
period....”

¡ “Effects associated with construction activities could also 
result in changes to community cohesion....”

¡ “..adverse social effects could also arise as a result of  
declining economic stability in communities closest to 
construction effects....” 

¡ “[N]oise-related effects on residential property could 
lead to localized abandonment of  buildings.”

WATERFIX FEIR ADMITS IMPACTS 
ON CLARKSBURG AND HOOD

(WaterFix FEIR, p. 16-165)C20185-A24



(SCDA-82, p.3.E-4 - 3E-5: 2-11; 
28-33)

Ø Construction of  WaterFix 
includes driving 23,900 
piles at twelve construction 
areas spread across the 
Delta. 

Ø A total of  10,909,704 strikes 
from impact hammers will 
be required to drive the piles 
home. 

Ø The majority of  these piles 
will be driven at the three 
intake structures located near 
Clarksburg, Hood, Locke, and 
Walnut Grove. 

Ø Intakes 2,3, and 5 will each 
experience 90,000 pile strikes 
per day during pile driving 
activities. Over an eight hour 
shift, that is three strikes per 
second. 

DEAFENING PILE-DRIVING NOISE 
FROM INTAKE CONSTRUCTION

C20185-A25
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Charles M. Salter, PE 
President 

 

education 
Boston College MBA 

Finance, 1972 

Massachusetts Institute of 
Technology, BS Art and Design, 

major in Architecture, 
minor in City Planning, 1969 

Tufts University BSCE 
major in Structural Engineering, 

minor in Economics, 1965 

professional registration 
California:  ME No. 16460 (1974) 

Nevada:  ME No. 3963 (1974) 

Institute of Noise Control 
Engineering, Board Certified (1975) 

professional affil iations 
Allied Member of AIA San Francisco 

US Green Building Council,  
Former Technical Advisory 

Committee Member  

publications 
Coauthor, ACOUSTICS: 

Architecture, Engineering, the 
Environment  (1998 William Stout 

Publisher) 

Mr. Salter has practiced acoustical engineering for over 40 years. 

With educational backgrounds in architecture, planning, engineering, 

and business, he has conducted a wide range of consulting in the 

areas of architectural acoustics, noise control engineering, and 

environmental noise impact. As an expert witness, Mr. Salter has 

been involved in over 100 legal cases in California, Arizona, Nevada, 

Utah, Oregon, Washington, and Hawaii. He has testified in over 20 

court trials and arbitrations and has given more than 70 depositions. 

The cases have involved noise sources such as freeways, rapid 

transit, plumbing systems, music, mechanical equipment, aircraft 

flyovers, and the San Francisco cable car system. 

project experience  

- Single-family homes 

- Multi-family housing 

- Schools 

- Medical facilities 

- Restaurants 

- A lumber yard 

- Recording studios 

- Office buildings 

- A proposed church 

- Hotels 

- A proposed firehouse 

- Laboratories 

- A cement batch plant 

- Speech confidentiality in offices, an airport terminal, a restaurant, 
and outdoors 

- Patent Infringement 

 
teaching experience 

- Continuing Lecturer, UC Berkeley College of Environmental Design, 
1973-Present 

RESUME 

 

 
 

Charles M. Salter, PE 
President 

 

education 
Boston College MBA 

Finance, 1972 

Massachusetts Institute of 
Technology, BS Art and Design, 

major in Architecture, 
minor in City Planning, 1969 

Tufts University BSCE 
major in Structural Engineering, 

minor in Economics, 1965 

professional registration 
California:  ME No. 16460 (1974) 

Nevada:  ME No. 3963 (1974) 

Institute of Noise Control 
Engineering, Board Certified (1975) 

professional affil iations 
Allied Member of AIA San Francisco 

US Green Building Council,  
Former Technical Advisory 

Committee Member  

publications 
Coauthor, ACOUSTICS: 

Architecture, Engineering, the 
Environment  (1998 William Stout 

Publisher) 

Mr. Salter has practiced acoustical engineering for over 40 years. 

With educational backgrounds in architecture, planning, engineering, 

and business, he has conducted a wide range of consulting in the 

areas of architectural acoustics, noise control engineering, and 

environmental noise impact. As an expert witness, Mr. Salter has 

been involved in over 100 legal cases in California, Arizona, Nevada, 

Utah, Oregon, Washington, and Hawaii. He has testified in over 20 

court trials and arbitrations and has given more than 70 depositions. 

The cases have involved noise sources such as freeways, rapid 

transit, plumbing systems, music, mechanical equipment, aircraft 

flyovers, and the San Francisco cable car system. 

project experience  

- Single-family homes 

- Multi-family housing 

- Schools 

- Medical facilities 

- Restaurants 

- A lumber yard 

- Recording studios 

- Office buildings 

- A proposed church 

- Hotels 

- A proposed firehouse 

- Laboratories 

- A cement batch plant 

- Speech confidentiality in offices, an airport terminal, a restaurant, 
and outdoors 

- Patent Infringement 

 
teaching experience 

- Continuing Lecturer, UC Berkeley College of Environmental Design, 
1973-Present 

RESUME 

 

 
 

Charles M. Salter, PE 
President 

 

education 
Boston College MBA 

Finance, 1972 

Massachusetts Institute of 
Technology, BS Art and Design, 

major in Architecture, 
minor in City Planning, 1969 

Tufts University BSCE 
major in Structural Engineering, 

minor in Economics, 1965 

professional registration 
California:  ME No. 16460 (1974) 

Nevada:  ME No. 3963 (1974) 

Institute of Noise Control 
Engineering, Board Certified (1975) 

professional affil iations 
Allied Member of AIA San Francisco 

US Green Building Council,  
Former Technical Advisory 

Committee Member  

publications 
Coauthor, ACOUSTICS: 

Architecture, Engineering, the 
Environment  (1998 William Stout 

Publisher) 

Mr. Salter has practiced acoustical engineering for over 40 years. 

With educational backgrounds in architecture, planning, engineering, 

and business, he has conducted a wide range of consulting in the 

areas of architectural acoustics, noise control engineering, and 

environmental noise impact. As an expert witness, Mr. Salter has 

been involved in over 100 legal cases in California, Arizona, Nevada, 

Utah, Oregon, Washington, and Hawaii. He has testified in over 20 

court trials and arbitrations and has given more than 70 depositions. 

The cases have involved noise sources such as freeways, rapid 

transit, plumbing systems, music, mechanical equipment, aircraft 

flyovers, and the San Francisco cable car system. 

project experience  

- Single-family homes 

- Multi-family housing 

- Schools 

- Medical facilities 

- Restaurants 

- A lumber yard 

- Recording studios 

- Office buildings 

- A proposed church 

- Hotels 

- A proposed firehouse 

- Laboratories 

- A cement batch plant 

- Speech confidentiality in offices, an airport terminal, a restaurant, 
and outdoors 

- Patent Infringement 

 
teaching experience 

- Continuing Lecturer, UC Berkeley College of Environmental Design, 
1973-Present 

RESUME 

 

 
 

Charles M. Salter, PE 
President 

 

education 
Boston College MBA 

Finance, 1972 

Massachusetts Institute of 
Technology, BS Art and Design, 

major in Architecture, 
minor in City Planning, 1969 

Tufts University BSCE 
major in Structural Engineering, 

minor in Economics, 1965 

professional registration 
California:  ME No. 16460 (1974) 

Nevada:  ME No. 3963 (1974) 

Institute of Noise Control 
Engineering, Board Certified (1975) 

professional affil iations 
Allied Member of AIA San Francisco 

US Green Building Council,  
Former Technical Advisory 

Committee Member  

publications 
Coauthor, ACOUSTICS: 

Architecture, Engineering, the 
Environment  (1998 William Stout 

Publisher) 

Mr. Salter has practiced acoustical engineering for over 40 years. 

With educational backgrounds in architecture, planning, engineering, 

and business, he has conducted a wide range of consulting in the 

areas of architectural acoustics, noise control engineering, and 

environmental noise impact. As an expert witness, Mr. Salter has 

been involved in over 100 legal cases in California, Arizona, Nevada, 

Utah, Oregon, Washington, and Hawaii. He has testified in over 20 

court trials and arbitrations and has given more than 70 depositions. 

The cases have involved noise sources such as freeways, rapid 

transit, plumbing systems, music, mechanical equipment, aircraft 

flyovers, and the San Francisco cable car system. 

project experience  

- Single-family homes 

- Multi-family housing 

- Schools 

- Medical facilities 

- Restaurants 

- A lumber yard 

- Recording studios 

- Office buildings 

- A proposed church 

- Hotels 

- A proposed firehouse 

- Laboratories 

- A cement batch plant 

- Speech confidentiality in offices, an airport terminal, a restaurant, 
and outdoors 

- Patent Infringement 

 
teaching experience 

- Continuing Lecturer, UC Berkeley College of Environmental Design, 
1973-Present 

NOISE IMPACTS ANALYZED BY 
ACOUSTICAL ENGINEER CHARLES SALTER

RESUME 

 

 
 

Charles M. Salter, PE 
President 

 

education 
Boston College MBA 

Finance, 1972 

Massachusetts Institute of 
Technology, BS Art and Design, 

major in Architecture, 
minor in City Planning, 1969 

Tufts University BSCE 
major in Structural Engineering, 

minor in Economics, 1965 

professional registration 
California:  ME No. 16460 (1974) 

Nevada:  ME No. 3963 (1974) 

Institute of Noise Control 
Engineering, Board Certified (1975) 

professional affil iations 
Allied Member of AIA San Francisco 

US Green Building Council,  
Former Technical Advisory 

Committee Member  

publications 
Coauthor, ACOUSTICS: 

Architecture, Engineering, the 
Environment  (1998 William Stout 

Publisher) 

Mr. Salter has practiced acoustical engineering for over 40 years. 

With educational backgrounds in architecture, planning, engineering, 

and business, he has conducted a wide range of consulting in the 

areas of architectural acoustics, noise control engineering, and 

environmental noise impact. As an expert witness, Mr. Salter has 

been involved in over 100 legal cases in California, Arizona, Nevada, 

Utah, Oregon, Washington, and Hawaii. He has testified in over 20 

court trials and arbitrations and has given more than 70 depositions. 

The cases have involved noise sources such as freeways, rapid 

transit, plumbing systems, music, mechanical equipment, aircraft 

flyovers, and the San Francisco cable car system. 

project experience  

- Single-family homes 

- Multi-family housing 

- Schools 

- Medical facilities 

- Restaurants 

- A lumber yard 

- Recording studios 

- Office buildings 

- A proposed church 

- Hotels 

- A proposed firehouse 

- Laboratories 

- A cement batch plant 

- Speech confidentiality in offices, an airport terminal, a restaurant, 
and outdoors 

- Patent Infringement 

 
teaching experience 

- Continuing Lecturer, UC Berkeley College of Environmental Design, 
1973-Present 

C20185-A2
6



Sound Levels From Pile Driving Calculated by 
Acoustical Engineer Charles Salter:

“We estimate that the sound from the ten 
million plus impact hammer strikes will be 
115 dBA at a distance of  50 Ft from the 
source. 115 dBA is very loud, roughly 
equivalent to the sound produced by a siren 
on an emergency vehicle.”

(p.3 SCDA – 65, x.4.000015)C20185-A27



When given the opportunity 

at SWRCB WaterFix 

Hearings, DWR’s experts 

declined to dispute any of  

Mr. Salter’s findings.

C20185-A28



Town of Hood Dwarfed by California 
WaterFix

SCDA-70

SOUND LEVELS FROM 
CONSTRUCTION NOISE 

AND PILE DRIVING:

Town of Hood = 80 dBA

(SCDA – 65, p.2: 12-16, x.4.000015)

80 dBA equivalent 
to a freight train 15 

meters away.

C20185-A29



Town of Clarksburg Impacted by California 
WaterFix

SCDA - 71

SOUND LEVELS FROM 
CONSTRUCTION 

NOISE AND PILE DRIVING:

Clarksburg Marina = 75 dBA

Clarksburg Library = 76 dBA

Clarksburg School = 76 dBA

(SCDA – 65, p.2: 12-16, x.4.000015)

C20185-A210



“[The construction noise] will interfere 
considerably with speech communication in 
the communities of  Hood and Clarksburg, 
requiring people to raise their voices. 
Interference with such a basic activity as 
speech is likely to have a significant negative 
impact on the communities, making them 
unattractive places to live and visit.” 

Salter concludes:

(SCDA-65, p.2: 17-25)C20185-A211



(x.4.000009)

WaterFix 
schedule shows 

8 years 
construction at 

intakes.

Would you want 
to live through 
this for 8 years? 

CLARKSBURG / HOOD CONSTRUCTION 
ZONE IMPACT CATASTROPHE

C20185-A212

(SCDA-83)



WaterFix FEIR Conclusion 
Regarding Multiple Noise Impacts 

From Intake Construction:

“Significant and Unavoidable”

(FEIR p.23-193 – 23-197)C20185-A213



22 year Clarksburg resident - Barbara Daly’s 
comments on WaterFix FEIR

“These are small towns and people here do not 
have a lot of  money and there is not a lot of  
opportunity to make money here. Our 
communities are held together by sense of  
place and home. We stay here because it is 
quiet and peaceful and the outside world 
doesn’t much intrude.

(July 10, 2017, comments on FEIR 
comment table 3-3)C20185-A214



“Hood will likely be abandoned entirely to 

become a ghost town. There will be large scale 

abandonment in Clarksburg. The historical 

integrity of  Locke and Walnut Grove, situated 

within their historical vernacular landscape, 

will be lost forever.”

22 year Clarksburg resident - Barbara Daly’s 
comments on WaterFix FEIR continued..

(July 10, 2017, comments on FEIR 
comment table 3-3)C20185-A215



“[Noise from WaterFix construction will] drive 

all our customers away and put us out of  

business. [I]t is likely none of  the businesses 

will return even after construction is complete 

because the whole area will be an industrial 

zone due to the intakes.”

Clarksburg Marina Owners - Don and Kathleen 
Updegraff ’s Comments on WaterFix FEIR

(July 6, 2017 comments, FEIR table 3-3)C20185-A216



Let’s Turn to Delta-wide 

Impacts On Recreation, 

Particularly Boating 

and Marinas.

C20185-A217



(Delta Plan ppES2-ES3)

COEQUAL GOALS

¡ “Providing a more reliable water supply for California, and

¡ Protecting, restoring, and enhancing the Delta ecosystem.

These goals, the Legislature added, must
be met in a manner that:

¡Protects and enhances the unique 
cultural, recreational, natural resource, 
and agricultural values of  the Delta as an 
evolving place.”

C20185-A218



¡ Tunnel muck dumps on Delta Islands (30,000,000 cubic 
yards)

¡ 18,800 barge trips concentrated in summer recreational 
boating season

¡ Barge landings located in prime Delta recreational 
anchorages

¡ Pile driving

¡ Heavy truck traffic on 2 lane Delta Roads

¡ Traffic Backups due to draw-bridge openings for barges

WATERFIX OVERWHELMS 
RECREATION THROUGHOUT THE 

DELTA

C20185-A219



“Construction of  Alternative 4A intakes and related 
water conveyance facilities would result in permanent 
and long-term (i.e., lasting over 2 years) impacts on well-
established recreational opportunities and experiences in 
the study area because of  access, noise, and visual 
setting disruptions that could result in loss of  public use. 
These impacts would occur year-round.

* * *
Therefore, these impacts are considered 

significant and unavoidable”

CEQA CONCLUSION:

(WaterFix FEIR, p.15-469:26-37)C20185-A220



• Total excavated material will be about equal 
to 2-1/2 million dump truck loads

• There will be a total of  9,400 barge trips 
mostly during summer and fall months 
occurring over 5-6 years

- - - - - - - - - -
BARGE ROUTEEXCAVATED TUNNEL 

MATERIALS SITES

SCDA-72C20185-A221



Construction Impacts Bullfrog Marina

(July 7, 2017, FEIR comment letter from Carl 
Wenske, comment table 3-3)C20185-A222



(July 7, 2017, FEIR comment letter from 
Carl Wenske, comment table 3-3)

Bullfrog Marina Manager - Carl Wenske’s comments at FEIR hearing

• River blockages 

• Continuous noise

• Heavy barge traffic  

“Our marina will not be able to survive the 

lengthy construction and we will have to close our 

business.”

• Congestion 

• Truck traffic

• Visual disturbance 

BULLFROG MARINA WILL FACE

C20185-A223



“[R]ecreation-dependent businesses including 

many marinas and recreational supply retailers 

may not be able to economically weather the 

effects of  multiyear construction activities and 

may be forced to to close as a result..”

(WaterFix FEIR, p, 16-168:3-4.)

WaterFix FEIR admits marinas will be forced to close

C20185-A224



Many marinas will be 
forced out of  business 
because boaters will 
abandon the Delta 

in droves.
C20185-A225



Survey of  Delta Boaters 
Conducted at 2017 Rio Vista 

Bass Derby

Ø Conducted by 15 survey-takers, over 2 
days

Ø 220 surveys completed

(SCDA-351-1 – 352-5)C20185-A226



ØAll who completed the survey were Delta 

recreational boaters

ØSurvey questions were neutrally worded

ØSurvey takers disclosed no position on tunnels

ØParticipants were read description of  project 

from WaterFix FEIR
(SCDA-351-1 – 352-5)C20185-A227



Rio Vista Bass Derby Survey

Significant 
reduction 
in boating 

activity

44%

21%
Some reduction 

in boating 
activity

22%
Will stop boating 
in the Delta 
altogether

13% said no 
change in 
frequency

(SCDA-351-1 – 352-5)C20185-A228



Rio Vista Bass Derby Survey

87% would reduce or 
stop using the Delta 

altogether

Only 13% 
said they 
would have 
no change

(SCDA-351-1 – 352-5)C20185-A229



All of  this is the result 

of  poor decisions siting 

water facilities –

recall DP P2

C20185-A230



DP P2 – Respect Local Land Use When 
Siting Water or Flood Facilities or 
Restoring Habitats

“Water management facilities, ecosystem 
restoration, and flood management 
infrastructure must be sited to avoid or 
reduce conflicts with existing uses....”

WATERFIX VIOLATES POLICY DP P2

(Delta Plan, p. 194)C20185-A231



(SCDA – 305)C20185-A232

WATERFIX 
FEIR
FIGURE 3-4 
EASTERN 
ALIGNMENT



Turning to Delta 

Plan Policies 

ER P1 and WR P1

C20185-A233



Delta Plan Policy ER P1

“The State Water Quality 
Control Board Bay Delta Water 
Quality Control Plan flow 
objectives shall be used to 
determine consistency with the 
Delta Plan.”

C20185-A234



Ø The D-1641 E/I Ratio limits the 

amount of  water that can be withdrawn 

from the Delta for export. 

A key measure in D-1641 flow 
objectives is the Export to Inflow 

Ratio (E/I Ratio)

C20185-A235



The maximum amount 
that can be withdrawn for 
export at any time is a 
percentage of  the water 
that is flowing into the 
Delta at that time. 

C20185-A236



Ø Most of  Delta inflow comes from the 

Sacramento River.

Ø D-1641: Sacramento River Inflow is 

measured at Freeport.

Ø All exported water is included in the 

“Export” term of  the D-1641 E/I Ratio.

C20185-A237



WaterFix violates the D-1641 E/I Ratio.

Ø WaterFix does not “count” water 
diverted by the new intakes as an export 
for the D-1641 E/I Ratio.

Ø WaterFix moves the Sacramento River 
inflow compliance point from Freeport 
to downstream of  the new intakes.

C20185-A238



Ø The new WaterFix north Delta intakes 

can divert up to 9,000 cubic ft per 

second (cfs).

Ø For perspective, the entire flow of  the 

Sacramento River during summer 

months is about 16,000-20,000 cfs

C20185-A239



FOR WATERFIX:

•All exports from the new intakes 
count as zero for export calculation

•D-1641 compliance point for 
calculating Sacramento River inflow 
moved

C20185-A240



“For the PA [proposed action, i.e., 
California WaterFix], Reclamation and 
DWR propose that the NDD be excluded 
from the E/I ratio calculation. In other 
words, Sacramento River inflow is 
defined as flows downstream of  the 
NDD and only south Delta exports are 
included for the export component of  the 
criteria.”

(USFWS BiOp, p. 28)C20185-A241



All of  the modeling submitted 
by DWR to this Council that 
purports to show that WaterFix 
“complies with D-1641”shows 
only that it purports to comply 
with D-1641 as DWF has 
unilaterally re-defined the 
E/I Ratio.

C20185-A242



Mr. Brodsky: It’s a yes or no question. You’re changing the 
location of  where the flow of  the Sacramento 
River is measured to calculate the export-
inflow ratio; yes or no?

Witness Pierre: That’s correct

Mr. Brodsky: So for purposes of  the CALSIMS modeling that 
was presented to the Board, you took the 
measurement of  Sacramento River flow at a point 
different from Freeport; isn’t that correct?

Witness Pierre: Yes, that’s what’s being proposed in this criteria, 
and that’s how it was also modeled. 

(State Water Resources Control Board California WaterFix Hearing Transcript, July 29, 2016, 
Part 1A, Transcript Vol. 4, p.231:12-25; p.232:1-8)C20185-A243



WaterFix does not 
comply with Policy ER 
P1 and there is no
evidence in the record to 
show that is does comply.

C20185-A244



WR P1 “is the very 
core of  the Delta Plan”

WATERFIX VIOLATES DELTA 
PLAN POLICY WR P1

(Delta Stewardship Council 
argument in Delta Stewardship 

Council Cases, JCCP 4785)C20185-A245



DELTA PLAN POLICY WR P1 PROHIBITS 
WATER EXPORT ACTIVITY IF:

① Water supplier has failed to include in their 2015 
water management plan “expected outcome for 
measurable reduction in Delta reliance”.

② Failure of  #1 has significantly caused the need for the 
export activity.

③ The export activity would have a significant adverse 
environmental impact in the Delta.

C20185-A246
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A number of analyses, meta-analyses, and assessments, including
those performed by the Intergovernmental Panel on Climate
Change, the National Oceanic and Atmospheric Administration,
the National Renewable Energy Laboratory, and the International
Energy Agency, have concluded that deployment of a diverse
portfolio of clean energy technologies makes a transition to
a low-carbon-emission energy system both more feasible and
less costly than other pathways. In contrast, Jacobson et al.
[Jacobson MZ, Delucchi MA, Cameron MA, Frew BA (2015) Proc
Natl Acad Sci USA 112(49):15060–15065] argue that it is feasible
to provide “low-cost solutions to the grid reliability problem with
100% penetration of WWS [wind, water and solar power] across
all energy sectors in the continental United States between 2050
and 2055”, with only electricity and hydrogen as energy carriers.
In this paper, we evaluate that study and find significant short-
comings in the analysis. In particular, we point out that this work
used invalid modeling tools, contained modeling errors, and made
implausible and inadequately supported assumptions. Policy mak-
ers should treat with caution any visions of a rapid, reliable, and
low-cost transition to entire energy systems that relies almost
exclusively on wind, solar, and hydroelectric power.

energy systems modeling | climate change | renewable energy |
energy costs | grid stability

Anumber of studies, including a study by one of us, have con-
cluded that an 80% decarbonization of the US electric grid

could be achieved at reasonable cost (1, 2). The high level of
decarbonization is facilitated by an optimally configured con-
tinental high-voltage transmission network. There seems to be
some consensus that substantial amounts of greenhouse gas
(GHG) emissions could be avoided with widespread deployment
of solar and wind electric generation technologies along with
supporting infrastructure.

Furthermore, it is not in question that it would be theoret-
ically possible to build a reliable energy system excluding all
bioenergy, nuclear energy, and fossil fuel sources. Given unlim-
ited resources to build variable energy production facilities, while
expanding the transmission grid and accompanying energy stor-
age capacity enormously, one would eventually be able to meet
any conceivable load. However, in developing a strategy to effec-
tively mitigate global energy-related CO2 emissions, it is critical
that the scope of the challenge to achieve this in the real world is
accurately defined and clearly communicated.

Wind and solar are variable energy sources, and some way
must be found to address the issue of how to provide energy if
their immediate output cannot continuously meet instantaneous
demand. The main options are to (i) curtail load (i.e., modify or
fail to satisfy demand) at times when energy is not available, (ii)
deploy very large amounts of energy storage, or (iii) provide sup-
plemental energy sources that can be dispatched when needed. It
is not yet clear how much it is possible to curtail loads, especially
over long durations, without incurring large economic costs.
There are no electric storage systems available today that can
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Significance

Previous analyses have found that the most feasible route
to a low-carbon energy future is one that adopts a diverse
portfolio of technologies. In contrast, Jacobson et al. (2015)
consider whether the future primary energy sources for the
United States could be narrowed to almost exclusively wind,
solar, and hydroelectric power and suggest that this can be
done at “low-cost” in a way that supplies all power with
a probability of loss of load “that exceeds electric-utility-
industry standards for reliability”. We find that their analy-
sis involves errors, inappropriate methods, and implausible
assumptions. Their study does not provide credible evidence
for rejecting the conclusions of previous analyses that point to
the benefits of considering a broad portfolio of energy system
options. A policy prescription that overpromises on the bene-
fits of relying on a narrower portfolio of technologies options
could be counterproductive, seriously impeding the move to a
cost effective decarbonized energy system.

affordably and dependably store the vast amounts of energy
needed over weeks to reliably satisfy demand using expanded
wind and solar power generation alone. These facts have led many
US and global energy system analyses (1–10) to recognize the
importance of a broad portfolio of electricity generation technolo-
gies, including sources that can be dispatched when needed.

Faults with the Jacobson et al. Analyses
Jacobson et al. (11) along with additional colleagues in a com-
panion article (12) attempt to show the feasibility of supplying
all energy end uses (in the continental United States) with almost
exclusively wind, water, and solar (WWS) power (no coal, natural
gas, bioenergy, or nuclear power), while meeting all loads, at rea-
sonable cost. Ref. 11 does include 1.5% generation from geother-
mal, tidal, and wave energy. Throughout the remainder of the
paper, we denote the scenarios in ref. 11 as 100% wind, solar,
and hydroelectric power for simplicity. Such a scenario may be
a useful way to explore the hypothesis that it is possible to meet
the challenges associated with reliably supplying energy across
all sectors almost exclusively with large quantities of a narrow
range of variable energy resources. However, there is a differ-
ence between presenting such visions as thought experiments and
asserting, as the authors do, that rapid and complete conversion
to an almost 100% wind, solar, and hydroelectric power system
is feasible with little downside (12). It is important to understand
the distinction between physical possibility and feasibility in the
real world. To be clear, the specific aim of the work by Jacobson
et al. (11) is to provide “low-cost solutions to the grid reliability
problem with 100% penetration of WWS [wind, water and solar
power] across all energy sectors in the continental United States
between 2050 and 2055.”

Relying on 100% wind, solar, and hydroelectric power could
make climate mitigation more difficult and more expensive than
it needs to be. For example, the analyses by Jacobson et al. (11,
12) exclude from consideration several commercially available
technologies, such as nuclear and bioenergy, that could poten-
tially contribute to decarbonization of the global energy system,
while also helping assure high levels of reliability in the power
grid. Furthermore, Jacobson et al. (11, 12) exclude carbon cap-
ture and storage technologies for fossil fuel generation. An addi-
tional option not considered in the 100% wind, solar, and hydro-
electric studies is bioenergy coupled with carbon capture and
storage to create negative emissions within the system, which
could help with emissions targets. With all available technologies
at our disposal, achieving an 80% reduction in GHG emissions
from the electricity sector at reasonable costs is extremely chal-
lenging, even using a new continental-scale high-voltage trans-

mission grid. Decarbonizing the last 20% of the electricity sec-
tor as well as decarbonizing the rest of the economy that is diffi-
cult to electrify (e.g., cement manufacture and aviation) are even
more challenging. These challenges are deepened by placing con-
straints on technological options.

In our view, to show that a proposed energy system is tech-
nically and economically feasible, a study must, at a minimum,
show, through transparent inputs, outputs, analysis, and validated
modeling (13), that the required technologies have been com-
mercially proven at scale at a cost comparable with alternatives;
that the technologies can, at scale, provide adequate and reliable
energy; that the deployment rate required of such technologies
and their associated infrastructure is plausible and commensurate
with other historical examples in the energy sector; and that the
deployment and operation of the technologies do not violate envi-
ronmental regulations. We show that refs. 11 and 12 do not meet
these criteria and, accordingly, do not show the technical, prac-
tical, or economic feasibility of a 100% wind, solar, and hydro-
electric energy vision. As we detail below and in SI Appendix,
ref. 11 contains modeling errors; incorrect, implausible, and/or
inadequately supported assumptions; and the application of
methods inappropriate to the task. In short, the analysis per-
formed in ref. 11 does not support the claim that such a system
would perform at reasonable cost and provide reliable power.

The vision proposed by the studies in refs. 11 and 12 nar-
rows generation options but includes a wide range of currently
uncosted innovations that would have to be deployed at large
scale (e.g., replacement of our current aviation system with yet-
to-be-developed hydrogen-powered planes). The system in ref.
11 assumes the availability of multiweek energy storage systems
that are not yet proven at scale and deploys them at a capac-
ity twice that of the entire United States’ generating and stor-
age capacity today. There would be underground thermal energy
storage (UTES) systems deployed in nearly every community to
provide services for every home, business, office building, hospi-
tal, school, and factory in the United States. However, the anal-
ysis does not include an accounting of the costs of the physical
infrastructure (pipes and distribution lines) to support these sys-
tems. An analysis of district heating (14) showed that having
existing infrastructure is key to effective deployment, because the
high upfront costs of the infrastructure are prohibitive.

It is not difficult to match instantaneous energy demands for
all purposes with variable electricity generation sources in real
time as needed to assure reliable power supply if one assumes,
as the authors of the ref. 11 do, that there exists a nationally
integrated grid, that most loads can be flexibly shifted in time,
that large amounts of multiweek and seasonal energy storage
will be readily available at low cost, and that the entire econ-
omy can easily be electrified or made to use hydrogen. How-
ever, adequate support for the validity of these assumptions is
lacking. Furthermore, the conclusions in ref. 11 rely heavily on
free, nonmodeled hydroelectric capacity expansion (adding tur-
bines that are unlikely to be feasible without major reconstruc-
tion of existing facilities) at current reservoirs without consid-
eration of hydrological constraints or the need for additional
supporting infrastructure (penstocks, tunnels, and space); mas-
sive scale-up of hydrogen production and use; unconstrained,
nonmodeled transmission expansion with only rough cost esti-
mates; and free time-shifting of loads at large scale in response to
variable energy provision. None of these are going to be achieved
without cost. Some assumed expansions, such as the hydroelec-
tric power output, imply operating facilities way beyond exist-
ing constraints that have been established for important environ-
mental reasons. Without these elements, the costs of the energy
system in ref. 11 would be substantially higher than claimed.

In evaluating the 100% wind, solar, and hydroelectric power
system (11), we focus on four major issues that are explored in
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more detail below and in SI Appendix. (i) We note several mod-
eling errors presented in ref. 11 that invalidate the results in the
studies, particularly with respect to the amount of hydropower
available and the demand response of flexible loads (SI Appendix,
section S1). (ii) We examine poorly documented and implausible
assumptions, including the cost and scalability of storage tech-
nologies, the use of hydrogen fuels, lifecycle assessments of tech-
nologies, cost of capital and capacity factors of existing technolo-
gies, and land use (SI Appendix, section S2). (iii) We discuss the
studies’ lack of electric power system modeling of transmission,
reserve margins, and frequency response, despite claims of sys-
tem reliability (SI Appendix, section S3). (iv) Finally, we argue
that the climate/weather model used for estimates of wind and
solar energy production has not shown the ability to accurately
simulate wind speeds or solar insolation at the scales needed
to assure the technical reliability of an energy system relying so
heavily on intermittent energy sources (SI Appendix, section S4).

Modeling Errors
As we detail in SI Appendix, section S1, ref. 11 includes several
modeling mistakes that call into question the conclusions of the
study. For example, the numbers given in the supporting infor-
mation of ref. 11 imply that maximum output from hydroelectric
facilities cannot exceed 145.26 GW (SI Appendix, section S1.1),
about 50% more than exists in the United States today (15), but
figure 4B of ref. 11 (Fig. 1) shows hydroelectric output exceeding
1,300 GW. Similarly, as detailed in SI Appendix, section S1.2, the
total amount of load labeled as flexible in the figures of ref. 11 is
much greater than the amount of flexible load represented in their
supporting tabular data. In fact, the flexible load used by LOAD-
MATCH is more than double the maximum possible value from
table 1 of ref. 11. The maximum possible from table 1 of ref. 11 is
given as 1,064.16 GW, whereas figure 3 of ref. 11 shows that flexi-
ble load (in green) used up to 1,944 GW (on day 912.6). Indeed, in
all of the figures in ref. 11 that show flexible load, the restrictions
enumerated in table 1 of ref. 11 are not satisfied.

In the analysis in ref. 11, the flexible loads can be accumu-
lated in 8-h blocks, which raises a serious issue of extreme excess
industrial/commercial/residential capacity to use the high power
for short periods of time. Under these assumptions, there would
need to be oversized facilities on both the demand and gen-
eration sides to compensate for their respective variabilities.
These errors are critical, because the conclusions reached in ref.
11 depend on the availability of large amounts of dispatchable
energy and a large degree of flexibility in demand. Ref. 11 also
includes a scenario where zero demand response is allowed, and
it shows that there is almost no cost changes and that the grid is
still stable. Thus, there can be no cost associated with demand
response (on either the supply or the consumption side); other-
wise, there would be substantial changes in final costs caused by
the complete reconfiguring of the US economy schedule.

Implausible Assumptions
The conclusions contained in ref. 11 rely on a number of
unproven technologies and poorly substantiated assumptions as

Fig. 1. This figure (figure 4B from ref. 11) shows hydropower supply rates
peaking at nearly 1,300 GW, despite the fact that the proposal calls for less
than 150 GW hydropower capacity. This discrepancy indicates a major error
in their analysis. Modified from ref. 11.

detailed in SI Appendix, section S2. In summary, the reliabil-
ity of the proposed 100% wind, solar, and hydroelectric power
system depends centrally on a large installed capacity of sev-
eral different energy storage systems (11), collectively allowing
their model to flexibly reshape energy demand to match the
output of variable electricity generation technologies. The study
(11) assumes a total of 2,604 GW4 of storage charging capac-
ity, more than double the entire current capacity of all power
plants in the United States (16). The energy storage capacity con-
sists almost entirely of two technologies that remain unproven
at any scale: 514.6 TWh of UTES (the largest UTES facility
today is 0.0041 TWh) (additional discussion is in SI Appendix,
section S2.1) and 13.26 TWh of phase change materials (PCMs;
effectively in research and demonstration phase) (additional dis-
cussion is in SI Appendix, section S2.2) coupled to concentrat-
ing solar thermal power (CSP). To give an idea of scale, the
100% wind, solar, and hydroelectric power system proposed in
ref. 11 envisions UTES systems deployed in nearly every com-
munity for nearly every home, business, office building, hospital,
school, and factory in the United States, although only a handful
exist today.

Although both PCM and UTES are promising resources, nei-
ther technology has reached the level of technological maturity
to be confidently used as the main underpinning technology in
a study aiming to show the technical reliability and feasibility of
an energy system. The relative immaturity of these technologies
cannot be reconciled with the authors’ assertion that the solu-
tions proposed in ref. 11 and companion papers are ready to be
implemented today at scale at low cost and that there are no tech-
nological or economical hurdles to the proposed system.5

The 100% wind, solar, and hydroelectric power system study
(11) also makes unsupported assumptions about widespread
adoption of hydrogen as an energy carrier, including the con-
version of the aviation and steel industries to hydrogen and the
ability to store in hydrogen an amount of energy equivalent to
more than 1 month of current US electricity consumption. Fur-
thermore, in figure S6 of ref. 11, hydrogen is being produced at a
peak rate consuming nearly 2,000 GW of electricity, nearly twice
the current US electricity-generating capacity. As detailed in SI
Appendix, section S2.3, the costs and feasibility of this transition
to a hydrogen economy are not appropriately accounted for by
ref. 11. To show the scale of the additional capacities that are
demanded in refs. 11 and 12, we plot them along with the elec-
tricity generation capacity in 2015 in Fig. 2. The data used for
Fig. 2 can be found in Datasets S1 and S2.

Refs. 11 and 12 cite each other about the values of capacity.
For example, ref. 12, which supposedly includes information for
all 50 states, reports table S2 in ref. 11 as the source of the num-
bers. Then, ref. 11, which only includes information for the ca-
pacity in the 48 contiguous states, cites table 2 in ref. 12 as the
source of the values. The values in the two papers do not agree,
presumably because of the difference in the number of states
included, and therefore, it is unclear how each reference can be
the source of the values for the other one. Additionally, ref. 11
assumes that 63% of all energy-intensive industrial demand is

4Table S1 in ref. 11 shows non-UTES storage of 1,065 GW, UTES electric storage of 1,072
GW, and UTES thermal storage of 467 GW. In ref. 11, there is no description of how
LOADMATCH differentiates energy types.

5In ref. 12, the authors state that “100% conversions [to WWS energy systems] are tech-
nically and economically feasible with little downside . . . Numerous low-cost solutions
are found, suggesting that maintaining grid reliability upon 100% conversion to WWS
is economically feasible and not a barrier to the conversion [to a 100% WWS system] . . .
We do not believe a technical or economic barrier exists to ramping up production of
WWS technologies. Based on the scientific results presented, current barriers to imple-
menting the [100% WWS] roadmaps are neither technical nor economic.” In January of
2016, Jacobson (16) said that “[o]ur goal is to get to 80% by 2030 and 100% by 2050. It
is certainly technically and economically practical.”

6724 | www.pnas.org/cgi/doi/10.1073/pnas.1610381114 Clack et al.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 6
7.

16
9.

17
.8

8 
on

 D
ec

em
be

r 
15

, 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
67

.1
69

.1
7.

88
.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sd01.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610381114/-/DCSupplemental/pnas.1610381114.sd02.xlsx
http://www.pnas.org/cgi/doi/10.1073/pnas.1610381114


SU
ST

A
IN

A
BI

LI
TY

SC
IE

N
CE

EN
V

IR
O

N
M

EN
TA

L
SC

IE
N

CE
S

101 74 14

980

0 23

1,1921,300

2,449

3,797

55

2,000

2,604

12,205

0

500

1000

1500

2000

2500

3000

3500

4000

Hydroelectric Wind Solar Other Hydrogen 
Production

Storage Total Capacity

In
st

a
lle

d
 C

a
p

a
ci

ty
 (G

W
)

 13x

 33x

271x

18x

inf.

113x

10x

Fig. 2. Installed capacity values for 2015 (left column in each pair) and
those used in the studies in refs. 11 and 12 (right column in each pair). These
100% wind, solar, and hydroelectric studies propose installing technologies
at a scale equivalent to (or substantially greater than) the entire capacity of
the existing electricity generation infrastructure. The other category includes
coal, natural gas, and nuclear, all of which are removed by 2050.

flexible: able to reschedule all energy inputs within an 8-h win-
dow. As discussed in SI Appendix, section S2.4, and the National
Research Council’s “Real Prospects for Energy Efficiency in the
United States,” (17) it is infeasible for many industrial energy
demands to be rapidly curtailed.

Similarly, ref. 11 assumes that the capacity factor (i.e., actual
electricity generation divided by the theoretically maximum
potential generation obtained by operating continuously at full
nameplate capacity) for existing energy technologies will increase
dramatically in the future. As described in SI Appendix, section
S2.5, the authors of ref. 11 anticipate that individual hydropower
facilities will increase generation by over 30%. They explain this by
saying, “[i]ncreasing the capacity factor is feasible because exist-
ing dams currently provide much less than their maximum capac-
ity, primarily due to an oversupply of energy available from fossil
fuel sources, resulting in less demand for hydroelectricity” (12).
From ref. 12, it is stated that hydroelectric and geothermal capac-
ity factors increase, because “[f]or geothermal and hydropower,
which are less variable on short time scales than wind and solar,
the capacity-factor multipliers in our analysis are slightly greater
than 100% on account of these being used more steadily in a 100%
WWS system than in the base year.” In addition to being incon-
sistent with their statement that hydropower is “used only as a
last resort” (11), this explanation shows a fundamental misunder-
standing of the operation of electricity markets and the factors
determining hydroelectric supply. With near-zero marginal costs
(free “fuel”), hydroelectric generators will essentially run when-
ever they are available; in those instances where they participate
in merchant markets, they underbid fossil generators that must at
least recover their coal or natural gas costs. The primary factor
limiting hydroelectric capacity factor is water supply and environ-
mental constraints, not lack of demand. Furthermore, there seems
to be a mistake with the hydroelectric capacity factor adjustment:
from EIA, it should only go up to 42%, not 52.5%.6

To illustrate the implausibility of the assumed increase in
hydroelectric net generation (dispatched from the plants to the
electricity grid) in the face of limited water supply, we plot in
Fig. 3 the last 25 y of generation from hydropower in the United
States along with the average for the studies in refs. 11 and 12.
The data used for Fig. 3 can be found in Datasets S1 and S2.
Average future generation assumed by refs. 11 and 12 is 13%
higher than the highest peak year in the last 25 y and 85% higher
than the minimum year in the last 25 y. Therefore, in addition
to needing 1,300 GW of peak power from 150 GW of capacity,
there also needs to be an extra 120 TWh of hydroelectric gener-

6Excel spreadsheets from refs. 11 and 12, Tab EIA capacity factors 2011–2075 are at
web.stanford.edu/group/efmh/jacobson/Articles/I/USStates.xlsx.

ation on top of the 280 TWh available. Additional difficulties in
raising hydropower capacity factors are described in SI Appendix,
section S2.5.

Most of the technologies considered in ref. 11 have high cap-
ital costs but relatively low operating costs. As a result, the cost
of capital is a primary cost driver in the vision contained in ref.
11. As discussed in SI Appendix, section S2.7, the baseline value
for cost of capital in ref. 11 is one-half to one-third of that used
by most other studies. The 100% wind, solar, and hydroelectric
energy system studies (11, 12) provide little evidence that the low
cost of capital assumed in their study could be obtained by real
investors in the capital markets. Using more realistic discount
rates of 6–9% per year instead of the 3–4.5% used in ref. 11 could
double the estimate of a cost of 11 cents/kWh of electricity to
22 cents/kWh, even before adding in the unaccounted for capital
costs described above. One possible explanation of the lower dis-
count rates used could be that they forecast lower (or negative)
growth in domestic product. In the case of lower growth, there
would likely be lower interest rates; however, that lower growth
may also lead to lower energy demand and investment.

One of the global leaders of solar PV and wind energy instal-
lation in recent years is Germany, which through its “Energie-
wende,” is attempting to shift toward an 80% renewables energy
system. Germany, therefore, presents a suitable example against
which to benchmark the feasibility of the plan set out in ref. 11
for the United States. In SI Appendix, section S2.8, we describe
how ref. 11 assumes that the United States will build out new
solar, wind, and hydroelectric facilities at a sustained rate that,
on a per-unit gross domestic product basis, is 16 times greater
than the average deployment rate in Germany’s Energiewende
initiative during the years 2007–2014 and over 6 times greater
than Germany achieved in the peak year of 2011 (SI Appendix,
Fig. S4).

In Fig. 4, we display another metric on the scale of expan-
sion. It shows the rate of installation as watts per year per capita.
Using this metric, we can compare the scale of capacity expan-
sion in ref. 11 with historical data. Fig. 4 shows that the plans
proposed in refs. 11 and 12 would require a sustained installa-
tion rate that is over 14 times the US average over the last 55 y
and over 6 times the peak rate. For the sake of comparison, Fig.
4 includes the estimated rate for a solution that decarbonizes
the US electric grid by 78% by 2030 (1), historical German
data, and historical Chinese data. We note that ref. 1 consid-
ered large-scale storage but excluded it based on preliminary
results showing that it was not cost-effective compared with a
national transmission system. The data used for Fig. 4 can be
found in Datasets S1 and S2. Sustaining public support for this
scale of investment (and this scale of deployment of new wind
turbines, power lines, etc.) could prove challenging. One of the
reasons that this buildout may prove difficult is that the 100%
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Fig. 4. The historical rates of installed electric-generating capacity per
capita (watts per year per capita) for China (blue), Germany (gray), and
the United States (black) are shown with the estimated values for the US
proposals from the works by Jacobson et al. (11, 12) (red) and MacDonald
et al. (1) (green). It shows that the 100% wind, solar, and hydropower power
plan requires installation of new capacity at a rate more than an order of
magnitude greater than that previously recorded in China, Germany, or the
United States. The rate would have to be continued indefinitely because of
replacing generation as it aged.

wind, solar, and hydroelectric system relies on energy sources
with relatively low areal power density (additional details are in
SI Appendix, section S2.9). According to NREL, average power
density achieved in land-based wind farms is about 3 W/m2, with
a range of 1–11.2 W/m2 (although at larger deployment scales,
power densities would likely be lower) (18). At the average power
densities, the scale of wind power envisioned in ref. 11 would
require nearly 500,000 km2 (134,000–1,500,000 km2), which is
roughly 6% of the continental United States and >1,500 m2 of
land for wind turbines for each American. Much of this land
could be dual use, but the challenges associated with this level of
scale-up should not be underestimated. The proposed transition
in ref. 11 requires unprecedented rates of technology deploy-
ment. For example, increased pressure on materials, elevated
commodity prices, and high demand for wind power installations
produced elevated prices for wind power deployment between
2002 and 2008 (19, 20).

The rejection of many potential sources of low-carbon emission
energy is based on an analysis presented by Jacobson in ref. 21. A
full discussion of that paper is beyond the scope of our evaluation.
However, one flaw is its failure to use other numbers already pub-
lished in detailed studies on lifecycle GHG emissions, land use
requirements, and human mortality of energy production tech-
nologies. Rather than using the results of the many detailed stud-
ies available from large international bodies, such as those sur-
veyed by the Intergovernmental Panel on Climate Change, ref.
20 presents assessments that, in many cases, differ in method and
granularity to produce results that differ markedly from those
generally accepted in scientific and technical communities.

Selective assessments of lifecycle emissions can be used to
favor or disfavor specific technologies. As an example, the life-
cycle GHG emissions for nuclear power generation in ref. 21
include the emissions of the background fossil-based power sys-
tem during an assumed planning and construction period for up
to 19 y per nuclear plant.7 Added to these emissions, the effects
of a nuclear war, which is assumed to periodically reoccur on a
30-y cycle, are included in the analysis of emissions and mortal-
ity of civilian nuclear power.8 In contrast, those same authors
do not consider emissions for the fossil-based power system
associated with construction and permitting delays for offshore

7The five sources cited in ref. 12 give construction time estimates of 5–8 y.
8In the almost 60 y of civilian nuclear power (two of the assumed war cycles), there have

been no nuclear exchanges. The existence of nuclear weapons does not depend on civil
power production from uranium.

wind farms (or the transmission infrastructure needed to connect
these farms), which have already been a challenge in the develop-
ment of US offshore wind resources. Although there is extensive
experience outside of the United States with developing offshore
wind resources, very few offshore wind facilities have been per-
mitted in US territorial waters. The 100% wind, solar, and hydro-
electric power system (11) envisions more than 150,000 5-MW
turbines permitted and built offshore without delays.

Insufficient Power System Modeling
The study of a 100% wind, solar, and hydroelectric power sys-
tem (11) purports to report the results of a “grid integration
model.” It is important to understand the limitations of the study
with regard to what is usually meant by grid integration. Reli-
able operation of the grid involves myriad challenges beyond just
matching total generation to total load. Its role in cascading fail-
ures and blackouts illustrates the important role of the transmis-
sion system (22). Reliable grid operation is further complicated
by its ac nature, with real and reactive power flows and the need
to closely maintain a constant frequency (23). Margins for gener-
ator failures must be provided through operational and planning
reserves (24). The solution proposed by refs. 11 and 12 involves
fundamental shifts in aspects of grid architecture that are critical
to reliable operation. Wind generation, largely located far from
load centers, will require new transmission. Solar generation and
onsite storage connected to the distribution grid replace capabil-
ity currently connected to the more centralized transmission grid.
Rotating machines with substantial inertia that is critical for fre-
quency stability are supplanted by asynchronous wind and solar
generators.

Although a grid integration study is detailed and complex,
the grid model of ref. 11 is spatially 0D; all loads, genera-
tion (sited before the LOADMATCH runs and placed precisely
where existing generation resides), and storage are summed in
a single place. Therefore, those authors do not perform any
modeling or analysis of transmission. As a result, their analy-
sis ignores transmission capacity expansion, power flow, and the
logistics of transmission constraints (SI Appendix, section S2.6).
Similarly, those authors do not account for operating reserves,
a fundamental constraint necessary for the electric grid. Indeed,
LOADMATCH used in ref. 11 is a simplified representation of
electric power system operations that does not capture require-
ments for frequency regulation to ensure operating reliability
(additional details are in SI Appendix, section S3).

Furthermore, the model is fully deterministic, implying perfect
foresight about the electricity demand and the variability of wind
and solar energy resources and neglecting the effect of forecast
errors on reserve requirements (25). In a system where variable
renewable resources make up over 95% of the US energy supply,
renewable energy forecast errors would be a significant source
of uncertainty in the daily operation of power systems. The
LOADMATCH model does not show the technical ability of the
proposed system from ref. 11 to operate reliably given the mag-
nitude of the architectural changes to the grid and the degree of
uncertainty imposed by renewable resources.

Inadequate Scrutiny of Input Climate Model
The climate model used to generate weather data in the work
in ref. 11 has never been adequately evaluated. For example,
results from this model have not been made available to the
Climate Model Intercomparison Project (26) or opened to pub-
lic inspection in ways similar to the results of major reanalysis
projects (27). As detailed in SI Appendix, section S4, the frag-
mentary results that have been made available show poor corre-
lation with reality in terms of resolution and accuracy. Because
the conclusions from ref. 11 depend on the weather data used,
their conclusions cannot be considered to be adequate without
an appropriate evaluation of the weather data used.

6726 | www.pnas.org/cgi/doi/10.1073/pnas.1610381114 Clack et al.
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Conclusions
Many previous studies of deep decarbonization of electric power
illustrate that much can be done with wind and solar power but
that it is extremely difficult to achieve complete decarbonization
of the energy system, even when using every current technology
and tool available, including energy efficiency and wind, hydro-
electric, and solar energy as well as carbon capture and storage,
bioenergy, and nuclear energy (1–6, 8–10). In contrast, ref. 11
asserts that it is cost-effective to fully decarbonize the US energy
system primarily using just three inherently variable generating
technologies: solar PV, solar CSP, and wind, to supply more than
95% of total energy in the proposal presented in ref. 11. Such
an extraordinarily constrained conclusion demands a standard of
proof that ref. 11 does not meet.

The scenarios of ref. 11 can, at best, be described as a poorly
executed exploration of an interesting hypothesis. The study’s
numerous shortcomings and errors render it unreliable as a guide
about the likely cost, technical reliability, or feasibility of a 100%
wind, solar, and hydroelectric power system. It is one thing to
explore the potential use of technologies in a clearly caveated
hypothetical analysis; it is quite another to claim that a model
using these technologies at an unprecedented scale conclusively
shows the feasibility and reliability of the modeled energy system
implemented by midcentury.

From the information given by ref. 11, it is clear that both
hydroelectric power and flexible load have been modeled in erro-
neous ways and that these errors alone invalidate the study and
its results. The study of 100% wind, solar, and hydroelectric
power systems (11) extrapolates from a few small-scale instal-
lations of relatively immature energy storage technologies to
assume ubiquitous adoption of high-temperature PCMs for stor-
age at concentrating solar power plants; UTES for heating, cool-
ing, and refrigeration for almost every building in the United
States; and widespread use of hydrogen to fuel airplanes, rail,
shipping, and most energy-intensive industrial processes. For the
critical variable characteristics of wind and solar resources, the
study in ref. 11 relies on a climate model that has not been inde-
pendently scrutinized.

The authors of ref. 11 claim to have shown that their pro-
posed system would be low cost and that there are no economic
barriers to the implementation of their vision (12). However,
the modeling errors described above, the speculative nature of
the terawatt-scale storage technologies envisioned, the theoret-
ical nature of the solutions proposed to handle critical stability
aspects of the system, and a number of unsupported assump-
tions, including a cost of capital that is one-third to one-half
lower than that used in practice in the real world, undermine that
claim. Their LOADMATCH model does not consider aspects of
transmission power flow, operating reserves, or frequency regu-
lation that would typically be represented in a grid model aimed
at assessing reliability. Furthermore, as detailed above and in SI
Appendix, a large number of costs and barriers have not been
considered in ref. 11.

Many researchers have been examining energy system transi-
tions for a long time. Previous detailed studies have generally
found that energy system transitions are extremely difficult and
that a broad portfolio of technological options eases that transi-
tion. If one reaches a new conclusion by not addressing factors
considered by others, making a large set of unsupported assump-
tions, using simpler models that do not consider important fea-
tures, and then performing an analysis that contains critical mis-
takes, the anomalous conclusion cannot be heralded as a new
discovery. The conclusions reached by the study contained in ref.
11 about the performance and cost of a system of “100% pene-
tration of intermittent wind, water and solar for all purposes” are
not supported by adequate and realistic analysis and do not pro-
vide a reliable guide to whether and at what cost such a transition
might be achieved. In contrast, the weight of the evidence sug-
gests that a broad portfolio of energy options will help facilitate
an affordable transition to a near-zero emission energy system.

SI Appendix
SI Appendix contains the details of this evaluation. Datasets S1
and S2 contain data and calculations used to produce the fig-
ures. Within the spreadsheet are the data sources and collation
of data.
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Preface)

Deep)Decarbonization)Pathways)Project)
The!Deep!Decarbonization!Pathways!Project!(DDPP)!is!a!collaborative!global!initiative!to!explore!how!
individual!countries!can!reduce!greenhouse!gas!(GHG)!emissions!to!levels!consistent!with!limiting!the!
anthropogenic!increase!in!global!mean!surface!temperature!to!less!than!2!degrees!Celsius!(°C).!Limiting!
warming!to!2°C!or!less,!an!objective!agreed!upon!by!the!international!community,!will!require!that!
global!net!GHG!emissions!approach!zero!by!the!second!half!of!the!21st!century.1!This,!in!turn,!will!require!
steep!reductions!in!energy[related!CO2!emissions!through!a!transformation!of!energy!systems,!a!
transition!referred!to!by!the!DDPP!as!“deep!decarbonization.”!!

The!DDPP!is!led!by!the!Sustainable!Development!Solutions!Network!(SDSN)!and!the!Institute!for!
Sustainable!Development!and!International!Relations!(IDDRI).!Currently,!the!DDPP!includes!15!research!
teams!from!countries!representing!more!than!70%!of!global!GHG!emissions:!Australia,!Brazil,!Canada,!
China,!France,!Germany,!India,!Indonesia,!Japan,!Mexico,!Russia,!South!Africa,!South!Korea,!the!United!
Kingdom,!and!the!United!States.!The!research!teams!are!independent!and!do!not!necessarily!reflect!the!
positions!of!their!national!governments.!Starting!in!the!fall!of!2013,!the!research!teams!have!been!
developing!potential!high[level!roadmaps,!or!“pathways,”!for!deep!decarbonization!in!their!respective!
countries.!!

The!initial!results!of!this!effort!were!published!in!September!2014!and!officially!presented!as!part!of!the!
Economic(Case(for(Action!session!at!the!Climate!Summit!convened!by!UN!Secretary!General!Ban!Ki!Moon!
in!New!York.!!That!study,!“Pathways!to!Deep!Decarbonization:!2014!Report,”!included!a!chapter!on!deep!
decarbonization!pathways!in!the!U.S.2!The!present!report!represents!a!continuation!of!the!analysis!in!
the!DDPP!Report,!providing!expanded!results!and!greater!detail!on!methods!and!data!sources.!

Research)Team)
The!research!for!this!report!was!conducted!by!Energy!and!Environmental!Economics,!Inc.!(E3),!a!San!
Francisco[based!consulting!firm,!in!collaboration!with!Lawrence!Berkeley!National!Laboratory!(LBNL)!
and!Pacific!Northwest!National!Laboratory!(PNNL).!The!overall!project!director!was!Dr.!Jim!Williams!(E3),!
with!Dr.!Andrew!Jones!(LBNL)!and!Dr.!Haewon!McJeon!(PNNL)!responsible!for!GCAM!modeling.!
PATHWAYS!analysis!and!report!writing!were!conducted!primarily!by!Ben!Haley,!Jack!Moore,!and!Dr.!
Fredrich!Kahrl!of!E3.!Senior!supervisors!included!Dr.!Margaret!Torn!(LBNL)!and!Snuller!Price!(E3).!!

Advisory)Committee)
This!report!was!reviewed!by!a!distinguished!advisory!committee!consisting!of!Prof.!John!Weyant!of!
Stanford!University!and!Director!of!the!Energy!Modeling!Forum,!and!Dr.!Jae!Edmonds,!a!Laboratory!
Fellow!at!PNNL’s!Joint!Global!Change!Research!Institute.!
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Abstract)

Limiting!the!anthropogenic!increase!in!global!mean!surface!temperature!to!less!than!2!degrees!Celsius!
(°C),!an!objective!agreed!upon!by!the!international!community,!will!require!that!global!net!GHG!
emissions!approach!zero!by!the!second!half!of!the!21st!century.!The!principal!finding!of!this!study,!
conducted!using!the!PATHWAYS!and!GCAM!models,!is!that!it!is!technically!feasible!to!achieve!an!80%!
greenhouse!gas!reduction!below!1990!levels!by!2050!in!the!United!States!(U.S.),!and!that!multiple!
alternative!pathways!exist!to!achieve!these!reductions!using!existing!commercial!or!near[commercial!
technologies.!Reductions!are!achieved!through!high!levels!of!energy!efficiency,!decarbonization!of!
electric!generation,!electrification!of!most!end!uses,!and!switching!the!remaining!end!uses!to!lower!
carbon!fuels.!The!cost!of!achieving!these!reductions!does!not!appear!prohibitive,!with!an!incremental!
cost!to!the!energy!system!equivalent!to!less!than!1%!of!gross!domestic!product!(GDP)!in!the!base!case.!
These!incremental!energy!system!costs!did!not!include!potential!non[energy!benefits,!for!example,!
avoided!human!and!infrastructure!costs!of!climate!change!and!air!pollution.!The!changes!required!to!
deeply!decarbonize!the!economy!over!the!next!35!years!would!constitute!an!ambitious!transformation!
of!the!energy!system.!!However,!this!study!indicates!that!these!changes!would!not!necessarily!entail!
major!changes!in!lifestyle,!since!the!low!carbon!pathways!were!designed!to!support!the!same!level!of!
energy!services!and!economic!growth!as!the!reference!case!based!on!the!U.S.!Department!of!Energy’s!
Annual(Energy(Outlook.!Starting!now!on!the!deep!decarbonization!path!would!allow!infrastructure!
replacement!to!follow!natural!replacement!rates,!which!reduces!costs,!eases!demand!on!manufacturing,!
and!allows!gradual!consumer!adoption.!

! !
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Executive)Summary)

Decision!makers!in!government!and!business!increasingly!need!to!understand!the!practical!implications!
of!deep!reductions!in!global!greenhouse!gas!(GHG)!emissions.!This!report!examines!the!technical!and!
economic!feasibility!of!such!a!transition!in!the!United!States,!evaluating!the!infrastructure!and!
technology!changes!required!to!reduce!U.S.!GHG!emissions!in!the!year!2050!by!80%!below!1990!levels,!
consistent!with!a!global!emissions!trajectory!that!limits!the!anthropogenic!increase!in!earth’s!mean!
surface!temperature!to!less!than!2°C.!!

The!analysis!was!conducted!using!PATHWAYS,!a!detailed,!bottom[up!energy!model!that!draws!on!the!
architecture!and!inputs!of!the!U.S.!National!Energy!Modeling!System!(NEMS).!For!each!year!out!to!2050,!
PATHWAYS!evaluates!annual!changes!in!infrastructure!stocks!by!sector!and!region!in!each!of!the!nine!
U.S.!census!divisions,!and!includes!an!hourly!electricity!system!simulation!in!each!of!the!three!major!
electric!grid!interconnections.!Scenarios!using!different!portfolios!of!measures!were!developed!to!
represent!a!range!of!decarbonization!strategies!across!energy!supply!and!demand!sectors!including!
electricity,!fuels,!residential!and!commercial!buildings,!passenger!and!freight!transportation,!and!
industry.!The!resulting!incremental!energy!system!emissions!and!costs!were!calculated!in!comparison!to!
a!reference!case!based!on!the!U.S.!Department!of!Energy’s!Annual(Energy(Outlook((AEO).!Uncertainty!
was!addressed!through!sensitivity!analysis.!Complementary!analyses!were!performed!using!GCAM,!a!
global!integrated!assessment!model,!to!examine!land[use!emissions!associated!with!bioenergy!
production!and!the!mitigation!potential!of!non[CO2!GHGs.!The!study!addresses!four!main!research!
questions:!

1.(Is(it(technically(feasible(to(reduce(U.S.(GHG(emissions(to(80%(below(1990(levels(by(2050,(subject(to(
realistic(constraints?(

This)study)finds)that)it)is)technically)feasible)for)the)U.S.)to)reduce)GHG)emissions)80%)below)1990)
levels)by)2050)with)overall)net)GHG)emissions)of)no)more)than)1,080)MtCO2e,)and)fossil)fuel)
combustion)emissions)of)no)more)than)750)MtCO2.!Meeting!a!750!MtCO2!target!requires!a!
transformation!of!the!U.S.!energy!system,!which!was!analyzed!using!PATHWAYS.!The!analysis!employed!
conservative!assumptions!regarding!technology!availability!and!performance,!infrastructure!turnover,!
and!resource!limits.!Four!distinct!scenarios!employing!substantially!different!decarbonization!strategies!
—High!Renewable,!High!Nuclear,!High!CCS,!and!Mixed!Cases,!which!were!named!according!to!the!
different!principal!form!of!primary!energy!used!in!electricity!generation,!and!also!differed!in!other!
aspects!of!energy!supply!and!demand—all!met!the!target,!demonstrating!robustness!by!showing!that!
redundant!technology!pathways!to!deep!decarbonization!exist.!!

Analysis!using!the!GCAM!model!supports!the!technical!feasibility!of!reducing!net!non[energy!and!non[
CO2!GHG!emissions!to!no!more!than!330!Mt!CO2e!by!2050,!including!land!use!carbon!cycle!impacts!from!
biomass!use!and!potential!changes!in!the!forest!carbon!sink.!!!

The!U.S.!total!emissions!trajectory!for!the!Mixed!Case,!assuming!a!constant!terrestrial!CO2!sink,!is!shown!
in!Figure!ES[1.!
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Figure)ES[1.)U.S.)Total)GHG)Emissions)for)the)Years)2015[2050,)as)a)Percentage)of)2005)Emissions!

!

2.(What(is(the(expected(cost(of(achieving(this(level(of(reductions(in(GHG(emissions?((

Achieving)this)level)of)emissions)reductions)is)expected)to)have)an)incremental)cost)to)the)energy)
system)on)the)order)of)1%)of)GDP,)with)a)wide)uncertainty)range.!This!study!uses!incremental!energy!
system!costs—the!cost!of!producing,!distributing,!and!consuming!energy!in!a!decarbonized!energy!
system!relative!to!that!of!a!reference!case!system!based!on!the!AEO—as!a!metric!to!assess!the!cost!of!
deep!reductions!in!energy[related!CO2!emissions.!Based!on!an!uncertainty!analysis!of!key!cost!
parameters!in!the!four!analyzed!cases,!the!interquartile!(25th!to!75th!percentile)!range!of!these!costs!
extends!from!negative!$90!billion!to!$730!billion!(2012!$)!in!2050,!with!a!median!value!of!just!over!$300!
billion.!To!put!these!estimates!in!context,!levels!of!energy!service!demand!in!this!analysis!are!consistent!
with!a!U.S.!GDP!of!$40!trillion!in!2050.!By!this!metric,!the!median!estimate!of!net!energy!system!costs!is!
0.8%!of!GDP!in!2050,!with!50%!probability!of!falling!between![0.2%!to!+1.8%.!GCAM!analysis!indicates!
that!the!complementary!reductions!in!non[energy!and!non[CO2!GHGs!needed!to!meet!the!80%!target!
are!achievable!at!low!additional!cost.!

These!cost!estimates!are!uncertain!because!they!depend!on!assumptions!about!consumption!levels,!
technology!costs,!and!fossil!fuel!prices!nearly!40!years!into!the!future.!To!be!conservative,!energy!
service!demands!in!this!analysis!were!based!on!an!economy!and!lifestyles!that!resemble!the!present!day!
and!on!technology!cost!assumptions!that!reflect!near[term!expectations,!with!relatively!flat!cost!
trajectories!for!many!technologies!out!to!2050.!Even!at!the!higher!end!of!the!probability!distribution!
(the!75th!percentile!estimate!of!$730!billion),!which!assumes!little!to!no!technology!innovation!over!the!
next!four!decades,!the!incremental!energy!system!cost!of!a!transition!needed!to!meet!the!750!MtCO2!

target!is!small!relative!to!national!income.!!

These!incremental!energy!system!costs!did!not!include!non[energy!benefits,!for!example,!the!avoided!
human!health!and!infrastructure!costs!of!climate!change!and!air!pollution.!Additionally,!the!majority!of!
energy!system!costs!in!this!analysis!were!incurred!after!2030,!as!deployment!of!new!low[carbon!
infrastructure!expands.!Technology!improvements!and!market!transformation!over!the!next!decade!
could!significantly!reduce!expected!costs!in!subsequent!years.!
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3.(What(changes(in(energy(system(infrastructure(and(technology(are(required(to(meet(this(level(of(GHG(
reduction?((

Deep)decarbonization)requires)three)fundamental)changes)in)the)U.S.)energy)system:)(1))highly)
efficient)end)use)of)energy)in)buildings,)transportation,)and)industry;)(2))decarbonization)of)electricity)
and)other)fuels;)and)(3))fuel)switching)of)end)uses)to)electricity)and)other)low[carbon)supplies.!All!of!
these!changes!are!needed,!across!all!sectors!of!the!economy,!to!meet!the!target!of!an!80%!GHG!
reduction!below!1990!levels!by!2050.!

The!transformation!of!the!U.S.!energy!system,!while!gradual,!entails!major!changes!in!energy!supply!and!
end!use!technology!and!infrastructure.!With!commercial!or!near[commercial!technologies!and!limits!on!
biomass!availability!and!carbon!capture!and!storage!(CCS)!deployment,!it!is!difficult!to!decarbonize!both!
gas!and!liquid!fuel!supplies.!For!this!reason,!meeting!the!2050!target!requires!almost!fully!decarbonizing!
electricity!supply!and!switching!a!large!share!of!end!uses!from!direct!combustion!of!fossil!fuels!to!
electricity!(e.g.,!electric!vehicles),!or!fuels!produced!from!electricity!(e.g.,!hydrogen!from!electrolysis).!In!
our!four!decarbonization!cases,!the!use!of!electricity!and!fuels!produced!from!electricity!increases!from!
around!20%!at!present!to!more!than!50%!by!2050.!!

As!a!result,!electricity!generation!would!need!to!approximately!double!(an!increase!of!60[110%!across!
scenarios)!by!2050!while!its!carbon!intensity!is!reduced!to!3[10%!of!its!current!level.!Concretely,!this!
would!require!the!deployment!of!roughly!2,500!gigawatts!(GW)!of!wind!and!solar!generation!(30!times!
present!capacity)!in!a!high!renewables!scenario,!700!GW!of!fossil!generation!with!CCS!(nearly!the!
present!capacity!of!non[CCS!fossil!generation)!in!a!high!CCS!scenario,!or!more!than!400!GW!of!nuclear!(4!
times!present!capacity)!in!a!high!nuclear!scenario.!!

Similar!levels!of!transformation!would!be!required!in!other!sectors.!For!example,!light!duty!vehicles!
(LDVs)!would!need!to!become!more!efficient!and!switch!to!low!carbon!fuels.!The!average!fleet!fuel!
economy!of!LDVs!would!need!to!exceed!100!miles!per!gallon!gasoline!equivalent!in!2050,!while!shifting!
80[95%!of!miles!driven!from!gasoline!to!alternative!fuels!such!as!electricity!and!hydrogen.!This!would!
require!the!deployment!of!roughly!300!million!alternative!fuel!vehicles!by!2050.!!

4.(What(are(the(implications(of(these(technology(and(infrastructure(changes(for(the(energy(economy(and(
policy?(

There)is)still)sufficient)time)for)the)U.S.)to)achieve)80%)GHG)reductions)by)2050)relying)on)natural)
infrastructure)turnover.)However,)to)achieve)emissions)goals)and)avoid)the)costs)of)early)retirement,)
it)is)critical)to)account)for)economic)and)operating)lifetimes)in)investment)decisions.)The!figure!below!
illustrates!the!limited!number!of!opportunities!between!now!and!2050!for!replacement!or!addition!of!
infrastructure!based!on!natural!stock!rollover!for!different!types!of!equipment.!
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Figure)ES)2.)Stock)Lifetimes)and)Replacement)Opportunities)

!

For!some!important!kinds!of!long[lived!infrastructure—for!instance,!power!plants—there!is!likely!to!be!
only!one!opportunity!for!replacement!in!this!time!period.!Adding!new!high!carbon!generation!(e.g.,!coal!
plants)!creates!infrastructure!inertia!that!either!makes!the!2050!target!more!difficult!to!reach,!requires!
expensive!retrofits,!or!puts!investments!at!risk.!Reflecting!full!lifecycle!carbon!costs!up[front!in!
investment!decisions!for!long[lived!infrastructure!would!reduce!these!risks.!Transitions!that!involve!
shorter[lived!equipment—for!example,!LDVs—raise!other!considerations.!This!analysis!shows!that!
adoption!rates!for!alternative!LDVs!can!initially!ramp!up!slowly,!constituting!only!a!small!share!of!the!
LDV!fleet!by!2030,!but!that!they!must!comprise!the!bulk!of!new!sales!shortly!thereafter!in!order!to!
ensure!that!only!a!small!share!of!conventional!gasoline!vehicles!remain!in!the!stock!by!2050.!This!
suggests!that!current!barriers!to!adoption!of!low!carbon!LDV!technologies!need!to!be!addressed!well!
before!2030.!One!key!barrier!is!upfront!costs,!which!can!be!reduced!by!timely!R&D,!market!
transformation!programs,!and!financial!innovation.!Anticipating!and!addressing!such!barriers!in!advance!
is!essential!to!meeting!emissions!targets!at!low!overall!cost.!

A)deeply)decarbonized)energy)economy)would)be)dominated)by)fixed)cost)investments)in)power)
generation)and)in)efficient)and)low[carbon)end[use)equipment)and)infrastructure,)while)fossil)fuel)
prices)would)play)a)smaller)role.)Petroleum!consumption!is!reduced!by!76–91%!by!2050!across!all!
scenarios!in!this!study,!declining!both!in!absolute!terms!and!as!a!share!of!final!energy.!Meanwhile,!
incremental!investment!requirements!in!electricity!generation!alone!rise!to!$30–70!billion!per!year!
above!the!reference!case!by!the!2040s.!The!overall!cost!of!deeply!decarbonizing!the!energy!system!is!
dominated!by!the!incremental!capital!cost!of!low!carbon!technologies!in!power!generation,!light!and!
heavy!duty!vehicles,!building!energy!systems,!and!industrial!equipment.!This!change!in!the!energy!
economy!places!a!premium!on!reducing!capital!and!financing!costs!through!R&D,!market!
transformation,!and!creative!financing!mechanisms.!The!new!cost!structure!of!the!energy!system!

0 5 10 15 20 25 30 35

Residential/building

Electricity/power/plant

Industrial/boiler

Heavy/duty/vehicle

Light/duty/vehicle

Space/heater

Hot/water/heater

Electric/lighting

Equipment/Infrastructure1Lifetime1(Years)

2015 2050 

4 replacements 

3 replacements 

2 replacements 

2 replacements 

1 replacement 

1 replacement 

1 replacement 

0 replacements 

2030 



U.S.)Deep)Decarbonization)Pathways)

xvii!

reduces!the!exposure!to!volatile!energy!commodity!prices!set!on!global!markets,!while!also!suggesting!a!
critical!role!for!investment!in!domestic!energy!infrastructure.!

The)recent)U.S.)government)commitment)to)reduce)U.S.)total)GHG)emissions)by)26–28%)below)2005)
levels)by)2025)is)consistent)with)the)results)of)this)report.!Figure!ES[1!shows!the!reduction!in!total!GHG!
emissions!over!time!relative!to!2005!for!the!Mixed!Case!in!this!study,!assuming!a!constant!terrestrial!
carbon!sink.!In!this!scenario,!U.S.!total!GHG!emissions!(net!CO2e)!were!reduced!by!25%!in!2025!relative!
to!2005.!!

In!its!announcement,!the!U.S.!government!also!reaffirmed!the!goal!of!“economy[wide!reductions!on!the!
order!of!80%!by!2050.”!Since!the!U.S.!commitment!level!for!2025!lies!on!the!same!trajectory!as!the!deep!
decarbonization!pathways!in!this!analysis,!this!suggests!that!successfully!achieving!the!2025!target!
would!put!the!U.S.!on!the!road!to!80%!reductions!by!2050.!From!the!perspective!of!this!study,!there!are!
different!ways!that!the!U.S.!can!achieve!the!2025!target,!some!of!which!would!lay!the!necessary!
groundwork!for!deeper!reductions!to!follow,!and!others!that!might!meet!the!target!but!tend!to!produce!
flat,!rather!than!declining,!emissions!in!the!long!term.!This!indicates!the!importance!of!evaluating!near[
term!approaches!in!the!light!of!deep!decarbonization!analysis.!For!example,!proposals!to!prevent!the!
construction!of!new!coal!power!generation!unless!it!is!equipped!with!CCS!are!consistent!with!this!
report’s!finding!that!long[lived!infrastructure!additions!must!be!low[carbon!if!the!2050!target!is!to!be!
met!while!avoiding!stranded!assets.!Other!measures,!such!as!increasing!the!stringency!of!vehicle!fuel!
economy!and!appliance!efficiency!standards,!are!effective!low[cost!measures!for!reaching!the!2025!goal,!
but!to!continue!along!the!deep!decarbonization!trajectory!after!2025!will!require!complementary!efforts!
in!policy,!technology!development,!and!market!transformation!to!enable!deeper!decarbonization!
measures!(e.g.!deeper!generation!decarbonization,!extensive!switching!of!end!uses!to!electricity!and!
low!carbon!fuels)!later!on.!

This)study)did)not)find)any)major)technical)or)economic)barriers)to)maintaining)the)U.S.)long[term)
commitment)to)reducing)GHG)emissions)consistent)with)limiting)global)warming)to)less)than)2°C.!In!
terms!of!technical!feasibility!and!cost,!this!study!finds!no!evidence!to!suggest!that!relaxing!the!80%!by!
2050!emissions!target!or!abandoning!the!2°C!limit!is!justified.!In!addition,!the!2°C!goal!plays!a!critical!
role!as!a!guide!for!near[term!mitigation!efforts,!providing!a!benchmark!for!the!necessary!scale!and!
speed!of!infrastructure!change,!technical!innovation,!and!coordination!across!sectors!that!must!be!
achieved!in!order!to!stay!on!an!efficient!path!to!climate!stabilization.!!!

Energy!system!changes!on!the!scale!described!in!this!analysis!imply!significant!opportunities!for!
technology!innovation!and!investment!in!all!areas!of!the!U.S.!energy!economy.!Establishing!regulatory!
and!market!institutions!that!can!support!this!innovation!and!investment!is!critical.!Both!areas—
technology!innovation!and!institutional!development—are!U.S.!strengths,!and!place!the!U.S.!in!a!strong!
leadership!and!competitive!position!in!a!low!carbon!world.!!

!
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1. Introduction)

1.1. Background)
The!Deep!Decarbonization!Pathways!Project!(DDPP)!is!a!collaborative!global!initiative!to!explore!how!
individual!countries!can!reduce!greenhouse!gas!(GHG)!emissions!to!levels!consistent!with!limiting!the!
anthropogenic!increase!in!global!mean!surface!temperature!to!less!than!2!degrees!Celsius!(°C).!Limiting!
warming!to!2°C!or!less,!an!objective!agreed!upon!by!the!international!community,!will!require!that!
global!net!GHG!emissions!approach!zero!by!the!second!half!of!the!21st!century.!This,!in!turn,!will!require!
steep!reductions!in!energy[related!CO2!emissions!through!a!transformation!of!energy!systems,!a!
transition!referred!to!by!the!DDPP!as!“deep!decarbonization.”!!

The!DDPP!is!led!by!the!Sustainable!Development!Solutions!Network!(SDSN)!and!the!Institute!for!
Sustainable!Development!and!International!Relations!(IDDRI).!Currently,!the!DDPP!includes!15!research!
teams!from!countries!representing!more!than!70%!of!global!GHG!emissions:!Australia,!Brazil,!Canada,!
China,!France,!Germany,!India,!Indonesia,!Japan,!Mexico,!Russia,!South!Africa,!South!Korea,!the!United!
Kingdom,!and!the!United!States.!The!research!teams!are!independent!and!do!not!necessarily!reflect!the!
positions!of!their!national!governments.!Starting!in!the!fall!of!2013,!the!research!teams!have!been!
developing!potential!high[level!roadmaps,!or!“pathways,”!for!deep!decarbonization!in!their!respective!
countries.!!

The!initial!results!of!this!effort!were!published!in!September!2014!and!officially!presented!as!part!of!the!
Economic(Case(for(Action!session!at!the!Climate!Summit!convened!by!UN!Secretary!General!Ban!Ki!Moon!
in!New!York.!!That!study,!“Pathways!to!Deep!Decarbonization:!2014!Report,”!included!a!chapter!on!deep!
decarbonization!pathways!in!the!U.S.!The!present!report!represents!a!continuation!of!the!analysis!in!the!
DDPP!Report,!providing!expanded!results!and!greater!detail!on!methods!and!data!sources.!

1.2. Objectives))
Decision!makers!in!government!and!business!need!to!understand!the!practical!implications!of!deep!
reductions!in!greenhouse!gas!(GHG)!emissions!consistent!with!limiting!the!anthropogenic!increase!in!
global!mean!surface!temperatures!to!2°C!or!less.!To!that!end,!this!report!has!four!principal!objectives:!!

1. To!assess!the!technical!and!economic!feasibility!of!reducing!U.S.!GHG!emissions!80%!below!1990!
levels!by!2050,!a!level!consistent!with!the!2°C!limit!

2. To!understand!what!this!goal!implies!for!the!magnitude,!scope,!and!timing!of!required!changes!in!
the!U.S.!energy!system,!at!a!relatively!concrete!and!granular!level!!

3. To!provide!a!benchmark!for!evaluating!the!consistency!of!current!and!proposed!climate!policies!with!
what!is!required!to!meet!the!2050!target!

4. To!demonstrate!the!need!for!granular,!long[term!deep!decarbonization!analysis!in!both!domestic!
and!international!climate!policy!processes!

1.3. Research)Questions)
This!study!addresses!four!main!research!questions.!First,!is!it!technically!feasible!to!reduce!U.S.!GHG!
emissions!to!80%!below!1990!levels!by!2050,!subject!to!realistic!constraints?!Second,!what!is!the!
expected!cost!of!achieving!this!level!of!reductions!in!GHG!emissions?!Third,!what!changes!in!energy!
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system!infrastructure!and!technology!are!required!to!meet!this!level!of!GHG!reduction?!Fourth,!what!
are!the!implications!of!these!technology!and!infrastructure!changes!for!the!energy!economy!and!policy?!
The!study!focuses!primarily!on!energy[related!CO2!emissions.!Reductions!in!non[energy!and!non[CO2!
GHGs!required!to!meet!the!80%!net!CO2e!target!are!also!considered,!but!in!less!detail.!

Technical!feasibility!is!defined!here!as!a!robust!analytical!demonstration!that!multiple!technology!
pathways!exist!for!achieving!the!2050!emissions!target!that!satisfy!a!broad!set!of!reasonableness!
criteria,!including!reliance!on!commercial!or!near[commercial!technologies,!natural!infrastructure!
turnover,!power!system!operability,!and!sustainability!limits!on!natural!resources.!The!cost!of!achieving!
the!target!is!assessed!in!terms!of!incremental!energy!system!costs—that!is,!the!net!cost!of!producing,!
distributing,!and!consuming!energy!in!a!decarbonized!energy!system!relative!to!a!reference!case—using!
sensitivity!analysis!to!address!the!high!uncertainty!in!technology!costs!and!fuel!prices!over!a!multi[
decade!time!frame.!

1.4. Research)Approach)
The!research!in!this!study!was!conducted!using!two!models,!PATHWAYS!and!GCAM.!These!models!and!
their!roles!in!the!study!are!described!in!Chapter!2,!along!with!other!details!on!methods!and!data!
sources.!The!approach!used!in!this!study!involves!four!main!steps!(see!Figure!1):!

1. Measure!development.!Model!inputs!used!to!represent!energy!supply!and!end!use!infrastructure!
and!equipment,!including!current!and!projected!cost!and!performance!for!incumbent!technologies!
and!a!wide!range!of!low!carbon!measures,!were!developed!from!a!broad!survey!of!the!literature!and!
expert!opinion.!The!GCAM!model!was!used!to!develop!measures!for!non[energy!and!non[CO2!GHG!
mitigation.!

2. Scenario!development.!Cases!were!developed!to!represent!a!reference!(current!policy)!scenario!and!
four!low!carbon!scenarios.!To!generate!the!latter,!reference!case!infrastructure!and!equipment!were!
replaced!by!the!low!carbon!measures!developed!in!step!1!at!the!scale!and!rate!necessary!as!to!meet!
the!2050!target!while!obeying!a!set!of!reasonableness!constraints.!!

3. Model!operation.!The!PATHWAYS!model!developed!for!this!analysis!produces!changes!in!the!annual!
stock!of!energy!infrastructure!and!equipment!based!on!the!scenarios!developed.!It!balances!energy!
supply!and!demand!by!fuel!type!and!end!use,!and!employs!an!hourly!dispatch!to!ensure!that!
sufficient!energy!and!capacity!is!available!in!a!given!scenario!for!the!reliable!operation!of!the!
electricity!system.!Complementary!analyses!were!performed!with!GCAM!to!examine!land[use!
emissions!associated!with!bioenergy!production!and!the!mitigation!potential!of!non[CO2!GHGs.!

4. Model!outputs.!Based!on!the!scenarios!and!input!values!developed,!the!PATHWAYS!model!outputs!
annual!results!for!primary!and!final!energy,!CO2!emissions,!the!net!cost!of!low!carbon!scenarios!
relative!to!the!reference!case,!and!stocks!of!specific!infrastructure!and!equipment.!

Figure)1.)Research)Approach)
!
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1.5. Current)GHG)Emissions)and)the)2050)Target)

1.5.1. Current)U.S.)GHG)Emissions)

U.S.!GHG!emissions!are!dominated!by!CO2!emissions!from!fossil!fuel!combustion.!These!have!accounted!
for!more!than!three[quarters!of!total!gross!GHG!emissions!over!the!last!two!decades!(Table!1).!Methane!
(CH4)!and!nitrous!oxide!(N2O)!are!also!important!GHGs!in!the!U.S.,!accounting!for!around!15%!of!gross!
emissions.!The!U.S.!has!a!net!CO2!sink!(negative!CO2!flux)!from!land!use,!land[use!change,!and!forestry!
(LULUCF),!which!the!EPA!estimates!has!grown!since!the!1990s.!This!sink!represents!CO2!that!is!removed!
from!the!atmosphere!each!year!and!stored!in!terrestrial!ecosystems,!primarily!forests.!Net!GHG!
emissions,!which!are!the!ultimate!concern!for!climate!policy,!are!calculated!as!gross!GHG!emissions!
minus!the!CO2!sink.!!

Table)1.)U.S.)Gross)and)Net)GHG)Emissions,)1990,)2005,)and)2012)(Source:)U.S.)EPA)2014)))

! 1990) 2005) 2012)

MtCO2e) %)Gross) MtCO2e) %)Gross) MtCO2e) %)Gross)

Fossil)fuel)combustion)CO2) 4,745! 76%! 5,753! 79%! 5,066! 78%!

Total)CO2) 5,109! 82%! 6,112! 84%! 5,377! 83%!

CH4) 632! 10%! 586! 8%! 564! 9%!

N2O) 399! 6%! 416! 6%! 410! 6%!

Hydrofluorocarbons)(HFCs)) 37! 1%! 120! 2%! 137! 2%!

Perfluorocarbons)(PFCs)) 21! 0%! 6! 0%! 5! 0%!

Sulfur)hexafluoride)(SF6)) 33! 1%! 15! 0%! 8! 0%!

Gross)GHG)emissions) 6,230) 100%) 7,254) 100%) 6,502) 100%)

Net)CO2)flux)from)LULUCF) [831) ) [1,031) ) [979) )

Net)GHG)emissions) 5,399) 6,223) 5,522)

Figure!2!shows!the!contributions!of!the!three!fossil!fuels—coal,!natural!gas,!petroleum—to!CO2!
emissions!in!the!U.S.!over!the!last!four!decades.!Owing!to!a!number!of!different!factors—the!global!
financial!crisis,!natural!gas!displacement!of!coal,!and!the!accumulated!effects!of!energy!efficiency!
policies—emissions!from!fossil!fuel!combustion!declined!sharply!beginning!in!2008,!and!were!only!14%!
above!1973!levels!in!2013!(Figure!2).!(
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Figure)2.)U.S.)CO2)Emissions)from)Fossil)Fuel)Combustion)by)Fuel)Source,)1973–2013)

!
Source:!EIA!,!March,!2014!Monthly!Energy!Review!
!
Fossil!fuel!combustion!CO2!emissions!are!spread!across!all!major!sectors,!with!the!transportation!and!
industrial!sectors!accounting!for!a!higher!share!of!emissions!(62%)!than!the!residential!and!commercial!
sectors!(38%).!Transportation!sector!CO2!emissions!arise!largely!from!direct!fuel!combustion,!whereas!
industrial!sector!CO2!emissions!are!split!between!direct!fuel!combustion!and!electricity!consumption,!
and!residential!and!commercial!emissions!are!primarily!from!electricity!consumption!(Figure!3).!!

Figure)3.)U.S.)CO2)Emissions)from)Fossil)Fuel)Combustion,)with)Electricity)Emissions)Allocated)to)End)Use,)2012))

!
Source:)U.S.)EPA)2014)
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1.5.2. 2050)GHG)Target)
The!target!for!CO2!emissions!from!fossil!fuel!combustion!used!in!this!analysis!is!consistent!with!the!DDPP!
Pathways(to(Deep(Decarbonization(report!principle!of!convergence!in!global!per!capita!energy[related!
CO2!emissions!to!1.7!tonnes!CO2!per!person!in!2050.3!!For!the!U.S.,!the!target!derived!through!this!
process!is!750!MtCO2!based!on!a!population!forecast!of!440!million!in!2050.!This!study!also!evaluates!
what!additional!non[energy!and!non[CO2!reduction!measures!are!required!in!order!to!meet!the!overall!
GHG!emissions!target!for!all!emission!sources!and!fuel!types!of!80%!below!1990!by!2050,!a!level!the!
scientific!community!has!judged!consistent!with!limiting!anthropogenic!warming!to!2°C.!Chapter!9!
shows!how!the!two!targets—energy[CO2!only!and!net!CO2e—are!reconciled!in!this!report!using!GCAM.!!

EPA’s!estimate!for!net!GHG!emissions!in!1990!is!5,399!MtCO2e!(Table!1).!An!80%!reduction!below!this!
level!yields!an!upper!limit!of!1,080!MtCO2e!for!the!2050!target.!If!fossil!fuel!combustion!results!in!
emissions!of!750!MtCO2e,!this!implies!that!the!total!budget!for!all!other!emissions!net!of!the!LULUCF!
sink!would!be!330!MtCO2e!in!2050!(Table!2).!If!EPA’s!estimated!net!terrestrial!carbon!sink!for!2012!
(979!MtCO2!per!year)!were!maintained!out!to!2050,!the!budget!for!gross!emissions!of!all!types!other!
than!fossil!fuel!CO2!would!be!1,309!MtCO2e.!Meeting!this!would!require!a!9%!reduction!below!2012!
levels!(1,436!MtCO2e),!or!12%!below!1990!levels!(1,485!MtCO2e),!of!these!non[energy!and!non!CO2!
emissions.!If!the!sink!were!to!reduce!sufficiently!in!size!by!2050,!deeper!reductions!would!be!required,!
either!from!energy!CO2!emissions!or!from!these!other!emissions.!We!explore!this!sensitivity!in!
Chapter!9.!

Table)2.)Budget)for)Allowable)2050)GHG)Emissions)Other)than)Fossil)Fuel)Combustion)CO2)
Net!GHG!emissions!target!in!2050!(80%!below!1990)! 1,080!MtCO2e! –!!

Budget!for!CO2!emissions!from!fossil!fuel!combustion!in!2050! 750!MtCO2e! =!

Allowable)other)GHG)emissions)net)of)LULUCF)sink)in)2050) 330)MtCO2e) )

At!the!2009!Climate!Change!Summit!in!Copenhagen,!the!U.S.!announced!a!target!of!reducing!GHG!
emissions!by!83%!below!2005!levels!by!2050.!This!target!is!consistent!with!legislation!passed!by!the!
House!of!Representatives!earlier!in!2009,!but!never!approved!by!the!U.S.!Senate.!It!is,!nevertheless,!an!
important!reference!point.!At!the!EPA’s!current!estimate!of!6,223!MtCO2e!of!net!GHG!emissions!in!2005,!
this!target!equates!to!an!upper!limit!of!1,056!MtCO2e!in!net!GHG!emissions!in!2050.!In!this!case,!
assuming!a!constant!sink!at!2012!levels,!allowable!non[fossil!fuel!combustion!GHGs!in!2050!would!be!
306!MtCO2e,!and!the!required!reduction!in!these!gases!below!2012!levels!would!be!11%.!

1.6. Report)Overview)
The!remainder!of!this!report!is!organized!as!follows.!Chapter!2!describes!the!methods!used,!including!an!
overview!of!the!PATHWAYS!and!GCAM!models.!Chapter!3!describes!the!scenarios!developed!and!the!
principles!underlying!their!design.!Chapters!4[10!present!detailed!results!for!emissions,!energy,!and!
costs.!Chapter!11!provides!a!synoptic!view!of!the!low!carbon!transition!in!the!U.S.!energy!system.!
Chapter!12!provides!summary!observations!and!conclusions.!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3!SDSN!and!IDDRI,!Pathways(to(Deep(Decarbonization:(2014(Report,(www.deepdecarbonization.org/!
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2. Methods)

2.1. PATHWAYS)Model)
PATHWAYS!is!a!bottom[up,!stock!rollover!model!of!the!U.S.!energy!system.!It!shares!a!common!
architecture!with!and!uses!many!of!the!same!inputs!as!NEMS,4!but!includes!a!more!detailed!
representation!of!the!electricity!sector!and!is!more!flexible!and!transparent.!PATHWAYS’s!combination!
of!bottom[up!detail!and!flexibility!allows!for!examination!of!a!broad!range!of!technology!pathways!to!
deep!decarbonization!at!different!levels!of!resolution—from!energy!system[wide!trends!to,!for!instance,!
changes!in!the!stock!of!light!duty!vehicles!in!the!South!Atlantic!census!region.!

PATHWAYS!tracks!final!and!primary!energy!use,!CO2!emissions,!and!energy!system!costs!across!four!end!
use!sector!modules:!commercial,!industrial,!residential,!and!transportation!(Figure!4).!Energy!demand!in!
these!four!sectors!is!provided!through!electricity,!pipeline!gas,!and!liquid!fuel!modules.!The!electricity!
module!includes!an!hourly!dispatch!of!regional!power!systems!for!each!model!year,!to!ensure!that!
electricity!reliability!requirements!are!met!and!that!the!costs!of!balancing!wind,!solar,!and!nuclear!
output!with!demand!are!accurately!accounted!for.!

Energy!service!demand!in!each!PATHWAYS!end!use!sector!module!is!driven!by!exogenously[specified!
activities.!In!the!commercial!and!residential!sectors,!these!include!building!floorspace,!population,!
households,!and!residential!square!footage.!In!the!transportation!sector,!activities!are!based!primarily!

Figure)4.)PATHWAYS)Model)Architecture)

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4!EIA,!National!Energy!Modeling!System!
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on!travel!distance!(VMT).!In!the!industrial!sector,!they!are!based!on!sector!output!(value!of!shipments).!
All!activity!drivers!are!drawn!from!NEMS!and!the!2013!Annual(Energy(Outlook’s((AEO’s)!Reference!Case,!
which!is!effectively!a!linear!extrapolation!of!the!current!U.S.!economy.!This!approach!is!intended!to!
reduce!the!uncertainty!inherent!in!forecasting!changes!in!relative!prices!over!such!a!long!timeframe!and!
focus!attention!on!the!dynamics!of!energy!system!transformation.!It!is!also!intended!to!be!conservative,!
to!illustrate!the!scope!and!magnitude!of!energy!system!changes!needed!to!reach!750!MtCO2!of!
emissions!in!a!world!that!resembles!one!very!much!like!the!current.!!

The!Reference!Case!in!PATHWAYS!follows!an!emissions!trajectory!very!similar!to!that!in!the!2013!AEO!
Reference!Case,!with!total!CO2!emissions!from!fossil!fuel!combustion!remaining!over!5,000!MtCO2!by!
2050.!To!reach!the!750!MtCO2!target!by!2050,!users!incorporate!CO2!emission!reductions!through!three!
kinds!of!measures:!(1)!energy!efficiency,!including!improved!equipment!and!building!envelopes;!(2)!fuel!
switching,!including!electrification!and!a!shift!to!lower!net!CO2!gas!and!liquid!fuels!in!end!use!sectors!(3)!
decarbonization!of!energy!supplies.!

Measures!are!incorporated!in!PATHWAYS!through!a!stock!rollover!process.!At!the!end!of!each!year,!
some!amount!of!energy!supply!and!distribution!equipment,!buildings,!and!end!use!equipment!(“energy!
infrastructure”)!is!retired,!based!on!a!survival!function.!New!energy!infrastructure!is!needed!to!replace!
this!retiring!infrastructure!and!meet!growth!in!energy!service!demand.!Users!implement!measures!by!
changing!the!composition!of!new!energy!infrastructure,!by!parameterizing!an!adoption!curve!for!each!
measure.!The!use!of!adoption!curves!for!new!infrastructure!moderates!changes!in!the!stock!of!
infrastructure!over!time,!as!shown!in!Figure!5!for!light[duty!autos.!Although!users!can!retire!
infrastructure!early,!before!the!end!of!its!useful!life,!this!imposes!a!cost!in!the!model.!In!all!of!the!cases!
in!this!report!infrastructure!is!allowed!to!retire!naturally.!

Figure)5.)Stock[rollover)Example)in)PATHWAYS:)Light)Duty)Auto)Sales)and)Stock)by)Model)Year)

!
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PATHWAYS!is!a!scenario!model.!Portfolios!of!measures!that!constitute!a!case!are!chosen!manually!by!
the!user—the!model!does!not!choose!measures!based!on!price!or!other!characteristics.!The!resulting!
technology!pathways!represent!technically!feasible!and!reasonable,!but!not!optimized,!strategies!for!
deeply!decarbonizing!the!U.S.!energy!system.!This!approach!assumes!a!change!in!relative!prices!
consistent!with!an!explicit!or!implicit!carbon!price,!which!shifts!adoption!of!energy!technologies!toward!
less!CO2[intensive!alternatives.!PATHWAYS!makes!no!assumptions!about!the!mechanisms,!be!they!
mandate!or!market,!through!which!this!change!in!relative!prices!is!achieved.!!

The!granularity!in!PATHWAYS’s!energy!supply!and!end!use!modules!is!similar!to!that!in!NEMS.!In!the!
residential!and!commercial!sectors,!PATHWAYS!tracks!infrastructure!stocks!and!energy!demand!by!
census!region,!building!type,!end!use,!and!equipment.!For!passenger!and!freight!transport,!it!tracks!
stock!and!demand!by!mode!and!vehicle!type;!in!the!industrial!sector,!by!economic!sector!and!end!use.!
Granularity!in!the!gas!and!liquid!fuel!supply!in!PATHWAYS!is!limited!to!the!fuel!mix.!In!the!electricity!
sector,!energy!accounting!is!done!regionally,!to!allow!for!differences!in!renewable!resource!
endowments!and!the!physical!and!political!feasibility!of!nuclear!power.!

PATHWAYS!incorporates!three!main,!high[level!constraints:!energy!resource!constraints,!energy!
distribution!constraints,!and!power!system!operating!constraints.!Resource!constraints!apply!to!
renewable!resources,!but!in!particular!the!availability!of!hydroelectricity!and!zero[net[CO2!biomass.!
Distribution!constraints!limit!the!amount!of!electricity!that!can!be!exchanged!across!regions,!and!the!
amount!of!hydrogen!that!can!be!safely!distributed!in!the!existing!gas!pipelines.!For!the!power!system,!
PATHWAYS!builds!new!generation,!transmission,!and!distribution!infrastructure!to!meet!reliability!needs!
in!each!census!region,!and!dispatches!generation!resources!to!balance!supply!and!demand!in!each!of!
the!three!main!interconnection!regions!in!the!U.S.!When!electricity!supply!exceeds!demand,!for!instance!
in!situations!when!nuclear,!solar,!or!wind!output!exceeds!demand!and!storage!capacity,!supply!is!
curtailed,!raising!costs.!The!extent!of!load!flexibility!and!energy!storage!are!user!determined,!in!the!
latter!case!via!a!consideration!of!cost[effective!levels!of!curtailment.!

Economic!accounting!in!PATHWAYS!is!limited!to!energy!system!costs,!which!include!the!incremental!
capital!and!operating!costs!of!energy!supply!and!end!use!infrastructure.!Incremental!costs!are!measured!
relative!to!reference!technologies!in!the!2013!AEO!Reference!Case.!Incremental!capital!costs!are!
annualized!and!tracked!by!vintage,!which!means!that!the!total!incremental!capital!cost!in!each!year!
reflects!the!total!additional,!annual!expenditure!on!infrastructure!stock!in!a!given!year.!In!other!words,!
annual!stock!costs!are!the!annualized!cost!of!the!entire!infrastructure!stock,!and!not!just!new!stock.!
Most!capital!cost!estimates!and!fossil!fuel!prices!are!drawn!from!NEMS!and!the!2013!AEO!Reference!
Case,!extrapolated!to!2050.!Where!appropriate,!these!estimates!were!supplemented!with!others,!
primarily!U.S.!government!reports.!PATHWAYS!uses!a!static!forecast!of!activity!levels!based!on!the!AEO,!
and!thus!does!not!include!pricing!or!macroeconomic!feedbacks.!Costs!are!not!optimized!in!the!model.!!

Technology!cost!and!fossil!fuel!price!projections!40!years!into!the!future!are!very!uncertain.!To!address!
this,!uncertainty!analysis!was!conducted!by!assigning!distributions!around!base!case!estimates!of!
petroleum!costs,!natural!gas!costs,!and!alternative!fuel!costs.!These!distributions!were!applied!as!a!
trajectory!to!2050,!so!the!maximum!uncertainty!(as!a!%!of!base!case!estimates)!in!all!parameters!occurs!
in!2050.!The!cost!results!in!this!report!are!presented!with!the!results!of!this!uncertainty!analysis!rather!
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than!only!as!point!estimates.!Base!case!technology!cost!assumptions!are!likely!conservative,!as!they!are!
based!on!current!understanding!of!the!potential!for!cost!reductions!in!energy!technologies.!

2.2. GCAM))
The!version!of!PATHWAYS!used!in!this!study!does!not!track!non[CO2!emissions!or!emissions!from!
agriculture,!land!use,!and!land!cover!change.!As!a!complementary!analysis,!GCAM!was!used!to!identify!a!
feasible!balance!of!CO2!and!non[CO2!mitigation!strategies!consistent!with!an!80%!reduction!in!1990!GHG!
emissions!by!2050.!GCAM!was!also!used!to!identify!a!level!of!domestic!purpose[grown!bioenergy!crop!
production!that!would!not!add!to!global!land!use!change!emissions!if!implemented!in!conjunction!with!a!
retirement!of!the!current!Renewable!Fuel!Standard!(RFS)!requirements!for!corn!ethanol.!This!amount!of!
purpose[grown!bioenergy!(371!MMT!of!biomass)!was!used!as!the!upper!limit!for!domestic!energy!crop!
production!in!all!PATHWAYS!cases.!!

GCAM! is! a! global! integrated! assessment! model.5!The!model! includes! detailed! representations! of! the!
global! economy,! global! energy! systems,! and! global! land! use,! and! a! simplified! representation! of! the!
earth’s!climate.!Supply!and!demand!for!energy!and!other!goods!and!services,!and!consequently!land!use!
patterns,!are!determined! through!a!partial!equilibrium!economic!simulation.!The!energy!and! land!use!
market! equilibrium! is! established! in! each! period! by! solving! for! a! set! of!market[clearing! prices! for! all!
energy!and!agricultural!good!markets.!This!equilibrium!is!dynamic[recursively!solved!for!every!five!years!
over!2005–2100.!GHG!mitigation! in!GCAM!is!achieved!through!a!carbon!pricing!mechanism!that!alters!
the!market!equilibrium,!thereby!inducing!both!technological!changes!and!demand!responses!according!
to!the!cost!structures!assumed!for!each!technology.!Activities!emitting!CO2!are!taxed!directly,!while!non[
CO2! GHGs! respond! to! carbon! pricing! through! technology! and! GHG[specific! marginal! abatement! cost!
curves!(MACs)!(EPA,!2013).!

GCAM!tracks!16!different!GHGs,!aerosols,!and!short[lived!species.!Aggregate!gas!emissions!data!are!first!
disaggregated! by! sector! and! then! converted! into! technology[based! emission! factors,! which! can! be!
adjusted!by!changing! the! level!of! that! technology.!Table!3)provides! the! list!of! the!gases!and! the!data!
sources!for!calculating!emission!coefficients!for!each!sector!in!GCAM.!!

Given!large!uncertainties!in!the!total!terrestrial!carbon!sink—which!is!poorly!constrained!in!general!and!
depends!on!both!past!and!future!land!cover!changes!as!well!as!land!management!practices,!climate,!and!
atmospheric!CO2!concentrations—the!U.S.!sink!was!held!constant!in!the!GCAM!analysis!at!1990!levels!in!
most!cases.!The!1990!sink!value!is!the!lower!than!the!2012!value!and!so!represents!a!conservative!
estimate!based!on!recent!historic!values.!The!importance!of!changes!in!the!sink!for!achieving!the!target!
emissions!level!was!evaluated!through!a!sensitivity!analysis!discussed!in!Chapter!9.!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
5!The!standard!release!of!GCAM!3.2!was!used!in!this!analysis.!The!full!documentation!of!the!model!is!available!at!GCAM!wiki:!
wiki.umd.edu/gcam/!!
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Table)3.)GCAM)Greenhouse)Gas)Emission)Modeling)and)Source)Data1)

Name) Treatment) Aggregate)Emissions)data) Sectoral)disaggregation)data)

CO2) Endogenous! CDIAC! IEA!

CH4) Endogenous! RCP! EDGAR!

N2O) Endogenous! RCP! EDGAR!

F[Gases) Endogenous! EMF21! EMF21!

Aerosols) Endogenous! RCP! EDGAR!

CDIAC:!Carbon!Dioxide!Information!Analysis!Center;!IEA:!International!Energy!Agency;!RCP:!Representative!Concentration!Pathway!data;!
EDGAR:!Emission!Database!for!Global!Atmospheric!Research;!EMF[21:!Energy!Modeling!Forum!Study!21.!!
Data!sources!are!listed!in!the!Bibliography!section.!!

2.3. Biomass)Budget)
The!primary!basis!for!our!estimate!of!biomass!availability!and!costs!is!the!DOE!Billion(Ton(Study(Update!
(BTS2),!which!includes!resource!potential!estimates!to!2030!for!purpose[grown!energy!crops,!
agricultural!and!forest!residues,!and!waste!products.!Table!4!shows!the!adjustments!made!in!order!to!
align!biomass!estimates!for!BTS2!with!the!PATHWAYS!modeling!framework.!First,!currently!used!
resources!in!the!AEO!reference!case!were!removed!from!the!BTS2!estimates.!These!include!fuel!wood,!
mill!residues,!pulping!liquors,!and!forest!waste!resources.!These!resources!are!primarily!used!by!industry!
in!combined!heat!and!power!(CHP),!power!generation,!and!direct!fuel!applications.!PATHWAYS!
continues!to!satisfy!this!current!demand!and!does!not!make!these!biomass!resources!available!for!other!
applications!in!the!future.!Second,!the!quantity!of!purpose[grown!energy!crops!is!constrained!to!a!level!
(371!MMT)!that!does!not!result!in!indirect!land!use!change!(ILUC)!GHG!emissions!based!on!GCAM!
analysis,!described!in!greater!detail!Chapter!9.!The!composition!of!purpose[grown!energy!crops!
nationally!is!intentionally!altered!over!time!in!the!GCAM!analysis,!transitioning!land!currently!used!for!
corn!ethanol!production!to!second[generation!energy!crops!(perennial!grasses!and!woody!purpose[
grown!feedstocks).!With!the!remaining!BTS2!biomass!resources!included,!the!upper!limit!on!dry!biomass!
supply!in!this!report!is!1,081!million!metric!tons,!with!a!total!primary!energy!value!of!18.5!EJ.!!

Table)4.)Biomass)Supply)in)PATHWAYS)Scenarios)

Biomass)Category) Data)Source) Million)Metric)Tons)

Purpose[grown)energy)crops) GCAM! 371!

Currently[used)biomass)resources) AEO!Reference!Case!Demand! 250!!

Other)) DOE!Billion!Ton!Study!Update! 460!

Total) ) 1,081)

2.4. Key)References)and)Data)Sources)
Many!journal!articles!and!technical!reports!were!referred!to!in!the!development!of!the!PATHWAYS!
model!and!as!general!points!of!reference!for!the!assumptions!and!results!in!this!study.!Key!sources!
include!the!Intergovernmental!Panel!on!Climate!Change,!the!International!Energy!Agency,!the!Energy!
Modeling!Forum,!U.S.!federal!government!agencies,!the!National!Research!Council,!national!
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laboratories,!university!research!organizations,!state!government!agencies,!and!industry.!Selected!
references!are!included!in!the!Bibliography!to!this!report.!

The!main!data!sources!used!for!PATHWAYS!model!inputs!and!scenarios!in!this!study!are!described!in!the!
Appendix.!The!most!important!single!data!source!used!was!input!files!from!the!DOE!National!Energy!
Modeling!System!(NEMS)!used!to!develop!the!Energy!Information!Administration’s!Annual(Energy(
Outlook(2013.(NEMS!input!files!covered!all!major!supply!and!demand!sectors!in!PATHWAYS.!These!were!
supplemented!by!other!data!sources!most!of!which!were!federal!government!reports,!models,!and!
databases!from!the!U.S.!Environmental!Protection!Agency,!Department!of!Energy,!Federal!Highway!
Administration,!and!Federal!Energy!Regulatory!Commission,!along!with!similar!types!of!materials!from!
the!National!Research!Council,!national!laboratories,!and!state!governments.!!
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3. Scenarios)

3.1. Design)Principles)
Four!deep!decarbonization!scenarios!were!developed!in!PATHWAYS!for!this!analysis,!in!order!to!
demonstrate!a!range!of!alternative!pathways!for!reaching!the!2050!emissions!target.!A!set!of!twelve!
design!principles!was!used!to!constrain!these!scenarios!to!be!consistent!with!a!conservative!approach!to!
engineering!and!economic!feasibility.!These!principles!cover!a!broad!range!of!concerns—from!
technology!readiness,!to!resource!constraints,!to!infrastructure!inertia,!to!power!system!reliability!
(Table!5).!The!deep!decarbonization!scenarios!employ!the!same!level!of!economic!activity!and!demand!
for!energy!services!as!the!AEO!Reference!Case,!which!assumes!an!economy!and!lifestyle!similar!to!that!
of!today.!Emission!reductions!are!achieved!within!the!U.S.,!not!through!international!offsets,!and!with!
no!assumption!of!growth!in!the!U.S.!terrestrial!CO2!sink!to!offset!energy!emissions.!!

Technologies!were!limited!to!those!that!are!currently!commercial!or!are!near[commercial!now!and!can!
be!reasonably!expected!to!be!commercial!by!the!time!of!their!application!in!the!model!(Table!5).!For!
instance,!electrification!of!the!freight!transport!and!industrial!sectors!is!limited!to!plausible!levels,!taking!
into!account!foreseeable!battery!range!and!industrial!process!constraints.!In!the!electricity!sector,!
supply[demand!balancing!constraints!are!enforced!for!regional!power!systems,!necessitating!storage!or!
curtailment!and!increasing!costs!in!cases!with!high!penetrations!of!non[dispatchable!resources.!For!
pipeline!gas,!an!upper!bound!(7%)!is!enforced!on!the!volumetric!share!of!hydrogen!based!on!safety!
constraints,!requiring!that!any!hydrogen!gas!produced!beyond!that!from!electricity!is!converted!into!
synthetic!natural!gas!(SNG),!incurring!additional!energy!penalties.!The!total!supply!of!biomass!available!
for!energy!use!was!limited!based!on!analysis!described!elsewhere!in!this!report.!The!development!of!
new!hydropower!resources!is!also!limited!for!sustainability!reasons.!

Table)5.)Scenario)Design)Principles)and)Corresponding)Modeling)Approach)
) Design)Principle) Modeling)Approach)

1) Consistent,!conservative!activity!
levels!

Assume!same!level!of!energy!service!demand!in!all!cases,!based!
on!an!AEO!Reference!Case!vision!of!the!future!economy!

2) Technological!conservatism! Use!commercially!demonstrated!or!near[commercial!technologies!
and!conservative!cost!and!performance!assumptions!

3) Robust!emissions!strategy! Develop!and!explore!multiple!cases!with!alternative!emission!
reduction!pathways!and!technologies!

4) Robust!input!assumptions! Test!sensitivity!of!results!to!assumptions!about!future!demand!
drivers,!fuel!and!technology!costs!

5) Infrastructure!inertia!! Enforce!natural!retirement!of!infrastructure!in!stock!rollover!
model!!

6) Infrastructure!conservatism! Minimize!application!of!major!new!types!of!distribution!
infrastructure!(e.g.,!hydrogen!pipeline)!when!alternatives!exist!
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7) Electric!reliability! Use!hourly!dispatch!model!to!ensure!adequate!capacity!and!
flexibility!for!all!generation!mixes!

8) Realistic!sectoral!approaches! Make!all!decarbonization!measures!granular!and!explicit,!including!
challenging!sectors!(e.g.!freight,!industry)!!

9) Environmental!sustainability!! Apply!reasonable!sustainability!limits!to!biomass!use!and!
hydropower!

10) Domestic!emissions!focus! Do!not!assume!international!offsets!will!be!available!to!reduce!
U.S.!emissions!

11) Energy!system!focus! Focus!on!reducing!energy!system!CO2!as!the!pivotal!transition!
task,!do!not!assume!large!forestry!sink!will!be!available!

12) Regional!flexibility! Employ!decarbonization!strategies!consistent!with!regional!
infrastructure,!resources,!and!policy!preferences!

3.2. Decarbonization)Strategies)
The!scenarios!were!developed!around!portfolios!of!measures!used!to!implement!three!main!
decarbonization!strategies:!!

1. Energy)Efficiency—making!final!energy!consumption!more!efficient;!

2. Energy)Supply)Decarbonization—reducing!net!CO2!emissions!from!energy!conversion;!

3. Fuel)Switching—switching!to!energy!carriers!that!have!lower!net!CO2!emission!factors.!

The!menu!of!key!measures!used!to!implement!these!strategies!in!different!energy!supply!and!demand!
sectors!are!shown!in!Table!6.!!

Table)6.)Key)Decarbonization)Measures)by)Sector)and)Decarbonization)Strategy))
Strategy)and)Sector) Measures)

Energy)Efficiency)Strategies)

Residential)and)
commercial)energy)
efficiency)

• Highly!efficient!building!shell!required!for!all!new!buildings!

• New!buildings!require!electric!heat!pump!HVAC!and!water!heating!!

• Existing!buildings!retrofitted!to!electric!HVAC!and!water!heating!

• Near!universal!LED!lighting!in!new!and!existing!buildings!

Industrial)energy)
efficiency)

• Improved!process!design!and!material!efficiency!

• Improved!motor!efficiency!

• Improved!capture!and!re[use!of!waste!heat!

• Industry!specific!measures,!such!as!direct!reduction!in!iron!and!steel!

Transportation)energy)
efficiency)

• Improved!internal!combustion!engine!efficiency!

• Electric!drive!trains!for!both!battery!and!fuel!cell!vehicles!(LDVs)!

• Materials!improvement!and!weight!reduction!in!both!LDVs!and!freight!
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Energy)Supply)Decarbonization)Strategies)

Electricity)supply)
decarbonization)

• Different!low[carbon!generation!mixes!with!carbon!intensity!<50!gCO2!
/kWh!that!include!renewable,!nuclear,!and!CCS!generation!!

Electricity)balancing) • Flexible!demand!assumed!for!EV!charging!and!thermal!building!loads!

• Flexible!intermediate!energy!production!for!hydrogen!and!power[to[gas!
processes!to!take!advantage!of!renewable!overgeneration!

• Hourly/daily!storage!and!regulation!from!pumped!hydro!

• Natural!gas!w/CCS!

Pipeline)gas)supply)
decarbonization)

• Synthetic!natural!gas!from!gasified!biomass!and!anaerobic!digestion!!

• Hydrogen!and!SNG!produced!with!wind/solar!over[generation!provides!
smaller!but!potentially!important!additional!source!of!pipeline!gas!!

Liquid)fuels)
decarbonization)

• Diesel!and!jet[fuel!replacement!biofuels!

• Centralized!hydrogen!production!through!electrolysis!

• Centralized!hydrogen!production!through!natural!gas!reformation!
w/CCS!

Fuel)Switching)Strategies)

Petroleum) • LDVs!to!hydrogen!or!electricity!

• HDVs!to!LNG,!CNG,!or!hydrogen!

• Industrial!sector!petroleum!uses!electrified!where!possible,!with!the!
remainder!switched!to!pipeline!gas!!

Coal) • No!coal!without!CCS!used!in!power!generation!or!industry!by!2050!

• Industrial!sector!coal!uses!switched!to!pipeline!gas!and!electricity!

Natural)gas) • Low!carbon!energy!sources!replace!most!natural!gas!for!power!
generation;!non[CCS!gas!retained!for!balancing!in!some!cases!

• Switch!from!gas!to!electricity!in!most!residential!and!commercial!energy!
use,!including!majority!of!space!and!water!heating!and!cooking!

3.3. Pathway)Determinants)
This!study!finds!five!critical!elements!that!strongly!determine!pathways,!the!ensemble!of!technologies!
and!measures!deployed!over!time!to!decarbonize!energy!supply!and!demand.!These!elements,!once!
determined!by!explicit!policy!choices,!market!realities,!resource!endowments,!or!institutional!inertia,!
can!significantly!constrain!or!enable!other!resource!and!technology!options!and!shape!the!overall!
features!of!the!resulting!energy!system:!

• CCS)availability)and)application.!The!question!of!the!commercial!viability!of!CCS!in!different!
applications,!its!availability!in!different!geographic!locations,!its!capture!rates!and!associated!energy!
requirements,!and!its!storage!capacity!and!throughput!fundamentally!determine!how!much!fossil!
fuel!combustion!can!remain!in!the!energy!system.!In!this!study,!CCS!is!used!in!two!of!the!four!cases:!
for!power!generation!only!in!the!mixed!case,!and!for!power,!industry,!and!bio[refining!in!the!high!
CCS!case.!

• Biomass)supply)and)allocation.!Because!biomass!is!a!versatile!energy!feedstock!that!can!displace!
different!kinds!of!fossil!fuel,!the!amount!available!with!zero!or!low!net!lifecycle!CO2!emissions,!and!
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its!allocation!to!different!forms!of!final!energy!supply,!has!a!strong!impact!on!other!aspects!of!the!
energy!system.!In!this!study,!biomass!supply!is!used!primarily!for!production!of!renewable!gas!and!
liquid!fuels.!Negative!emissions!bioenergy[CCS!is!applied!only!to!bio[refining!in!the!high!CCS!case.!

• Primary)energy)for)electricity)generation.)Electricity!generation,!including!that!used!for!production!
of!intermediate!energy!carriers,!becomes!the!dominant!form!of!delivered!energy!in!all!deep!
decarbonization!cases.!The!forms!of!primary!energy!used!for!electricity!generation!thus!have!a!
strong!impact!on!cost,!balancing!requirements,!system!design,!siting,!and!secondary!environmental!
impacts.!In!this!study,!the!effects!of!generation!mix!are!explored!using!“corner!cases”!with!high!
renewables,!high!nuclear,!and!high!CCS!generation!portfolios,!plus!a!mixed!case!includes!roughly!
equivalent!generation!from!all!three!decarbonized!options.!

• Electricity)balancing)resources.)The!choice!of!primary!energy!for!generation!strongly!affects!
electricity!balancing!requirements.!For!systems!with!high!levels!of!inflexible!generation!(e.g.,!
variable!wind!and!solar,!conventional!baseload!nuclear),!a!variety!of!balancing!strategies!are!needed!
to!maintain!reliable!system!operation,!including!regional!coordination,!natural!gas!generation,!
curtailment,!energy!storage,!and!flexible!loads.!In!this!study,!power[to[gas!hydrogen!and!synthetic!
natural!gas!production!are!also!used!as!balancing!resources,!providing!low!carbon!fuels!in!the!
process.!

• Fuel)switching.)Energy!efficiency!is!widely!considered!the!first!option!to!pursue!in!a!low!carbon!
portfolio,!with!value!independent!of!other!pathway!determinants.!In!deep!decarbonization!cases,!
coordinating!end!use!choices!with!the!other!design!choices!(e.g.,!whether!CCS!exists,!how!biomass!is!
allocated)!is!required!to!make!optimal!tradeoffs!between!fuel!type!and!efficiency!level!from!the!
standpoint!of!cost!and!emissions.!In!this!study,!significant!efficiency!improvements!come!from!
thermodynamic!advantages!inherent!in!certain!kinds!of!fuel!switching!(e.g.,!from!internal!
combustion!to!electric!drive!train!vehicles,!from!natural!gas!heat!to!ground[source!heat!pumps).!!

An!example!illustrates!how!these!critical!elements!interact!to!shape!a!low!carbon!pathway.!If!CCS!is!not!
an!option!in!power!generation,!the!choices!for!low!carbon!electricity!are!narrowed!to!renewable!energy!
and!nuclear!power.!The!amount!of!electricity!storage!required!to!balance!either!of!these!resources!
depends!on!the!mix!of!generation!resources!(e.g.,!wind,!solar,!hydropower,!nuclear),!their!location,!and!
load!flexibility!(e.g.,!EV!stock!and!charging!schedules).!Electricity!can!be!stored!in!different!carriers—
electricity!(pumped!hydro,!batteries),!gas!(electrolysis,!electrolysis[methanation),!or!liquids!(electrolysis[
liquefaction).!The!energy!storage!technology!mix,!limits!on!biomass!supply!and!how!it!is!used,!and!CCS!
feasibility!influence!fuel!switching!decisions,!both!within!a!given!fuel!type!(e.g.,!gasoline!to!liquid!
hydrogen)!and!across!fuel!types!(e.g.,!liquid!fuels!to!electricity).!!

The!interactions!between!these!critical!elements!affect!the!balance!of!electricity,!gas,!and!liquid!fuels!
across!end!use!sectors!and!the!extent!of!fuel!decarbonization!required.6!Decarbonizing!pipeline!gas!with!
gasified!biomass!and!power[to[gas!(hydrogen!or!synthetic!methane)!limits!the!need!for!fuel!switching!
(e.g.,!pipeline!gas!to!electricity)!in!industry,!but!it!also!enables!liquid[to[pipeline!gas!fuel!switching!for!
freight!transport.!Decarbonizing!liquid!fuels!with!biofuels!and!electric!fuels!(hydrogen)!limits!the!need!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
6!Throughout!this!report,!gas!and!liquid!fuels!are!distinguished!by!how!they!are!distributed.!Liquefied!pipeline!gas,!
for!instance,!is!considered!a!gas,!whereas!liquefied!hydrogen,!which!is!distributed!in!liquid!form,!is!considered!a!
liquid.!!
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for!switching!fuel!types!(e.g.,!liquids!to!electricity!or!gas)!in!transport,!but!can!require!greater!switching!
of!fuel!types!in!buildings!and!industry,!depending!on!how!decarbonized!the!liquid!fuel!mix!is.!

Figure)6.)Pathways)Determinants:)Critical)Elements)that)Determine)the)Features)of)a)Low)Carbon)Energy)System)

!

3.4. Four)Deep)Decarbonization)Scenarios)
The!four!deep!decarbonization!cases!created!for!this!analysis!represent!a!range!of!pathways!that!result!
from!significantly!different!technology!choices!among!the!critical!elements!in!Figure!6,!organized!around!
the!three!primary!energy!choices!for!electricity—renewable!energy!(High!Renewables!Case),!nuclear!
(High!Nuclear!Case),!and!fossil!fuels!with!CCS!(High!CCS!Case).!The!Mixed!Case!includes!a!balanced!mix!
of!all!three!primary!energy!resources.!All!cases!have!similar!strategies!for!and!levels!of!energy!efficiency.!
The!four!cases!are!intended!to!illustrate!a!broad!suite!of!consistent,!interrelated!technology!choices,!
while!still!remaining!tractable!for!purposes!of!presentation.!They!are!not!intended!to!be!exhaustive.!!

Figure!7!characterizes!each!scenario!as!a!function!of!the!pathway!determinants!in!Figure!6.!The!figure!
shows!a!column!for!each!determinant!and!a!row!for!each!scenario,!with!a!colored!“donut”!showing!the!
mix!of!options!following!the!legend!at!the!top,!and!the!full!scale!value!of!a!complete!“donut”!shown!at!
the!bottom!of!the!figure.!For!example,!the!fifth!column!from!the!left!shows!generation!mix,!with!the!
“donut”!for!each!scenario!showing!the!percentage!of!each!type!of!primary!energy!used!in!generation,!in!
each!case!adding!up!to!100%.!As!another!example,!the!second!column!from!the!left!shows!CCS.!For!each!
scenario,!the!“donut”!shows!how!much!of!the!total!reduction!in!fossil!fuel!CO2!across!all!scenarios,!4890!
Mt!CO2!(the!difference!between!the!750!Mt!target!and!the!2050!Reference!Case!emissions!of!5640!Mt)!
results!from!non[CCS!measures!and!CCS!measures!of!different!kinds,!which!are!used!only!in!the!Mixed!
and!High!CCS!cases.!!
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The!Mixed!Case!has!no!deployment!of!CCS!outside!the!electricity!sector,!and!a!balanced!mix!of!
renewable!energy,!nuclear!power,!and!natural!gas!with!CCS!in!electricity!generation.!Non[dispatchable!
renewables!and!nuclear!power!are!balanced!with!electricity!storage!(pumped!hydro),!flexible!end[use!
electric!loads!(electric!vehicles!and!thermal!loads!like!water!heating),!and!electric!fuel!loads.!Hydrogen!
and!synthetic!natural!gas!(SNG)!produced!from!electricity!(referred!to!here!as!power[to[gas!(P2G))!and!
biomass!are!used!to!decarbonize!pipeline!gas,!which!is!used!in!freight!transport!and!industry.!!

In!the!High!Renewables!Case,!high!penetrations!of!wind!and!solar!energy!require!higher!levels!of!
electricity!balancing,!still!in!the!form!of!P2G,!than!in!the!Mixed!Case.!Due!to!safety!limits!on!hydrogen!in!
the!gas!pipeline,!SNG!production!(methanation!of!hydrogen!from!electrolysis)!is!used!to!balance!the!
renewable!portfolio!on!a!seasonal!(weeks!to!months)!basis,!which!takes!advantage!of!existing!gas!
distribution!system!storage!capacity!to!produce!only!when!there!are!over[generation!conditions!on!the!
electricity!grid.!Most!available!biomass!resources!are!gasified!and!used!in!the!pipeline,!which,!combined!
with!high!volumes!of!P2G,!leads!to!a!low!net!CO2!pipeline!gas!mix.!Pipeline!gas!becomes!the!dominant!
non[electric!fuel,!primarily!used!in!industry!and!freight!transportation.!!

Liquid!fuels!are!the!dominant!non[electric!fuel!in!the!High!Nuclear!Case.!Electricity!imbalances!in!this!
case!are!on!shorter!timescales!(days!to!weeks),!and!do!not!require!longer[term!fuel!storage!as!in!the!
High!Renewables!Case.!Electricity!balancing!is!done!primarily!through!liquid!hydrogen!production.!
Hydrogen!and!biofuels!are!used!in!tandem!to!decarbonize!the!transportation!(liquid)!fuel!supply.!This!
allows!higher!levels!of!natural!gas!to!remain!in!the!gas!pipeline,!with!pipeline!gas!primarily!used!in!
industry.!!

The!High!CCS!Case!seeks!to!preserve!a!status!quo!energy!mix,!both!on!the!supply!and!consumption!
sides.!Coal!remains!a!significant!share!of!the!electricity!generation!mix,!requiring!large!volumes!of!CCS!
and!creating!a!large!CO2!residual!(i.e.,!capture!is!not!100%!effective)!that!must!be!balanced!by!
reductions!elsewhere.!This!is!accomplished!by!significant!use!of!CCS!in!industry!and!the!use!of!CCS!to!
capture!CO2!emissions!in!biomass!refining,!which!creates!a!source!of!negative!net!CO2!emissions.!End[
use!fuel!switching!is!limited!to!building!and!passenger!vehicle!electrification.!The!primary!energy!sources!
of!fuels!do!change,!however,!with!the!major!transition!occurring!in!freight!transport,!where!there!is!a!
shift!to!“renewable!diesel”—a!Fischer[Tropsch!biofuel.!The!use!of!biomass!energy!CCS!(BECCS)!gives!the!
transportation!sector!net!negative!CO2!emissions,7!allowing!higher!CO2!emissions!in!industry.!

The!Mixed!Case!serves!as!the!main!case!in!this!report.!This!is!not!the!result!of!a!judgment!that!the!Mixed!
Case!is!inherently!more!plausible!than!the!three!“High”!cases,!but!is!rather!intended!to!incorporate!a!
greater!mix!of!technologies!for!illustrative!purposes.!The!analysis!does!not!seek!to!evaluate!or!rank!
these!cases.!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
7!For!new!energy!sources,!we!allocate!CO2!emissions!for!upstream!refining!to!end!use!sectors,!rather!than!to!the!
industrial!sector.!
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Figure)7.)Pathway)Determinants)by)Scenario)in)2050)
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!

Table!7!shows!key!metrics!for!all!of!the!scenarios!referred!to!in!this!report.!

Table)7.)Scenario)Summary)for)2014,)2050)Reference)Case,)and)Four)2050)Deep)Decarbonization)Scenarios)

Indicator) Units) 2014) Reference) Mixed)
High)
Renewables)

High)
Nuclear)

High)
CCS)

Emissions) !! !! !! !! !! !! !!

Residential! MMT! 1,053! 1,128! 28! 35! 54! 119!

Commercial! MMT! 942! 1,080! 48! 57! 73! 141!

Transportation! MMT! 1,797! 1,928! 450! 385! 247! [73!

Industry! MMT! 1,361! 1,503! 220! 263! 374! 555!

Total!all!sectors! MMT! 5,153! 5,639! 746! 740! 747! 741!

Final)Energy)Demand) !! !! !! !! !! !! !!

Residential! EJ! 11! 13! 7! 7! 7! 7!

Commercial! EJ! 9! 11! 8! 8! 8! 8!

Transportation! EJ! 27! 29! 15! 15! 14! 15!

Industry! EJ! 22! 27! 24! 24! 23! 26!

Total!all!sectors! EJ! 68! 80! 54! 55! 53! 56!

Electricity)Share)(Final)Energy)) !! !! !! !! !! !! !!

Buildings![!Residential! %! 46.0%! 51.9%! 94.2%! 94.2%! 94.2%! 94.2%!

Buildings![!Commercial! %! 57.8%! 61.2%! 89.9%! 89.9%! 89.9%! 89.9%!

Transport![!Passenger!(primarily!LDV)! %! 0.1%! 0.2%! 28.2%! 45.8%! 20.2%! 46.1%!

Transport![!Freight!(primarily!HDV)! %! 0.0%! 0.0%! 3.7%! 2.5%! 3.4%! 2.6%!

Industry! %! 22.7%! 18.9%! 27.1%! 24.9%! 28.2%! 20.4%!

Total!all!sectors! %! 20.8%! 24.1%! 42.9%! 42.9%! 43.0%! 40.5%!

Electric)Fuel)(Hydrogen)and)SNG))
Share)(Final)Energy)) !! !! !! !! !! !! !!

Buildings![!Residential! %! 0.0%! 0.0%! 0.4%! 0.8%! 0.2%! 0.0%!

Buildings![!Commercial! %! 0.0%! 0.0%! 0.9%! 1.7%! 0.5%! 0.0%!

Transport![!Passenger!(primarily!LDV)! %! 0.0%! 0.0%! 29.3%! 1.7%! 55.4%! 1.5%!

Transport![!Freight!(primarily!HDV)! %! 0.0%! 0.0%! 21.5%! 31.4%! 39.3%! 5.7%!

Industry! %! 0.0%! 0.0%! 4.9%! 8.3%! 2.8%! 0.0%!

Total!all!sectors! %! 0.0%! 0.0%! 8.5%! 8.8%! 12.3%! 0.9%!

Electric)generation) !! !! !! !! !! !! !!

Total!net!generation) EJ! 15! 20! 30! 32! 32! 24!

Delivered!electricity!(final!energy)) EJ! 14! 19! 23! 23! 23! 23!

Share!wind) %! 5.4%! 7.2%! 39.2%! 62.4%! 34.1%! 14.2%!
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Indicator) Units) 2014) Reference) Mixed)
High)
Renewables)

High)
Nuclear)

High)
CCS)

Share!solar) %! 0.4%! 4.0%! 10.8%! 15.5%! 11.3%! 5.3%!

Share!biomass) %! 1.1%! 0.9%! 0.6%! 0.6%! 0.6%! 0.8%!

Electric)generation)(continued)) ! ! ! ! ! ! !

Share!geothermal! %! 0.5%! 1.0%! 0.7%! 0.6%! 0.6%! 0.8%!

Share!hydro! %! 6.2%! 7.0%! 5.6%! 5.3%! 5.4%! 7.0%!

Share!nuclear! %! 19.2%! 15.2%! 27.2%! 9.6%! 40.3%! 12.7%!

Share!gas!(CCS)! %! 0.0%! 0.0%! 12.2%! 0.0%! 0.0%! 26.3%!

Share!coal!(CCS)! %! 0.0%! 0.0%! 0.0%! 0.0%! 0.0%! 28.6%!

Share!gas!(non[CCS)! %! 21.9%! 31.4%! 0.5%! 2.8%! 4.6%! 0.1%!

Share!coal!(non[CCS)! %! 41.5%! 28.1%! 0.0%! 0.0%! 0.0%! 0.0%!

Share!other!(fossil)! %! 0.0%! 0.0%! 0.0%! 0.0%! 0.0%! 0.0%!

Share!CHP!! %! 3.3%! 5.2%! 3.3%! 3.1%! 3.2%! 4.2%!

Gas)) !! !! !! !! !! !! !!

Final!energy! EJ! 16.2! 17.1! 11.8! 16.0! 8.2! 10.6!

Fossil!Share!of!Final!Energy! %! 100.0%! 100.0%! 6.4%! 17.1%! 58.1%! 81.2%!

Biomass!share!of!final!energy! %! 0.0%! 0.0%! 81.9%! 60.2%! 35.3%! 6.1%!

H2!share!of!final!energy! %! 0.0%! 0.0%! 6.7%! 6.7%! 6.6%! 0.0%!

SNG!share!of!final!energy! %! 0.0%! 0.0%! 5.0%! 16.0%! 0.0%! 0.0%!

Fossil!w/CCS!Share!of!Final!Energy! !! 0.0%! 0.0%! 0.0%! 0.0%! 0.0%! 12.7%!

Liquids)and)Solids) !! !! !! !! !! !! !!

Final!energy! EJ! 34! 37! 15! 12! 18! 19!

Share!biomass! %! 2.0%! 2.3%! 0.8%! 1.0%! 24.0%! 28.8%!

Share!liquid!H2! %! 0.0%! 0.0%! 20.7%! 10.3%! 32.6%! 2.6%!

Share!petroleum! %! 80.6%! 78.7%! 43.4%! 41.8%! 13.9%! 32.5%!

Share!coal!and!coke! %! 4.6%! 4.0%! 1.1%! 1.3%! 0.8%! 6.7%!

Share!feedstocks! %! 12.8%! 15.1%! 34.1%! 45.5%! 28.7%! 29.3%!

Intensity)metrics) !! !! !! !! !! !! !!

US!population! Million! 323! 438! 438! 438! 438! 438!

Per!capita!energy!use!rate! GJ/person! 211! 183! 123! 125! 121! 128!

Per!capita!emissions! t!CO2/person! 16.0! 12.9! 1.7! 1.7! 1.7! 1.7!

US!GDP! B!2012$! 16,378! 40,032!! 40,032!! 40,032!! 40,032!! 40,032!!

Economic!energy!intensity! MJ/$! 4.17!! 2.00!! 1.35!! 1.37!! 1.32!! 1.40!!

Economic!emission!intensity! kG!CO2/$! 0.31! 0.14! 0.02! 0.02! 0.02! 0.02!

Electric!emission!intensity! g!CO2/kwh! 510.9! 413.5! 13.5! 16.0! 23.4! 54.7!
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4. Results:)High)Level)Summary)

This!section!summarizes!the!high!level!results!of!this!analysis!across!the!four!deep!decarbonization!
scenarios!and!the!Reference!Case.!Subsequent!sections!contain!the!following!results:!

• Energy)Demand—results!for!end!use!efficiency!and!fuel!switching!in!the!residential,!commercial,!
transportation,!and!industrial!sectors;!

• Energy)Supply—results!for!electricity,!gas,!and!liquid!fuel!mixes,!and!illustrative!results!for!regional!
power!system!dispatch;!

• CO2)Emissions—CO2!emissions!results!for!end!use,!sectors,!and!regions;!!
• Costs—incremental!costs!results!by!sector!and!cost!component,!household!and!electricity!costs;!

comparison!to!cost!results!from!EMF[24.!!
• GCAM)Results—)results!for!technical!feasibility!and!cost!of!non[energy!and!non[CO2!emissions!

mitigation!

4.1. Final)Energy))
By!2050,!the!Reference!Case!shows!a!modest!17%!increase!in!total!final!energy!use!relative!to!2014!
levels,!from!68!to!80!EJ!(Figure!8).!The!underlying!drivers!of!energy!use—population!(+35%),!building!
floor!area!(+44%),!industrial!output!(+81%)—all!grow!significantly!over!this!time!period,!but!their!impact!
on!energy!use!is!partially!offset!by!increases!in!the!efficiency!of!energy!use,!which!are!a!continuation!of!
current!policy!and!technology!trends.!Final!energy!use!in!the!deep!decarbonization!cases!ranges!from!53!
to!56!EJ,!a!reduction!of!30[34%!below!the!Reference!Case!in!2050,!and!18[22%!below!2014!levels.!

Figure)8.)Final)Energy)Use)Summary)by)Case)in)2014)and)2050)(EJ))

!
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4.2. Emissions))

Energy[related!CO2!emissions!levels!experience!more!dramatic!change!(Figure!9).!Reference!Case!CO2!
emissions!reach!5,639!MtCO2!by!2050,!a!9%!increase!from!total!2014!emissions!and!a!19%!reduction!in!
emissions!per!capita—from!16.0!to!12.9!tCO2!per!person.!All!four!deep!decarbonization!cases!reach!
emissions!below!750!MtCO2,!or!1.7!tCO2!per!person,!an!85%!reduction!in!total!emissions!and!an!89%!
reduction!in!emissions!per!capita!relative!to!2014!levels.!!

Figure)9.)CO2)Emissions)by)Case)in)2014)and)2050))

!

4.3. Emission)Reductions))
The!transition!to!a!low[carbon!energy!system!entails!three!main!strategies:!(1)!highly!efficient(end(use!of!
energy!in!buildings,!transportation,!and!industry;!(2)!decarbonization!of!electricity!and!other!fuels;!and!
(3)!fuel(switching!of!end!uses!from!high[carbon!to!low[carbon!supplies,!primarily!electric.!All!three!of!
these!strategies!must!be!applied!to!achieve!the!2050!decarbonization!goal.!For!the!case!shown!in!Figure!
10,!these!measures!together!account!for!90%!of!the!reduction!from!Reference!Case!emissions!of!about!
5500!Mt!in!2050!to!the!target!level!of!750!Mt,!with!energy!efficiency!accounting!for!20%,!fuel!switching!
for!31%,!and!electricity!decarbonization!for!39%.!(Note!that!the!allocation!of!emission!reductions!to!
different!decarbonization!wedges!is!subjective!due!to!interactive!effects!between!the!measures.!For!
example,!the!replacement!of!an!inefficient!internal!combustion!engine!automobile!with!an!efficient!
electric!vehicle!that!charges!on!a!low!carbon!electricity!grid!simultaneously!employs!all!three!main!
strategies.)!
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Figure)10.)Decarbonization)Wedges)for)the)U.S.,)Mixed)Case))

!

Indicators!for!the!three!main!decarbonization!strategies!are!shown!for!the!Mixed!Case!in!Figure!11.!The!
share!of!end[use!electricity!or!electrically[produced!fuels!increases!from!20%!in!2010!to!over!50%!in!
2050.!The!carbon!intensity!of!electricity!is!reduced!from!more!than!500!g!CO2/kWh!in!2014!to!less!than!
15!g!CO2/kWh!in!2050.!Energy!intensity!of!GDP!decreases!by!70%!over!this!period!as!final!energy!use!
declines!from!68!to!54!EJ!while!GDP!nearly!doubles.!!

Figure)11.)Indicative)Metrics)for)the)Three)Main)Decarbonization)Strategies,)Mixed)Case)Compared)to)2014)
!
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4.4. Cost))
Incremental!energy!system!costs—incremental!capital!costs!plus!net!energy!costs—exhibit!a!broad!
range!in!2050,!reflecting!the!significant!uncertainty!in!technology!costs!and!fossil!fuel!prices!over!such!a!
long!timeframe.!Under!base!assumptions!of!technology!costs!and!fossil!fuel!prices,!the!median!value!of!
incremental!costs!ranges!from!$160!billion!(2012!$)!to!$650!billion!across!scenarios,!with!the!difference!
driven!primarily!by!the!relative!quantities!and!prices!of!residual!natural!gas!and!petroleum!fuels!
remaining!in!the!energy!system!in!2050.8!The!average!median!value!across!cases!is!just!over!$300!billion.!!

Based!on!an!uncertainty!analysis!of!key!cost!parameters,!the!interquartile!range!of!incremental!energy!
system!costs!extends!from!negative!$250!billion!to!$1!trillion!across!all!cases!(Figure!12).!To!put!these!
numbers!in!context,!the!activity!drivers!in!PATHWAYS!that!drive!energy!service!demand!in!all!of!the!
cases!are!consistent!with!a!U.S.!GDP!that!grows!by!a!real!annual!average!rate!of!just!over!2%!per!year!
over!the!next!four!decades,!to!around!$40!trillion!in!2050.!The!average!75th!percentile!estimate!of!net!
incremental!energy!system!costs!($730!billion)!across!cases!is!equivalent!to!1.8%!of!this!GDP!level.!The!
average!25th!percentile!value!is!negative!$90!billion.!

Figure)12.)Incremental)Energy)System)Costs)in)2050)

!
!

Note:!The!error!bars!in!the!figure!show!the!25th!and!75th!percentile!values.!

! !

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
8!Petroleum!fuel!prices!are!significantly!more!expensive!than!natural!gas!by!2050!in!the!AEO!2013!Reference!Case.!
Thus,!scenarios!in!which!more!petroleum!fuels!are!displaced!are!lower!net!cost.!!
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5. Results:)Energy)Demand)

5.1. Residential)
In!all!four!decarbonization!cases,!significant!gains!in!end!use!energy!efficiency!offset!a!36%!increase!in!
population!from!2014!to!2050.!Improvements!in!efficiency!result!from!three!primary!strategies:!
1. Electrification!of!space!and!water!heating,!the!two!primary!residential!energy!end!uses;!!
2. Aggressive!efficiency!improvements!in!electric!end!uses,!such!as!clothes!washers,!dishwashers,!and!

lighting;!
3. Improving!residential!building!envelopes!(e.g.,!windows,!roofs,!insulation)!to!reduce!the!demand!for!

space!heating!and!cooling.!!
As!a!result!of!the!electrification!of!space!and!water!heating,!electricity!accounts!for!the!vast!majority!of!
final!energy!demand!by!2050!in!all!decarbonization!cases!(Figure!13).!

Figure)13.)Residential)Energy)Demand,)All)Decarbonization)Cases)

!

The!largest!declines!in!residential!energy!intensity!are!seen!in!three!end!uses:!!
1. Space!heating,!due!to!the!higher!efficiency!of!heat!pumps!and!the!effect!of!building!envelope!

measures!that!reduce!heating!demand;!!
2. Water!heating,!due!to!the!higher!efficiency!of!heat!pumps!and!hot!water!savings!from!high[

efficiency!dishwashers!and!clothes!washers;!!
3. Lighting,!due!to!the!high!penetration!of!very!efficient!LEDs.!!

Figure!14!shows!the!magnitude!of!these!efficiency!improvements!by!2050!relative!to!2014,!normalized!
by!floor!space.!
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Figure)14.)Residential)Energy)Intensity)Comparison:)2014)and)2050)Decarbonization)Case)Results)

!

5.2. Commercial)
Like!the!residential!sector,!most!commercial!sector!end!uses!are!electrified,!and!electricity!becomes!the!
dominant!energy!carrier!across!all!four!decarbonization!cases!(Figure!15).!Through!improvements!in!
efficiency,!commercial!final!energy!use!remains!relatively!flat!over!2014[2050,!despite!a!more!than!40%!
increase!in!commercial!floor!area.!!

Figure)15.)Commercial)Energy)Demand,)All)Decarbonization)Cases)
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Similar!to!the!residential!sector,!the!largest!gains!in!commercial!sector!end!use!efficiency!are!in!space!
heating,!lighting,!and!water!heating,!with!improvements!in!space!and!water!heating!due!to!the!use!of!
high!efficiency!electric!heat!pumps!and!improvements!in!lighting!efficiency!to!the!prevalence!of!LEDs.!
The!magnitude!of!improvements!in!these!three!areas!by!2050,!relative!to!2014,!is!shown!in!Figure!16.!

Figure)16.)Commercial)Energy)Intensity)Comparison:)2014)and)2050)Decarbonization)Case)Results)

!

5.3. Transportation)

5.3.1. Light[Duty)Vehicles)
LDV!stocks!evolve!from!the!fossil!fuel[powered!internal!combustion!engines!(ICEs)!prevalent!today!to!a!
mix!of!electric!vehicles!(EVs),!plug[in!hybrid!electric!vehicles!(PHEVs),!and!hydrogen!fuel!cell!vehicles!
(HFCVs).!None!of!the!technology!options!modeled!here!achieves!significant!stock!penetration!until!the!
2030!timeframe,!as!shown!in!Figure!17!for!the!Mixed!Case.!Electricity!is!the!dominant!energy!carrier!for!
passenger!vehicle!transport!in!all!cases!except!for!the!High!Nuclear!Case,!where!hydrogen!produced!
from!electrolysis!is!the!primary!energy!carrier.!Gasoline!is!used!as!the!residual!fuel!for!PHEVs!traveling!
beyond!their!electric!range,!and!thus!gasoline!continues!to!be!a!non[trivial!portion!of!LDV!energy!use!in!
the!High!Renewables!and!High!CCS!Cases,!which!have!large!PHEV!stocks!(Figure!19).!!

By!2050,!however,!no!significant!numbers!of!ICE!LDVs!remain!in!any!of!the!cases!(Figure!18),!as!a!result!
of!high!penetrations!of!non[ICE!vehicles!in!new!car!sales!by!2035.!In!the!High!Renewables!and!High!CCS!
Case,!EVs!and!PHEVs!dominate!the!vehicle!fleet.!In!the!High!Nuclear!Case,!HFCVs!and!EVs!dominate.!The!
Mixed!Case!has!a!roughly!equal!blend!of!EVs,!PHEVs,!and!HFCVs!by!2050.!!
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Figure)17.)Annual)LDV)Stock)

!

Figure)18.)2050)LDV)Stock)
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Figure)19.)2050)LDV)VMT)by)Fuel)

!

Across!all!cases,!LDV!final!energy!demand!declines!by!nearly!70%!from!the!Reference!Case!by!2050.!This!
decline!results!primarily!from!a!more!than!doubling!of!the!LDV!fleet’s!fuel!economy,!with!the!average!
fleet!fuel!economy!of!exceeding!100!miles!per!gallon!gasoline!equivalent!(GGE)!in!all!four!
decarbonization!cases!(Figure!20).!!

Figure)20.)2050)LDV)Final)Energy)Demand)and)Average)Fleet)Fuel)Economy)
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5.3.2. Heavy)Duty)Vehicles)
The!heavy!duty!vehicle!(HDV)!fuel!mix!in!2050!is!primarily!determined!by!whether!biomass!is!used!to!
make!a!diesel!“drop[in”!fuel!or!to!make!synthetic!natural!gas!that!is!blended!into!the!pipeline!gas!mix.!In!
cases!where!the!former!dominates!(High!Nuclear,!High!CCS),!ICE!diesel!vehicles!remain!the!main!form!of!
heavy!duty!transport.!If!biomass!is!used!to!make!gas,!this!necessitates!a!transition!to!liquefied!pipeline!
gas!or!hydrogen!HDVs.!We!do!not!model!a!complete!conversion!of!the!HDV!fleet!due!to!hydrogen!in!!

Figure)21.)HDV)VMT)by)Fuel)

!

Figure)22.)2050)HDV)Final)Energy)Demand)and)Average)Fleet)Fuel)Economy)

!

0%!

10%!

20%!

30%!

40%!

50%!

60%!

70%!

80%!

90%!

100%!

Reference!! Mixed! High!Renewables! High!Nuclear! High!CCS!

20
50

)H
DV

)V
M
T)

Gasoline!Fuels! Diesel!Fuels! Liquified!Pipeline!Gas!(LNG)! Hydrogen!

0!
2!
4!
6!
8!
10!
12!
14!
16!
18!
20!

0!
1!
2!
3!
4!
5!
6!
7!
8!
9!

10!

Reference!! Mixed! High!
Renewables!

High!Nuclear! High!CCS!

Av
er
ag
e)
Fl
ee
t)F

ue
l)E
co
no

m
y)
(M

ile
s/
G
al
lo
n)
of
)

Di
es
el
)E
qu

iv
al
en

t)
)

20
50
)E
J)

Gasoline!Fuels! Diesel!Fuels!
Liquified!Pipeline!Gas!(LNG)! Hydrogen!
Average!Fuel!Economy!



U.S.)Deep)Decarbonization)Pathways)

31!

any!of!the!four!cases,!due!to!questions!about!commercialization!timelines!and!energy!density!
limitations.!The!High!Nuclear!Case,!which!also!has!HFCVs!in!its!LDV!fleet,!has!the!highest!penetration!of!
HDV!HFCVs!(50%)!(Figure!21).!!

In!addition!to!decarbonizing!the!HDV!fuel!supply,!alternative!fuel!HDVs!improve!the!average!fleet!fuel!
economy!in!the!four!decarbonization!cases!to!greater!than!12!miles!per!gallon!diesel!equivalent!(GDE).!
The!highest!average!HDV!fleet!efficiency!is!found!in!the!High!Nuclear!Case,!due!to!the!prominence!of!
HFCVs!(Figure!22).!!

5.3.3. Other)Transportation)
HDVs!and!LDVs!account!for!roughly!two[thirds!of!transportation!sector!energy!demand!in!all!cases.!The!
remaining!one[third!includes!aviation,!freight!rail,!passenger!rail,!medium[duty!trucking,!buses,!and!
military!use.!For!these!modes,!a!combination!of!biofuels!(aviation),!electrification,!hybridization,!and!
fuel!cells!(freight!rail,!passenger!rail,!medium[duty!trucking,!buses)!were!employed!to!reduce!emissions.!
These!changes!in!technology!are!accompanied!by!energy!efficiency!improvements,!resulting!in!around!
35%!reductions!in!final!energy!demand!relative!to!the!Reference!Case!(Figure!23).!!

Figure)23.)Other)2050)Transportation)Subsector)Energy)Demand)

!

In!the!High!Renewables!and!Mixed!Cases,!fleet!vehicles!like!medium[duty!trucks!and!buses!are!fueled!by!
compressed!pipeline!gas!and!the!majority!of!freight!rail!and!some!shipping!switches!to!liquefied!pipeline!
gas,!using!decarbonized!pipeline!gas.!In!the!High!Nuclear!Case,!fleet!vehicles!are!powered!by!hydrogen!
fuel!cells.!In!the!High!CCS!Case,!fleet!vehicles!are!powered!by!renewable!diesel—a!drop[in!synthetic!
diesel!fuel!produced!from!biomass.!Aggressive!aviation!efficiency!reduces!the!relative!importance!of!jet!
fuel!demand!by!2050!in!all!four!cases!(Figure!24).!!
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Figure)24.)2050)Other)Transportation)Subsector)Energy)Demand)by)Energy)Type)
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5.4. Industrial)
In!the!four!decarbonization!cases,!industrial!final!energy!demand!does!not!significantly!change!from!
Reference!Case!levels!(Figure!25).!All!four!cases!achieve!efficiency!gains!from!some!electrification!of!
heating!(heat!pumps)!and,!except!for!in!the!High!CCS!Case,!some!steam!production!(boilers).!
Additionally,!there!is!fuel!switching!from!diesel!in!areas!like!agricultural!pumping!and!construction!!

Figure)25.)2050)Industrial)Final)Energy)Demand)by)Type)
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vehicles,!as!well!as!process!change[related!fuel!switching!in!iron!and!steel,!in!all!cases!except!for!the!
High!CCS!Case.!A!lack!of!fuel!switching[related!efficiency,!in!addition!to!CCS!energy!penalties,!makes!
industrial!final!energy!demand!in!the!High!CCS!Case!higher!than!in!other!scenarios.!

5.4.1. Steam)Production)
While!the!level!of!steam!produced!for!industrial!processes!(all!sectors)!is!roughly!the!same!across!the!
Reference!Case!and!the!four!decarbonization!cases,!the!mix!of!energy!sources!for!steam!production!
varies!across!cases.!In!all!decarbonization!cases,!coal,!coke,!and!petroleum!fuels!are!replaced!by!
electricity!(Mixed,!High!Renewables,!High!Nuclear!Cases)!and!pipeline!gas!(High!CCS!Case).!Levels!of!
steam!generated!by!combined!heat!and!power!(CHP)!facilities!(“Heat”!in!Figure!26)!and!with!biomass[
fueled!boilers!are!kept!at!Reference!Case!levels!across!all!cases.!The!largest!share!of!boiler!output!is!
electrified!in!the!High!Renewables!Case,!while!no!boilers!are!electrified!in!the!High!CCS!Case,!which!
instead!relies!on!CCS!in!large[scale!applications!to!reduce!the!net!CO2!intensity!of!fuels.!

Figure)26.)2050)Steam)Production)Final)Energy)Demand)by)Type)

!

5.4.2. Iron)and)Steel)
The!most!significant!fuel!switching!in!the!industrial!sector!is!in!iron!and!steel,!with!an!acceleration!of!the!
Reference!Case!trend!of!converting!basic!oxygen!furnaces!(BOF)!utilizing!pig!iron!as!a!feedstock!to!
electric!arc!furnaces!(EAF),!which!use!scrap!steel!or!direct!reduced!iron!(DRI).!This!strategy!is!used!in!all!
cases!except!the!High!CCS!Case,!which!instead!utilizes!CCS!to!capture!combustion[related!emissions.!
These!alternative!strategies!result!in!significant!final!energy!demand!differences!among!the!cases!
(Figure!27).!The!CCS!Case!increases!final!energy!demand!relative!to!the!Reference!Case,!because!of!the!
energy!penalties!associated!with!CCS.!In!the!Mixed,!High!Renewables,!and!High!Nuclear!Cases,!there!is!
an!increase!in!final!electricity!demand!from!EAF/DRI!relative!to!the!Reference!Case,!but!total!final!
energy!demand!falls!significantly!with!reductions!in!coal,!coke,!and!process!gas!use.!!

0!

1!

2!

3!

4!

5!

6!

Reference!! Mixed! High!Renewables! High!Nuclear! High!CCS!

EJ
))

Coal! Coke! Other!Petroleum! Pipeline!Gas! Heat! Biomass! Electricity!



5.)Results:)Energy)Demand)

34!

Figure)27.)2050)Iron)and)Steel)Industry)Final)Energy)Demand)by)Type)
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6. Results:)Energy)Supply))

6.1. Electricity)
The!Mixed!Case!illustrates!the!interaction!between!supply!decarbonization!and!end!use!electrification!
that!occurs,!to!different!extents,!in!all!of!the!decarbonization!cases!(Figure!28).!In!the!Mixed!Case,!end!
use!electrification!doubles!demand!for!electricity!by!2050,!with!particularly!rapid!growth!after!2030.!!

Figure)28.)Mixed)Case)Electric)Sector)Supply)and)Demand)

!

Some!of!this!growth!occurs!as!a!result!of!the!electrification!of!end!uses,!such!as!electric!water!heating!or!
vehicles,!but!a!large!portion!results!from!the!electrification!of!fuels!(“Intermediate!Energy!Carriers”!in!
Figure!28),!such!as!hydrogen!produced!through!electrolysis.!Fossil!fuel!generation!declines!gradually!
over!2014[2050,!and!beginning!in!the!late!2030s!remaining!coal[fired!generation!is!retired!and!replaced!
with!gas[fired!generation!equipped!with!CCS.!The!only!remaining!uncontrolled!fossil!fuel!generation!in!
2050!is!a!small!amount!of!gas!generation!that!operates!as!a!peaking!resource.!Much!of!the!increase!in!
demand!for!electricity!after!2030!is!met!by!significant!increases!in!wind,!nuclear,!and!solar!power!
output.!!

Case!names!are!indicative!of!final!2050!generation!mixes,!shown!in!Figure!29.!The!High!Nuclear,!High!
CCS,!and!High!Renewables!Cases!have!the!highest!amount!of!each!respective!type!of!generation,!though!
they!do!not!exclusively!rely!on!this!type!of!generation.!For!instance,!the!High!Renewables!Case!has!
roughly!the!same!amount!of!nuclear!power!as!in!the!Reference!Case.!The!High!CCS!Case!relies!primarily!
on!fossil!fuel!generation,!but!includes!an!expansion!of!wind!and!solar!generation.!!
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Figure)29.)2050)Electric)Generation)by)Resource)Type)

!

Figure)30.)2050)Installed)Electric)Generating)Capacity))

!

The!Mixed!Case!includes!a!more!balanced!expansion!of!renewable,!nuclear,!and!fossil!fuel!CCS!
generation.!CO2!emission!factors!fall!precipitously!in!all!decarbonization!cases,!from!329!gCO2/kWh!in!
the!Reference!Case!to!at!most!54!gCO2/kWh!(High!CCS)!and!at!least!14!gCO2/kWh!(Mixed).!

Figure!30!shows!the!installed!capacity!implications!of!the!generation!mixes!in!Figure!29.!The!Mixed,!High!
Renewables,!and!High!Nuclear!Cases!have!significantly!higher!capacity!requirements!than!the!Reference!
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or!High!CCS!Cases,!as!a!result!of!their!higher!electricity!demand!and!lower!capacity!factors!for!wind!and!
solar!generation!relative!to!fossil!fuel!generation.!!

6.1.1. Electricity)Balancing)
Large!penetrations!of!non[dispatchable!decarbonized!resources!(wind,!solar,!nuclear)!present!challenges!
for!balancing!electricity!supply!and!demand!(load).!Due!to!the!lack!of!coincidence!between!these!
generation!sources!and!conventional!loads,!high!penetrations!require!supporting!dispatchable!
generation!or!greater!flexibility!in!load.!By!2050,!this!dispatchable!generation!must!be!primarily!low!
carbon—either!generation!from!electricity!storage!facilities!or!gas!power!plants!with!carbon!capture—in!
order!to!meet!a!2050!GHG!target.!For!dispatchable!loads,!flexibility!in!newly!electrified!loads!like!water!
heating,!space!heating,!and!electric!vehicles!was!incorporated!in!the!model.!!

Much!of!the!balancing!on!the!load!side!comes!in!the!form!of!electric!fuel!production—hydrogen!and!
synthetic!natural!gas!(SNG)—in!which!facilities!were!oversized!in!production!capacity!in!order!to!allow!
them!to!operate!flexibly!and!absorb!excess!generation.!While!these!electric!fuels!may!be!inefficient!
from!a!primary!energy!perspective,!their!ability!to!operate!flexibly!reduces!curtailment,!which!
represents!a!system[wide!inefficiency!caused!by!large!amounts!of!non[dispatchable!generation.!When!
this!flexible!load!reduces!curtailment,!it!can!provide!significant!value!as!a!component!of!an!integrated!
energy!system,!despite!its!potentially!high!cost!when!viewed!in!isolation.!!

Figure)31.)2050)Mixed)Case)Eastern)Interconnection)Electricity)Dispatch)
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Figure!31!illustrates!these!challenges,!showing!dispatch!in!the!Mixed!Case!for!a!week!in!March!2050!in!
the!Eastern!Interconnect.!The!coincidence!of!significant!nuclear!generation!online!and!large!wind!power!
output!means!that!total!electric!load!(the!solid!red!line)!exceeds!final!demand!for!electricity!(the!dotted!
red!line).!The!majority!of!the!difference!is!absorbed!by!facilities!producing!electric!fuels,!and!a!small!
amount!of!wind!output!is!curtailed.!The!use!of!flexible!loads!for!balancing,!as!in!this!case,!would!
represent!a!new!paradigm!in!power!system!operations,!as!system!operators!have!traditionally!relied!on!
the!flexibility!of!supply,!rather!than!the!flexibility!of!demand,!to!address!load[resource!imbalances.!!

The!High!CCS!Case,!which!has!lower!penetrations!of!non[dispatchable!resources,!has!a!more!traditional!
generation!dispatch,!shown!in!Figure!32!for!the!Eastern!Interconnection!in!the!same!week!of!March!
2050.!Here,!nuclear!and!coal!with!CCS!operate!as!baseload!resources!and!gas!CCS!operates!as!a!load[
following!resource!to!balance!modest!penetrations!of!wind!and!solar.!!

Figure)32.)2050)CCS)Case)Eastern)Interconnection)Electricity)Dispatch)
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!

0!

100,000!

200,000!

300,000!

400,000!

500,000!

600,000!

700,000!

3/5/2050! 3/6/2050! 3/7/2050! 3/8/2050! 3/9/2050!3/10/2050!3/11/2050!

M
W
)

CHP! Conventonal!Coal! Nuclear! Coal!with!CCS!

Geothermal! Biomass! Gas!with!CCS! Conventonal!Gas!

Oil! Small!Hydro! Conventonal!Hydro! Solar!Thermal!

Solar!PV! Onshore!Wind! Offshore!Wind! Storage!Charge!

Storage!Discharge! Curtailment! Total!Electric!Load!



U.S.)Deep)Decarbonization)Pathways)

39!

Due!to!its!higher!balancing!needs,!for!instance,!the!High!Renewables!Case!has!the!highest!gas!energy!
demand!and!the!largest!amount!of!electric!fuels,!in!addition!to!a!significant!biogas!blend!(mainly!bio[
SNG)!(Figure!34,!also!present!in!the!Mixed!Case!in!Figure!33).!The!High!CCS!Case!uses!only!a!limited!
amount!of!biomass!(wet!biomass!for!anaerobic!digestion)!in!the!pipeline,!instead!using!CCS!in!industry!
to!reduce!the!CO2!intensity!of!pipeline!gas.!The!High!Nuclear!Case!has!residual!biomass!to!use!in!the!
pipeline!because!demand!for!liquid!biofuels!is!reduced!by!using!HFCVs!in!heavy!duty!trucking.!!

Figure)33.)Mixed)Case)Pipeline)Gas)Supplies)and)Sector)Demand)

!

Figure)34.)2050)Pipeline)Gas)Portfolios)
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Figure!33!illustrates!the!dynamics!of!gas!supply!and!demand!from!2014!to!2050,!using!the!Mixed!Case.!
In!this!case,!demand!for!gas!remains!relatively!high!because!the!gas!supply!is!decarbonized!using!
biomass!(mainly!gasification!to!bio[SNG)!and,!to!a!lesser!extent,!P2G!hydrogen!and!SNG.!Most!of!this!gas!
is!used!in!the!heavy!duty!transportation!and!industrial!sectors,!where!electrification!is!less!practical.!!

Pipeline!gas!blends!vary!by!case!as!a!function!of!three!factors:!(1)!whether!biomass!has!been!used!
primarily!to!produce!gas!or!liquid!fuels,!(2)!the!need!for!intermediate!energy!production!loads!(P2G!
hydrogen!and!SNG)!to!provide!grid!balancing!services,!and!(3)!the!assumed!availability!of!CCS.!Due!to!its!
higher!balancing!needs,!for!instance,!the!High!Renewables!Case!has!the!highest!gas!energy!demand!and!
the!largest!amount!of!electric!fuels,!in!addition!to!a!significant!biogas!blend!(mainly!bio[SNG)!(Figure!34).!
The!High!CCS!Case!uses!only!a!limited!amount!of!biomass!(wet!biomass!for!anaerobic!digestion)!in!the!
pipeline,!instead!using!CCS!in!industry!to!reduce!the!CO2!intensity!of!pipeline!gas.!The!High!Nuclear!Case!
has!residual!biomass!to!use!in!the!pipeline!because!demand!for!liquid!biofuels!is!reduced!by!using!HFCVs!
in!heavy!duty!trucking.!!

Average!CO2!emission!intensities!for!gas!fuels!vary!across!cases,!depending!on!the!final!demand!for!gas!
and!the!share!of!natural!gas!remaining!in!the!gas!mix.!In!the!Mixed!and!High!Renewables!Cases,!gas!use!
is!higher,!very!little!natural!gas!remains!and!gas!emissions!intensities!are!less!than!11!gCO2/MJ.!In!the!
High!Nuclear!and!High!CCS!Cases,!gas!use!is!lower!and!emissions!intensities!are!higher!because!larger!
emission!reductions!are!occurring!for!liquid!fuels.!

6.3. Liquids)
Figure!35!shows!the!supply!portfolio!evolution!for!liquid!fuels.!In!the!Mixed!Case,!and!in!all!four!
decarbonization!cases,!demand!for!liquid!fuels!falls!dramatically!as!a!result!of!efficiency!improvements!!

Figure)35.)Mixed)Case)Liquids)Supply)and)Demand)
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and!fuel!switching.!Biomass!in!the!Mixed!Case!is!largely!used!in!the!gas!pipeline,!which!limits!the!use!of!
liquid!biofuels!in!transportation.!Instead,!on[road!transportation!transitions!primarily!to!electricity!
(LDVs)!and!pipeline!gas!(HDVs),!with!some!hydrogen!use!in!LDVs,!jet!fuel!used!in!aviation,!gasoline!used!
in!PHEVs,!and!diesel!used!in!HDV!and!“other”!transportation!modes.!

The!same!factors!that!shape!the!2050!gas!blend!also!shape!the!2050!liquid!fuel!mix.!The!highest!liquid!
fuels!demand!occurs!in!the!High!Nuclear!and!High!CCS!Cases,!where!HDVs!use!a!combination!of!biofuels!
(renewable!diesel)!and!hydrogen!rather!than!pipeline!gas!(Figure!36).!The!lowest!demand!for!liquid!fuels!
is!in!the!High!Renewables!Case,!where!the!transportation!sector!shifts!from!liquid!fuels!to!electricity!and!
gas.!In!cases!where!liquid!fuel!use!remains!high,!their!average!CO2!emissions!factors!are!much!lower.!
The!negative!CO2!emission!factor!for!liquid!fuels!in!the!High!CCS!Case!results!from!the!use!of!BECCS!in!
this!case.9!!

Figure)36.)2050)Liquid)Fuel)Supply)Mix)

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
9!Sustainably!harvested!biomass!is!generally!given!a!net!CO2!emission!factor!of!zero,!because!the!CO2!released!to!
the!atmosphere!through!combustion!is!offset!by!subsequent!sequestration!of!CO2!in!plant!biomass.!By!capturing!
and!storing!CO2!from!the!bioenergy!refining!process,!BECCS!can!lead!to!negative!emissions.!We!only!use!BECCS!in!
the!High!CCS!Case,!consistent!with!our!case!development!criteria.!!
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7. Results:)CO2)Emissions)

7.1. CO2)Emissions)by)End)Use)Sector)
In!all!decarbonization!cases,!the!transportation!and!industrial!sectors!have!the!largest!remaining!CO2!
emissions!by!2050!(Figure!37).!These!remaining!emissions!are!mainly!from!direct!combustion!of!fossil!
fuels!rather!than!upstream!CO2!emissions!associated!with!electricity!consumption.!The!ratio!of!
transportation!to!industrial!sector!emissions!across!cases!is!determined!primarily!by!the!allocation!of!
biomass!between!gas!and!liquid!fuels.!Biomass!conversion!to!liquid!fuels!reduces!the!transportation!
sector’s!emissions!relative!to!industry!(High!Nuclear,!High!CCS),!whereas!conversion!to!gas!and!greater!
use!of!gas!in!transportation!increases!them.!Differences!between!residential!and!commercial!sector!
emissions!among!cases!are!driven!primarily!by!the!emissions!intensity!of!electricity;!the!CCS!Case,!which!
has!the!highest!electricity!emissions!intensity,!has!twice!the!residual!emissions!in!these!sectors!as!any!
other!case.!

Figure)37.)2050)CO2)Emissions)by)Sector)

!

The!starkest!allocation!of!CO2!emissions!among!cases!is!in!the!High!CCS!Case,!which!has!limited!fuel!
switching!in!industry!and!no!decarbonization!of!pipeline!gas,!leaving!over!two[thirds!of!residual!
emissions!in!the!industrial!sector.!Such!a!high!level!of!residual!emissions!is!feasible!because!of!the!use!of!
BECCS!and!renewable!diesel!in!the!High!CCS!Case,!which!creates!a!diesel!fuel!with!net!negative!
emissions!that!are!allocated!to!the!transportation!sector.!!

7.2. CO2)Emissions)by)Energy)Type)
End!use!sector!CO2!emissions!are!consistent!with!the!emissions!intensities!of!their!main!energy!
sources—electricity,!gas,!or!liquids.!Buildings,!which!are!largely!electrified!using!very!low!CO2!electricity!
by!2050!in!all!cases,!are!small!contributors!to!overall!emissions.!Industry,!where!gas!dominates!final!
energy!demand,!has!the!lowest!emissions!in!cases!where!the!pipeline!has!been!significantly!
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decarbonized.!Transportation!sector!emissions!depend!on!the!relative!balance!and!CO2!emissions!
intensities!of!liquid!and!gas!fuels.!!

Figure!38!illustrates!this!balancing!act!among!electricity,!gas,!and!liquid!fuel!CO2!emissions.!The!Mixed!
and!High!Renewables!Cases!emphasize!electricity!and!gas!decarbonization,!and!most!residual!CO2!is!in!
liquid!fuels,!which!have!an!emissions!intensity!only!slightly!less!than!the!Reference!Case.!The!High!
Nuclear!Case!has!significant!reductions!in!both!gas!and!liquid!fuels!emissions!intensity,!and!roughly!
equivalent!CO2!emissions!from!each.!The!use!of!BECCS!in!the!High!CCS!Case!allows!for!a!net!negative!CO2!
emissions!intensity!in!liquid!fuels,!a!much!higher!gas!emissions!intensity,!and!a!slightly!higher!electric!
emissions!intensity.!Across!decarbonization!cases,!electric!emissions!intensities!fall!dramatically!relative!
to!the!Reference!Case.!

Figure)38.)CO2)Emissions)and)Emissions)Intensities)by)Energy)Type)in)2050)

!

The!total!average!CO2!emissions!intensity!in!all!four!decarbonization!cases!ranges!from!13!to!14!gCO2!
per!MJ!of!final!energy!consumed,!which!is!a!useful!reference!point.!Electricity,!gas,!and!liquid!fuel!
emissions!intensities,!weighted!by!their!respective!shares!of!final!energy!demand,!must!add!up!to!this!
total!average.!In!cases!without!very!high!end!use!electrification!where!liquid!fuels!have!a!higher!
emissions!intensity,!gas!intensities!will!need!to!be!lower!and!gas!use!be!higher!than!liquids!(Mixed!and!
High!Renewables!Cases).!In!cases!where!the!combined!average!gas!and!liquid!fuel!intensities!are!high,!
electricity!intensity!must!be!very!low!and!a!greater!share!of!end!uses!must!be!electrified,!a!scenario!that!
we!do!not!model!in!this!study.!

7.3. CO2)Emissions)Intensity)by)Region)
Figure!39!illustrates!the!change!in!regional!emissions!intensities!for!the!years!2020,!2030,!and!2050!for!
the!nine!U.S.!census!divisions!represented!in!PATHWAYS.!These!differences!are!a!result!of!different!
initial!infrastructure,!energy!supply!and!demand!characteristics,!and!regional!electricity!sector!!
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Figure)39.)Mixed)Case)Regional)Per)Capita)CO2)Emissions)Intensity)(Tonnes)CO2)Per)Person))

)

generation!mixes.!They!show!relatively!steeper!emission!intensity!reductions!trajectories!in!the!Midwest!
and!Eastern!regions!of!the!U.S.!in!comparison!to!the!Mountain!West!and!Pacific!regions,!a!function!of!
the!higher!initial!per!capita!emissions!intensity.!

!

!
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8. Results:)Costs)

8.1. Incremental)Costs)by)End)Use)Sector)and)Cost)Component)
Across!end!use!sectors,!the!timing!of!energy!system!costs!varies!according!to!investment!needs!and!
changes!in!technology!costs.!Figure!40!shows!energy!system!costs,!net!of!Reference!Case!costs,!by!
sector!for!the!Mixed!Case.!Annual!costs!are!shown!with!uncertainty!distributions.!Residential,!
commercial,!and!industrial!costs!grow!slowly!to!2050.!Transportation!costs!are!higher!in!the!mid[term!
and!then!decline!by!2050,!a!result!of!declining!costs!of!alternative!fuel!vehicles!and!higher!avoided!costs!
of!conventional!fossil!fuels.!

Figure)40.)Mixed)Case)Incremental)Energy)System)Costs)to)2050)

!

Figure)41.)2050)Mixed)Case)Incremental)Costs)by)Component)

!
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Figure!41!shows!incremental!costs!by!component!for!the!Mixed!Case,!with!fossil!fuel!savings!shown!as!a!
negative!value.!In!this!case,!savings!are!primarily!from!avoided!liquid!fossil!fuels!(gasoline!and!diesel).!
Increased!costs!are!from!stock!costs!(end[use!capital!equipment!like!vehicles!and!appliances),!electricity!
(due!to!slight!rate!increases!and!higher!electricity!demand!from!electrification),!hydrogen,!and!
compressed!and!liquefied!pipeline!gas!(due!to!higher!demand!as!well!as!higher!delivered!costs!from!the!
low[carbon!blend!in!the!pipeline).!In!broad!terms,!Figure!41!illustrates!a!shift!from!fossil!fuel!
expenditures!to!investments!in!electric!generating!capacity!and!equipment!that!uses!electricity.!!

8.2. Household)Costs)
Figure!42!shows!the!progression!in!incremental!household!energy!costs!from!2020!to!2050!in!the!Mixed!
Case.!Initial!decarbonization!costs!peak!in!the!2030!timeframe,!as!fossil!fuel!prices!are!not!yet!high!
enough!to!offset!incremental!costs!of!appliances!and!alternative!fuel!vehicles.!Costs!decline!by!2040!as!
the!costs!of!alternative!fuel!vehicles!converge!with!those!of!gasoline!ICE!vehicles,!and!by!2050!
households!save!money!over!the!Reference!Case!due!to!the!avoidance!of!gasoline,!natural!gas,!and!
some!diesel!costs.!!

Figure)42.)Mixed)Case)Incremental)Household)Monthly)Costs)

!

8.3. Electricity)Costs)
One!of!the!main!incremental!cost!drivers!in!the!four!decarbonization!cases!is!the!cost!of!electricity!
generation!and!delivery,!measured!in!electricity!rates.!Differences!from!Reference!Case!rates!result!
primarily!from!four!factors:!!
1. Penetration!of!renewables,!which!adds!renewable!generator!fixed!costs!and!associated!transmission!

costs!while!reducing!conventional!generation!fixed,!variable,!and!fuel!costs;!
2. Assumed!nuclear!capacity!expansion,!which!adds!conventional!generation!fixed!costs!but!reduces!

variable!and!fuel!costs;!
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3. Assumed!CCS!capacity!expansion,!which!adds!conventional!fixed!(CCS!costs)!and!variable!costs!(heat!
rate!penalties);!

4. Amount!of!electricity!used!in!the!production!of!intermediate!energy!carriers,!which!reduces!the!
share!of!electricity!that!needs!to!be!delivered!on!the!distribution!system!and!thus!lowers!average!
distribution!costs.!

Despite!significant!differences!in!rate!components,!average!rates!in!all!cases!are!similar!to!Reference!
Case!levels!(Figure!43),!with!the!High!CCS!Case!representing!the!only!significant!rate!increase!(27%!over!
Reference!Case!rates)!and!the!High!Nuclear!Case!showing!only!a!slight!rate!increase!(5%)!under!base!
technology!cost!assumptions.!!

Figure)43.)2050)Average)Electricity)Rate)

)
8.4. Electricity)Investment)
In!addition!to!showing!average!rates,!we!also!calculate!the!incremental!investment!in!electricity!
generation!facilities,!relative!to!the!Reference!Case.!This!is!a!way!of!conceptualizing!the!necessary!
capital!that!needs!to!be!directed!towards!the!electricity!system,!as!well!as!identifying!specific!technology!
sectors!that!would!experience!rapid!growth!under!mitigation!cases.!In!the!Mixed!Case,!increases!in!
annual!electricity!generation!investments!would!increase!$15!billion!per!year!from!2021[2030!(Figure!
44).!From!2031!to!2040,!incremental!investments!would!need!to!more!than!double!to!over!$30!billion!
per!year.!By!2050,!the!electricity!sector!would!need!more!than!$50!billion!per!year!of!incremental!
investment!from!Reference!Case!projections.!!

The!High!Renewables!case!would!require!increased!annual!investment!in!renewable!generation!of!over!
$70!billion!per!year!by!2050!(Figure!45).!The!High!Nuclear!Case!would!need!investment!in!nuclear!
facilities,!both!new!and!repowered!existing,!of!$20!billion!per!year!along!with!$30!billion!in!renewable!
investment!increases.!The!High!CCS!Case!would!require!nominal!increases!in!renewable!generation,!with!
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most!of!the!increased!investment!needed!in!fossil!power!plants!with!CCS.!The!Mixed!Case!would!require!
increased!investment!in!all!decarbonized!generation!sources.!All!cases!would!see!a!decline!in!traditional!
fossil!power!plant!investment!of!up!to!$10!billion.!!

Figure)44.)Mixed)Case)Incremental)Annual)Electricity)Generation)Investment)by)Decade)

!

Figure)45.)Annual)Incremental)Investments)from)2041[2050))
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9. Results:)GCAM)Analysis)

This!section!describes!the!results!of!the!non[CO2!emissions!analysis!conducted!in!GCAM,!organized!into!
three!sections:!

• Non[CO2)mitigation—describes!key!results!from!the!GCAM!analysis!of!non[CO2!mitigation!
• Sensitivity)to)terrestrial)carbon)sink)assumptions—explores!sensitivity!of!results!to!levels!of!the!

terrestrial!carbon!sink!!
• Biomass)production)and)indirect)land[use)change)emissions—describes!net!zero!GHG!emission!

levels!of!purpose[grown!biomass!production!!

9.1. Non[CO2)Mitigation)
Using!GCAM,!we!examined!several!cases!of!CO2!and!non[CO2!mitigation!in!2050,!with!the!aim!of!
identifying!a!reasonable!set!of!low[cost!non[CO2!GHG!mitigation!measures!that!would!complement!the!
CO2!emission!reductions!modeled!in!PATHWAYS,!achieving!an!overall!net!GHG!reduction!of!at!least!80%!
below!1990!levels.10!!

Emissions!of!CH4,!N2O,!and!fluorinated!gases!(f[gases)11!represented!nearly!20%!of!U.S.!total!gross!GHG!
emissions!in!1990,!and!are!approximately!20%!of!GCAM!reference!emissions!(without!mitigation)!in!
2050.!Some!non[CO2!emissions!are!associated!with!fossil!energy!production,!such!as!CH4!leakage!from!
coal!and!natural!gas!extraction!and!processing.!CO2!mitigation!strategies!that!reduce!fossil!fuel!
production!therefore!also!result!in!non[CO2!emissions!reductions.!We!refer!to!this!phenomenon!as!‘co[
mitigation.’!Deeper!reductions!in!non[CO2!emissions!require!active!measures,!such!as!CH4!flaring,!
catalytic!reduction!of!N2O!from!industrial!processes,!and!switching!to!low[global!warming!potential!
(GWP)!refrigerants.!!

In!order!to!maintain!consistency!with!most!of!the!PATHWAYS!cases,!we!eliminated!CCS!on!biofuel!
facilities!as!a!technology!option!in!GCAM,!and!limited!purpose[grown!bioenergy!production!to!a!level!
consistent!with!the!cap!identified!in!the!Biomass(and(Indirect(Land\use(Change!section!below,!while!
removing!the!current!Renewable!Fuel!Standard!(RFS)!requirements!for!corn!ethanol.!We!also!assume!
that!the!rest!of!the!world!is!participating!in!GHG!mitigation!efforts!consistent!with!a!2°C!warming!target.!
However,!we!do!examine!a!Reference!Case!in!which!no!mitigation!takes!place!globally.!For!these!cases,!
we!made!the!assumption!that!in!2050!the!U.S.!terrestrial!carbon!sink!is!at!its!1990!level!of!831!MtCO2,!
although!we!explore!sensitivity!to!this!assumption!in!the!next!section.!!

Active!mitigation!of!non[CO2!emissions!in!GCAM!is!driven!by!the!same!carbon!price!that!induces!CO2!
mitigation,!based!on!marginal!abatement!supply!curves!(MACs)!for!each!technology!and!each!non[CO2!
gas!represented!by!the!model.!The!MACs,!which!are!based!on!EPA!estimates,!specify!percent!reductions!
feasible!at!various!carbon!price!levels.12!Many!non[CO2!mitigation!measures!are!available!at!low!or!even!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
10!Achieving!the!U.S.!government’s!Copenhagen!target!of!83%!below!2005!levels!requires!an!additional!reduction!of!2%!
(24!MtCO2e)!beyond!what!is!required!to!meet!the!80%!below!1990!target.!
11!These!include!HFC125,!HFC134a,!HFC245fa,!CF4,!and!SF6.!
12!United!States!EPA!(2006),!Global!Mitigation!of!Non[CO2!Greenhouse!Gases,!report!430[R[06[05.!!
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negative!carbon!prices.!However,!even!with!high!carbon!prices!(greater!than!$150!per!tCO2),!
technological!limitations!prevent!complete!non[CO2!mitigation.!!

The!GCAM!results,!shown!below!in!Table!8,!achieve!non[CO2!emissions!(992!MtCO2e)!that!are!
consistent!with!the!PATHWAYS!goal!(750!MtCO2!+!46!MtCO2!in!additional!non[energy!industrial!CO2)!and!
an!overall!net!GHG!target!of!less!than!1,080!MtCO2e,!given!an!assumed!terrestrial!carbon!sink!of!
831!MtCO2.!!

Table)8.)GCAM)2050)Case)Results,)Relative)to)U.S.)1990)and)2005)GHG)Emissions)(MtCO2e)13)
Emissions)Category) 1990) 2005) 2012) 2050)case) %)below)1990) %)below)2005)

Fossil)fuel)and)industrial)CO2)
emissions)

5,108! 6,112! 5,383! 796! 84%! 87%!

Non[CO2)emissions)(all)) 1,125! 1,141! 1,143! 992! 12%! 13%!

Gross)CO2e)emissions) 6,233! 7,253! 6,526! 1,788! 71%! 75%!

Terrestrial)CO2)sink) 831! 1,031! 979! 831! 0%! 19%!

Net)CO2e)(including)sink)) 5,402! 6,222! 5,547! 957! 82%! 85%!

The!GCAM!scenario!was!constructed!to!match!the!PATHWAYS!energy!CO2!target!of!750!MtCO2!in!2050,!
which!corresponds!to!an!84%!reduction!from!1990!levels.!Since!GCAM!accounts!for!some!industrial!CO2!
emissions!not!accounted!for!by!PATHWAYS,!the!GCAM!fossil!fuel!and!industrial!emissions!target!was!
adjusted!up!to!796!MtCO2,!preserving!the!84%!decline!for!this!class!of!emissions.!!The!carbon!price!
required!to!achieve!this!level!of!fossil!fuel!and!industrial!emissions!leads!to!a!12%!decline!in!non[CO2!
GHG!emissions!(detailed!below!by!sector!and!gas),!which!together!with!a!terrestrial!sink!held!at!the!low!
range!of!recent!values!(831!MtCO2),!is!sufficient!to!surpass!the!80%!below!1990!target!for!all!emissions.!!!

As!discussed!below,!the!sink!would!need!to!decline!to!15%!below!its!1990!value!or!27%!below!its!2012!
value!before!more!aggressive!mitigation!measures!would!be!required!to!meet!the!80%!target!for!all!
emissions.!Furthermore,!technological!limits!on!additional!non[CO2!reductions!mean!that!additional!
GHG!mitigation!on!the!deep!reduction!frontier!must!come!primarily!from!CO2!mitigation!and!associated!
co[mitigation!of!non[CO2!emissions!rather!than!active!non[CO2!mitigation.!!

The!figures!below!show!each!non[CO2!gas!category!(CH4,!N2O,!and!f[gases)!by!sector!in!2050!for!our!
central!case,!compared!to!historical!values,!a!2050!reference!with!no!mitigation,!and!a!2050!reference!
with!CO2!mitigation!but!no!active!non[CO2!mitigation.!The!CO2[only!mitigation!case!is!included!to!
provide!insight!into!the!degree!of!non[CO2!co[mitigation!present!in!each!sector.!We!decompose!the!
sectors!differently!for!each!gas!category!to!reflect!the!diversity!of!primary!sources!among!them.!!

As!the!figures!show,!co[mitigation!of!non[CO2!emissions!is!greatest!for!CH4,!which!is!a!by[product!of!
fossil!fuel!extraction!and!processing.!The!greatest!co[mitigation!reductions!are!in!the!coal!and!natural!
gas!sectors,!and!would!presumably!be!greater!if!CCS!were!less!widely!deployed!as!a!CO2!mitigation!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
13!Fossil!fuel!and!industrial!CO2!emissions!were!chosen!to!match!the!84%!reduction!found!in!the!PATHWAYS!cases.!Note!that!
the!GCAM!case!includes!some!industrial!CO2!emissions!not!accounted!for!in!PATHWAYS.!Data!for!1990,!2005,!and!2012!are!
from!the!EPA!2014!GHG!inventory.!!
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technology,!which!would!require!even!deeper!reductions!in!fossil!fuel!use.!Active!mitigation!measures!
further!reduce!coal[related!CH4!emissions,!as!well!as!CH4!emissions!from!landfills,!industrial!emissions!of!
N2O!and!f[gases,!and!f[gases!associated!with!air!conditioning!in!both!commercial!and!residential!
buildings.!!

Figure)46.)CH4)Emissions)

)
Figure)47.)N20)Emissions)

!

0!

100!

200!

300!

400!

500!

600!

700!

800!

900!

1990! 2010! 2050!no!
mitgaton!

2050!with!CO2!
mitgaton!

!2050!with!CO2!
and!non[CO2!
mitgaton!

M
T)
CO

2e
)

Coal! Gas! Oil! Ag!and!Land!Use! Waste! Other!

0!

100!

200!

300!

400!

500!

600!

700!

800!

900!

1990! 2010! 2050!no!
mitgaton!

2050!with!CO2!
mitgaton!

!2050!with!CO2!
and!non[CO2!
mitgaton!

M
T)
CO

2e
)

Industry! Transportaton! Ag!and!Land!Use! Waste! Other!



9.)Results:)GCAM)Analysis)

52!

Figure)48.)Fluorinated)Gas)Emissions14)

!

Table!9!shows!the!largest!active!mitigation!measures!by!subsector!required!to!reduce!non[CO2!emissions!
to!992!MtCO2e!in!2050.!The!largest!three!measure!areas!are!CH4!reductions!from!landfills,!N2O!!

Table)9.)Principal)Non[CO2)Mitigation)by)Gas)and)Subsector15))

Subsector) Absolute)Reduction)(MtCO2e)) Percent)Reduction)

CH4))

Landfills) 82! 73%!

Coal) 35! 58%!

Enteric)Fermentation) 16! 9%!

Natural)Gas) 16! 19%!

N2O))

Agricultural)Soils) 33! 9%!

Adipic)Acid)Production) 27! 96%!

Nitric)Acid)Production) 10! 89%!

Fluorinated)Gases)

Air)Conditioning) 64! 63%!

Solvents) 32! 82%!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
14!Note!that!fire!suppression!and!transportation!data!are!not!available!for!1990.!
15Absolute!and!percent!reduction!in!2050!versus!an!alternative!2050!case!with!CO2!mitigation!only.!!
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reductions!in!industrial!processes,!and!f[gas!reductions.!Without!these!active!mitigation!measures,!we!
would!only!reach!a!76%!reduction!in!total!net!GHG!emissions!by!2050.!

9.2. Sensitivity)to)Terrestrial)Carbon)Sink)Assumptions)
Terrestrial!carbon!sinks!play!an!important!role!in!the!global!carbon!cycle,!removing!approximately!25%!
of!anthropogenic!emissions!from!the!atmosphere!annually![Canadell(et(al.,!2007].!Yet,!the!magnitude,!
mechanisms,!and!geographic!location!of!terrestrial!sinks!are!poorly!understood.!The!EPA!estimates!the!
US!sink!to!be!831!MtCO2!in!1990,!increasing!to!1,031!in!2005!and!979!in!2012![EPA,!2014].!The!largest!
term!in!the!EPA!inventory!results!from!carbon!sequestration!on!existing!forestland,!which!is!regaining!
carbon!as!a!result!of!past!clearing.!Net!terrestrial!carbon!dynamics!are!also!sensitive!to!forest!harvest!
and!the!growth!of!product!pools,!agricultural!management!that!affects!soil!carbon,!and!the!uncertain!
role!of!climate!change!and!CO2!fertilization.!!

Given!these!uncertainties,!we!have!opted!to!perform!a!simple!sensitivity!analysis!to!demonstrate!the!
impact!of!sink!strength!on!our!results.!Table!10!shows!the!required!emissions!reductions!in!2050!to!
meet!GHG!reduction!target!for!various!levels!of!sink!strength.!The!central!GCAM!case!was!chosen!to!
match!the!84%!reduction!in!energy[related!CO2!emissions!relative!to!1990!levels!present!in!the!
PATHWAYS!cases,!which!results!in!a!slight!overshoot!of!the!80%!total!GHG!target.!Given!this!overshoot,!
the!sink!would!need!to!decrease!to!710!MtCO2!(15%!below!the!1990!sink!level,!or!27%!below!the!2012!
sink!level)!in!order!to!require!more!aggressive!reductions!in!non[CO2!emissions!than!the!case!already!
outlined.!

)Table)10.)Terrestrial)Carbon)Sink)Sensitivity)Analysis)(MtCO2e)))

Sink)sensitivity) 1990)
sink)

+50%)

1990)sink)
+25%)

Central)
Case)

1990)
sink))

[25%)

1990)
sink))

[50%)

2050)terrestrial)CO2)sink) 1,247! 1,039! 831! 623! 416!

Allowable)2050)gross)CO2e) 2,327! 2,119! 1,911! 1,704! 1,496!

Fossil)fuel)+)industrial)CO2) 1,312! 1,109! 796! 711! 513!

Non[CO2)emissions)(all)) 1,017! 1,009! 992! 991! 983!

%)Reduction)in)fossil)fuel)+)industrial)
CO2)

74%! 78%! 84%! 86%! 90%!

%)Reduction)in)non[CO2) 10%! 10%! 12%! 12%! 13%!

%)Reduction)in)net)CO2e) 80%! 80%! 82%! 80%! 80%!

Due!to!the!difficulty!of!mitigating!non[CO2!emissions!beyond!a!certain!point,!most!of!the!additional!
reductions!required!in!the!event!of!a!lower!than!expected!sink!would!need!to!come!via!additional!
reductions!in!fossil!fuel!use.!For!instance,!with!a!sink!that!is!50%!below!1990!levels,!fossil!fuel!and!
industrial!CO2!emissions!decrease!by!90%!versus!84%!in!the!central!case,!whereas!non[CO2!emissions!
decrease!by!13%!compared!to!12%!in!the!central!case.!!
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9.3. Biomass)Production)and)Indirect)Land[Use)Change)Emissions)
Domestic!bioenergy!production!induces!changes!in!agricultural!markets!that!result!in!land[use!emissions!
worldwide![Searchinger(et(al.,(2008;!Plevin(et(al.,!2010].!To!address!this!issue!in!PATHWAYS,!we!
performed!a!series!of!simulations!in!GCAM!designed!to!identify!a!level!of!purpose[grown!biomass!that!
would!not!increase!GHG!emissions!from!global!land!use!change!if!the!increase!in!bioenergy!production!
were!implemented!in!conjunction!with!a!contraction!in!corn!ethanol!production!currently!required!by!
the!RFS.!In!these!cases,!we!eliminated!international!trade!in!bioenergy!in!order!to!isolate!the!effect!of!
domestic!production!and!consumption!of!purpose[grown!bioenergy!crops!and/or!corn!ethanol.!We!
systematically!varied!the!level!of!these!two!bioenergy!sources!while!imposing!an!80%!reduction!in!fossil!
fuel!and!industrial!CO2!emissions!both!in!the!U.S.!and!globally.!To!account!for!co[products!of!corn!
ethanol!that!are!not!included!in!GCAM,!we!assume!that!one[third!of!the!corn!land!used!for!ethanol!
production!would!need!to!remain!in!production!to!meet!animal!feed!demands!currently!met!by!co[
products.!This!effectively!reduces!the!carbon!benefit!of!retiring!corn!ethanol!production!by!one[third.!!

As!a!baseline,!we!choose!a!world!in!which!the!RFS!corn!ethanol!requirements!of!1.22!EJ!(15!billion!
gallons)!of!fuel!production!are!maintained!until!2050.!Figure!49!shows!the!change!in!cumulative!global!
land!use!emissions!from!2005!to!2080!that!would!result!from!various!levels!of!either!corn!ethanol!or!
purpose[grown!bioenergy!production.!We!focus!on!cumulative!emissions!because!the!effect!of!land[use!
change!on!terrestrial!carbon!can!take!several!decades!to!be!realized.!Reducing!corn!ethanol!to!zero!and!
increasing!purpose[grown!production!to!6.5!EJ!(371!MMT)!of!biomass!yields!a!net!zero!change!in!global!
emissions!(i.e.,!moving!from!the!black!circle!on!the!y!axis!of!Figure!49!to!the!black!circle!on!the!x!axis).!
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Figure)49.)Change)in)Cumulative)GHG)Emissions)from)Global)Land)Use)Change)from)Purpose[Grown)Biomass)
Production)

! !

!
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10. Comparison)of)PATHWAYS)Results)with)EMF[24)

The!existence!of!multiple!technologically!feasible!pathways!to!an!80%!emissions!cut!in!the!US!by!2050!is!
supported!by!the!energy[economic!model!literature,!most!notably!the!24th!Energy!Modeling!Forum!
intercomparison!effort!(EMF[24;![Fawcett(et(al.,!2014a]),!which!examined!both!80%!and!50%!emissions!
reduction!scenarios!in!2050!across!nine!energy[economic!models!of!varying!degrees!of!sectoral!and!
process!resolution.!These!models!included!integrated!assessment!models,!computable!general!
equilibrium!models,!and!optimization!models,!in!which!some!concept!of!economic!optimality!(e.g.,!cost!
minimization,!supply[demand!equilibrium)!drives!the!future!evolution!of!the!energy!system!subject!to!
technology!and!emission!constraints.!!

The!PATHWAYS!model!differs!from!most!of!these!energy[economic!models!in!several!important!ways.!It!
features!a!relatively!high!level!of!sectoral!granularity!tied!to!stock!rollover!constraints,!and!an!electricity!
dispatch!sub[model!requiring!that!regional!load!curves!be!satisfied!on!an!hourly!basis.!Perhaps!most!
distinctively,!PATHWAYS!outcomes!are!not!arrived!at!through!economic!optimization!(although!it!tracks!
costs),!but!rather!by!calculating!the!energy!system!and!emissions!consequences!of!detailed!user[
specified!technology!investment!and!deployment!constraints.!Given!these!differences!between!
PATHWAYS!and!the!models!that!have!been!used!to!examine!deep!emissions!cuts!in!the!US!so!far,!it!is!
worthwhile!to!identify!common!outcomes!and!unique!insights!offered!by!the!different!approaches.!
Pathway’s!highly!granular!approach!provides!the!opportunity!to!flesh!out!in!unprecedented!detail!what!
deep!decarbonization!scenarios!look!like!for!the!US,!while!the!combination!of!user!flexibility!and!
detailed!constraints!offers!the!possibility!of!discovering!unique!technology!solutions!that!simply!would!
not!emerge!from!a!model!that!doesn’t!represent,!for!example,!hourly!electrical!dispatch.!!

Consistent!with!PATHWAYS,!one!common!feature!of!deep!emissions!reduction!scenarios!in!the!EMF[24!
effort!is!significant!decarbonization!of!the!electricity!sector,!reflecting!the!relatively!low!cost!of!
mitigation!in!this!sector.!The!EMF[24!effort!paid!particular!attention!to!the!role!of!energy!technology!
assumptions!(e.g.!cost,!availability,!and!performance)!in!shaping!future!scenarios.!For!example,!within!
the!context!of!80%!emissions!reduction!scenarios,!the!effort!examined!a!“pessimistic!renewables”!
scenario!that!tended!to!favor!nuclear!and!fossil!fuel!generation!with!CCS,!as!well!as!a!“pessimistic!
nuclear/CCS”!scenario!that!tended!to!favor!renewables.!From!a!cost!and!feasibility!perspective,!no!one!
technological!strategy!emerged!from!these!scenarios!as!dominant.!That!is,!effectively!eliminating!
individual!technologies!did!not!consistently!increase!costs!across!model,!indicating!(1)!that!there!is!a!
“flat!optimum”!with!respect!to!different!energy!system!configurations,!and!(2)!that!factors!other!than!
technological!characteristics!(e.g.!social!acceptability!of!nuclear!energy!or!bioenergy)!may!play!a!
relatively!important!role!in!the!future!trajectory!of!the!energy!system![Clarke(et(al.,!2014].!!

Energy!efficiency!also!played!an!important!role!in!the!EMF[24!scenarios.!Both!of!the!80%!emissions!cut!
scenarios!assumed!that!a!20%!reduction!in!primary!energy!consumption!was!possible!as!a!reference!
level!of!energy!efficiency!improvement.!Some!models!(5!of!9)!found!reductions!in!electricity!supply!
above!and!beyond!this!level,!reflecting!additional!end[use!efficiency!and!service!demand!reductions!in!
response!to!emission!policies!and!associated!prices![Clarke(et(al.,!2014].!!
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The!remaining!EMF[24!models!showed!an!increase!in!electricity!supply!in!the!80%!reduction!scenarios!
relative!to!their!2050!reference!scenarios![Clarke(et(al.,!2014].!In!these!models,!end[use!electrification!
outweighed!additional!energy!efficiency!improvements!in!its!influence!on!total!electricity!supply.!With!
the!data!currently!available!from!the!EMF[24!effort,!it!is!not!possible!to!disaggregate!the!relative!
contributions!of!end[use!energy!efficiency!and!fuel!switching!on!electricity!supply,!nor!can!one!identify!
which!end[use!sectors!undergo!the!largest!degree!of!electrification.!This!is!one!area!that!the!PATHWAYS!
model!identifies!some!compelling!solutions,!particularly!in!the!high!renewables!scenario,!in!which!
electrical!load[matching!constraints!are!met!by!absorbing!excess!renewable!generation!with!
intermediate!energy!carrier!(e.g.!H2!and!synthetic!natural!gas)!production.!PATHWAYS!is!able!to!quantify!
the!degree!of!end[use!fuel!switching!required!to!balance!this!excess!generation.!!

From!a!cost!standpoint,!the!PATHWAYS!results!($1!to!$2!trillion)!are!consistent!with!those!found!in!the!
EMF!24!studies,!which!ranged!from!$1!to!$4!trillion16!for!most!of!the!80%!emission!reduction!scenarios,!
although!one!outlying!model!found!costs!as!high!as!$6!trillion![Clarke(et(al.,!2014].!Not!all!models!were!
able!to!report!the!same!cost!metrics!due!to!structural!differences,!so!the!costs!reported!for!each!model!
reflect!different!ways!of!handling,!for!example,!the!value!of!leisure!time!and!costs!associated!with!
reduced!service!demands.!The!above!values!reflect!either!total!consumption!loss,!the!area!under!the!
marginal!abatement!cost!curve,!or!equivalent!variation.!A!thorough!description!of!the!differences!
among!these!metrics!can!be!found!in!Fawcett!et!al.![2014b].!PATHWAYS!calculates!the!total!energy!
system!costs,!and!does!not!model!changes!in!service!demands!in!response!to!higher!prices.!Finally,!there!
was!no!consistent!trend!among!models!in!the!EMF!24!studies!in!terms!of!the!relative!costs!of!the!
pessimistic!renewables!vs.!the!pessimistic!nuclear!and!CCS!scenarios.!

)

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
16!Net!present!value!of!cumulative!costs!through!2050!in!2005!dollars!using!a!5%!discount!rate.!
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11. Energy)System)Transitions)

11.1. Introduction)
This!section!presents!several!different!kinds!of!graphical!representations!of!the!low!carbon!transition!in!
energy!supply!and!demand!sectors!as!a!different!way!of!considering!the!results!in!the!previous!chapters.!
PATHWAYS!was!developed!in!part!to!allow!broad!aggregate!trends!in!energy!mix!and!CO2!emissions!to!
be!seen!side!by!side!with!the!underlying!details!of!stock!composition,!timing!of!stock!turnover,!and!rates!
of!uptake!of!new!low!carbon!infrastructure!and!equipment.!This!kind!of!granular!visualization!of!the!low!
carbon!transition!can!help!policy!makers,!researchers,!business,!investors,!and!the!public!understand!
what!kinds!of!concrete!changes!are!required,!at!what!scale,!with!what!timing,!over!the!next!three!to!
four!decades.!!

11.2. System[Wide)Transition)
One!potential!low[carbon!transition!of!the!U.S.!energy!system!is!illustrated!in!the!Sankey!diagrams!
below.!Sankey!diagrams!use!arrows!to!represent!the!major!flows!of!energy!from!supply!to!end!use,!with!
the!width!of!the!arrows!being!proportional!to!the!magnitude!of!the!flows.!Figure!50!represents!the!
current!U.S.!system,!and!Figure!51!represents!the!system!in!the!2050!Mixed!Case.!In!both!figures,!
primary!energy!supplies!are!shown!on!the!left.17!The!middle!of!the!figure!shows!conversion!processes,!
with!conversion!losses!implied!but!not!explicitly!shown.!The!right!side!of!the!figures!shows!final!energy!
consumption,!with!all!end!uses!allocated!to!the!three!aggregate!categories!of!buildings,!transportation,!
and!industry.!

The!main!results!are!illustrated!by!comparing!the!two!figures.!Overall,!both!primary!and!final!energy!use!
are!reduced!in!the!2050!Mixed!Case!through!improvements!in!energy!efficiency.!On!the!primary!energy!
side,!fossil!fuels!are!greatly!reduced,!including!the!complete!elimination!of!coal!and!a!dramatic!
reduction!of!petroleum!use.!A!substantial!amount!of!natural!gas!remains!in!the!system!due!to!the!
availability!of!CCS!for!power!generation!in!this!scenario.!Renewable!and!nuclear!primary!energy!for!
generation!are!dramatically!increased,!and!biomass[derived!pipeline!gas!and!liquids!become!the!
dominant!combustion!fuels.!Conversion!processes!that!are!small!or!negligible!at!present—biomass!
refining!and!the!production!of!hydrogen!and!synthetic!natural!gas!from!electricity—play!an!important!
role!in!the!2050!energy!system.!End!uses!show!dramatic!fuel!switching!away!from!fossil!fuels!toward!
electricity,!electricity[derived!fuels,!and!biomass[derived!fuels.!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
17!Primary!energy!here!is!calculated!using!the!“captured!energy”!approach!in!which!renewable!and!nuclear!
electricity!are!converted!to!primary!energy!on!a!1:1!basis.!
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Figure)50.)Sankey)Diagram)for)U.S.)Energy)System)in)2014)

!

Figure)51.)Sankey)Diagram)for)2050)Mixed)Case)U.S.)Energy)System)

!

!
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11.3. Supply)Sector)Transition)
The!figures!below!show!the!transition!in!energy!supplies!for!each!of!the!four!low!carbon!scenarios!in!this!
study,!illustrating!how!the!strategies!differ!by!case.!In!each!figure!there!are!three!columns!representing!
three!main!types!of!final!energy!supply—electricity,!pipeline!gas,!and!liquid!fuels.!The!middle!row!of!
each!figure!shows!how!the!composition!of!the!supply!mix!within!each!supply!type!changes!over!time,!
from!present!to!2050.!The!bottom!row!shows!the!resulting!change!in!carbon!intensity!of!the!delivered!
energy.!The!top!row!shows!the!demand!composition!of!supply—the!amount!and!relative!share!that!
each!final!demand!type!consumes!of!each!supply!type—at!present!and!in!2050.!Demand!includes!the!
use!of!electricity!to!produce!hydrogen!and!SNG.!

Figure!52!shows!the!low!carbon!transition!for!the!Mixed!Case.!The!carbon!intensity!of!electricity!is!
reduced!by!a!factor!of!more!than!30!over!time!despite!a!near!doubling!of!generation!as!new!electric!
loads!are!brought!on!in!buildings,!transportation,!and!industry,!plus!production!of!hydrogen!and!SNG!as!
fuels!for!load!balancing.!The!steady!carbon!intensity!decline!is!the!result!of!phasing!out!uncontrolled!
fossil!fuel!generation!at!it!retires!while!increasing!the!shares!of!renewable,!nuclear,!and!CCS!generation,!
a!process!that!is!accelerated!after!2030.!Pipeline!gas!is!decarbonized!by!an!order!of!magnitude!over!
time,!with!almost!all!biomass!resources!turned!into!bio[SNG!and!added!to!the!pipeline,!in!combination!
with!SNG!and!hydrogen!produced!from!electricity.!Overall!pipeline!gas!demand!decreases!slightly!over!
time,!as!most!building!gas!and!a!portion!of!industrial!gas!use!are!eliminated!by!electrification,!and!the!
primary!new!gas!loads!are!in!heavy!duty!transportation!(in!the!from!of!CNG!and!LNG).!In!liquid!fuels!
petroleum!use!declines!by!about!three[quarters!as!a!consequence!of!vehicle!efficiency!improvements!in!
combination!with!fuel!switching!to!electricity!for!light!duty!vehicles!and!pipeline!gas!for!heavy!duty!
vehicles.!Some!transportation!fuel!demand!is!met!by!hydrogen,!which!is!trucked!in!liquid!form!from!
supply!to!fueling!stations,!and!therefore!included!in!the!liquid!fuels!category.!The!overall!energy!
intensity!of!liquid!fuels!decreases!modestly!over!time,!as!the!hydrogen!share!grows,!but!petroleum!
remains!the!principal!liquid!fuel.!

Figure!53!the!low!carbon!transition!in!the!High!Renewables!Case.!It!resembles!the!pattern!of!the!Mixed!
Case!in!many!regards,!with!the!exception!of!no!CCS!in!generation,!which!is!replaced!by!a!higher!share!of!
renewable!generation,!with!a!steep!ramp!in!wind!generation!beginning!around!2030.!Generation!carbon!
intensity!is!again!reduced!more!than!30!fold.!The!production!of!hydrogen!and!SNG!from!electricity!is!
higher!than!in!the!Mixed!Case,!as!a!result!of!higher!balancing!requirements!from!variable!generation,!
and!the!resulting!share!of!these!fuels!in!the!pipeline!gas!mix!is!higher.!The!overall!quantity!of!pipeline!
gas!remains!constant!over!time,!with!reduced!building!gas!use!offset!by!higher!transportation!gas!use!
than!in!the!mixed!case.!The!proportion!of!natural!gas!remains!somewhat!higher!within!the!pipeline!mix,!
and!consequently!the!carbon!intensity!decrease!is!somewhat!less!over!time.!Petroleum,!on!the!other!
hand,!decreases!more!rapidly,!with!an!especially!steep!decline!in!the!2030s,!as!electricity!replaces!more!
gasoline!in!light!duty!transportation!and!CNG/LNG!replaces!more!diesel!in!heavy!duty!transportation.!
Hydrogen!plays!a!smaller!role!in!transportation!for!a!similar!reason,!and!again!the!carbon!intensity!of!
liquid!fuels!overall!is!only!modestly!reduced!as!petroleum!remains!the!dominant!residual!liquid!fuel,!
albeit!in!much!reduced!quantity.!
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Figure)52.)Energy)Supply)Sector)Low)Carbon)Transition)in)Mixed)Case)

 

Figure)53.)Energy)Supply)Sector)Low)Carbon)Transition)in)High)Renewables)Case)

!
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Figure)54.)Energy)Supply)Sector)Low)Carbon)Transition)in)High)Nuclear)Case)

!

Figure)55.)Energy)Supply)Sector)Low)Carbon)Transition)in)High)CCS)Case)

!
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Figure!54!shows!the!low!carbon!transition!in!the!High!Nuclear!Case.!The!decrease!in!electricity!carbon!
intensity!is!similar!to!the!previous!cases,!and!the!increase!in!total!generation!and!renewables,!along!with!
the!level!of!residual!fossil!generation,!being!similar!to!that!in!the!Mixed!Case.!Without!CCS,!nuclear!
power!expands!rapidly!after!about!2020!to!take!over!the!remaining!share!of!retired!fossil!generation.!
The!strategies!for!gas!and!liquid!fuels!are!different!from!the!Mixed!and!High!Renewables!Cases,!which!is!
a!consequence!of!pursuing!a!very!different!strategy!for!transportation!fuels.!In!the!High!Nuclear!Case,!
biomass!is!used!primarily!for!the!production!of!liquid!fuels!(mostly!renewable!diesel),!and!electricity[
produced!hydrogen!is!mostly!allocated!to!use!in!transportation!fuel!cells.!Because!of!the!growth!in!
biofuels!and!hydrogen,!the!quantity!of!liquid!fuels!declines!only!modestly!over!time,!as!the!combined!
carbon!intensity!decreases!by!a!factor!of!more!than!three.!Pipeline!gas!supply!declines!more!in!quantity!
than!in!the!earlier!cases,!while!the!pipeline!fuel!mix!remains!dominated!by!natural!gas.!As!a!
consequence,!the!reduction!in!pipeline!gas!carbon!intensity!over!time!is!modest,!especially!before!the!
2040s!when!more!gasified!biomass!is!introduced!to!the!pipeline.!

Figure!55!shows!the!low!carbon!transition!in!the!High!CCS!Case.!Since!substantial!fossil!fuel!use!remains!
in!this!scenario,!with!carbon!emissions!being!captured,!it!is!the!case!most!similar!in!pattern!to!the!
existing!energy!system,!including!the!continued!use!of!coal!in!generation.!The!presence!of!CCS!to!
capture!emissions!elsewhere!in!the!economy!allows!for!a!less!steep!drop!in!electricity!carbon!intensity!
than!in!other!cases,!though!it!still!declines!by!order!of!magnitude!below!present.!Renewables!increase!
modestly!and!nuclear!is!kept!at!current!levels,!while!the!overall!increase!in!generation!is!less!than!in!
other!cases.!Pipeline!gas!declines!only!modestly!in!quantity!and!remains!dominated!by!natural!gas,!since!
CCS!is!assumed!to!capture!some!combustion!emissions!in!industry.!As!a!consequence!the!decline!in!
carbon!intensity!of!pipeline!gas!is!even!less!than!in!the!High!Nuclear!Case.!The!High!CCS!Case!also!has!
the!lowest!decline!in!petroleum!use,!though!still!about!half!relative!to!present.!However,!the!carbon!
intensity!of!liquid!fuels!overall!decrease!dramatically,!to!a!negative!emissions!level.!This!is!due!to!the!
application!of!CCS!to!the!refining!of!biomass!to!produce!biodiesel.!This!is!the!only!application!of!BECCS!
in!the!four!scenarios.!The!High!CCS!Case!is!also!unique!among!the!scenarios!in!not!using!electric!fuels!to!
balance!non[dispatchable!generation.!

11.4. Demand)Sector)Transition)
The!figures!below!show!the!low!carbon!transition!in!energy!end!use!over!time!for!the!Mixed!Case,!
illustrating!energy!efficiency!and!fuel!switching!strategies.!Starting!with!changes!in!the!physical!stock,!
they!show!the!magnitude!and!rate!of!demand[side!infrastructure!turnover!needed!to!meet!the!2050!
emissions!target.!!

The!figures!describe!five!key!demand!subsectors:!light!duty!vehicles,!heavy!duty!vehicles,!residential!
space!heating,!commercial!lighting,!and!iron!and!steel.!While!not!covering!all!of!the!demand!subsectors!
modeled!in!this!study,!the!five!subsectors!chosen!are!both!very!important!for!overall!energy!and!
emissions,!and!indicative!of!the!transition!within!their!respective!sectors.!Each!figure!shows!six!kinds!of!
indicators!as!they!evolve!over!the!period!from!2014!to!2050:!from!top!to!bottom!these!are!total!service!
demand,!new!stock!by!fuel!type,!total!stock!by!fuel!type!(includes!retirements,!not!shown!separately!in!
this!figure),!service!demand!decomposed!by!fuel!type,!final!energy!by!fuel!type,!and!emissions!by!fuel!
type.!
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Figure!56!shows!the!low!carbon!transition!in!light!duty!vehicles.!Total!vehicle!miles!traveled!increase!
over!time,!following!the!trend!in!the!AEO!Reference!Case.!Between!the!mid[2020s!and!mid[2030s,!sales!
of!fuel!cell,!battery!electric,!and!plug[in!hybrid!electric!vehicles!rise!from!a!small!share!to!the!majority!
share!of!new!LDVs,!and!by!the!2040s!they!constitute!all!new!LDV!sales,!about!one[third!of!each!type.!
Total!vehicle!stock!composition!shows!a!time!lag!of!approximately!one!decade!in!reflecting!new!vehicle!
sales.!Reflecting!the!change!in!stocks,!VMT!by!fuel!shows!electricity!and!hydrogen!growing!from!a!small!
share!in!2030!to!the!dominant!share!in!2040.!Final!energy!by!fuel!declines!much!sooner!than!the!uptake!
of!non[ICE!vehicles,!as!fuel!economy!in!conventional!gasoline!vehicles!improves,!starting!with!current!
federal!standards.!Emissions!from!LDVs!decline!more!or!less!linearly!from!the!present!to!2050,!reflecting!
the!sequence!of!developments!described!above,!in!combination!with!the!declining!carbon!intensities!of!
electricity!and!hydrogen!production,!which!reach!negligible!levels!by!2050!in!the!Mixed!Case.!

Figure)56.)Light)Duty)Vehicle)Low)Carbon)Transition)in)Mixed)Case)

!
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Figure!57!shows!the!low!carbon!transition!in!heavy!duty!vehicles.!HDV!miles!nearly!double!over!time,!
following!the!trend!in!the!AEO!Reference!Case.!CNG/LNG!and!hydrogen!fuel!cell!HDVs!are!introduced!in!
the!2020s!and!rise!in!share!to!the!majority!of!new!vehicle!sales!by!the!early!2030s,!and!the!majority!of!
stocks!and!VMT!by!fuel!by!the!late!2040s.!Final!energy!rises!with!increasing!mileage!to!the!mid[2020s,!
then!levels!out,!reflecting!efficiency!improvements!in!both!conventional!diesel!and!non[diesel!
alternative!vehicles.!Emissions!from!HDVs!peak!in!the!2020s!and!decline!thereafter,!despite!the!plateau!
in!final!energy,!as!the!carbon!intensity!of!both!pipeline!gas!supply!and!hydrogen!production!fall!in!the!
mixed!case.!

Figure)57.)Heavy)Duty)Vehicle)Low)Carbon)Transition)in)Mixed)Case)

!
! !
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Figure!58!shows!the!low!carbon!transition!in!residential!space!heating.!Both!residential!housing!units!
and!residential!floor!space!increase!by!almost!half!over!time,!following!the!trend!in!the!AEO!Reference!
Case.!The!principal!strategy!employed!is!fuel!switching!from!natural!gas!furnaces!and!radiators!to!
electric!radiators!and!heat!pumps.!This!is!a!rapid!and!relatively!near!term!transition,!as!electric!heat!
constitutes!the!majority!of!new!heating!sales!by!2020,!and!of!total!residential!heating!stock!and!final!
energy!use!by!the!2030s,!with!almost!all!heating!from!electricity!by!2050.!Reflecting!the!carbon!intensity!
trajectory!of!generation!in!the!Mixed!Case,!both!direct!and!indirect!emissions!from!residential!space!
heating!become!negligible!after!the!mid[2040s.!The!bottom!chart!in!Figure!58!shows!space!heating’s!
share!of!total!residential!emissions!over!time,!which!shows!a!similar!linear!reduction!path!over!the!next!
three!decades.!

Figure)58.)Residential)Space)Heat)Low)Carbon)Transition)in)Mixed)Case)

!
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Figure!59!shows!the!low!carbon!transition!in!commercial!lighting.!Commercial!lighting!demand!increases!
40%!by!2050,!following!the!trend!for!commercial!floor!space!in!the!AEO!Reference!Case.!The!strategy!
employed!is!replacement!of!existing!lighting!technologies!with!LEDs,!which!constitute!all!new!lighting!
after!the!mid[2020s.!The!entire!commercial!lighting!stock!consists!of!LEDs!by!the!early!2030s.!Reflecting!
the!carbon!intensity!trajectory!of!generation!in!the!mixed!case,!indirect!emissions!from!lighting!become!
negligible!by!2040.!The!bottom!chart!in!Figure!59!shows!lighting’s!contribution!of!total!commercial!
emissions!over!time,!a!negligible!share!by!2040.!

Figure)59.)Commercial)Lighting)Low)Carbon)Transition)in)Mixed)Case)

!
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Figure!60!shows!the!low!carbon!transition!in!the!iron!and!steel!industry.!By!2050,!iron!and!steel!value!of!
shipments!increase!by!80%!over!current!levels!based!on!the!AEO!Reference!Case.!In!all!cases!except!for!
the!High!CCS!Case,!the!main!strategy!for!iron!and!steel!is!an!acceleration!of!the!reference!case!trend!of!
converting!basic!oxygen!furnaces!(BOF)!utilizing!pig!iron!as!a!feedstock!into!electric!arc!furnaces!(EAFs),!
which!use!scrap!steel!or!direct!reduced!iron!(DRI).!The!High!CCS!Case!maintains!the!Reference!Case!
production!technology!and!utilizes!CCS!to!capture!combustion[related!emissions,!with!an!increase!in!
final!energy!demand.!In!the!Mixed!Case!and!all!other!cases,!final!energy!demand!significantly!decreases!
and!coal!and!coke!are!phased!out!by!2050,!with!final!energy!supplies!coming!primarily!from!equal!shares!
of!electricity!and!pipeline!gas.!The!lower!three!graphs!of!Figure!60!show!the!share!of!iron!and!steel!in!
industrial!energy!use!and!emissions,!and!the!share!of!industrial!emissions!by!fuel!type.!Industrial!final!
energy!demand!increases!slightly!over!time!while!it!declines!in!all!other!sectors,!so!that!industry!is!
responsible!for!nearly!half!(about!43[46%!across!scenarios)!of!all!final!energy!use!in!the!U.S.!economy!by!
2050.!

Figure)60.)Iron)and)Steel)Industry)Low)Carbon)Transition)in)Mixed)Case)

!
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12. Conclusions)

1.(Is(it(technically(feasible(to(reduce(U.S.(GHG(emissions(to(80%(below(1990(levels(by(2050,(subject(to(
realistic(constraints?(

This)study)finds)that)it)is)technically)feasible)for)the)U.S.)to)reduce)GHG)emissions)80%)below)1990)
levels)by)2050)with)overall)net)GHG)emissions)of)no)more)than)1,080)MtCO2e,)and)fossil)fuel)
combustion)emissions)of)no)more)than)750)MtCO2.!Meeting!a!750!MtCO2!target!requires!a!
transformation!of!the!U.S.!energy!system,!which!was!analyzed!using!PATHWAYS.!The!analysis!employed!
conservative!assumptions!regarding!technology!availability!and!performance,!infrastructure!turnover,!
and!resource!limits.!Four!distinct!scenarios!employing!substantially!different!decarbonization!strategies!
—High!Renewable,!High!Nuclear,!High!CCS,!and!Mixed!Cases,!which!were!named!according!to!the!
different!principal!form!of!primary!energy!used!in!electricity!generation,!and!also!differed!in!other!
aspects!of!energy!supply!and!demand—all!met!the!target,!demonstrating!robustness!by!showing!that!
redundant!technology!pathways!to!deep!decarbonization!exist.!!

Analysis!using!the!GCAM!model!supports!the!technical!feasibility!of!reducing!net!non[energy!and!non[
CO2!GHG!emissions!to!no!more!than!330!Mt!CO2e!by!2050,!including!land!use!carbon!cycle!impacts!from!
biomass!use!and!potential!changes!in!the!forest!carbon!sink.!!!

The!U.S.!total!emissions!trajectory!for!the!Mixed!Case,!assuming!a!constant!terrestrial!CO2!sink,!is!shown!
in!Figure!61.!

Figure)61.)U.S.)Total)GHG)Emissions)for)the)Years)2015[2050,)as)a)Percentage)of)2005)Emissions)

!

2.(What(is(the(expected(cost(of(achieving(this(level(of(reductions(in(GHG(emissions?((

Achieving)this)level)of)emissions)reductions)is)expected)to)have)an)incremental)cost)to)the)energy)
system)on)the)order)of)1%)of)GDP,)with)a)wide)uncertainty)range.!This!study!uses!incremental!energy!
system!costs—the!cost!of!producing,!distributing,!and!consuming!energy!in!a!decarbonized!energy!
system!relative!to!that!of!a!reference!case!system!based!on!the!AEO—as!a!metric!to!assess!the!cost!of!
deep!reductions!in!energy[related!CO2!emissions.!Based!on!an!uncertainty!analysis!of!key!cost!
parameters!in!the!four!analyzed!cases,!the!interquartile!(25th!to!75th!percentile)!range!of!these!costs!
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extends!from!negative!$90!billion!to!$730!billion!(2012!$)!in!2050,!with!a!median!value!of!just!over!
$300!billion.!To!put!these!estimates!in!context,!levels!of!energy!service!demand!in!this!analysis!are!
consistent!with!a!U.S.!GDP!of!$40!trillion!in!2050.!By!this!metric,!the!median!estimate!of!net!energy!
system!costs!is!0.8%!of!GDP!in!2050,!with!50%!probability!of!falling!between![0.2%!to!+1.8%.!GCAM!
analysis!indicates!that!the!complementary!reductions!in!non[energy!and!non[CO2!GHGs!needed!to!meet!
the!80%!target!are!achievable!at!low!additional!cost.!

These!cost!estimates!are!uncertain!because!they!depend!on!assumptions!about!consumption!levels,!
technology!costs,!and!fossil!fuel!prices!nearly!40!years!into!the!future.!To!be!conservative,!energy!
service!demands!in!this!analysis!were!based!on!an!economy!and!lifestyles!that!resemble!the!present!day!
and!on!technology!cost!assumptions!that!reflect!near[term!expectations,!with!relatively!flat!cost!
trajectories!for!many!technologies!out!to!2050.!Even!at!the!higher!end!of!the!probability!distribution!
(the!75th!percentile!estimate!of!$730!billion),!which!assumes!little!to!no!technology!innovation!over!the!
next!four!decades,!the!incremental!energy!system!cost!of!a!transition!needed!to!meet!the!750!MtCO2!

target!is!small!relative!to!national!income.!!

These!incremental!energy!system!costs!did!not!include!non[energy!benefits,!for!example,!the!avoided!
human!health!and!infrastructure!costs!of!climate!change!and!air!pollution.!Additionally,!the!majority!of!
energy!system!costs!in!this!analysis!were!incurred!after!2030,!as!deployment!of!new!low[carbon!
infrastructure!expands.!Technology!improvements!and!market!transformation!over!the!next!decade!
could!significantly!reduce!expected!costs!in!subsequent!years.!

3.(What(changes(in(energy(system(infrastructure(and(technology(are(required(to(meet(this(level(of(GHG(
reduction?((

Deep)decarbonization)requires)three)fundamental)changes)in)the)U.S.)energy)system:)(1))highly)
efficient)end)use)of)energy)in)buildings,)transportation,)and)industry;)(2))decarbonization)of)electricity)
and)other)fuels;)and)(3))fuel)switching)of)end)uses)to)electricity)and)other)low[carbon)supplies.!All!of!
these!changes!are!needed,!across!all!sectors!of!the!economy,!to!meet!the!target!of!an!80%!GHG!
reduction!below!1990!levels!by!2050.!

The!transformation!of!the!U.S.!energy!system,!while!gradual,!entails!major!changes!in!energy!supply!and!
end!use!technology!and!infrastructure.!With!commercial!or!near[commercial!technologies!and!limits!on!
biomass!availability!and!carbon!capture!and!storage!(CCS)!deployment,!it!is!difficult!to!decarbonize!both!
gas!and!liquid!fuel!supplies.!For!this!reason,!meeting!the!2050!target!requires!almost!fully!decarbonizing!
electricity!supply!and!switching!a!large!share!of!end!uses!from!direct!combustion!of!fossil!fuels!to!
electricity!(e.g.,!electric!vehicles),!or!fuels!produced!from!electricity!(e.g.,!hydrogen!from!electrolysis).!In!
our!four!decarbonization!cases,!the!use!of!electricity!and!fuels!produced!from!electricity!increases!from!
around!20%!at!present!to!more!than!50%!by!2050.!!

As!a!result,!electricity!generation!would!need!to!approximately!double!(an!increase!of!60[110%!across!
scenarios)!by!2050!while!its!carbon!intensity!is!reduced!to!3[10%!of!its!current!level.!Concretely,!this!
would!require!the!deployment!of!roughly!2,500!gigawatts!(GW)!of!wind!and!solar!generation!(30!times!
present!capacity)!in!a!high!renewables!scenario,!700!GW!of!fossil!generation!with!CCS!(nearly!the!
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present!capacity!of!non[CCS!fossil!generation)!in!a!high!CCS!scenario,!or!more!than!400!GW!of!nuclear!
(four!times!present!capacity)!in!a!high!nuclear!scenario.!!

Similar!levels!of!transformation!would!be!required!in!other!sectors.!For!example,!light!duty!vehicles!
(LDVs)!would!need!to!become!more!efficient!and!switch!to!low!carbon!fuels.!The!average!fleet!fuel!
economy!of!LDVs!would!need!to!exceed!100!miles!per!gallon!gasoline!equivalent!in!2050,!while!shifting!
80[95%!of!miles!driven!from!gasoline!to!alternative!fuels!such!as!electricity!and!hydrogen.!This!would!
require!the!deployment!of!roughly!300!million!alternative!fuel!vehicles!by!2050.!!

4.(What(are(the(implications(of(these(technology(and(infrastructure(changes(for(the(energy(economy(and(
policy?(

There)is)still)sufficient)time)for)the)U.S.)to)achieve)80%)GHG)reductions)by)2050)relying)on)natural)
infrastructure)turnover.)However,)to)achieve)emissions)goals)and)avoid)the)costs)of)early)retirement,)
it)is)critical)to)account)for)economic)and)operating)lifetimes)in)investment)decisions.)The!figure!below!
illustrates!the!limited!number!of!opportunities!between!now!and!2050!for!replacement!or!addition!of!
infrastructure!based!on!natural!stock!rollover!for!different!types!of!equipment.!

Figure)62.)Stock)Lifetimes)and)Replacement)Opportunities)

!

For!some!important!kinds!of!long[lived!infrastructure—for!instance,!power!plants—there!is!likely!to!be!
only!one!opportunity!for!replacement!in!this!time!period.!Adding!new!high!carbon!generation!(e.g.,!coal!
plants)!creates!infrastructure!inertia!that!either!makes!the!2050!target!more!difficult!to!reach,!requires!
expensive!retrofits,!or!puts!investments!at!risk.!Reflecting!full!lifecycle!carbon!costs!up[front!in!
investment!decisions!for!long[lived!infrastructure!would!reduce!these!risks.!Transitions!that!involve!
shorter[lived!equipment—for!example,!LDVs—raise!other!considerations.!This!analysis!shows!that!
adoption!rates!for!alternative!LDVs!can!initially!ramp!up!slowly,!constituting!only!a!small!share!of!the!
LDV!fleet!by!2030,!but!that!they!must!comprise!the!bulk!of!new!sales!shortly!thereafter!in!order!to!
ensure!that!only!a!small!share!of!conventional!gasoline!vehicles!remain!in!the!stock!by!2050.!This!
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suggests!that!current!barriers!to!adoption!of!low!carbon!LDV!technologies!need!to!be!addressed!well!
before!2030.!One!key!barrier!is!upfront!costs,!which!can!be!reduced!by!timely!R&D,!market!
transformation!programs,!and!financial!innovation.!Anticipating!and!addressing!such!barriers!in!advance!
is!essential!to!meeting!emissions!targets!at!low!overall!cost.!

A)deeply)decarbonized)energy)economy)would)be)dominated)by)fixed)cost)investments)in)power)
generation)and)in)efficient)and)low[carbon)end[use)equipment)and)infrastructure,)while)fossil)fuel)
prices)would)play)a)smaller)role.)Petroleum!consumption!is!reduced!by!76–91%!by!2050!across!all!
scenarios!in!this!study,!declining!both!in!absolute!terms!and!as!a!share!of!final!energy.!Meanwhile,!
incremental!investment!requirements!in!electricity!generation!alone!rise!to!$30–70!billion!per!year!
above!the!reference!case!by!the!2040s.!The!overall!cost!of!deeply!decarbonizing!the!energy!system!is!
dominated!by!the!incremental!capital!cost!of!low!carbon!technologies!in!power!generation,!light!and!
heavy!duty!vehicles,!building!energy!systems,!and!industrial!equipment.!This!change!in!the!energy!
economy!places!a!premium!on!reducing!capital!and!financing!costs!through!R&D,!market!
transformation,!and!creative!financing!mechanisms.!The!new!cost!structure!of!the!energy!system!
reduces!the!exposure!to!volatile!energy!commodity!prices!set!on!global!markets,!while!also!suggesting!a!
critical!role!for!investment!in!domestic!energy!infrastructure.!

The)recent)U.S.)government)commitment)to)reduce)U.S.)total)GHG)emissions)by)26–28%)below)2005)
levels)by)2025)is)consistent)with)the)results)of)this)report.!Figure!ES[1!shows!the!reduction!in!total!GHG!
emissions!over!time!relative!to!2005!for!the!Mixed!Case!in!this!study,!assuming!a!constant!terrestrial!
carbon!sink.!In!this!scenario,!U.S.!total!GHG!emissions!(net!CO2e)!were!reduced!by!25%!in!2025!relative!
to!2005.!!

In!its!announcement,!the!U.S.!government!also!reaffirmed!the!goal!of!“economy[wide!reductions!on!the!
order!of!80%!by!2050.”!Since!the!U.S.!commitment!level!for!2025!lies!on!the!same!trajectory!as!the!deep!
decarbonization!pathways!in!this!analysis,!this!suggests!that!successfully!achieving!the!2025!target!
would!put!the!U.S.!on!the!road!to!80%!reductions!by!2050.!From!the!perspective!of!this!study,!there!are!
different!ways!that!the!U.S.!can!achieve!the!2025!target,!some!of!which!would!lay!the!necessary!
groundwork!for!deeper!reductions!to!follow,!and!others!that!might!meet!the!target!but!tend!to!produce!
flat,!rather!than!declining,!emissions!in!the!long!term.!This!indicates!the!importance!of!evaluating!near[
term!approaches!in!the!light!of!deep!decarbonization!analysis.!For!example,!proposals!to!prevent!the!
construction!of!new!coal!power!generation!unless!it!is!equipped!with!CCS!are!consistent!with!this!
report’s!finding!that!long[lived!infrastructure!additions!must!be!low[carbon!if!the!2050!target!is!to!be!
met!while!avoiding!stranded!assets.!Other!measures,!such!as!increasing!the!stringency!of!vehicle!fuel!
economy!and!appliance!efficiency!standards,!are!effective!low[cost!measures!for!reaching!the!2025!goal,!
but!to!continue!along!the!deep!decarbonization!trajectory!after!2025!will!require!complementary!efforts!
in!policy,!technology!development,!and!market!transformation!to!enable!deeper!decarbonization!
measures!(e.g.!deeper!generation!decarbonization,!extensive!switching!of!end!uses!to!electricity!and!
low!carbon!fuels)!later!on.!

This)study)did)not)find)any)major)technical)or)economic)barriers)to)maintaining)the)U.S.)long[term)
commitment)to)reducing)GHG)emissions)consistent)with)limiting)global)warming)to)less)than)2°C.!In!
terms!of!technical!feasibility!and!cost,!this!study!finds!no!evidence!to!suggest!that!relaxing!the!80%!by!
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2050!emissions!target!or!abandoning!the!2°C!limit!is!justified.!In!addition,!the!2°C!goal!plays!a!critical!
role!as!a!guide!for!near[term!mitigation!efforts,!providing!a!benchmark!for!the!necessary!scale!and!
speed!of!infrastructure!change,!technical!innovation,!and!coordination!across!sectors!that!must!be!
achieved!in!order!to!stay!on!an!efficient!path!to!climate!stabilization.!!!

Energy!system!changes!on!the!scale!described!in!this!analysis!imply!significant!opportunities!for!
technology!innovation!and!investment!in!all!areas!of!the!U.S.!energy!economy.!Establishing!regulatory!
and!market!institutions!that!can!support!this!innovation!and!investment!is!critical.!Both!areas—
technology!innovation!and!institutional!development—are!U.S.!strengths,!and!place!the!U.S.!in!a!strong!
leadership!and!competitive!position!in!a!low!carbon!world.!!

Fossil)fuel)use)not)controlled)by)CCS)would)be)greatly)reduced)and)limited)to)a)smaller)number)of)
sources.)Decarbonized!energy!systems!of!2050!would!look!fundamentally!different!from!those!of!today.!
Historically,!U.S.!primary!energy!supply!has!been!dominated!by!fossil!fuels,!which!have!accounted!for!
well!over!80%!of!primary!energy!use!throughout!the!past!60!years.!By!contrast,!meeting!a!750!Mt!CO2!
target!would!require!reducing!uncontrolled!combustion!of!fossil!fuels!to!at!least!80%!below!current!
levels,!a!10[fold!decrease!in!carbon!emissions!per!capita!and!a!15[fold!decrease!in!carbon!emissions!per!
dollar!of!GDP.!Residual!fossil!fuel!combustion!would!be!concentrated!in!a!smaller!number!of!emissions!
sources!than!at!present!due!to!fuel!switching!to!electricity!in!transportation!and!buildings.!This!implies!a!
very!different!kind!of!energy!system,!as!more!than!one[third!of!current!U.S.!CO2!emissions!are!from!
mobile!sources!in!the!transportation!sector!alone.!!

The)majority)of)final)energy)would)be)delivered)in)a)form)that)is)currently)delivered)by)network)
providers)today)(e.g.)the)utilities)that)operate)the)electricity)grid)and)gas)pipeline)system).!Across!the!
scenarios!in!this!study,!58[71%!of!final!energy!is!delivered!to!end!users!in!2050!in!the!form!of!either!
electricity!or!pipeline!gas,!primarily!as!a!consequence!of!reductions!in!liquid!fuel!demand!due!to!energy!
efficiency!and!fuel!switching.!This!implies!a!potentially!significant!role!for!electric!and!gas!utilities!in!
policy!implementation,!not!only!in!decarbonization!of!electricity!generation!and!pipeline!gas,!but!also!in!
demand!side!energy!efficiency!and!fuel!switching!(such!as!electric!vehicles),!where!the!low!financing!
costs!of!utilities!might!be!leveraged!for!customers!in!ways!that!promote!consumer!adoption.!!

Deep)emission)reductions)would)depend)on)interactions)across)sectors)and)fuel)types)that)today)may)
not)share)the)same)markets)or)regulatory)environments,)suggesting)a)need)for)policy)innovation.)
Interactions!across!sectors!and!fuel!types—for!example,!electrification!of!LDVs!while!decarbonizing!the!
electricity!supply,!or!switching!to!pipeline!gas!for!HDVs!while!decarbonizing!the!gas!supply—become!
increasingly!important!sources!of!CO2!emission!reductions!over!time!in!all!of!our!cases,!in!comparison!to!
same[sector!or!same[fuel!measures!(e.g.,!improving!internal!combustion!engine!efficiency).!For!an!
energy!sector!that!has!historically!been!relatively!insular!across!energy!sources!and!end!uses!(e.g.,!a!
transportation!sector!powered!predominantly!by!petroleum[based!liquid!fuels),!this!greater!integration!
creates!unprecedented!but,!if!anticipated,!eminently!soluble!regulatory!and!planning!challenges.!

Further)research)is)needed)in)many)areas.)This!study!identifies!five!pathway!determinants,!or!key!
elements!of!a!low!carbon!energy!system!in!which!technology!choices!or!resource!endowments!
disproportionately!enable!or!constrain!technology!options!elsewhere!in!the!system:!(1)!the!availability!
of!CCS!and!where!it!is!applied,!(2)!the!amount!of!biomass!judged!to!be!sustainable!for!bioenergy!use!and!
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how!it!is!applied,!(3)!the!dominant!form!of!primary!energy!in!the!electricity!generation!mix,!(4)!the!
approach!used!to!balance!electricity!generation!and!end!use!demand,!especially!with!high!penetrations!
of!non[dispatchable!(inflexible)!generation,!and!(5)!the!extent!of,!and!technologies!used!for,!fuel!
switching!and!end!use!efficiency.!These!five!areas!are!potential!focal!points!for!research,!innovation,!
policy,!and!regulation.!

Additional!areas!identified!in!the!analysis!as!requiring!further!research!include!a!better!understanding!of!
land!use!emissions!and!the!terrestrial!sink;!low[carbon!HDV!technologies;!hydrogen!and!synthetic!
natural!gas!production;!and!industrial!emission!reduction!potential!associated!with!new!product!design,!
materials,!and!production!processes.!For!the!modeling!approach!used!in!the!PATHWAYS!analysis,!
frontier!research!areas!include!downscaling!the!analysis!to!the!sub[national!level,!and!also!
internationalizing!it!through!cooperative!efforts!like!the!DDPP,!in!order!to!develop!a!more!granular!
understanding!of!decarbonization!challenges!and!opportunities!across!jurisdictions!and!potentially!
identify!new!opportunities!for!joint!R&D,!trade,!market!development,!and!policy!collaboration.!

!
!
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AEO:!Annual!Energy!Outlook,!report!issued!by!
U.S.!Energy!Information!Administration!

BECCS:!Bio[Energy!with!Carbon!Capture!and!
Storage!

BOF:!Basic!oxygen!furnaces!
BTS2:!U.S.!DOE!Billion!Ton!Study!Update!
CCS:)Carbon!capture!and!storage!(or!Carbon!
capture!and!sequestration)!

CDIAC:!Carbon!Dioxide!Information!Analysis!
Center!

CHP:)Combined!heat!and!power!
CNG:)Compressed!Natural!Gas!!
DDPP:!Deep!Decarbonization!Pathways!
Project!

DOE:!U.S.!Department!of!Energy!
DRI:)Direct!reduced!iron!
EAF:!Electric!arc!furnace!
EDGAR:)Emission!Database!for!Global!
Atmospheric!Research!

EIA:)U.S.!Energy!Information!Administration!
EMF21:!Energy!Modeling!Forum!Study!21!
EMF24:!Energy!Modeling!Forum!Study!24!
EPA:!U.S.!Environmental!Protection!Agency!
EV:!Electric!vehicle!
F[T:)Fischer[Tropsch!
GCAM:!global!integrated!assessment!model!
GDE:!Gallon!diesel!equivalent!
GDP:!Gross!Domestic!Product!
GGE:!Gallon!gasoline!equivalent!
GHG:)Greenhouse!gas!
HDV:!Heavy[duty!vehicle!
HFCV:!Hydrogen!fuel!cell!vehicle!
HVAC:)Heating,!Ventilation,!Air!Conditioning!
ICE:)Internal!combustion!engine!
IDDRI:!Institute!for!Sustainable!Development!
and!International!Relations!

ILUC:!Indirect!land!use!change!
LDV:)Light[duty!vehicle!
LED:)Light!Emitting!Diode;!high!efficiency!
lighting!

LNG:!Liquefied!Natural!Gas!
LPG:)Liquefied!propane!gas!

LULUCF:!Land!Use,!Land!Use!Change!and!
Forestry!

MACs:!Marginal!abatement!cost!curves!
NEMS:)U.S.!National!Energy!Modeling!System!
P2G:!Power[to[Gas!
PATHWAYS:!bottom[up!stock!rollover!model!
of!the!U.S.!energy!system!

PHEV:!Plug[in!hybrid!electric!vehicle!
R&D:!Research!and!Development!
RCP:!Representative!Concentration!Pathway!
RFS:)Renewable!Fuel!Standard!
SDSN:!Sustainable!Development!Solutions!
Network!

SNG:)Synthetic!natural!gas!
VMT:)Vehicle!miles!traveled!
VOS:!Value!of!service
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Table)11.)Data)Sources)for)PATHWAYS)Model)Inputs)and)Cases)
Sector) Subdivisions) Categories) Data)Types) Data)sources1)

Macro[
economy)
)

Population!
GDP!
!

Nationwide!!
Census!division!
Value!added!

Current!
Growth!forecasts!

EIA 2013 
!

Residential)
)

Single!family!
Multi[family!
Other!

Heating!!
Cooling!
Lighting!
Water!Heating!
Other!!

Stocks!
Lifetimes!
Capital!costs!
Fuel!types!
Efficiencies!

EIA 2013 
DOE 2010 
DOE!2012!

Commercial)
)

Buildings!
Utilities!
Other!

Heating!!
Cooling!
Lighting!
Water!Heating!
Other!

Stocks!
Lifetimes!
Capital!costs!
Fuel!types!
Efficiencies!

EIA 2013 
DOE 2010 
DOE!2012!

Transportation)
)

Passenger!
Freight!
Military!
Other!

Vehicles!
Rail!
Air!
Shipping!
Other!

Stocks!
Lifetimes!
Capital!costs!
Fuel!types!
Efficiencies!

EIA 2013 
NRC 2010 
NRC 2013 
FHA 2010 
FHA 2011!

Industry)
)

Iron!and!steel!
Cement!
Refining!
Chemicals!
Other!

Heat/steam!
CCS!
Other!

Stocks!
Lifetimes!
Capital!costs!
Fuel!types!
Efficiencies!

EIA 2013 
EIA 2010 
Kuramochi 2012 
!

Electricity)
Supply)
)

Generation!
Transmission!
Distribution!
!

Fossil!
Renewable!
CCS!
Nuclear!
Other!

Efficiencies!
Capital!cost!
Operating!cost!
Other!

EIA 2013 
EIA 2014b,c 
B&V 2013 
NREL 2012 
NREL 2013a 
NREL 2014a,b, c 
EPA 2014b 
CARB 2012 
CARB 2014!

Fossil)Fuel)
Supply)
)

Petroleum!
Natural!Gas!
Coal!
!

Gasoline!
Diesel!
Jet!fuel!
LNG!
Other!

Efficiencies!
Capital!cost!
Operating!cost!
Emission!factors!
Other!

EIA 2013 
EPA 2014a 
!

Biomass))
)

Feedstock!
Conversion!
!
!

Purpose!grown!
Crop!waste!
Forestry!waste!
Committed!uses!
Other!

Efficiencies!
Capital!cost!
Operating!cost!
Other!

DOE!2011!
Gassner!2009!
Tuna!2014!
Liu!2011!
Swanson!2010!

Others) Fuels!Produced!
from!Electricity!
!

Hydrogen!
Synthetic!Natural!
Gas!

Efficiencies!
Capital!cost!
Operating!cost!
Other!

SGC!2013!
NREL!2009!

!
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1Primary!Data!Sources!for!Table!11!

(B&V!2012)!=!Black!and!Veatch!(2012),!Cost(and(Performance(Data(for(Power(Generation(Technologies(
(CARB!2012)!=!California!Air!Resources!Board!(2012),!Vision(for(Clean(Air:(A(Framework(for(Air(Quality(and(Climate(
Planning!
(CARB!2014)!=!California!Air!Resources!Board!(2014),!EMFAC(Model!and!EMFAC(Database(
(DOE!2010)!=!Department!of!Energy!(2010),!Lighting(Market(Characterization(Report(
(DOE!2011)!=!Department!of!Energy!(2011),!Billion(Ton(Update(
(DOE!2012)!=!Department!of!Energy!(2012),!Energy(Savings(Potential(of(Solid\State(Lighting(in(General(Illumination(
Applications(
(EIA!2010)!=!Energy!Information!Administration!(2010),!Manufacturing(Energy(Consumption(Survey(Data(2010!
(EIA!2013)!=!Energy!Information!Administration!(2013),!Annual(Energy(Outlook(2013,!Assumptions(to(the(Annual(
Energy(Outlook(2013,(and!supporting!data!files!from!National!Energy!Modeling!System!
(EIA!2014a)!=!Energy!Information!Administration!(2014),!Annual(Energy(Outlook(2014,(and!supporting!data!files!
from!National!Energy!Modeling!System!
(EIA!2014b)!=!Energy!Information!Administration!(2014),!Form(EIA\860!(
(EIA!2014c)!=!Energy!Information!Administration!(2014),!Form(EIA\923(
(EPA!2014a)!=!Environmental!Protection!Agency!(2014),!Emissions(Factors(for(Greenhouse(Gas(Inventories(
(EPA!2014b)!=!Environmental!Protection!Agency!(2014),!Power(Sector(Modeling(Platform(v.5.13(
(FERC!2014)!=!Federal!Energy!Regulatory!Commission!(2014),!FERC(Form(No.(714(
(FHA!2010)!=!Federal!Highway!Administration!(2010),!Highways(Statistics(2010(
(FHA!2011)!=!Federal!Highway!Administration!(2011),!Highways(Statistics(2011(
(NRC!2010)!=!National!Research!Council!(2010),!Technologies(and(Approaches(to(Reducing(the(Fuel(Consumption(of(
Medium\(and(Heavy\Duty(Vehicles!
(NRC!2013)!=!National!Research!Council!(2013),!Transitions(to(Alternative(Vehicles(and(Fuels(
(NREL!2009)!=!National!Renewable!Energy!Laboratory!(2009),!Current(State\of\the\Art(Hydrogen(Production(Cost(
Estimates(from(Water(Electrolysis(
(NREL!2012)!=!National!Renewable!Energy!Laboratory!(2012),!Renewable(Electricity(Futures(Study!
(NREL!2013a)!=!National!Renewable!Energy!Laboratory!(2013),!Western(Wind,(Eastern(Wind,(and(ERCOT(datasets!
by!AWS!Truepower!
(NREL!2013b)!=!National!Renewable!Energy!Laboratory!(2013),!Potential(for(Energy(Efficiency(Beyond(the(Light\
Duty(Sector((
(NREL!2014a)!=!National!Renewable!Energy!Laboratory!(2014),!National(Solar(Radiation(Database!
(NREL!2014b)!=!National!Renewable!Energy!Laboratory!(2014),!Solar(Prospector!
(NREL!2014c)!=!National!Renewable!Energy!Laboratory!(2014),!System(Advisor(Model(Version(2014.1.14!
(SGC!2013)!=!Svenskt!Gastekniskt!Center!AB!(2013),!Power\to\Gas(–(A(technical(review(
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Appendix)C.)CO2)Emissions)by)End)Use)

A!limited!number!of!energy!end!uses!contribute!to!the!bulk!of!U.S.!CO2!emissions!from!fossil!fuel!
combustion.!As!shown,!the!top!15!emitting!end!uses!contributed!to!an!estimated!63%!of!emissions!in!
2010.!This!relatively!high!level!of!concentration!of!emissions!among!end!uses!is!consistent!with!our!
sector[based,!bottom[up!modeling!approach.!!

Table)12.)CO2)Emissions)by)Energy)End)Use)in)the)U.S.,)2010)
Energy)End)Use) CO2)Emissions)(MtCO2)) %)Total)Energy)CO2)

Emissions)

Light[Duty!Vehicles! 1,060! 19%!

Freight!Trucks! 351! 6%!

Commercial!Space!Heating! 286! 5%!

Industrial!Refining! 262! 5%!

Bulk!Chemicals!Production! 259! 5%!

Air!travel! 178! 3%!

Residential!Lighting! 170! 3%!

Commercial!Space!Cooling! 162! 3%!

Commercial!Water!Heating! 160! 3%!

Residential!Space!Heating! 129! 2%!

Iron!and!Steel! 118! 2%!

Commercial!Lighting! 116! 2%!

Residential!Space!Cooling! 101! 2%!

Food!Products!Production! 100! 2%!

Commercial!Ventilation! 87! 2%!

Total)Above) 3,538) 63%)

Total)Energy)CO2)Emissions) 5,634) !

Source:!EIA,!Annual!Energy!Outlook,!2013!
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Executive Summary 

Background and Context 
Following the California Energy Commission’s landmark finding – that water-related energy 
uses account for nearly 20 percent of the state’s total energy requirements - the California Public 
Utilities Commission (CPUC) initiated a formal proceeding 
investigating California’s water-energy relationships on 
January 19, 2007 (Application 07-01-024).  Although water-
energy relationships are interdependent – water systems and 
operations impact energy resources and infrastructure, and 
vice versa - the focus of this investigation is on the former; 
i.e., water sector impacts on the energy sector.   

There are two distinctly different types of water impacts on 
the energy sector: 

 Energy Use by the Water Sector - the amount, timing, 
and location of energy needed to support water sector 
operations. 

 Energy Use by Water Customers - the amount of 
energy used by water customers during the 
consumption of water, whether for pumping, heating 
or other purposes. 

 
California’s investor-owned energy utilities already have 
many programs designed to help the water sector and their 
customers (water users) reduce their direct energy use.  The 
CPUC is currently considering the following policy issues: 

1. Whether energy embedded in water can be quantified and relied upon as an energy 
efficiency resource, and 

2. Whether it is worthwhile for the CPUC to pursue energy efficiency through water 
conservation programs. 

 
The CPUC’s energy efficiency policies do not presently recognize energy embedded in water.  
Since this is a new area of study, there is no established methodology for computing water-
related embedded energy.  In addition, as the Study Team observed, data is not presently 
captured at the level and type needed to support these computations.  While it is clear that 
measurement of embedded energy will not be a simple task, the potential for significant energy 

In 2005, the California Energy 
Commission estimated that 
water-related energy accounts 
for about 19.2% of the state’s 
electricity requirements and 
30% of non-power plant related 
natural gas consumption.  
These conservative estimates 
(that, per these studies, we 
recommend adjusting, see 
Table ES-2) included both 
direct electricity use by water 
and wastewater systems (4.9%) 
and operations, and electricity 
used in the consumption of 
water (for heating and pumping 
water during end use 14.3%).  
Natural gas consumption 
occurred principally in the 
water end use segment – very 
little natural gas is used in the 
transport or treatment of water 
by water agencies. 
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savings and associated greenhouse gases (GHGs) and other resource and environmental benefits 
is compelling. 

Scope of this Study 
In its Decision 12-07-050 on December 20, 2007, the CPUC authorized water-energy pilot 
projects and three studies designed to (a) validate claims that saving water can save energy, and 
(b) to explore whether embedded energy savings associated with water use efficiency are 
measurable and verifiable.  The CPUC engaged the California Institute for Energy and 
Environment (CIEE) to manage the conduct of the three studies.  The team of GEI Consultants, 
Inc. and Navigant Consulting, Inc. (the Study Team) was engaged to conduct two studies: 

 Study 1 - Statewide and Regional Water Energy Relationship Study 

 Study 2 - Water Agency and Function Component Study and Embedded Energy -Water 
Load Profiles 

 
Another firm, Aquacraft, Inc., was selected to conduct Study 3 - End-Use Water Demand Profile 
Study.  A Technical Working Group comprised of staff and consultants from CIEE and the 
CPUC was formed to provide guidance in the conduct of these studies. 

This report presents the detailed findings of Study 1 that involved collection of detailed water 
and energy data from nine large or wholesale water agencies, estimation of the total amount of 
energy used in the Supply and Conveyance segment of the water use cycle, and development of a 
predictive model for estimating the range of energy impacts under a variety of scenarios of water 
supply portfolios and water demand for five types of hydrology years.   

Study Goals and Objectives 
CPUC Decision 07-12-050 stipulated the following goals for Study 1: 

“Develop a model of the functional relationship between water use in California 
and energy used in the water sector that can be used in a predictive mode: Given a 
specific water delivery requirement(s) developed from precipitation pattern 
information, what is the expected energy use.”1 

To achieve this goal, the CPUC requested collection of historical water and energy data for the 
three largest wholesale water supply and conveyance systems in California:  the State Water 
Project (SWP), the Central Valley Project (CVP) and the Colorado River Aqueduct (CRA).  The 
intent was to use these data in a regression or other type of model that would enable estimating 

                                                 

1 CPUC Decision 07-12-050, Appendix B, p.2. 
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energy impacts under a variety of supply and demand conditions including variations in annual 
and seasonal hydrology. 

The Study Team recommended modifications to the scope of work.  In particular, the Study 
Team felt that the largest three water purveyors were not sufficiently representative of the energy 
characteristics of the state’s water systems to support a predictive water-energy model.  
Consequently, the scope was increased to include: 

 Collection of monthly water and energy data from nine large wholesale water agencies 

 Comparison of the amount of water provided by these nine wholesale water agencies to 
the state’s total water requirements during each of five types of hydrology years 

 Estimates of the amount of energy needed to support the amount of groundwater 
pumping that exceeds the amount of groundwater provided by the nine water agencies 

For these purposes as well as for development of the predictive water-energy model, the Study 
Team relied upon the annual regional water balances prepared by the California Department of 
Water Resources (DWR) as the only authoritative data source presently available that documents 
the portfolio of water resources that were developed and used within each of the state’s ten 
hydrologic regions during any particular year.  The regional water balances also provide annual 
demand by sector (agricultural vs. urban; and within urban, by residential and non-residential) 
for each hydrological region.  This is the only place in the state where data is collected and 
compiled from multiple water agencies to provide a snapshot of the state’s overall water supply 
and demand profile at the level needed to evaluate the scenarios requested by the CPUC. 

Scenario Development 
The Study Team relied upon input from a wide range of water-energy stakeholders to develop 
the scenarios of future supply and demand that would be evaluated with the predictive model.  
The one consensus was that there was no consensus about the “likely” mix of water resources 
and infrastructure in future years (2020 and 2030 were the selected forecast periods).  As a result, 
the stakeholders suggested establishing upper and lower bounds of potential energy use by the 
state’s water supply and conveyance segment for these forecasted water years, with the 
recognition that the actual outcome will likely be somewhere in the middle. 

With this advice, the Study Team developed two future scenarios to evaluate against a base case 
(“Today” = water year 2010) for each of the five primary types of hydrology years that are used 
by the DWR for statewide water planning:  “Wet,” “Dry,” “Above Normal,” “Below Normal,” 
and “Critical.”   
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Table ES-1. Scenarios Evaluated Through Study 1 
Scenario  Time Period  Assumptions 

Base Case  “Today” = 2010 

 Current year hydrology (used “Above Normal”) 

 Current year water demand 

 Current year water supply portfolio 
 Current water policies 

Low Energy 
Scenario 

2020 & 2030 

For each of 5 types of hydrology years:

 Low water demand projections 

 Portfolio of future water policies that are expected to reduce the energy 
intensity of the Supply & Conveyance segment of the water use cycle (e.g., 
aggressive urban water conservation, increased use of recycled water, and 
new surface water storage) 

High Energy 
Scenario 

2020 & 2030 

For each of 5 types of hydrology years:

 High water demand projections 

 Portfolio of future water policies that are expected to increase the energy 
intensity of the Supply & Conveyance segment of the water use cycle (e.g., 
minimal urban water conservation, aggressive growth in seawater and 
brackish water desalination, minimal construction of new recycled water 
supply, new surface water storage, and infrastructure changes allowing 
increased Delta withdrawals) 

 

Key Findings 
Study 1 represents the first effort to collect and compile detailed water-energy data from the 
state’s largest wholesale water systems for the purpose of validating the amount of energy used 
by the Supply and Conveyance segment of the water use cycle.  In addition, Study 1 computed 
the approximate amount of electricity used for groundwater pumping which accounts for 30 
percent 2 of the state’s water uses.  There were several major findings in Study 1: 

 Groundwater energy accounts for a significant portion of the additional energy in the 
Supply and Conveyance segment. 

 The primary driver of electricity use by the Supply and Conveyance segment of the water 
use cycle is water demand in relation to the types and location of water resources used to 
meet that demand. 

                                                 

2 Groundwater use varies by region, year and whether net or applied (DWR Bulletin 118, 2003 
findings: 
http://www.water.ca.gov/pubs/groundwater/bulletin_118/california's_groundwater__bulletin_11
8_-_update_2003_/bulletin118-findings.pdf 
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 The amount of energy previously attributed to the Supply and Conveyance segment of 
the water use cycle is likely understated. 

These findings are described below. 

Groundwater energy accounts for a significant portion of the additional energy in the Supply 
and Conveyance segment.  One of the primary data gaps encountered by the Study Team was 
the lack of information about the amount of energy used to pump groundwater.  Since on 
average, groundwater supplies about 30 percent of all water used in California, this was a 
significant gap that could not be overlooked.  The Study Team’s estimates indicate that 
groundwater pumping accounts for more electricity use during summer months than pumping for 
the state’s three largest water conveyance systems – State Water Project (SWP), Central Valley 
Project (CVP) and Colorado River Aqueduct (CRA) - combined. 

Figure ES-1 illustrates the amount of electricity expected to be consumed on a monthly basis 
during Water Year 2010 (October 2009 to September 2010) by groundwater vs. other water 
sources in the Supply and Conveyance segment of the water use cycle.  Figure ES-2 shows the 
quantity of groundwater energy projected in Water Year 2010 vs. the amount of electricity 
expected to be used by the state’s three largest wholesale water purveyors.  The method and 
assumptions used to compute these estimates are documented in Appendix G, Groundwater 
Energy Use.   

Figure ES-1.  Monthly Energy Consumption in 2010 by California Water Supplies 
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Note:  The methodology used to estimate energy used for groundwater pumping did not account for pumps 
that may use natural gas.  Although the Study Team designed its data collection to identify natural gas 
usage by the Supply and Conveyance sector for pumping water, very little was identified through Studies 1 
and 2.  Consequently, to the extent water supply pumps are actually powered by natural gas, the 
groundwater electricity estimate would need to be adjusted.     

 

Figure ES-2.  Groundwater Energy Use Comparison 
Annual Comparison Summer Months (June-August) Comparison 
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The primary driver of electricity use by the Supply & Conveyance segment of the water use 
cycle is water demand in relation to the location and types of water resources used to meet that 
demand.  California transports some water supplies hundreds of miles across the state to deliver 
water to where it is needed.  The following diagram illustrates that this results in is a distinct 
difference between the amount of electricity applied to produce and transport water supplies to 
meet demand within each hydrologic region (i.e., “physical energy”) vs. the actual amount of 
electricity needed in other regions to produce and deliver water that is consumed within that 
region (i.e., “embedded energy”).  Those differences are particularly notable in the South Coast 
(SC) region that imports a significant quantity of its water from northern California and from 
Colorado. 
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  Figure ES-3.  2010 Physical and Embedded Energy by Supply and Region3 
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3 The amounts shown in Figure ES-3 for embedded energy only include energy embedded in the Supply and 
Conveyance segment of the water use cycle.  These numbers would need to be adjusted to include water treatment 
and distribution, and wastewater treatment, in order to represent the full value of energy embedded in a unit of 
water. 
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The amount of energy previously attributed to the Supply and Conveyance segment of the 
water use cycle is likely understated.  During the course of Study 1, the Study Team found that 
electricity use by the water sector is higher than the CEC’s conservative 2005 estimate of 5 
percent of statewide electricity requirements.  By combining data from both Studies 1 and 2 and 
comparing them with the CEC’s prior estimates, the Study Team believes that water sector 
electricity use is at least 7.7 percent of statewide electricity requirements, and could be higher.  
The significance of this finding is that the amount of energy deemed embedded in water is likely 
understated.  The updated analysis results are compared below to the CEC’s conservative 
estimates.  The bases for the Study Team’s recommended adjustments are described in detail in 
Appendix N, Comparison of Study 1 and Study 2 Findings with Prior Studies. 

Table ES-2. Comparison of Calendar Year 2001 Statewide Water Sector Electricity Use 
(GWh) 

Segment of the Water Use Cycle  CEC Study (2005) CEC Study (2006) Study 1  Study 2

Supply 

10,742  10,371 

15,786  172 
Conveyance 

Water Treatment    312

Water Distribution    1,000

Wastewater Treatment  2,012 2,012   2,012

Total Water Sector Electricity Use 12,754 12,383 18,282 

% of Total Statewide Electricity 
Requirements 

5.1%  4.9%  7.7% 

Note:  Excludes estimates of electricity consumption for water end uses.

 

The results of the Study Team’s scenario analyses produced the following range of Supply and 
Conveyance electricity use in the years 2010 and 2020: 
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Figure ES-4.  Future Statewide Energy Use by the California Water System  
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The range created within each scenario is driven primarily by assumptions as to the types and 
location of water supplies that will be used to meet changes in demand.  These assumptions 
affect water operations decisions and their electricity impacts.  The monthly energy profiles for 
both scenarios in 2020 and 2030 illustrate the seasonal effect of hydrology on water operations 
(Figure ES-5). 
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Figure ES-5.  Future Statewide Energy Use by the California Water System - Monthly 
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The scenario assumptions and results are described in more detail in Appendix K, Scenarios 
Memo. 

Recognizing that various water-energy stakeholders will want to evaluate their own scenarios, 
the Study Team created a model that allows users to test a wide variety of water supply 
portfolios and water demand at the regional level for each of the forecast years, 2020 and 2030.  
Appendix D documents the model assumptions and structure.  A Model User’s Manual has been 
provided as Appendix M.  

Recommendations 
The body of work conducted through Studies 1 and 2 represents the most significant effort to-
date to collect and analyze data about energy use by the state’s water sector.  By compiling 
detailed data from nine (9) very large or wholesale water agencies that participated in Study 1 
and twenty-two (22) retail water and wastewater agencies that participated in Study 2, the Study 
Team was able to characterize a significant portion of the water sector’s energy use.  The nine 
agencies that participated in Study 1 account for approximately 70 percent of all wholesale 
surface water conveyance in California.  Study 2 accounts for approximately 4 percent of treated 
water deliveries (340,000 AF) and approximately 18 percent of wastewater treatment (940,000 
AF) in California. 

The key recommendations indicated by Studies 1 and 2 entail improving the body of water-
energy data, methods, and tools to enable more accurate measurement of the state’s water-energy 
relationships.  In particular, the Study Team recommends the following actions: 

 Collect more water-energy data, and with more granularity 
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 Develop and adopt a methodology for computing the energy embedded in a unit of water  

 Quantify water losses throughout the water use cycle 

These recommendations are discussed in more detail in Chapter 7 Recommendations that also 
provides a proposed framework for integrating the findings of Studies 1 and 2 to compute the 
amount of energy embedded in water. 
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1 Introduction 

1.1 Background 
In 2005, the California Energy Commission (CEC) found that water-related energy consumption 
and demand accounted for a significant portion – nearly 20 percent – of the state's electricity 
requirements.4   Of this amount, more than 12,000 GWh (26 percent, about 5 percent of the 
state’s total electricity requirements) was deemed attributable to energy used by water and 
wastewater systems and their operations.5  The 
balance of water-related energy was attributed to the 
amount of energy needed to apply and use water for 
agricultural, residential, commercial and industrial 
purposes.   

This finding launched a series of initiatives related to 
increasing understanding and quantifying the 
interdependencies of water and energy resources and 
infrastructure in California.  In particular, the 
California Public Utilities Commission (CPUC) is 
considering whether energy embedded in water can 
be quantified and relied upon as an energy efficiency 
resource, and whether it is worthwhile for the CPUC to pursue energy efficiency through water 
conservation programs. 

Following several informal public meetings where members of both the water and energy 
industries came together to explore opportunities for leveraging the joint benefits of water and 
energy, on January 19, 2007, the CPUC opened a proceeding to consider applications from the 
state’s investor-owned utilities (IOUs ) to conduct water-energy pilot projects.  These 
applications were consolidated into a single proceeding, Application 07-01-024 (A.07-01-024).6    

The CPUC’s December 20, 2007 Decision 12-07-050 (D.12-07-050) authorized the IOUs to 
conduct water-energy pilots and to evaluate the results of the pilot projects for the dual purposes 
of (a) validating claims that saving water can save energy, and (b) to explore whether embedded 
energy savings associated with water use efficiency are measurable and verifiable. In addition, 
the CPUC directed that three studies be conducted.  Two of these studies were structured to work 
                                                 

4 “California’s Water-Energy Relationship,” California Energy Commission, Final Staff Report CEC-700-2005-011-
SF, November 2005. 
5 This study indicates the true amount of energy used by water and wastewater agencies is higher – conservatively 
estimated at more than 7% of the state’s total electricity requirements (see Appendix N - Comparison of Study 1 and 
Study 2 Findings with Prior Studies). 
6 California Public Utilities Commission website, http://docs.cpuc.ca.gov/published/proceedings/A0701024.htm.  

“Energy Embedded in Water” refers 
to the amount of energy that is used to 
collect, convey, treat, and distribute a 
unit of water to end users, and the 
amount of energy that is used to collect 
and transport used water for treatment 
prior to safe discharge of the effluent 
in accordance with regulatory rules. 
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in concert to enhance understanding of the types and quantities of water-energy 
interdependencies in the state’s wholesale and retail water systems and operations.  The third 
study focused on understanding time-of-use water consumption patterns at the end user level.  

• Study 1 - Statewide and Regional Water Energy Relationship Study 
• Study 2 - Water Agency and Function Component Study and Embedded Energy -Water 

Load Profiles 
• Study 3 - End-Use Water Demand Profile Study 

These 3 studies were to be conducted in parallel with the water-energy pilot projects and 
evaluation, measurement and verification (EM&V) of the pilot projects’ results. 

On April 30, 2008, the California Institute for Energy and Environment (CIEE) issued a Request 
for Proposals (RFP) on behalf of the CPUC.  The team of GEI Consultants, Inc. and Navigant 
Consulting, Inc., hereafter referred to as the Study Team, was engaged to conduct Studies 1 
and 2.  Another firm, Aquacraft, Inc., was selected to conduct Study 3.  A Technical Working 
Group comprised of staff and consultants from CIEE and the CPUC was formed to provide 
guidance in the conduct of these studies. 

This report addresses the findings of Study 1. 

1.2 Study 1 Goals and Objectives 
The primary purpose of Study 1 is to increase understanding of the relationship of energy and 
water supplies in the Supply and Conveyance segment of the water use cycle.  The desired 
outcome of this study is a predictive model that estimates the potential range of statewide energy 
impacts under a variety of future scenarios. 

Figure 1-1 illustrates the key segments of the water use cycle and conservative estimates of the 
amount of electricity used within each.  The bases for these estimates are documented in 
Appendix N to this report. 
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Figure 1-1. California’s Water-Use Cycle7 

 

Total Embedded Energy in Water = Sum of Energy Upstream and Downstream of End Use  

The CPUC established the following goal for Study 1: 

“Develop a model of the functional relationship between water use in California and 
energy used in the water sector that can be used in a predictive mode: Given a specific 
water delivery requirement(s) developed from precipitation pattern information, what is 
the expected energy use.”8 

The types of data specified are listed in Table 1-1. 

                                                 

7 Estimated electricity use by segment of the water use cycle reflects the Study Team’s recommended adjustments. 
8 CPUC Decision 07-12-050, Appendix B, p.2. 
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Conveyance Water Treatment
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Table 1-1.  Study 1 Data Contemplated in CPUC D.07-12-050 
Level Water Data Energy Data 

Statewide Annual water deliveries: agricultural 
& urban sectors [1980-2005] 

Annual water-related energy use 
(kWh & MMBTUs) [1980-2005] 

IOU Service Area Annual water deliveries: agricultural 
& urban sectors [1980-2005] 

Annual water-related energy use 
(kWh & MMBTUs) [1980-2005] 

State Water Project Annual water deliveries [1980-2005] Annual energy use, net of generation 

Federal Water Project Annual water deliveries [1980-2005] Annual energy use 

Colorado River 
Project Annual water deliveries [1980-2005] Annual energy use 

 
In addition, D.07-12-050 required collection of data “relevant to water use and energy 
consumption in the water area.”  Examples of relevant data included “… weather, 
(evapotranspiration, and heating and cooling degree days, precipitation, etc.), population, energy 
costs, and others.”  These data were to be developed for each of the above levels: statewide, 
utility service area, and for each of the three large inter-
basin water transfer systems. 

The CPUC required that the predictive model use the 
above data to assess the change in the energy intensity of 
the state’s large water systems under a wide variety of 
potential future conditions including changes in 
hydrology due to climate change, changes in demand 
due to population growth, and potential changes in water 
policies, rules, and regulations. 

1.3 Approach 
The scope of work contemplated by D.07-12-050 for 
Study 1 was challenging for the following reasons: 

Reliable water-energy data is not readily available.  The 
study of the relationship between energy and water in 
California’s wholesale water resources and infrastructure 
is very new.  While most water agencies collect and 
maintain some historical water and energy data, they 
vary significantly with respect to the types of data 
collected and methods for collecting, compiling and 
reporting these data.  The CEC requires energy providers 
to report energy sales by Standard Industrial Code (SIC) 
or North American Industry Classification System (NAICS) code on an annual basis.  During the 
conduct of its 2005 white paper “California’s Water-Energy Relationship,” the CEC found that 

“Energy Intensity” (EI) refers to the 
average amount of energy needed to 
transport or treat water or wastewater 
on a per unit basis.  For Study 1, 
energy intensity is the amount of 
energy used to collect or produce 
water, and then to transport water.  
“Supply and Conveyance” energy 
intensity is reported net of any in-
conduit hydropower generated during 
the process of delivering the water 
through that conduit.  For Study 2, 
energy intensity is defined as the 
amount of energy needed to treat or 
distribute agricultural or urban water, 
to treat wastewater effluent, and/or to 
treat and deliver recycled water, 
expressed in kilowatt hours per acre-
foot of water [kWh/AF] or in kilowatt 
hours per million gallons [kWh/MG], 
depending on the unit appropriate to 
the type of system or operation.  
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there were many inconsistencies in how the reporting agencies classify energy sales.  
Consequently, many estimates were applied to try to adapt reported energy data to the study for a 
single year, 2001.  Since this is a new area of study, no one has yet collected, compiled, and 
reconciled all of these disparate data sets for the state’s wholesale water systems.   

Storage creates the ability to manage water supplies on a multi-year basis.  One of the most 
significant differences between water and energy resource management is that water can be, and 
is, stored; often for multiple years.  The usual drivers of energy demand thus do not apply 
equally to water.  Whether water is in short or long supply, the energy intensity of water 
operations in any particular year will depend on the cumulative impact of each water purveyor 
seeking to optimize its water resource mix.  Consequently, annual energy data cannot be directly 
related to water use and delivery, and need to be adjusted for other factors, such as changes in 
policies, rules, regulations, contract commitments, and extraordinary events. 

Non-hydrology and non-water factors significantly impact water operations.  While hydrology 
is an important predictor of the energy intensity of the state’s water systems, it is only one of 
several factors that ultimately determine the amount and timing of wholesale water deliveries, 
and the resultant energy intensity of the state’s large inter-regional and wholesale water systems.  
In fact, non-hydrology factors - infrastructure capacity; water rights, contracts and transfers; 
water policies, rules, and regulations - are much more important in determining how much water 
is delivered at any point in time along any particular path.  Non-water factors, such as energy 
prices and extraordinary events such as the California power crisis, also affect water operations 
decisions.  

The state’s wholesale water systems and resources are very diverse.  D.07-12-050 specified that 
wholesale water-energy data be collected and analyzed at five levels:  (1) statewide, (2) IOU 
service area, (3) State Water Project (SWP), (4) Federal Water Project (Central Valley Project, 
CVP), and (5) Colorado River Project (Colorado River Aqueduct, CRA).9  While the three 
agencies are the largest inter-basin transfer systems in California, there are many other wholesale 
water agencies with very different resources and infrastructure, and thus very different energy 
profiles.  In particular, groundwater pumping should be included in any assessment of the energy 
intensity of the state’s water supplies.  In addition, some wholesale water agencies have systems 
that are primarily gravity fed and thus have very low energy intensities. 

To address these challenges, the Study Team suggested the following adjustments to the Study 1 
approach. 

                                                 

9 Ibid. 



 

17 

 

 

Table 1-2.  Adjusted Approach 
D.07-12-050 Appendix B Scope 

of Work Data Issues & Challenges Adjusted Approach 

Annual water & energy data 
statewide, by utility service area 
and for each of the 3 large inter-
basin transfer systems for years 
1980-2005 

Water-energy data of the types 
described are not available for 
the period 1980-2005. 

The specified data set omits 
groundwater which accounts for 
30% of all water used in 
California. 

The data set also omits other 
types of wholesale water 
agencies with very different 
energy profiles. 

Shift the study focus to more 
recent years where data are 
more likely to be available.  The 
period 1998-2005 was 
recommended because the 
California Department of Water 
Resources (DWR) uses this 
period for statewide water 
planning purposes and more 
reliable data are available. 
However, since water operations 
are the primary determinant of 
wholesale water systems’ energy 
consumption, it was more 
important to document the key 
energy drivers for the current 
system resources & 
infrastructure than for historical 
periods whose operations 
protocols are no longer relevant. 

Approach: Expand the data set to 
include other wholesale water 
agencies that represent the 
range of energy intensities in the 
state’s wholesale water systems. 

Compile independent variables 
relevant to water use and energy 
consumption 

The initial scope of work 
presumed that the primary driver 
of energy consumption by 
wholesale water systems is 
hydrology.  In fact, non-hydrology 
and non-water factors play a 
more significant role in the 
quantity & timing of water 
deliveries.  

Shift the focus of Study 1 to 
documenting the primary drivers 
of water operations decisions for 
the wholesale water agencies 
being studied. 

 

The recommended approach was approved by the Technical Working Group and the study plan 
was vetted through a public workshop on December 10, 2008.  Additional refinements to the 
study plan were made during the course of the study, as data issues were encountered and 
resolved.   

The Study Team interviewed key water stakeholders involved in planning and management of 
the state’s wholesale water systems to identify the types of data available to support this study.     



 

18 

 

 The water agencies included in this study were the first stop for water and energy data 
about their own agencies.   

 For all other types of data about the state’s water systems, resources, operations, and 
energy impacts, DWR was deemed the most authoritative source, since DWR directs 
water resource planning for the state and provides most of the data upon which the 
California Water Plan relies. 
 

Data were not always available in the form needed to support this study.  For example, the scope 
of the study required estimating the total amount of energy used by the state’s wholesale water 
systems to meet all water demand, both agricultural and urban.  On an average year, groundwater 
currently meets about 30 percent of the urban and agricultural water demand in the state.  
However, most groundwater pumping is performed by owners of wells who are not required to 
keep detailed records of groundwater withdrawals.  Since there are thousands of groundwater 
wells throughout the state, many of which are privately owned, it is very difficult to estimate the 
amount of energy used to pump groundwater.  Consequently, the Study Team applied average 
pump efficiencies to observed fluctuations of depth-to-groundwater by major basin to 
approximate the energy intensity of groundwater pumping for each hydrologic region.  That 
computed energy intensity was then applied to the amount of groundwater withdrawn in each 
region as reported by DWR’s regional water balances. 

The methodology used to estimate energy used for groundwater pumping did not account for 
pumps that may use natural gas.  Although the Study Team designed its data collection to 
identify natural gas usage by the Supply and Conveyance sector for pumping water, very little 
was identified through Studies 1 and 2.  Consequently, to the extent water supply pumps are 
actually powered by natural gas, the groundwater electricity estimate would need to be adjusted. 

A more detailed discussion of the Study Team’s approach to estimating the energy intensity and 
total energy requirements of the state’s wholesale water systems is provided in Chapter 3, 
Energy Use by California’s Wholesale Water Systems.  

1.4 Scope of Work 
Prior to commencing work, the Study Team conducted a literature search to establish a baseline 
understanding of the state of knowledge about the state’s water-energy relationships at the 
wholesale water system level.  As noted in Appendix L (Literature Review), since this is a new 
area of study, little was found that was directly relevant to this study. 

Following is a description of the work that was performed, the issues encountered, and the 
remedies employed. 
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Figure 1-2.  Scope of Work 

 

1.4.1 Select Water Agencies to be Studied 

The CPUC initially requested a model that assessed the energy impacts of the state’s three 
largest inter-basin wholesale water systems: SWP, CVP and CRA.  The initial scope did not 
address municipal water agencies, joint power authorities, and regional special districts such as 
the Metropolitan Water District of Southern California (MWD) and the Los Angeles Department 
of Water and Power (LADWP) which have significant roles in the state’s wholesale water 
system.  For example, LADWP supplies nearly 4 million people with water, much of that from 
the Los Angeles Aqueduct.  LADWP is not, however, an “island.”  In drought or other years, 
LADWP draws upon SWP or other water supplies as its marginal supply (the next water supply 
source that an agency will resort to if additional water is needed).  An understanding of these 
interrelationships among large water purveyors is essential to an understanding of the energy 
intensity of the state’s wholesale water systems. 

In fact, the state’s water balance is comprised of complex storage and transfer relationships 
among all of these entities.  In addition, the three large water purveyors identified for study are 
primarily surface water systems, thereby omitting inclusion of the energy requirements of 
groundwater. 

The Study 1 scope was therefore expanded to include six additional large regional wholesale 
water systems with very different energy characteristics.  This expanded scope enabled the 
development of more representative estimates of the range of energy requirements by the state’s 
wholesale water systems.  This level of understanding of key energy drivers will facilitate more 
informed decision making. 
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Table 1-3.  Wholesale Water Agencies Included in Scope of Study 1 

Agency Type of Agency Primary Function Types of 
Facilities 

Primary Water 
Resources 

Statewide Water Systems Required by D.07-2-050 
State Water 
Project (SWP) 

State (DWR) Collect & deliver 
wholesale water 
statewide to State 
Water Contractors 

California 
Aqueduct, 
pipelines, 
reservoirs, 
pumping plants, 
power generation 
plants 

Surface water 
(Lake Oroville and 
Bay Delta) 

Central Valley 
Project (CVP) 

Federal (USBR) Collect & deliver 
wholesale water 
statewide to CVP 
Contractors 

Aqueducts, 
reservoirs, 
pumping plants, 
power generation 
plants 

Surface water 
(Lake Shasta, 
Trinity Lake and 
Bay Delta) 

Colorado River 
Aqueduct (CRA) 

Local (MWD) Deliver water from 
the Colorado River 
to the Los Angeles 
Area 

Aqueducts, 
reservoirs, 
pumping plants 

Colorado River 

Regional Wholesale Water Agencies added by Study Team 
Metropolitan Water 
District of 
Southern 
California (MWD) 

Local Deliver wholesale 
water to other 
wholesale and 
retail agencies in 
Southern 
California 

Pipelines, 
reservoirs, power 
plants 

Imports from SWP 
and CRA 

San Francisco 
Public Utilities 
Commission 
(SFPUC) 

Local Deliver water to 
the City of San 
Francisco and 
wholesale 
contractors 

Aqueducts, 
reservoirs, 
pumping plants 

Hetch Hetchy 
Reservoir 

Los Angeles Dept. 
of Water & Power 
(LADWP) 

Local Deliver water to 
the City of Los 
Angeles 

Aqueducts, 
reservoirs, power 
plants 

Lake Crowley 

Modesto Irrigation 
District (MID) 

Local Deliver water to 
agricultural 
customers in 
Stanislaus County 

Aqueducts, 
reservoirs, power 
plants 

Don Pedro 
Reservoir 

San Diego County 
Water Authority 
(SDCWA) 

Local Deliver water to 
retail agencies in 
San Diego County 

Aqueducts, 
reservoirs, 

Imports from MWD 
(SWP and 
Colorado River) 

Santa Clara Valley 
Water District 
(SCVWD) 

Local Deliver water to 
retail agencies in 
Santa Clara 
County 

Aqueducts, 
reservoirs, 
pumping plants 

Imports from SWP, 
CVP, and SFPUC 

Coachella Valley 
Water District 
(CVWD) 

Local Deliver water to 
agricultural and 
urban customers 

Aqueducts Colorado River 
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A description of the state’s wholesale water systems and profiles of each of the above agencies is 
provided in Chapter 2, California’s Wholesale Water Systems. 

1.4.2 Compute Energy Intensity of Water Agencies’ Operations 

The Study Team spent a significant amount of time collecting, adjusting, relating and reconciling 
water and energy data for the nine large wholesale water systems selected for detailed study.  
Data collection commenced by identifying and collecting the “best” available data for each 
agency.   

 The largest and most complex system is the State Water Project (SWP).  Monthly and 
annual operations data are available by facility through DWR Bulletin 132. 

 Other agencies provided varying levels of detail.  Some data were available at the facility 
level, others at a more summary level; some data were available on a monthly basis, 
some only on an annual basis.  The Santa Clara Valley Water District (SCVWD) did not 
provide any source data, choosing to instead provide energy intensities that it computed 
during the conduct of its own water-energy study, “From Watts to Water.”10 

Ultimately, a significant amount of data investigations and adjustments were needed to “fit” all 
of the data for the nine agencies into the monthly delivery patterns requested by the Technical 
Working Group.11   

The primary output from this effort was the range of energy intensities experienced at key points 
in the state’s wholesale water system for the water agencies being studied over the adjusted study 
period, 1998-2005.  The resultant range of monthly energy intensities by facility or delivery 
point was analyzed to determine whether the energy intensity was fairly consistent or whether 
there was significant variability from one month to the next. Figure 1-3 provides an example of a 
facility where the energy intensities are relatively consistent. 

                                                 

10 SCVWD. From Watts to Water (2007) available at http://www.valleywater.org/programs/waterconservation.aspx. 

11 The Technical Working group requested that the scope be modified to include monthly water deliveries and 
associated energy requirements in order to assess the coincidence of wholesale water energy requirements with 
summer electrical peak demand. 
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Figure 1-3.  Edmonston Pumping Plant Energy Intensity Analysis 
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If the energy intensity was fairly consistent, the average was adopted for use in the model.  If the 
energy intensity at any facility was highly variable, the Study Team conducted additional 
investigations including interviews of knowledgeable agency operations and engineering staff to 
determine the likely sources of the variances.  The draft agency profiles and energy intensity 
computations were provided to each agency for review, correction, and approval.  The Study 
Team relied heavily upon the knowledge of water agency operations and engineering staff to 
document the primary energy drivers at each major facility and to explain the causes of 
significant variances.  Where identifiable, the primary drivers were documented and integrated 
into the model.  If the underlying causes of the variability were not readily determinable, a value 
or a range of values was selected with the assistance of agency staff.  

Figure 1-4 is an example of a State Water Project pump station where energy intensity exhibited 
some variation.  Upon reviewing State Water Project documentation and the data, several data 
points were removed from consideration (such as November and February of 1997 and October 
of 1996).  These data points represented times during which the plant was not operating or was 
pumping very small amounts of water.  When plants are not pumping water, energy intensity 
cannot be calculated (such is the case in November 1997).  When plants are pumping, very small 
amounts of water energy intensity values can vary widely as the calculation is more prone to 
errors in energy and water flow data. 
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Figure 1-4.  Pearblossom Pumping Plant, Before and After Data Correction 
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The primary energy drivers of the state’s wholesale water systems are described in Chapter 3, 
Energy Use by California’s Wholesale Water Systems.  The energy intensities at each facility or 
point of water delivery that were used as inputs to the model are also documented.  
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1.4.3 Estimate Wholesale Water Energy Requirements 

The nine wholesale water agencies are a subset of the state’s wholesale water systems. 
Figure 1-5 indicates the regions to which these wholesalers make deliveries and the regions in 
which their infrastructure are located.  The detailed data from the nine agencies were compared 
to annual water balances prepared by DWR for each hydrologic region by water year to identify 
the quantity of additional water by type (surface water, groundwater, recycled water, and 
desalinated water) for which energy requirements needed to be estimated. 

Figure 1-5.  Location of Wholesale Water Suppliers’ Infrastructure and Deliveries  
  Hydrologic Region
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A number of data inconsistencies complicated the computations: 
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Water Supplies 

 Regional Water Balances Do Not Necessarily Match Individual Agency Data.  There 
are ten hydrologic regions in the state of California (Figure 2-4).  DWR assigns the 
responsibility for preparing the water balances to four planning regions.  Each planning 
region has its own data sources and methodology for preparing the regional water 
balances for which it is responsible.  The regional inputs are then provided to a DWR 
staff person who compiles the regional balances for the year into a statewide water 
balance and adjusts data as needed to reconcile imbalances.  Most of the individual 
agency inputs cannot be directly tracked to the regional balances because their numbers 
are consolidated with other water sources by type.  SWP, however, is separately 
identified, which enabled the Study Team to identify variances between quantities of 
water reported in Bulletin 132 and SWP numbers reported in the regional water balances.  
Interviews with DWR planning staff indicated that adjustments are sometimes made by 
DWR planning regions.  The reasons for these adjustments were typically not well 
documented, and a pattern could not be identified by the Study Team or DWR.  The 
Study Team’s approach to addressing these types of imbalances and data imperfections is 
discussed in Chapter 3, Energy Use by California’s Wholesale Water Systems. 

 Some of the Values in the Regional Water Balance Were Not Appropriate for Use in 
the Model.  The Regional Water Balances use some direct inputs; other values are 
computed.  Demand met through surface water supplies is an input.  Since many 
groundwater pumps are privately owned or not subject to reporting, demand met through 
groundwater supplies is estimated (see Appendix G – Groundwater Energy Use).   
Environmental water includes all water resources that are deemed not captured for 
purposes of water supplies, including outflows of surplus water into natural waterways 
and the ocean.  In order to allow repurposing in-region surplus water to meet growth in 
demand for scenario analyses, the Study Team decided to use only the quantity of 
environmental water required by regulation: instream applied water, managed wetlands, 
and required delta outflow.  All other surplus water, especially that shown in the regional 
water balances as “applied” to “wild and scenic” purposes, was left out of the model as 
these uses vary drastically each year and do not consume energy. For more details, see 
Chapter 4, Model Development. 

Energy Requirements 

Energy requirements were computed for each agency by hydrologic region in two ways: Physical 
Energy Use and Embedded Energy Use.   
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 Physical Energy Use refers to the actual amount of energy used by the Supply & 
Conveyance segment of the water use cycle within a given hydrologic region regardless 
of the destination of the water from each facility. 

 Embedded Energy Use accounts for the total energy required by the Supply & 
Conveyance segment of the water use cycle to produce and deliver water to a given 
hydrologic region regardless of where that energy was consumed. 

Physical and embedded energy requirements are computed for the balance of supplies in each 
region using estimated energy intensities for each type of water resource. See Table 1-4. 

Table 1-4.  Illustrative Calculation of Non-wholesale Supply Energy Use 
Supply  Deliveries (TAF) 

Energy Intensity 
(kWh/AF)

Calculated Energy Use 
(MWh) 

Groundwater  1,866 541 1,010,506 
Recycled Water  368 1,129 313,168 

Seawater Desalination  100 4000 400,000 

 

Energy intensity of the nine water agencies varies widely, depending on system design, pump 
efficiency, and a variety of other factors.12  Estimates were employed to approximate the energy 
requirements for the remaining water supplies.  The annual energy requirements were then 
spread over 12 month periods in accordance with the delivery pattern applicable to that particular 
agency, facility, or delivery point.   The bases for these estimates and the values applied in each 
region are documented in Chapter 3, Energy Use by California’s Wholesale Water Systems.   

1.4.4 Develop, Test, and Calibrate Model 

The Embedded Energy in Water Model was developed in an Excel workbook.  A user-friendly 
graphical user interface (GUI) was developed in ArcGIS to enable users to better visualize the 
relationships of the water systems to the regions, and the regions to the statewide wholesale 
water systems.  Significant flexibility has been provided for advanced users to test a wide variety 
of scenarios.  The full capabilities of the model and the types of access available for different 
levels of users are described in Appendix M, Model User’s Manual. 

                                                 

12 See Appendix C 
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Figure 1-6.  Model Diagram 
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A description of the model design, key inputs, and operations is provided in Chapter 4, Model 
Development.  The detailed model documentation, including a description of the data issues, 
estimates employed, algorithms, and model structure is provided in Appendix D, Model 
Documentation.  A Model User’s Manual with detailed information about how to use the model 
is provided in Appendix M, Model User’s Manual. 

1.4.5 Develop and Run Scenarios 

The Study Team conferred with key water and energy stakeholders to develop a range of 
assumptions that bound the high and low energy cases and compare those cases to the “base 
case” (i.e., “today”).  These high and low energy cases include packages of potential policies that 
have the ability to increase (high energy case) or decrease (low energy case) energy use by 
wholesale water systems.  Along with the policy packages, the Study Team input low and high 
water demand scenarios for the future.  The combination of Low Demand and Low Energy Case 
policies creates an optimistic scenario (Low Energy Scenario) while the combination of High 
Demand and High Energy Case policies creates a pessimistic scenario (High Energy Scenario), 
see Table 1-5.  The scenarios were run for two different forecast years: 2020 and 2030. 
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Table 1-5.  Future Scenarios to Model 
 Projected Period 

Scenario Water Demand Policies 2010 2020 2030 

Baseline Baseline None X   

Low Energy 
Scenario 

Low Demand Low Energy Case  X X 

High Energy 
Scenario 

High Demand High Energy Case  X X 

 
The assumptions embedded in the scenarios and the results of these analyses are presented in 
Chapter 5, Scenario Development. 
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2 California’s Wholesale Water Systems 

To understand the energy characteristics of the state’s Supply & Conveyance systems, we first 
need to understand the state’s water resource portfolio, the distribution and types of water 
demands, and the configuration of the statewide and regional systems that deliver these resources 
to meet water demand throughout the state. 

2.1 California’s Water Resource Portfolio 
Surface water supplies are comprised principally of runoff from precipitation and snowmelt that 
are captured and stored in either natural or manmade reservoirs.  Groundwater aquifers also store 
runoff from precipitation or are recharged by deliveries of surface water supplies. 

Presently, a very small percentage (<2%) of water demand is met by other resources such as 
recycled water and desalination. 

 Figure 2-1.  California’s 2010 Water Resource Portfolio (TAF) 
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2.2 California’s Wholesale Water System 
The configuration of California’s wholesale water system is determined principally by two 
factors: (1) most of the state’s water supplies are produced in northern California, while most of 
the water demand occurs in the southern part of the state; and (2) precipitation occurs in 
winter/spring months and demand peaks in the summer.  Reallocation of water supplies 
throughout the state to meet demand causes large quantities of water to be stored in reservoirs 
and aquifers and pumped hundreds of miles over varying topology: at its highest point, water is 
pushed more than 2,000 feet over the Tehachapi range to reach users in southern California.  

Water supplies played (and continue to play) a pivotal role in the development of the state’s 
communities and economies.  Substantial investments in labor and capital were made to 
construct large reservoirs and water conveyance systems spanning hundreds of miles to transport 
water supplies to water-challenged areas to support development.  This legacy has left California 
with an extensive system of pipelines and canals that use considerable amounts of energy to 
transport water across the state. 

The three largest statewide conveyance systems – the state owned and operated SWP, the 
federally owned and operated CVP, and the CRA owned by the Metropolitan Water District of 
southern California (MWD) are designed as inter-basin transfer systems: their primary purpose is 
to redistribute water from areas in which there is plenty to areas in which there is not enough.  
The SWP and CVP redistribute California water supplies; CRA brings vital water supplies from 
the Colorado River to supplement supplies in the desert regions of southern California. 

Figure 2-2 illustrates the dramatic inverse geographical relationship of California’s water 
supplies. 
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Figure 2-2.  Precipitation Distribution Across the State 

 

≥ 500%

100 - 500%

30 - 100%

5 - 30%

1 - 5%

0 - 1%

Ratio of water use to 
local rainfall available

Based on 1995 Data  
Left – Precipitation in inches per year. Source: DWR 2005.13  
Right – Ratio of water use to local rainfall. A value of 100% or greater indicates water is imported to a 
county to meet its demand.  Source: EPRI 2003.14  

 
California’s wholesale water system is complicated, comprised of federal, state, and regional 
water agencies, and special districts.  Some are single purpose (agricultural or urban) while 
others deliver water to both types of users.  Figure 2-3 illustrates the extensive network of water 
conveyance systems that are managed by these entities. 

                                                 

13 California Water Plan Update 2005, Department of Water Resources Bulletin 160-05, Volume 3, p.1-5. 
14 A Survey of Water Use and Sustainability in the United States with a Focus on Power Generation. EPRI. 
November 2003. 
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Figure 2-3.  California’s Wholesale Water Systems 
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DWR breaks the state into ten hydrologic regions for water supply planning purposes (Figure 2-
4).  Each region has its own unique mix of water supplies, climate, and hydrology. 

Figure 2-4.  California’s Hydrology Regions15 

 

                                                 

15 DWR Bulletin 160-05, California Water Plan Update. 
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Tables 2-1 through 2-10 describe the ten hydrologic regions and their water supply 
characteristics.16  More information about each hydrologic region is provided in Appendix B. 

Table 2-1.  North Coast Hydrologic Region at a Glance 
North Coast 

Total Water Supply (2010) 
3,251 TAF 

0.1%

22%

1%

13%

65%

Local Imported Deliveries Groundwater

Recycled Water Other Federal Deliveries

Local Deliveries

Size: 19,476 square miles 
(12.3% of State) 

Population Growth
(2005-2030): 

39% 

Water Use: Urban: 17% 
Agriculture: 83% 

Snapshot: Heavy rainfall in the coastal mountain ranges 
makes the North Coast region the most water-abundant area 
of California, producing about 41 percent of the state’s total 
natural runoff. As a result of the abundant rainfall, local surface 
deliveries and groundwater make up the bulk of the region’s 
water supply.  With population growth, urban demand will 
increase in the region, but local water supplies are expected to 
be sufficient to meet projected growth in demand through 
2030. 

 

                                                 

16 Much of the data presented in the regional descriptions is taken from the California Water Plan 2005 Update, 
found at http://www.waterplan.water.ca.gov/  
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Table 2-2. San Francisco Bay Hydrologic Region at a Glance 
San Francisco Bay 

Total Water Supply (2010) 
1,277 TAF 
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Groundwater Recycled Water

Brackish Desalination Other Federal Deliveries

Local Deliveries

Size: 4,506 square feet (2.85% 
of State) 

Population Growth
(2005-2030): 

29% 

Water Use: Urban: 90% 
Agriculture: 10% 

Snapshot: Portions of the region are highly urbanized and 
include the San Francisco, Oakland, and San Jose 
metropolitan areas.  Water imported from other regions 
comprises up to 40% of the region’s water supply.  Population 
growth is most likely to occur in urban areas, increasing the 
urban demand in future years.  Major wholesalers in the region 
are the SFPUC and the SCVWD, which purchase water from 
the SWP and the CVP. 
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Table 2-3.  Central Coast Hydrologic Region at a Glance 
Central Coast 

Total Water Supply (2010) 
1,219 TAF 

Size: 11,326 square miles 
(7.1% of the state) 

Population Growth
(2005-2030): 

30% 

Water Use: Urban: 23% 
Agriculture: 77% 

Snapshot: The Central Coast Hydrologic Region extends 
from southern San Mateo County in the north to Santa 
Barbara County in the south.  The region’s landscape is 
primarily pastoral and agricultural.  Groundwater is the 
region’s primary source of water.  A significant amount of 
groundwater recharge is provided by the Pajaro, Salinas, 
and Carmel Rivers, and by the Arroyo Seco which flows 
into the Salinas River.  As population increases, urban 
demand will increase in the metropolitan areas of the 
Central Coast region, but agriculture will still remain the 
region’s primary end-use. 

Table 2-4.  South Coast Hydrologic Region at a Glance 
South Coast 

Total Water Supply (2010) 
5,408 TAF 

19%

17%

5%

0.4%

45%

5%

2%
7%

SWP CRA

LADWP Local Imported Deliveries

Groundwater Recycled Water

Brackish Desalination Other Federal Deliveries

Local Deliveries

Size: 10,925 square miles (6.9% 
of State) 

Population Growth
(2005-2030): 

24% 

Water Use: Urban: 83% 
Agriculture: 17% 

Snapshot: The South Coast Hydrologic Region 
comprises the southwest portion of the state and is 
California’s most urbanized and populous region.  The 
region has developed a diverse mix of both local and 
imported water supply sources. Local water resources 
development since 1995 has included water recycling, 
groundwater storage and conjunctive use, brackish water 
desalination, and water transfer and storage. The region 
imports water through the SWP, the CRA, and the Los 
Angeles Aqueduct through LADWP. This diverse mix of 
sources provides flexibility in managing supplies and 
resources in wet and dry years; but with huge water 
supply demand and heavy reliance on imports that have 
declined significantly in recent years due to legal and 
regulatory issues, the region remains in a tenuous water 
supply shortage situation. 

2% 
4%

81% 

2% 
0.2% 

5%
6%

SWP CVP

Groundwater Recycled Water

Seawater Desalination Other Federal Deliveries

Local Deliveries
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Table 2-5.  Sacramento River Hydrologic Region at a Glance 
Sacramento River 

Total Water Supply (2010) 
21,545 TAF 

0.1%

11%
0.05%

23%

1%

64%

SWP CVP

Local Imported Deliveries Groundwater

Recycled Water Other Federal Deliveries

Local Deliveries

Size: 27,246 square miles 
(17.2% of State) 

Population Growth
(2005-2030): 

76% 

Water Use: Urban: 9% 
Agriculture: 91% 

Snapshot: The Sacramento River Hydrologic Region includes 
the entire drainage area of the state’s largest river and its 
tributaries, extending from the Oregon border downstream to 
the Sacramento – San Joaquin Delta.  Because of the weather 
patterns that produce a high level of precipitation in the region, 
major water supplies from the region are provided through 
deliveries from local surface storage and from groundwater 
pumping.  Population in this region is forecasted to grow 
significantly, shifting the present agriculture-dominated 
demand to more urban demand. The CVP is a major 
wholesaler in this region. 

 



 

38 

 

Table 2-6.  San Joaquin River Hydrologic Region at a Glance 
San Joaquin River 

Total Water Supply (2010) 
10,448 TAF 

0.04%

14%
3%

37%

0.3%1%

45%

SWP CVP

MID Groundwater

Recycled Water Other Federal Deliveries

Local Deliveries

Size: 15,214 square miles (9.6% 
of State) 

Population Growth
(2005-2030): 

93% 

Water Use: Urban: 6% 
Agriculture: 94% 

Snapshot: The San Joaquin River hydrologic region is in the 
heart of California and includes the northern portion of the San 
Joaquin Valley.  The valley portion of the San Joaquin River 
region consists primarily of highly productive farmland and the 
rapidly growing urban areas of Stockton, Tracy, Modesto, 
Manteca, and Merced. The primary sources of surface water in 
the San Joaquin River region are the rivers that drain the 
western slope of the Sierra Nevada.  CVP is a major 
wholesaler in the region, with many of its facilities located 
throughout the San Joaquin Valley.  Agricultural demand 
dominates the region’s water requirements. 

 

Table 2-7.  Tulare Lake Hydrologic Region at a Glance 
Tulare Lake 

Total Water Supply (2010) 
11,258 

14%

20%

46%

1%

19%

SWP CVP

Groundwater Recycled Water

Local Deliveries

Size: 17,033 square miles 
(10.7% of State) 

Population Growth
(2005-2030): 

66% 

Water Use: Urban: 3% 
Agriculture: 97% 

Snapshot: The Tulare Lake Hydrologic Region is in the 
southern end of the San Joaquin Valley.  Major water 
conveyance facilities in the region include the California 
Aqueduct, the Friant-Kern Canal, and the Cross Valley Canal, 
all part of the CVP and SWP. Local deliveries from water 
diversions from the San Joaquin River at Friant Dam are also 
a significant supply source for all uses in the Tulare Lake 
region, along with groundwater. The region is almost entirely 
agricultural, and despite high forecasted population growth, 
this balance is unlikely to shift. 
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Table 2-8.  North Lahontan Hydrologic Region at a Glance 
North Lahontan 

Total Water Supply (2010) 
691 TAF 

35%

1%

64%

Groundwater Recycled Water Local Deliveries

Size: 6,122 square miles (3.9% 
of the state) 

Population Growth
(2005-2030): 

32% 

Water Use: Urban: 6% 
Agriculture: 94% 

Snapshot: The North Lahontan Hydrologic Region forms part 
of the western edge of the Great Basin, a large landlocked 
area that includes most of Nevada and northern Utah.  All 
surface water in the region drains eastward toward Nevada.  
There are no major wholesalers in this region, so most locally 
developed water supplies are from groundwater or small 
surface water diversions, with storage provided by outlet dams 
constructed on natural lakes. 

 

 

Table 2-9.  South Lahontan Hydrologic Region at a Glance 
South Lahontan 

Total Water Supply (2010) 
730 TAF 

12%

62%

3%

23%

SWP Groundwater Recycled Water Local Deliveries

Size: 26,732 square miles 
(16.9% of State) 

Population Growth
(2005-2030): 

76% 

Water Use: Urban: 37% 
Agriculture: 63% 

Snapshot: The South Lahontan Hydrologic Region contains 
the Eastern Sierra and the Mojave Desert and includes both 
the highest point (Mount Whitney) and lowest point (Death 
Valley) in the lower 48 states.  The region supports a variety of 
urban and agricultural uses, including a moderate amount of 
agricultural acreage and several growing cities.  The Los 
Angeles Aqueduct is the region’s major water development 
feature, operated by LADWP. There are eight small reservoirs 
in the Los Angeles Aqueduct system with a combined storage 
capacity of about 323,000 acre-feet.  Groundwater is also a 
significant source of water for this region, contributing to over 
half of the water supply. 

 



 

40 

 

Table 2-10. Colorado River Hydrologic Region at a Glance 
Colorado River 

Total Water Supply (2010) 
4,697 TAF 

2%

82%

9%

0.4%

7%

SWP Colorado River (Excl. CRA)

Groundwater Recycled Water

Local Deliveries

Size: 19,962 square miles 
(12.6% of State) 

Population Growth
(2005-2030): 

92% 

Water Use: Urban: 10% 
Agriculture: 90% 

Snapshot: The Colorado River Hydrologic Region is in the 
southeastern corner of California. The region includes all of 
Imperial County, about the eastern one-fourth of San Diego 
County, the eastern two-thirds of Riverside County, and the 
southeastern one-third of San Bernardino County. About 85 
percent of the region’s urban and agricultural water supply 
comes from surface water deliveries from the Colorado River. 
Water from the river is delivered into the region through the 
All-American and Coachella canals, local diversions, and the 
Colorado River Aqueduct by means of an exchange for SWP 
water. The remaining water is provided by local surface water 
and groundwater. 

 

2.3 The Principal Determinant of Energy Intensity is Water 
Operations 

Energy consumption by California’s Supply & Conveyance systems is determined primarily by 
water operations: 

 The quantity of water that is transported throughout the state and the distance and 
elevations over which it must be pumped to reach end users, and 

 The amount of water that is pumped from aquifers. 

In addition to the quantity of energy used, there is a significant time component to water that is 
very different than energy: while energy cannot yet be effectively stored and needs to be used as 
it is produced, water can be and is stored in reservoirs or in aquifers for future use – sometimes 
for hours, days, weeks, or months; and often for multiple years. 

The ability to store water creates tremendous opportunities to optimize water supplies.  Supplies 
collected during wet seasons can be held to meet water demand during periods of low to zero 
precipitation (e.g., summer); supplies collected during one year can be held for use in future 
years.  Water held for use in future years, known as “carryover storage,” is an essential drought 
hedge and a major component of every water agency’s water resource portfolio. 



 

41 

 

The overarching goal of every major water purveyor in California is to effectively manage its 
system to comply with the law and to ensure long-term water supply reliability for its customers 
and constituents.  

 In addition to meeting minimum flow requirements, California’s water agencies are 
governed by flood control requirements (contracts) that are designed to minimize risks to 
public health and safety.    

 Once all contractual requirements have been met, California’s water agencies make 
choices as to how best to meet current and future demands from existing and planned 
future resources.  Fluctuations in annual hydrology and imperfect long-range forecasting 
tools and techniques require California’s water managers to plan within an environment 
that is inherently uncertain. 

Both of the above factors significantly affect the timing, quantity and location of water releases 
and deliveries throughout California. 

The Role of Hydrology 

Over the past 100 or so years of recorded hydrology, water planners have observed years with 
very little precipitation, such that existing reservoirs were not filled, and years with very high 
precipitation and runoff in which there was significant flooding.  See Figure 2-5, Variations in 
California’s Annual Hydrology. 
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Figure 2-5.  Variations in California’s Annual Hydrology17 

 

 

Given the goal of long-term water supply reliability, these substantial variations in annual 
hydrology cause water managers to operate their systems conservatively.  No one can yet predict 
whether a year will be wet, dry or “normal.”  They also do not know whether a dry year will be 
followed by a wet one, or whether there may be multiple consecutive dry years (drought).  Figure 
2-6 shows the frequency of historical dry periods in California from 1850 to 2000. Consequently, 
California’s water managers typically plan water supplies for multiple years anticipating the 
worst, never knowing whether the current year will be the first year of an extended drought. 

 
Figure 2-6.  California's Multi-Year Historical Dry Periods, 1850-Present18 

 

                                                 

17 California Water Plan Update 2005, Department of Water Resources Bulletin 160-05, Volume 3, p.1-12 and 
California Department of Water Resources Website, Drought Preparedness Frequently Asked Questions, viewed 
February 21, 2008.  http://watersupplyconditions.water.ca.gov/questions.cfm 

18 California Department of Water Resources Website, Defining Drought, viewed February 21, 2008.  
http://watersupplyconditions.water.ca.gov/background.cfm 

Water year 2000 was just about 
“normal” at 97% of average 
precipitation.  The following year was 
dry, about 72% of normal.  The 
difference in contributions to 
California’s water supply was 48.5 
million acre-feet, about 16 trillion 
gallons.  In 1998, a 171% water year, 
precipitation added 107 trillion gallons 
to California’s water supply.   The 
driest year on record within the past 
100 years was 1977, a 21% water 
year, which contributed a scant 15 
million acre-feet, about 5 trillion 
gallons.  
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The Role of Storage 

With such high variability and uncertainty from one year to the next, storage is an essential tool 
for water supply management, enabling excess water supplies to be stored for use in future years.  
From a modeling perspective, the role of storage increases the complexity of predicting the 
amount of energy used in any year by Supply & Conveyance systems. 

Since water can be stored for multiple years, the usual drivers of energy demand do not apply 
equally to water.  Whether water is in short or long supply, the energy intensity of wholesale 
water operations in any particular year depends on the cumulative impact of each water purveyor 
seeking to optimize its water resource portfolio and carryover storage.   

In addition, each facility’s operations are guided by its own unique set of operating protocols.  
Many reservoirs are not large enough to capture all of the available precipitation and runoff 
within their watersheds.  Consequently, reservoirs may “turn over” several times in any water 
year – that is, a reservoir may capture and transport more water in any water year than its actual 
capacity.  What is “typical” for any particular facility depends on many factors: 

 The decisions about how to manage reservoir operations are made by individual water 
agencies on the basis of requirements (flood control and environmental flows) and water 
supply.   

 Other types of issues, such as reservoir and pipeline maintenance and outages, can 
change the pattern of “typical” operations at any particular location.   

 Water quality issues can affect the amount and timing of reservoir releases. 

 Other types of facility-specific operating decisions include capacity constraints and 
delivery commitments. 

Figures 2-7 and 2-8 illustrate monthly operations patterns at two SWP facilities: Banks and Dos 
Amigos pumping plants.  Banks is shown to have two “peaks” in deliveries with significant 
pumping in the winter to draw surplus water from the Delta and put it into storage in San Luis 
Reservoir, followed by more pumping in the summer coinciding with higher real-time demand 
by agricultural and urban customers.  Dos Amigos has only one “peak,” in the summer season, to 
satisfy agricultural and urban demands.   
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Figure 2-7.  Banks Pumping Plant Historic Water Deliveries 
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Figure 2-8.  Dos Amigos Pumping Plant Historic Water Deliveries 
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The pattern of Supply & Conveyance energy use in any particular year is determined by a 
complex system of resources, infrastructure, storage, water rights, transfers, groundwater 
pumping, and banking – all related to efficiently and economically meeting current demand 
while maximizing carryover storage to mitigate drought risks.  

In order to develop a predictive model capable of modeling the state’s wholesale water systems 
so that we can understand how much, where and when energy is used, we first needed to 
understand and document the primary determinants of water deliveries in California. 
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2.4 Primary Determinants of Wholesale Water Delivery Decisions 
In designing this study and the predictive model, the Study Team was guided by the following 
important factors: 

 Water deliveries are not directly or exclusively related to annual hydrology 

 Water deliveries and water consumption are not necessarily equivalent 

 Water demand is not static 

Each of these factors is described below. 

Water deliveries are not directly or exclusively related to annual hydrology.  Contrary to 
popular thought, water delivery decisions depend only in part on annual hydrology.  In fact, 
water operations are impacted by a wide variety of non-hydrology factors that ultimately 
determine the magnitude, pattern and timing of production,19 storage and transport of wholesale 
water in California.   

 It does not matter how much precipitation occurs in a particular area – if storage is 
insufficient to capture it, it will be lost for purposes of water supply; if there is storage but 
no conveyance system to move it, it cannot be used outside of the local area.   

 The ability to divert water from a water storage facility or from a natural or manmade 
waterway does not, in itself, convey rights to effect that diversion – one must also have 
rights to that water. 

 The role of hydrology is most significant in seasonal water operations: during fall and 
winter, to manage precipitation events; during late spring to late summer, to meet 
agricultural irrigation and peak summer urban demands caused in large part by high 
volumes of outdoor water use (urban landscape irrigation). 

Water use can also be conveyed by transactions – i.e., parties can buy or sell water.  Add to the 
mix policies, rules, and regulations – the determinants of water operations decisions are very 
complex.  Again, with the overarching goal of ensuring long-term water supply reliability, water 
operations decisions can be significantly impacted by temporary conditions and opportunistic 
events, as shown in the following example.   

In its constant search for additional water supplies to make up for recent reductions in 
historical CRA and SWP water supplies upon which MWD’s 26 members depended 

                                                 

19 E.g., groundwater pumping. 
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heavily, MWD is proactively seeking to purchase and store surplus water supplies.  Many 
of the agencies with priority rights to CRA supplies determine surpluses available for 
sale at the end of each calendar year, which is the planning period for CRA.  
Consequently, in recent years, MWD has modified its CRA operating pattern with the 
objective of moving as much CRA water as it can during January through September to 
allow conveyance capacity for capturing as much surplus CRA water as possible during 
the last 2-3 months of each calendar year.20   

These types of operational decisions make it difficult to infer a relationship between water 
supplies and conveyance energy without extensive analyses. 

Non-hydrology factors include: demand, water rights, and/or contractual obligations that impact 
the allocations and timing of water deliveries to various regions and customers; infrastructure 
changes such as storage additions or deletions, pipeline changes, major (extended) outages, and 
other major system changes that affect the pattern and timing of water deliveries; and policies 
and/or regulations that determine the amounts and/or timing of water allowed to be stored or 
released.  Non-water factors include economic factors, such as energy costs, that affect near-term 
water operations decisions, and extraordinary events that are impossible to predict but can have 
significant data impacts that will need to be adjusted.  An example of an extraordinary event was 
the 2001 California power crisis which caused some wholesale water agencies to operate their 
systems differently to mitigate the exorbitant costs created by short-term power market price 
volatility. 

Water deliveries and water consumption are not necessarily equivalent.  Water deliveries are 
often made, for example, for the purpose of replenishing surface, groundwater and other types of 
water storage facilities.  Annual water deliveries thus often exceed annual water consumption by 
end users, except in the driest years when excess water may not be available to replenish storage.  
Energy cannot be simply related to current year water demand – adjustments are needed to 
allocate energy to that needed to meet water uses, and that which occurred for other reasons 
(usually to replenish storage).    

Water demand is not static.  Many factors can change the pattern of water use in any particular 
year.  For example: crop changes in response to changed market and economic conditions can 
significantly change agricultural water demand, and water conservation measures and initiatives 
can change water use amounts and patterns over both short and long-term periods.  Changes in 
state and federal water policies, rules and regulations and water agencies’ water supply risk 
management policies and procedures can also change water demand.  An example is Senate 
Bill 7, which seeks funding to support a 20 percent reduction in urban per capita water use by the 

                                                 

20 Interview with MWD, Jon Lambeck and Keith Nobriga on February 2, 2010. 
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year 2020.  Another is the federal district court decision issued by Judge Wanger that restricts 
withdrawals from the Delta for protection of the Delta smelt.21,22 

2.5 Selection of Water Agencies and Systems   
The three largest inter-basin transfer systems - SWP, CVP and CRA - form the backbone for the 
conveyance energy potion of this study.  In order to provide a more complete picture of the 
state’s wholesale water systems, the Study Team added six wholesale water agencies:  San 
Francisco Public Utilities Commission, Santa Clara Valley Water District, Modesto Irrigation 
District, Los Angeles Department of Water and Power, Metropolitan Water District of Southern 
California, and San Diego County Water Authority.  The inclusion of these additional agencies 
increased the amount of water deliveries represented by studied agencies to 73 percent of the 
state’s wholesale surface water supplies.23   The balance of water supplied by other agencies was 
estimated using annual water balances prepared by DWR. 

However, these large water purveyors are primarily surface water systems, thereby omitting the 
energy impacts associated with groundwater, recycled water and desalination.  In order to 
estimate the total amount of energy used within the state’s Supply and Conveyance segment of 
the water use cycle, this study also includes these types of water resources which are not 
necessarily provided by wholesale agencies.  Groundwater can be pumped directly by end users 
such as farmers and by retail water agencies.  Recycled and desalted water are typically provided 
by retail water agencies or by small wholesalers. 

Following is a description of the water agencies studied in detail, followed by a description of 
how the regional water balances were used to estimate the amount of water provided by other 
water purveyors.  More detailed descriptions of the water-energy characteristics of each water 
agency can be found in Appendix C. 

2.5.1 State Water Project (SWP) 

The SWP is the largest state built, multi-purpose water project in the country. It was designed 
and built to deliver water, control floods, generate power, provide recreational opportunities, and 
enhance habitat for fish and wildlife. SWP water irrigates about 750,000 acres of farmland, 
mainly in the south San Joaquin Valley. About 24 million of California’s estimated 36 million 
                                                 

21 California’s Water, A Crisis We Can’t Ignore. Water Supply Cutbacks. 
http://www.calwatercrisis.org/ACWA.WS.SupplyCutbacks%202007.pdf  

22 New York Times, California Judge Helps Declining Fish. September 2, 2007. 
http://www.nytimes.com/2007/09/02/us/02delta.html?_r=1 

23 Does not include groundwater or local surface water.  If including all surface water, the Study 1 agencies 
represent 29% of statewide water supply; if including all surface and groundwater, the Study 1 agencies represent 
21% of statewide water supply. 
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residents benefit from SWP water. The SWP depends on a complex system of dams, reservoirs, 
power plants, pumping plants, canals, and aqueducts to deliver water. Although initial 
transportation facilities were essentially completed in 1973, other facilities have since been built, 
and still others are either under construction or are planned to be built. The SWP facilities 
include 25 dams and reservoirs, 29 pumping and generating plants, and approximately 700 miles 
of aqueducts. The SWP delivered 3,292 TAF of water to long-term contractors in Water Year 
(WY) 2000 (a “normal” year). 

The SWP was constructed from 1957 to 1973 pursuant to passage of the Burns-Porter Act.  It is 
owned and operated by DWR, which has contracts with 29 wholesale and retail water agencies.  
Deliveries to all 29 contractors are made pursuant to long-term contracts in which the contractors 
receiving the benefit of water delivered though SWP pay for allocated shares of capital and 
operating costs.  Operating costs include the cost of energy used to transport water.   

2.5.2 Central Valley Project (CVP) 

The CVP delivers water to farms, homes, and industry in California's Central Valley and to 
urban centers in the San Francisco Bay Area.  It is also a source of water for California's 
wetlands. In addition to delivering water for farms, homes, factories, and the environment, the 
CVP produces electric power and provides flood protection, navigation, recreation, and water 
quality benefits. It irrigates about 3 million acres of farmland (approximately one-third of the 
agricultural land in California) and supplies close to 1 million households. While the facilities 
are spread out over hundreds of miles, the project is financially and operationally integrated as a 
single large water project. The CVP reaches from the Cascade Mountains near Redding in the 
north to the Tehachapi Mountains near Bakersfield in the south, approximately 500 miles away. 
It is comprised of 20 dams and reservoirs, 11 power plants, and 500 miles of major canals as well 
as conduits, tunnels, and related facilities.  The CVP delivered 6,227 TAF of water to long-term 
contractors in Water Year (WY) 2000 (a “normal” year).  It provides about 600 TAF for 
municipal and industrial uses.  The CVP also dedicates 800 TAF per year to fish and wildlife and 
their habitat and 410 TAF to State and Federal wildlife refuges and wetlands pursuant to the 
Central Valley Project Improvement Act (CVPIA). 

The CVP began construction in the late 1930s pursuant to the Emergency Relief Appropriation 
Act and Rivers and Harbors Act of 1937 for the purpose of addressing increasing salinity in the 
Delta.  The CVP is owned and operated by the U.S. Bureau of Reclamation on behalf of its 
contractors.  Deliveries are made to more than 250 contractors pursuant to long-term contracts in 
which the contractors receiving the benefit of water delivered though CVP pay for allocated 
shares of capital and operating costs.  Operating costs include the cost of energy used to transport 
water. 



 

49 

 

2.5.3 Colorado River Aqueduct (CRA) 

The Colorado River Compact of 1922 allocated 7.5 million acre-feet (MAF) to the states of the 
lower Colorado River, and shortly after, the Boulder Canyon Project Act of 1928 allocated 
4.4 MAF to California.  MWD was formed in 1928 through state legislation for the purpose of 
obtaining water from the Colorado River though the Colorado River Aqueduct.  In 1931, 
$220 million in bonds were passed to fund the Colorado River Aqueduct; and in 1941, the 
aqueduct began delivering water from Lake Havasu near the Parker Dam to MWD’s service 
area.  The CRA now serves as one of the two main sources of water for MWD. 

2.5.4 Metropolitan Water District of Southern California (MWD) 

MWD is the nation's largest provider of treated water. It was established in 1928 through state 
legislation for the purpose of increasing water reliability in southern California through 
construction of the CRA.   
 
MWD has approximately 750 miles of raw and treated water distribution pipelines spanning six 
counties in the southern California area.  Additionally, MWD manages hundreds of miles of 
power transmission lines, five water treatment plants, nine reservoirs, and sixteen hydroelectric 
plants.   
 
Today, MWD moves more than 1.5 billion gallons of water on a daily basis through its 
distribution system, delivering supplies to 26 member agencies. Those agencies, in turn, sell that 
water to more than 300 sub-agencies or directly to consumers.  In all, 19 million southern 
Californians live within MWD’s six-county service area, which encompasses 5,200 square miles 
in Los Angeles, Orange, Riverside, San Bernardino, San Diego, and Ventura counties.  

MWD imports its water from two sources—the Colorado River and SWP.  SWP brings supplies 
south from the Sacramento-San Joaquin Delta, while the CRA moves water from the east from 
the Colorado River along the California-Arizona border. MWD built and owns the CRA and is 
responsible for system operations and maintenance.  A series of canals, siphons, pipelines, and 
pumping plants moves the water west to MWD’s service area.  

MWD’s regional distribution system connects to Lake Perris and Castaic Lake, which are 
terminal reservoirs for the East and West Branches of the state-owned and operated SWP as well 
as the SWP-operated Devil Canyon Afterbay and the Santa Ana Pipeline.  

2.5.5 San Francisco Public Utilities Commission (SFPUC) 

The SFPUC provides water to both retail and wholesale water customers. A population of over 
2.5 million people within the counties of San Francisco, San Mateo, Santa Clara, Alameda and 
Tuolumne rely entirely or in part on the water supplied by the SFPUC. The SFPUC’s retail water 
customers include the residents, business and industries located within the corporate boundaries 
of the City and County of San Francisco. In addition to these customers, retail water service is 
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provided to other customers located outside of the city, such as Treasure Island, the Town of 
Sunol, San Francisco International Airport, Lawrence Livermore Laboratory, Castlewood, and 
Groveland Community Services District. The SFPUC currently sells water to 27 wholesale water 
customers.   

Approximately 96 percent of San Francisco’s demand is provided by the SFPUC Retail Water 
System (RWS), which is made up of a combination of runoff into local Bay Area reservoirs and 
diversions from the Tuolumne River through the Hetch Hetchy Water and Power Project 
(HHWP). The RWS supplies are distributed within San Francisco through SFPUC’s in-city 
distribution system. A small portion of San Francisco’s water demand is met through locally-
produced groundwater and secondary-treated recycled water. The SFPUC currently serves an 
average of approximately 265 million gallons per day (mgd) to 2.5 million users in Tuolumne, 
Alameda, Santa Clara, San Mateo and San Francisco counties. In 2001-2002, the SFPUC 
wholesale customers collectively purchased two-thirds of their total water supply (approximately 
170 million gallons per day) from the SFPUC regional water system. Their remaining demands 
were met through a combination of groundwater, recycled water, water conservation, and other 
sources of supplies such as the SWP. 

2.5.6 Los Angeles Department of Water and Power (LADWP) 

The LADWP, a department of the City of Los Angeles, is responsible for potable water service 
to the second largest city in the nation with an area of 464 square miles and a population of four 
million. The city relies on four primary sources of water: imported water from the Los Angeles 
Aqueduct (LAA), the SWP, the CRA, and local groundwater. Recycled water has played a 
relatively small role in the overall water supply, meeting only 1 percent of its total water demand 
today.  The original LAA was constructed between 1908 and 1913 to provide the City of Los 
Angeles with a larger and more reliable supply of water; it had a capacity of 485 CFS.  The 
second LAA was completed in 1970 to expand the aqueduct to its current capacity of 775 CFS. 

2.5.7 Modesto Irrigation District (MID) 

MID was formed in 1887, shortly after the Wright Act of 1887, which allowed for the creation of 
irrigation districts in California.  MID was formed for the purpose of expanding the agricultural 
base of the area.  Today, MID provides irrigation water to 60,000 acres of farmland in Stanislaus 
County.  MID’s supplies include surface water and local groundwater.  MID operates the 
Modesto Regional Water Treatment Plant and sells treated water to the City of Modesto. Don 
Pedro Reservoir serves as MID’s primary water storage facility and supply.  In 1893, the MID 
and Turlock Irrigation District  (TID) built La Grange Dam along the Tuolumne River to serve as 
the original water supply for both districts.  Canals were completed in 1903, and the first official 
MID irrigation season opened in 1904.  The New Don Pedro Reservoir and Dam were completed 
in 1971 to enhance supply.  MID currently owns 31.5 percent of the Don Pedro Project, while 
TID owns the remainder.  
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2.5.8 San Diego County Water Authority (SDCWA) 

SDCWA was created in 1944 to administer the region's Colorado River water rights, import 
water, and take over the operation of an aqueduct that connects with MWD.  The SDCWA 
provides water to the people who live and work in the San Diego region, a population of 
3 million and a $171 billion economy. All but 11 percent of SDCWA’s imported water is 
currently obtained from MWD.  MWD imports consist of a mix of water that originates from the 
SWP and the CRA; on average 40 percent of imported MWD water is from the SWP while the 
other 60 percent is from the CRA.  SDCWA imports both treated and raw water from the MWD.  
Currently, 43 percent of the total water imported from MWD is treated; the remaining 57 percent 
is raw.  Supplies were recently augmented by a transfer agreement with the Imperial Irrigation 
District (IID).  SDCWA funded the lining of the All American Canal which will conserve 67.7 
TAF, the majority of which will be transferred to SDCWA.  SDCWA provides water to 24 
member agencies that import water through pipelines with a maximum capacity of 900 mgd. 

2.5.9 Santa Clara Valley Water District (SCVWD) 

SCVWD is the primary water resources agency for Santa Clara County, California. SCVWD 
manages Santa Clara County's drinking water resources, coordinates flood protection for its 
1.7 million residents, and serves as steward of the county's more than 800 miles of streams and 
10 district-built reservoirs.  The district’s water supply system is a complex interdependent 
system of storage, conveyance, treatment, and distribution facilities comprised of 10 surface 
reservoirs plus 393 acres of recharge ponds, 76 miles of instream recharge, 142 miles of 
pipelines, 3 pump stations, 3 treatment plants, and 1 recycled water treatment plant and 
distribution system.  The District has a diverse mix of water supplies and a strong commitment to 
water use efficiency.   

2.6 The Role of Regional Water Balances 
The state’s water supply portfolio is depicted in the regional water balances prepared by DWR to 
support statewide water planning.  The regional water balances include yearly water supply data 
for two major suppliers: SWP and CVP.  The quantities of water provided by other water 
purveyors are aggregated within these balances. 

The Study Team relied on the regional water balances to compute the amount of water used to 
meet in-region demand attributable to the balance of water supplied by agencies for which data 
were not separately collected.  Figure 2-9 shows a statewide monthly water supply profile for the 
baseline (2010) amount of water supplied by each water type.  Figure 2-10 shows the 2010 water 
supply by hydrologic region and by the five water year types.  The figures show groundwater 
varies significantly over the year while many of the surface water supplies have little annual 
variance.  Water supply also varies significantly by hydrologic region with the Central Valley 
receiving a majority of the state’s water. 
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Figure 2-9.  2010 Monthly Water Supply by Type 
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Figure 2-10.  Historic Water Supply by Hydrologic Region and Water Year 

 

 

In the next chapter, we describe the energy characteristics of the state’s wholesale water systems. 

Year type, from left to right: Wet, Above Normal, Below Normal, Dry, Critical 

Notes: CR = All Colorado River Diversions; Data in this graph is from 1998, 2000, 2001, 2002 and 2004 
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3 Energy Use by California’s Wholesale Water 
Systems 

As discussed in Chapter 2, the primary determinant of energy use by wholesale water systems is 
water operations decisions that are unique to each agency as it seeks to meet its own short-term 
water commitments while concurrently maximizing long-term water supply reliability for its 
customers and constituents.  As a consequence, there is no single algorithm that can effectively 
represent the decisions made by water operators.  While each is guided by a set of goals, 
operations plans and protocols, many of their decisions are reactive and opportunistic as they 
proactively manage risks to public health and safety while concurrently protecting ecosystems 
and leveraging short-term opportunities for long-term water reliability benefits.  Water releases 
for flood control; increasing water conveyances to take advantage of surplus water supplies made 
available by other water agencies; and other types of water operations decisions can be 
anticipated, but not accurately predicted.   
 
Recognizing that there is no perfect answer, the Study Team focused on documenting the pattern 
of monthly energy and water deliveries by the nine agencies  Although D.07-12-050 specified 
developing a model based on data from 1980-2005, the Study Team recommended focusing on 
water years 1998-2005 for the following reasons: 
 

 Current periods are more representative of the current state of water resources and 
infrastructure, and thus will more fairly represent the types of water operations 
decisions being made by California’s wholesale water agencies. 

 Water years 1998-2005 provide sufficient diversity of hydrology types to identify the 
range of variations in water operations that may be attributable to hydrology. 

 Best available data about the types of water supply resources that were used to meet 
demand in specific years are DWR’s regional water balances that are presently only 
available for these years. 

 
To represent projected future energy intensity, the Study Team relied upon scenario analyses that 
considered composites of planned future policies, rules, regulations, programs, resources, 
infrastructure, etc., and their potential impacts on wholesale water operations.  Two composite 
cases were developed to represent the potential impacts of changes in water resources, demand 
and policies:  a high energy intensity case and a low one.  In this manner, the potential range of 
energy impacts could be estimated to support policy deliberations. 
 
The high and low energy scenarios developed by the Study Team are discussed in more detail in 
Chapter 5.  In this Chapter, we discuss the base case: current energy usage by California’s 
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Supply & Conveyance systems.  Although water year 2010 is not yet over, precipitation to-date 
has been reported as “above normal.”  Consequently, “Base Case” is water year 2010 with above 
normal hydrology, current water demand, and current policies. 

3.1 Energy Use by Wholesale Water Systems  
California’s wholesale water systems use energy in the following ways: 
 
Water Pumping.  Most of the energy used by wholesale water systems is for pumping water.  As 
noted in Chapter 2, substantial quantities of energy are used to move large volumes of water 
hundreds of miles throughout the expanse of California and over highly variable topography.  
The highest energy intensity incurred to transport water occurs in SWP’s system at Edmonston 
Pumping Plant where water is pushed 2,000 feet uphill over the Tehachapi Mountains for 
delivery to users in southern California.  Despite the high energy intensity of SWP, more energy 
is used every year to pump groundwater.  Furthermore, energy use for groundwater pumping 
during summer months exceeds all pumping energy by the three largest inter-basin transfer 
systems combined (see Figure 3-1). 
 

Figure 3-1.  2010 Baseline Monthly Energy Profiles of Statewide Water Delivery 
Operations 
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The primary drivers of energy use for wholesale water pumping differ according to the water 
resource.   
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 Energy used to transport surface water supplies depends on the quantity of water being 
moved, the distance over which it is being moved, and the elevation over which it is 
being pumped.   
 

 Energy is also used to extract groundwater from subsurface aquifers.  For groundwater, 
the primary driver is the depth from which the pump must pull the groundwater – referred 
to as “depth to groundwater.”   
 

Other factors such as pump head and efficiency, pipeline friction and conveyance losses also 
affect the energy intensity of water operations.  Urban groundwater pumps often pump at higher 
pressures to accommodate distribution where agricultural well pumps are at lower pressures. 
 
Water Production.  Energy is also used to create new water supplies.  The primary types of 
“produced” water are recycled and desalinated.   
 

 Recycled water adds to water supply by recovering wastewater effluent.  Although state 
law allows wastewater treated to secondary standards to be used for certain types of 
beneficial uses, most uses require treatment to tertiary standards.  For purposes of 
Study 1, we are only considering tertiary treated water as additional water supply.  The 
energy intensity of recycled water is measured as the incremental amount of energy 
needed to treat water to tertiary standards, thereby creating water of a quality that is 
approved by the state for reuse.  The amount of incremental energy is determined by the 
effluent discharge rules applied by the State Water Resources Control Board (SWRCB): 

o In some cases, wastewater must be treated to secondary standards.  For these 
cases, the incremental energy needed to create recycled water is deemed to be that 
needed to treat the recycled water to tertiary standards.   

o In some areas, effluent discharge rules already require that wastewater be treated 
to tertiary standards.  For these areas, the incremental energy to create recycled 
water is deemed to be zero.   

Examples of approved uses of recycled water include a wide variety of water uses that do 
not need potable water.  These include outdoor landscape irrigation, power plant cooling 
and other industrial uses, and recharge of groundwater (and in some areas, recharge of 
some surface reservoirs).24  In all such cases, substituting recycled water for non-potable 
uses frees up precious potable water supplies for potable uses.25  

                                                 

24 The City of San Diego is proceeding with an indirect potable reuse pilot that would mix recycled water with 
surface supplies. 

25 Advanced water treatment technologies such as ozonation and UV light arrays can be used to purify tertiary 
treated water to levels that can be directly ingested.  The energy intensity associated with purifying tertiary water to 
create directly potable water supplies is addressed in Study 2. 
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 Desalination.  Energy is also used in the Supply & Conveyance segment to create usable 

water supplies from water resources that are otherwise not usable for either agricultural 
or urban purposes.  These consist primarily of brackish groundwater that is contaminated 
with heavy concentrations of salts and minerals, and ocean seawater.  Desalination plants 
typically use reverse osmosis technologies requiring water to be highly pressurized to 
pass through semi-permeable membranes removing salts.  The energy intensity 
requirements of desalination depend on the salinity of the source water.  Seawater 
desalination requires significantly more energy than brackish water desalination as the 
source water contains higher concentrations of salt. 
 

3.2 Quantity of Energy Used in the Supply & Conveyance Segment 
In 2005, to estimate the amount of water-related energy consumed in California, staff of the 
California Energy Commission (CEC) relied primarily on available data that included: 

 Energy consumption data reported by electricity sellers required to report annual sales by 
Standard Industrial Code (SIC) or North American Industry Classification System 
(NAICS) building codes (hereafter referred to as “SIC/NAICS”); 

 Anecdotal information from water and wastewater treatment plant operators; and 

 Input from other staff agencies.   

These data, although illustrative, were not definitive for the purpose of quantifying electricity use 
by the water sector.  CEC staff then attempted to organize that data in a manner that facilitated 
allocating water-related energy to the various segments of the water use cycle.  All end uses of 
energy were included in that process - i.e.: 

 Energy used by water and wastewater agencies themselves in the conduct of their 
respective missions.  Water and wastewater operations include (a) production, 
collection, conveyance, treatment and delivery of potable water; (b) collection, 
transport, treatment and disposal of wastewater; and (c) additional treatment and 
delivery of recycled water. 

 Other end uses were comprised of both agricultural and urban pumping, heating and 
other energy uses needed to support end uses of water, including residential, 
commercial and industrial indoor and outdoor water uses.  Agricultural uses of water 
(irrigation pumping and potentially other uses) were also included. 

The fundamental problem in comparing these data to Studies 1 and 2 is that the CEC’s database 
contains information about electricity sales, while Studies 1 and 2 focus on electricity 
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requirements by California water and wastewater agencies.  (Natural gas was included in the 
scope of the studies but most water-related natural gas is used for heating; little natural gas 
consumption is used by the water sector itself.)  While it seems logical that there should be a 
reasonable correlation between these two data sets, the amount of electricity sales reported by 
SIC/NAICS does not accurately report the nature of the energy end use for the following reasons 
related to how data are categorized:26 

 Inconsistent application of SIC/NAICS codes.  Organizations assign these codes 
differently.  Even within any particular organization, individuals assign these codes 
differently. 

 A single energy meter may serve multiple end uses.   Meters that serve multiple 
purposes may be coded to any one of the purposes or to a very broad generic 
category.  Further, there are inconsistencies as to which codes are used for ancillary 
systems that support primary functions. 

 Loads connected to energy meters can change over time.  SIC/NAICS codes may not be 
updated to reflect these changes. 

CEC staff that manage the state’s database of energy consumption by SIC/NAICS observed that 
electricity sellers vary as to how they report water-related energy consumption.  There were too 
many inconsistencies and unknowns to enable reclassifying these data to segments of the water 
use cycle.  

Despite all of these data imperfections, the CEC’s database of statewide energy consumption was 
the best source of data available in 2005, and it probably still is.27   So, what is the total amount 
of energy used in California by the water sector itself?  The best answer as of 2006 (CEC 2006) 
was 12,383 GWh - the sum of urban and agricultural water supply and treatment plus wastewater 
treatment - about 4.9 percent of total electricity consumption in California during calendar year 
2001.  During the course of Study 1, however, the Study Team became aware that the electricity 
data collected from the nine wholesale water agencies were not exactly the same as that reported 
in the CEC’s energy consumption database that was used to support its estimates of water-related 
electricity.  In addition, it appeared that groundwater energy was significantly understated. 

                                                 

26 Interview with Lorraine White, Senior Energy Specialist and Advisor to Commissioner Anthony Eggert, 
California Energy Commission, May 19, 2010. 

27 California Energy Consumption Database, California Energy Commission’s website: 
http://www.ecdms.energy.ca.gov/  
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After comparing the sources of differences in the data, the Study Team recommended adjusting 
the allocation between energy used by the water sector itself and water-related end uses.  The 
results of the Study Team’s comparisons are reflected in Table 3-1.   

Table 3-1: Comparison of Calendar Year 2001 Statewide Water Sector Electricity Use 
(GWh) 

Segment of the Water Use Cycle CEC Study (2005) CEC Study (2006) Study 1 Study 2 
Supply 

10,742 10,371 
15,786 172 

Conveyance 
Water Treatment  312 
Water Distribution  1,000 
Wastewater Treatment 2,012 2,012  2,012 
Total Water Sector Electricity Use 12,754 12,383 19,282 
% of Total Statewide Electricity Requirements 5.1% 4.9% 7.7% 
Note:  Excludes estimates of electricity consumption for water end uses. 

 
The potential adjustments identified by the Study Team are very conservative.  A detailed 
discussion of the bases for these adjustments is provided in Appendix N, Comparison of Study 1 
and Study 2 Findings with Prior Studies. 

3.3 Water Agencies’ Energy Profiles 
While most wholesalers move water in similar ways, pumping water in canals and aqueducts, the 
distinguishing characteristics of each cause a wide range of energy use and energy intensity. The 
following sections describe each wholesaler, its energy use, and the energy intensity of its water 
supplies.  Additional water supplies beyond the nine wholesalers included in Study 1 are also 
discussed. 
 
3.3.1 State Water Project 

The SWP is a major user of energy. During Water Year (WY) 2000, a “normal” water year, the 
SWP delivered 3,553 TAF of water to State Water Contractors (SWCs) and an additional 
1,378 TAF of non-SWP water to other contractors.  The total annual amount of energy needed to 
convey all water in the SWP was 8,418 GWh. Of this energy, 28 percent (2,380 GWh) was 
needed during summer months (June, July, August); the balance of energy consumption 
(72 percent, 6,038 GWh) occurs during the other nine months of the year.  Deliveries and total 
energy use in other water year types can be seen in Table 3-2.  Historic deliveries and energy use 
are not representative of future deliveries and energy use because the Wanger Decision has 
reduced pumping out of the Delta.  Multiple stakeholders are seeking remedies to the loss of 
water supplies from the Delta. 
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Table 3-2.  Water Deliveries and Energy Use by the SWP 
Water Year Data 

Year 
SWP Water Delivered 

via SWP (TAF) 
Total Water Delivered 

via SWP (TAF) 
Energy Used for Water 

Deliveries (GWh) 
Wet 1998 1,734 2,779 4,179 

Above 
Normal 

2000 3,553 4,932 8,418 

Below 
Normal 

2004 3,204 4,487 9,895 

Dry 2002 2,545 3,927 8,233 

Critical 2001 1,986 3,492 7,548 

 
Of the energy needed to support SWP deliveries during a “normal” year, 38 percent (3,227 
GWh) is met through in-conduit hydropower generated during the process of delivering the 
water.  An additional 35 percent (2,958 GWh) is met through other sources of self generation, 
and the balance (27 percent, 2,233 GWh) is purchased under long term wholesale power 
contracts or through short-term power purchases. 
 
Significant energy use is required by SWP’s 21 pumping stations.  These pump stations must 
overcome significant elevation differences (see Figure 3-2, elevation profile of SWP).  
Edmonston Pumping Plant alone must pump to an elevation of approximately 2,000 feet, 
accounting for approximately 45 percent of the SWP’s energy use.  Water traveling from the 
Delta to southern California must overcome an elevation difference of approximately 3,000 feet.  
As water passes through each pump station, it incrementally raises the energy intensity of the 
water flow, ultimately reaching more than 2,500-4,600 kWh/AF for deliveries to various 
locations in southern California.  Figure 3-3 shows the energy intensity of the SWP facilities as 
well as the cumulative intensity that results as water is transported along the system from north 
to south.  A negative energy intensity for a facility indicates a generating plant while a positive 
energy intensity denotes a pumping plant. 
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Figure 3-2.  State Water Project Facility Elevations 

 
Source: Department of Water Resources Bulletin 132 
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Figure 3-3.  Energy Intensity of State Water Project Facilities 
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3.3.2 Central Valley Project 

CVP’s water delivery system is comprised of 500 miles of major canal as well as conduits, 
tunnels, and related facilities.  The majority of energy used by CVP is to deliver water to 
customers along the Delta-Mendota Canal and San Luis Canal (shared with CVP).  Deliveries to 
these customers require significant energy use by pump stations.  Flows in other CVP canals are 
mostly gravity fed or use little energy for diversion pumps (with the exception of the Contra 
Costa Canal, which is operated by CCWD). For this reason, the Study Team focused on 
operations and energy consumption associated with making deliveries along the Delta Mendota 
Canal and San Luis Canal.   
 
During WY 2000, a “normal” water year, the CVP delivered 6,227 TAF of water to contractors: 
3,293 TAF of these deliveries were made via the Delta Mendota and San Luis Canal.  The total 
annual amount of energy needed to convey all Delta Mendota and San Luis Canal water was 
1,148 GWh.  Of this energy, 21 percent (241 GWh) is needed during summer months (June, 
July, August); the balance of energy consumption (79 percent, 907 GWh) occurs during the other 
nine months of the year.  See Table 3-3 for water deliveries and energy consumption in other 
year types.  Historic deliveries and energy use are not representative of the future because the 
Wanger Decision has reduced pumping out of the Bay Delta. 
 

Table 3-3.  Water Deliveries and Energy Use by the CVP 
Water Year Data Year Total Water 

Delivered via 
CVP (TAF) 

Delivered via Delta 
Mendota and San 
Luis Canals (TAF) 

Energy Used by Delta 
Mendota and San Luis 
Canal Facilities (GWh) 

Wet 1998 5,539 3,314 1,155 

Above Normal 2000 6,227 3,293 1,148 

Below Normal 2004 6,073 3,903 1,173 

Dry 2002 5,888 3,502 1,089 

Critical 2001 5,532 3,438 1,026 

 
Substantial quantities of energy are required by CVP’s four pumping stations.  These pump 
stations move large amounts of water over long distances and significant changes in elevation.  
As water passes through each pump station, it incrementally raises the energy intensity of the 
water flow, ultimately reaching 428 kWh/AF for deliveries to Central California via the 
California Aqueduct (see Figure 3-4). 
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Figure 3-4.  Energy Intensity CVP and SCVWD Facilities 

 
3.3.3 Colorado River Aqueduct 

The CRA is a major user of energy, pumping water from five large pump stations over 330 miles 
of aqueduct and pipeline. The main aqueduct is nearly 240 miles and ranges from the Parker 
Dam on the Colorado River in the east to Lake Mathews in the West.   
 
During WY 2000, a “normal” water year, the CRA delivered 1,299 TAF.  The total annual 
amount of energy needed to convey that water in the CRA was 2,557 GWh. Of this energy, 
25.6 percent (353 GWh) was needed during summer months (June, July, August); the balance of 
energy consumption (74.4 percent, 1904GWh) occurred during the other nine months of the year.  
Table 3-4 shows water deliveries and energy consumption data for other historic water year 
types. Historic deliveries and energy use are not representative of the future because the 
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Quantification Settlement Agreement (agreement of the future water allocation between 
Colorado water users) in 2003 has reduced deliveries to MWD via the CRA. 

 
 

Table 3-4.  Water Deliveries and Energy Use by the CRA 
Water Year Data Year Water Delivered via CRA 

(TAF) 
Energy Used for Water 

Deliveries (GWh) 
Wet 1998 1,085 2,136 

Above Normal 2000 1,299 2,557 

Below Normal 2004 720 1,416 

Dry 2002 1,277 2,543 

Critical 2001 1,264 2,506 

 
Significant energy use is required by CRA’s five pumping stations.  These pumping stations 
must move large amounts of water over a total elevation difference of 1617 feet.  As water 
passes through each station, it incrementally raises the energy intensity of the water flow, 
ultimately reaching 1,976 kWh/AF for deliveries to MWD (see Figure 3-5).28 
 

                                                 

28 MWD aggregated energy data for major stretches along CRA where water was being pumped without any 
deliveries being made along the way. 
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Figure 3-5.  Energy Intensity CRA, MWD, and SDCWA Facilities 

 
3.3.4 Metropolitan Water District of Southern California 

Relatively little energy is used to move water imported by MWD since SWP water is primarily 
delivered by gravity once it gets over the Tehachapis.  A further benefit is that MWD is able to 
recover portions of the energy through its 16 hydropower plants.   
 
The energy data below summarizes only conveyance energy and hydropower production.  In 
order to facilitate comparisons of energy intensities of different types of wholesale water 
conveyance systems on an equivalent basis, all treatment energy is separately covered in Study 2. 
 
During WY 2000, a “normal” water year, MWD delivered 2,622 TAF of water to member 
agencies.  Relatively little energy is used to distribute this water; significant amounts of energy 
are generated through deliveries.  MWD’s imports arrive at high elevations, and deliveries are 
made to member agencies at lower elevations allowing energy generation.  During WY 2000, 
41.6 GWh was generated through in-conduit hydropower facilities as a process of delivering the 
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water.  Power is mostly sold under long-term power contracts.  Table 3-5 shows water deliveries 
and power generation for other water year types. 
 

Table 3-5.  Water Deliveries and Energy Use by the MWD 
Water Year Data 

Year 
Water Delivered via 

MWD (TAF) 
Energy Generated from 
Water Deliveries (GWh) 

Wet 1998 1,565 25.7 
Above 
Normal 

2000 2,622 41.6 

Below 
Normal 

2004 2,222 46.5 

Dry 2002 2,617 42.8 
Critical 2001 2,458 31.5 

 
While relatively little energy is used by MWD to deliver water, its embedded energy is high.  
This is because the majority of MWD’s water supplies originate from SWP or CRA.  The 
average energy intensity of water delivered by the MWD to its customers is 2,473 kWh/AF (see 
Figures 3-3 and 3-5).  Power production is treated separately – i.e., not netted from the energy 
intensity of water deliveries – because its hydropower facilities do not meet the test of “in-
conduit hydropower generated as a byproduct of water deliveries.” 
 
3.3.5 San Diego County Water Authority 

The San Diego County Water Authority (SDCWA) operates an aqueduct that connects with 
MWD.  All but 11 percent of the SDCWA’s imported water is currently obtained from MWD.  
MWD imports consist of a mix of water that originates from SWP and the Colorado River 
Aqueduct; on average 40 percent of imported MWD water is from SWP while the other 60 
percent is from the CRA.  
 
No energy is used by SDCWA to import water from MWD as the system is mostly gravity fed.  
Several pumps are located throughout SDCWA’s conveyance system; however, these are mostly 
used to move local surface water and to provide integrated connection between pipelines for 
supply reliability.  Water can be pumped from San Diego’s local reservoirs to its entire service 
area should MWD’s supplies be interrupted.  Additionally, pumps are capable of reversing the 
flow in the First and Second Aqueducts to deliver SDCWA water to Skinner Lake should MWD 
need it in an emergency. 
 
While little energy is used by SDCWA to make its deliveries, the energy intensity of water 
delivered is still quite high.  This is because the majority of water it delivers originates from the 
SWP or CRA which embed significant energy in water delivered to MWD and subsequently to 
SDCWA.  The Study Team estimates the average energy intensity of water delivered by 
SDCWA to its customers is 2,432 kWh/AF (see Figure 3-5).  This does not account for power 
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generation or treatment activities by MWD, and also assumes that SDCWA’s SWP water arrives 
via the East Branch. 
 
3.3.6 San Francisco Public Utilities Commission 

The SFPUC Regional Water System (RWS) consists of approximately 160 miles of pipelines 
and tunnels spanning from Yosemite National Park to Crystal Springs Reservoir.  The majority 
of conveyance operations are gravity fed; however, the use of some pumping is required.   
 
During WY 2000, a “normal” water year, the SFPUC delivered 306 TAF of water to customers.  
The total annual amount of energy needed to convey all water in the SFPUC RWS was 
28 GWh. Of this energy, 26.7 percent (7.5 GWh) was needed during summer months (June, July, 
August); the balance of energy consumption (73.3 percent, 20.5 GWh) occurred during the other 
9 months of the year.  During WY 2000, the SFPUC produced 449.5 GWh from water that is 
used for water deliveries. It exceeds the energy needed to support all SFPUC/Water Enterprise 
activities, and the balance (421.5 GWh) supports the City and County of San Francisco’s 
municipal load requirements, or is sold to Modesto Irrigation District, Turlock Irrigation District, 
and several other public utility or government customers.  Table 3-6 shows the total water 
delivered by the SFPUC in five water year types and the associated energy used for the 
conveyance of that water. 
 

Table 3-6.  Water Deliveries and Energy Use by the SFPUC 
Water Year Data Year Water Delivered via 

SFPUC RWS (TAF) 
Energy Used for Water 

Deliveries (GWh) 
Wet 1998 253.8 24.7 

Above Normal 2000 305.6 28.0 

Below Normal 2004 294.8 29.9 

Dry 2002 317.2 28.3 

Critical 2001 309.5 28.0 

 
SFPUC’s operations have low energy use resulting in low energy intensities.  The Study Team 
estimated average energy intensity of deliveries by the SFPUC for three service areas, illustrated 
in Table 3-6a. 
 

Table 3-6a.  Energy Intensity of Water Deliveries by the SFPUC 
Service Area Energy Intensity of 

Deliveries (kWh/AF) 
SFPUC South Bay 0.7 

SFPUC Peninsula 114.6 

SFPUC SF City 235.9 
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3.3.7 Santa Clara Valley Water District 

The Santa Clara Valley Water District (SCVWD) is the primary water resources agency for 
Santa Clara County, California. The district’s water supply system is a complex interdependent 
system comprised 10 surface reservoirs, 393 acres of recharge ponds, 76 miles of instream 
recharge, 142 miles of pipelines, 3 pump stations, 3 treatment plants, and 1 recycled water 
treatment plant and distribution system.       
 
During WY 2000, a “normal” water year, SCVWD delivered 235 TAF of water to contractors 
(from all sources; CVP, SWP, and SFPUC).  The majority of energy consumption required by 
the SCVWD’s conveyance system is used to transport imported water from CVP.  Additional 
imports are available from SWP and SFPUC, though energy use associated with these deliveries 
is minimal.  The annual amount of energy needed to import and convey the CVP water in 
SCVWD was 28.2 GWh.  All energy use associated with the conveyance of water is attributed to 
Pacheco and Coyote pumping plants.   Table 3-7 summarizes imports and energy use in other 
water year types.  SCVWD purchases power to operate its CVP import pump stations.  It does 
not use any power generated through in-conduit hydropower or other means of self generation 
for CVP imports.  The majority of energy used for these pump stations is obtained from CVP via 
the Western Area Power Administration (WAPA); however, some energy is purchased from 
Pacific Gas & Electric (PG&E, approximately 15 percent). 
 

Table 3-7.  Water Deliveries and Energy Use by the SCVWD 
Water 
Year 

Data Year CVP Imports to 
SCVWD (TAF) 

SWP Imports to 
SCVWD (TAF) 

SFPUC Imports 
to SCVWD (TAF) 

Energy Used for 
CVP Imports 

(GWh) 
Wet 1998 66 45 43 27.3 

Above 
Normal 

2000 89 84 62 28.2 

Below 
Normal 

2004 135 63 61 26.1 

Dry 2002 127 60 59 34.7 

Critical 2001 141 55 63 21.2 

 
While little energy is used by SCVWD to make its deliveries, the energy intensity of water 
delivered contains embedded energy from the CVP and the SWP operations.  The average 
energy intensity of the CVP water delivered by the SCVWD to its customers is 870 kWh/AF (see 
Figure 3-4).  Imports from the SWP arrive via the South Bay Aqueduct with an energy intensity 
of 1128 kWh/AF (see Figure 3-3). This does not account for treatment activities by the SCVWD. 
 
3.3.8 Los Angeles Department of Water and Power 

The LADWP, a department of the City of Los Angeles, is responsible for potable water service 
to the second largest city in the nation: with an area of 464 square miles, it serves a population of 
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nearly four million. The City relies on four primary sources of water: imported water from the 
Los Angeles Aqueduct (LAA), the State Water Project (SWP), the Colorado River Aqueduct 
(CRA), and local groundwater.  LAA consists of approximately 223 miles of canals and 
pipelines (including 53 miles of tunnels) and is the only part of LADWP included in this study.   
 
Little energy is required to make deliveries via LAA as the entire aqueduct is gravity fed.  
LADWP operates several hydroelectric generation facilities powered by water flow from the 
aqueduct.   
 
3.3.9 Modesto Irrigation District 

MID was formed for the purpose of expanding the agricultural base of Stanislaus County.  Don 
Pedro Reservoir serves as MID’s primary water storage facility and supply.  MID’s distribution 
system consists of 208 miles of canals. 
 
During WY 2000, a “normal” water year, MID delivered 327 TAF of surface water to customers 
and contractors.  No energy was used for MID’s surface water deliveries from New Don Pedro 
Reservoir, since the system is entirely gravity fed.  MID does operate a hydroelectric generation 
facility to generate power at the reservoir; however, this is not an in-conduit hydropower facility 
and thus has not been included in this study. 
 

3.4 Energy Intensity of Groundwater and “Produced” Water Supplies 
Groundwater energy use was estimated by the Study Team by applying estimates for energy 
intensity based on well depth and pump efficiency.  The Study Team developed groundwater 
energy intensities for each year type in each hydrologic region. As noted earlier, the amount of 
groundwater pumping energy that is met by natural gas pumping is unknown.  Consequently, all 
estimates were converted to electricity (kWh).  See Appendix G for a detailed discussion of these 
computations. 
 
3.4.1 Desalination (Brackish and Seawater) 

Desalination technologies consume significant amounts of energy to remove dissolved salts from 
water.  Plants typically use reverse osmosis technology requiring water to be highly pressurized 
to pass through semi-permeable membranes.  The amount of energy required depends on the 
salinity of the source water.  For example, seawater desalination requires significantly more 
energy than brackish water desalination as the source water contains more salt.  The Study Team 
estimated the energy intensity of these supplies using literature reviews and data collected for 
Study 2.  For purposes of Study 1, the energy intensity of seawater desalination was estimated at 
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4,000 kWh/AF29 while brackish water desalination was estimated at 1,301 kWh/AF.30  Brackish 
water is normally found in groundwater.  To capture the total energy intensity of brackish water 
desalination, average groundwater pumping energy intensity in an Above Normal water year 
type is added.  See Table 3-8 for the estimated desalination energy intensity by water region. 
 

Table 3-8.  Desalination Energy Intensity 
Region Seawater (kWh/AF) Brackish (kWh/AF) 

NC 4,000 1,470 

SF 4,000 1,643 

CC 4,000 1,689 

SC 4,000 1,842 

SR 4,000 1,485 

SJ 4,000 1,524 

TL 4,000 1,670 

NL 4,000 1,464 

SL 4,000 1,657 

CR 4,000 1,736 

 
3.4.2 Recycled Water 

The energy intensity of recycled water is measured as the incremental amount of energy needed 
to treat wastewater effluent to California recycled water standards.  Standard plants utilize 
primary, secondary and tertiary wastewater treatment along with other disinfection technologies. 
Newer plants using more advanced technologies are emerging across the state.  These plants 
utilize microfiltration, reverse osmosis and ultraviolet light, which are all energy intensive 
processes.  For purposes of Study 1, the Study Team assumed that continued increases in water 
quality standards will require future recycled water plants to utilize all of these technologies.  
The resultant estimated energy intensity of recycled water on a statewide average basis is 1,129 
kWh/AF.31 
 

3.5 Energy Intensity of Other Water Supplies 
DWR’s regional water balances provided quantities of local surface water, other local imported 
water deliveries and other federal deliveries.  These types of supplies are highly diverse and 
                                                 

29 Source: The Role of Recycled Water in Energy Efficiency and Greenhouse Gas Reduction, California 
Sustainability Alliance, 2008. 

30 Source: Study 2 data from the Chino Basin Desalter provided by the Inland Empire Utilities Agency. 
31 Source: Study 2 data of recycled water production at Orange County Water District’s Advanced Water 
Purification Facility. 
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account for a very small portion of the state’s wholesale water supplies.  Consequently, they 
were not evaluated in this report.  Most of these deliveries are assumed to occur via gravity flow.  
The Study Team assigned a de minimis energy intensity of 10 kWh/AF to these supplies. 
 
3.6 Statewide Energy Use by Wholesale Water Systems 
Most of the energy consumed by the Supply and Conveyance segment of the water use cycle is 
used for groundwater pumping (see Figure 3-1).  The next largest energy consumers are the three 
largest inter-basin transfer systems: SWP, CVP and CRA.   

Figure 3-6 shows physical and embedded energy for each of DWR water regions. Note that for 
purposes of this analysis, the amounts shown for embedded energy only include energy 
embedded in the Supply and Conveyance segment of the water use cycle.  These numbers would 
need to be adjusted to include water treatment and distribution, and wastewater treatment, in 
order to represent the full energy value embedded in a unit of consumed water. 

As seen in this figure, the majority of energy consumption by California water systems occurs in 
the Tulare Lake Region (see Figure 3-6). Much of this energy is attributed to the State Water 
Project as several large pump stations are physically located in the region to pump water over the 
Tehachapi Mountains to southern California.  While little energy is used in the South Coast, it is 
the region with the largest embedded energy associated with water deliveries to the region.  This 
is because water transported to the South Coast via the SWP and the CRA require significant 
amounts of pumping. 
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Figure 3-6.  2010 Physical and Embedded Energy by Supply and Region 
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In Chapter 4, we describe how these energy intensities by water agency, by water resource type 
and by hydrologic region are employed in the model. 
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4 Model Development 

As shown in Chapter 2, the energy intensity of the state's wholesale water systems is driven 
principally by water operations decisions made by individual water agencies, each seeking to 
optimize its own water supply portfolio given its unique mix of policies, goals, resources, 
infrastructure, contracts, relationships and transactions.  Both short- and long-term planning 
decisions have an energy impact: short-term water supply needs cause water to be pumped from 
surface and groundwater sources to meet current demand, and long-term water supply needs 
cause water to move in ways that may not seem intuitive as water agencies seek to concurrently 
maximize carryover storage to meet future demands and to serve as a hedge against drought. 

Water delivery decisions are made at various intervals: monthly when planning seasonal 
deliveries; weekly and daily as needed to manage inflows due to rainfall, snow melt and other 
types of flow events; and sometimes, even hourly, during storm events that drop very large 
volumes of precipitation within a short period of time.   

Recognizing that energy requirements of wholesale water systems depend on many factors, 
many of which are not easily predictable, the Study Team decided that it was important to focus 
on the operations decisions made by the nine major wholesale water system operators that 
account for 73 percent of all wholesale surface water consumed in California.32  Their operations 
under different types of hydrology and given different mixes of water supply resources were 
documented.  Maximum flexibility was integrated into the model to allow users to test the energy 
impacts of changes to future water supplies, demand, and policies. 

4.1 Model Design Approach 
The Study Team interviewed key stakeholders, including DWR’s lead water modeler, and 
reviewed several existing water models to evaluate their ability to perform the tasks necessary to 
satisfy the goals of Study 1.  Through this work, the Study Team concluded that no existing 
model can cost-effectively meet the Study 1 goals.  Consequently, the Study Team embarked 
upon development of a customized water-energy model designed specifically to meet the goals 
of Study 1; i.e., to predict the energy impacts of the state’s wholesale water systems under a 
variety of potential future conditions. 

In designing the model, the following data issues were considered: 

 Water years are effective in depicting seasonal variations in water operations. 
                                                 

32 Local surface water and groundwater were excluded from this calculation. 
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 Facility level energy analyses help to identify energy drivers. 

 The balance of water supplies can be estimated from regional water balances. 

 Physical energy and embedded energy are measured differently. 

The significance of these data issues is discussed below. 

 Water Years.  The Technical Working Group requested that the Study Team document 
and predict monthly variations in water and energy patterns in California’s wholesale 
water systems.  For this purpose, water years (October to September) are informative in 
depicting the distinct inverse patterns of hydrology and demand in California. 

1. Hydrology.  California’s precipitation typically starts in the fall, between October and 
November, ramping up through winter, and tapering off in spring.  Precipitation 
received at high elevations during winter months when temperatures are low is stored 
temporarily as snow.  The timing of runoff from snowmelt depends on many factors, 
including temperature and humidity, but typically occurs between May and June. In 
years with very heavy snowpack and moderate temperatures, runoff from snowmelt 
can extend into late summer.   

2. Water Demand.  The agricultural irrigation season starts when precipitation drops 
off, typically between April and May, and extends through late summer (August to 
September), depending on the crops being grown.  Urban demand reflects some 
seasonality, primarily due to seasonal industries plus additional outdoor landscape 
irrigation during hot summer months, but does not vary as much as agricultural water 
demand. 

The primary departure from this pattern is operation of CRA which delivers water to southern 
California from Lake Mead.  MWD operates CRA in a manner that maximizes its delivery 
capabilities during the last quarter of each calendar year, enabling MWD to take as much surplus 
water as is made available by other CRA users.  Declarations of surplus water are typically made 
at the end of each contract delivery year which is based on calendar years.  Further, the Colorado 
River watershed has a different climate and hydrology patterns than California.  Consequently, 
California’s seasonal hydrology has little impact on the pattern of CRA deliveries. 

To capture the potential magnitude of seasonal variations in wholesale water delivery operations, 
the Study Team analyzed water delivery patterns for the five primary water year types used by 
DWR in statewide water planning:  Wet, Dry, Critical, Above Normal and Below Normal.  All 
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water year types except “Critical” are represented in the study time period: 1998-2005.33  
Figure 4-1 shows the water year classifications according to the Sacramento Valley Hydrologic 
Index that is used by DWR to determine water year type.  For purposes of this Study, the year 
producing the least amount of water, 2001 (a Dry year), was deemed to represent a “Critical” 
year and used to approximate water operations during a very dry year.   

Figure 4-1.  Water Year Classification by River Indices 
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 Facility Level Energy Intensities were computed where available for the nine water 
agencies to illustrate the variability in energy intensity by each major wholesale water 
facility, primarily either a pump station delivering surface water or an in-conduit 
hydropower facility that generates hydropower as a by-product of those water deliveries.  
Each facility was mapped to the hydrologic regions in which it resides and to the energy 
supplier(s) that provided the energy that was used by those facilities to deliver water.  

Not all agencies provided facility level data:   

o MWD provided the combined amount of energy between primary delivery points in 
their system (i.e., the sum of energy from multiple pump stations that were operated 
in serial to deliver water to a particular point).   

                                                 

33 The last “Critical” year to occur in California was water year 1994.  Limited data were available on wholesale and 
other water operations in 1994. 
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o SCVWD provided its own estimates of energy intensities.  

Energy used by each facility was reduced by the amount of in-conduit hydropower generated as 
a by-product of water delivery operations at that point.  That is, had water not been delivered via 
that water conduit, power could not have been produced.  In this manner, both the total and net 
energy requirements of the wholesale water system are identifiable. 

 Balance of Water Supplies.  The Study 1 scope of work specified computing the quantity 
of energy associated with all water consumed in California by both the agricultural and 
urban sectors.  As noted earlier, the nine water agencies studied account for 73 percent of 
all wholesale inter-basin surface water consumed in California.  In order to compute the 
balance of water not provided by the nine water agencies, the Study Team relied on 
DWR’s regional water balances.   In each region, the amount of water delivered by the 
nine agencies was deducted from total in-region and imported water supplies to compute 
the amount of other water used to meet regional demand.  

 Physical vs. Embedded Energy.  Energy intensities by facility, agency and/or water 
supply resource were computed and used in two ways:  (1) to compute the amount of 
energy used for wholesale water operations in each hydrologic region (i.e., the physical 
energy used in-region), and (2) to compute the amount of energy embedded in water used 
in each hydrologic region (i.e., upstream Supply and Conveyance energy).   

Definitions of energy intensity, physical energy and embedded energy are provided 
below. 

 

Energy Intensity (kWh/AF) 

For Study 1, energy intensity is defined as the amount of energy needed to 
produce and transport a unit of wholesale water.  Individual energy intensity 
refers to the energy requirements of a single pump or power station.  Cumulative 
energy intensity refers to the sum of the energy intensities of all facilities 
upstream of a given facility and including that facility.  A positive value for 
energy intensity indicates a facility uses energy to move water (pumping).  A 
negative value indicates a facility generates energy from water flow. 
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Physical energy was computed by region for water supplies attributable to the nine agencies for 
which we were able to obtain energy data.  Groundwater energy was estimated using average 
beginning and ending depth-to-groundwater measurements by groundwater basin for each water 
year type.  Embedded energy was computed by summing the upstream energy deemed embedded 
in wholesale water operations for each water supply resource, and then mapping it to the 
hydrologic regions in which the water was used. 

Figure 4-2 illustrates physical vs. embedded energy by water supply resource in each of the 
hydrologic regions for base water year 2010.  As discussed earlier, the amounts shown for 
embedded energy only include energy embedded in the Supply and Conveyance segment of the 
water use cycle.  These numbers would need to be adjusted to include water treatment and 
distribution, and wastewater treatment, in order to represent the full embedded energy value of a 
unit of water. 

Embedded Energy (kWh) 

Embedded energy is reported at the regional level.  It represents all the energy 
that is required to make water deliveries to that region, regardless of where the 
energy consumption actually occurred.  It can be calculated by multiplying the 
water deliveries made to a region by the cumulative energy intensity of the last 
facility through which the water passed.  The embedded energy associated with a 
hydrologic region is not necessarily consumed by facilities in the region. 

Physical Energy (kWh) 

Physical energy is calculated at the facility level.  It represents the total energy 
that needs to be supplied to a pump station or is generated by a power plant.  It 
can be calculated at the facility level by multiplying the individual energy 
intensity of a facility by the water that flows through it.  The physical energy use 
for a hydrologic region is the sum of the physical energy use of all facilities 
located in that region.   
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Figure 4-2.  2010 Physical vs. Embedded Energy by Region 
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4.2  Model Structure 
California's water agencies have collectively spent hundreds of millions of dollars on a wide 
variety of models to help them plan and manage their water supplies.  There is no 'perfect' model 
and there is no 'one size fits all.' 

In designing this model, the Study Team’s overarching goal was to enable estimating the energy 
impacts of a wide variety of potential changes to water resources and infrastructure.  The 
granularity of inputs was determined primarily by the types of policies that are being considered 
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by California policymakers and stakeholders that can significantly affect the timing and quantity 
of wholesale water supplies that are being moved at any particular point or at any particular time.  
The data selected for use in the model was determined on the basis of “best available” for this 
purpose.   

For the nine water agencies being studied in detail, the water agencies themselves were 
considered the most authoritative source.  As the state's water resource planning organization, 
DWR was deemed the authoritative source for all other types of water data.  The Study Team 
looked to individual agencies for policies – for example, the State Water Resources Control 
Board (SWRCB) is the state's authority on recycled water policies.  With respect to statewide 
water supply and demand, the only reliable source of information is DWR's regional water 
balance in which water supplies and demand are balanced for specific water years by hydrologic 
region. 

With those primary sources of data identified, the Study Team created a model that relies first on 
individual agency level data, then reconciles the agencies' data to the regional water balances.  
The model then computes the energy requirements of water delivered by the nine agencies.  
Figure 4-3 depicts the model structure.   

Figure 4-3.  Model Calculation Structure 

 

Separately, energy attributable to other water resources (surface, groundwater, recycled and 
desalinated water) is computed using other in-region resources as a proxy.  Where an appropriate 
proxy was not available within the region, other estimation bases were selected.   

Ultimately, the model calculates water and energy use by hydrologic region.  Agency-specific 
facility data are mapped to the hydrologic regions in which they are located to identify their 
separate contributions to water deliveries within that region and the associated quantity of energy 
used at that site. 

Within the model, both demand and supplies are modifiable by the user within certain 
parameters.   An overview of the structure and operations of the model is provided in this 
chapter.  More detailed documentation including the calculation methodology and input 
parameter constraints is provided in Appendix D.  
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4.3 Primary Data Sources 
The model relies upon three primary data sources: 

 Agency-specific monthly water and energy data, collected at the facility level where 
available and at specific delivery points where facility level data are not available 

 DWR regional water balances 

 Detailed water demand projections from DWR 

These data form the crux of Study 1.  From these data, energy intensity of wholesale water 
supplies by water resource and by region is computed.  These data are then rolled up to the 
statewide level to compute total energy requirements of the wholesale water system and the 
embedded energy of various water resources. 

Although the Study Team selected these sources as “best available” for purposes of Study 1, 
there were some challenges: 

1. Water-energy data are not presently readily available in the form needed for this study 
and the model.  Collecting, compiling, and analyzing the data to develop model inputs 
required an extensive effort.   

2. In order to develop the capability to predict energy impacts under future conditions, the 
Study Team needed to identify a rational basis for extrapolating water-energy 
relationships observed in prior years to future scenarios.  Energy intensity at the facility 
level or delivery point – i.e., the amount of energy needed to pump water at any particular 
location measured in kWh/AF - was selected with the intent of ratcheting total energy 
requirements up or down with the assumed future quantities of water by agency and/or 
type and location of water resource.  During the analyses of energy intensities, data 
adjustments were made to eliminate obvious outliers.  For facilities at which significant 
variations in energy intensities were observed, knowledgeable agency managers were 
interviewed to identify the sources of such variances.  In general, the recommendations of 
the agency operations managers as to how to treat these variations were accepted.  As 
noted earlier in this report, in order to facilitate an understanding of the true energy 
requirements of wholesale water systems, energy intensities for water pumping were 
computed separately from in-conduit hydropower.  The model employs energy intensities 
net of in-conduit hydropower. 

3. Regional water balances were selected as the authoritative source of data about the state’s 
total water supplies and demand.  DWR is divided into four planning regions that share 
responsibility for compiling the water balances for the ten hydrologic regions.  Each of 
DWR’s planning regions prepares its hydrologic regional balances separately.  A DWR 
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staff person then adjusts and compiles the statewide water balance.  Upon close 
inspection, the Study Team found inconsistencies in the types of adjustments made by 
DWR planning regions that complicated the mapping of agency specific data to the 
hydrologic regions.  For example, SWP deliveries recorded in the hydrologic region 
water balances do not necessarily tie to the amounts reported in Bulletin 132.  In addition, 
several variables are computed.  Upon conferring with DWR, the Study Team decided to 
discard computed variables that primarily dealt with water flows that were deemed “lost” 
(unavailable) from a water supply perspective.  More information about the types of data 
provided by the regional water balances is provided in Appendix E, Water Balance 
Definitions. 

4.4 Agency-Specific Data 
The Study Team collected monthly water flows and energy used to move that water by each of 
the nine large wholesalers for water years 1998-2005.   

For the nine large water agencies, data were collected by facility (i.e., pump station or power 
generation station).34  Each wholesale agency has a unique mix of facilities, with different 
designs and constraints.  Detailed profiles of each agency and their corresponding facilities are 
presented in Appendix C. 

Most water and energy data collected for this study were provided directly by the wholesale 
agencies themselves, with the exception of the SWP data which were taken from DWR Bulletin 
132.  Energy intensity at each facility was calculated from monthly water delivery and energy 
use data.  Generally, the energy intensity at each facility was fairly consistent, but the Study 
Team did observe significant variances at several facilities.  To better understand the drivers of 
significant variations in energy intensity, the Study Team interviewed experienced water 
planners and operators.  These interviews are documented in Appendix C, along with the 
documented energy intensity by agency and facility. 

4.5 Regional Water Balances 
Water supply and use by hydrologic region were compiled from historical regional water 
balances contained in DWR Bulletin 160.  The regional water balances show the total water use 
within each region and the water supplies that were applied in a particular water year to meet that 
water use.  “Balance” implies that supply equals use.  In fact, there are significant data gaps that 
require estimating certain line items in the water balances.  A description of the key variables 
documented in the regional water balances and the sources of the data shown – i.e., whether 

                                                 

34 Some wholesale water agencies also provide treatment.  Treatment energy was not included in Study 1 to facilitate 
comparison of the energy intensity of wholesale water deliveries on a comparable basis. 
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collected and compiled vs. estimated – are shown in Table 4-1.  For a detailed description of the 
water balance items, see Appendix E. 

Table 4-1.  Illustrative Regional Water Balance for a Single Hydrologic Region 
WATER USE 

End Use Annual 
Volume of 
Water (TAF) 

Primary Data Source(s)

Agricultural  Data are computed 
through use of DWR’s 
agricultural water model 

Applied Water – Crop Production 691.9 
Conveyance Applied Water 0.0 
Groundwater Recharge Applied Water 0.0 
Total Agricultural Use 691.9 
Urban  Data are compiled from 

UWMP’s when available, 
missing information is 
estimated by local 
planning areas 

   Large Landscape 165.7 
   Commercial 699.5 
   Industrial 186.0 
   Energy Production 39.8 
   Residential-Interior 1593.9 
  Residential-Exterior 776.1 
Conveyance Applied Water 160.0 
Groundwater Recharge Applied Water  
Total Urban Use 3,621.0 
Environmental  Data are taken from 

stream measurements 
and modeled for 
managed wetlands 

   Instream Applied Water 3.5 
   Wild and Scenic Applied Water 284.2 
Required Delta Outflow Applied Water 0.0 
Managed Wetlands Applied Water 31.2 
Total Environmental Use 318.9 
Total Use 4631.8  
SUPPLY 
Resource Annual 

Volume of 
Water (TAF) 

 

Surface Water  Data are taken from 
delivery records, from 
Bulletin 132, from 
USBR, data from water 
agencies, and from 
estimates/adjustments 
made by planning areas. 

   Local Deliveries        292.1  
   Local Imported Deliveries       442.0 
   CR      1,081.3  
   CVP 0 
   Other Federal Deliveries 4.2 
   SWP 687.7 
Total Groundwater 

     1,632.3  
Generally computed as 
the balancing supply 

Reuse/Recycle  Data are taken from 
local water agencies and 
estimated by planning 
areas 

   Reuse of Surface Water 287.7 
   Recycled Water 204.5 
   Desalination 0 
Total Supplies 4631.8  
 
Note: Data taken from the South Coast Regional Water Balance for water year 1998 
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DWR matches water supplies and use by water year and by hydrologic region, and then compiles 
these data on a statewide level.  In accordance with the Technical Working Group’s request, 
annual regional water data was allocated to a monthly profile.  The methodology for determining 
the annual load curves is presented in Appendix D.  The availability of the regional water 
balances for water years 1998-2005 was a major factor in the Study Team’s recommendation to 
focus on these particular eight years for detailed study. 

Below is a description of the primary types of water use and water resources that are documented 
in the regional water balances. 

Water Use.  The water balances report urban, agricultural, and environmental use by region and 
by water year.  

 Urban Water Use.  DWR regional planning areas get as much as possible of their data 
from local water agencies.  The requirement to file Urban Water Management Plans 
(UWMP)35 with DWR is improving the availability of data.  When data are not available 
from local water agencies, DWR planning regions develop their own estimates. 

Urban end uses (Residential, Commercial, Industrial, and others) are also estimated by 
DWR planning areas.  For example, Outdoor Water Use (Residential Exterior, Large 
Landscape) is purely an estimate as limited data are available to separate indoor from 
outdoor metered water uses.  Some planning areas use the difference in volume of water 
treated and volume of wastewater treated as an indicator of the amount of exterior water 
use.    

 Agricultural Water Use. Agricultural water use is obtained by a bottom-up estimate 
made by experts at DWR based on crop acreage, soil type, and other variables.  The 
water use met by rainfall is subtracted from this estimate.  The balance of water use is 
that which appears in the regional water balances and must be met by some form of 
supply.  An estimate is needed because water used for agricultural purposes is not always 
metered (for example, on-farm ground water pumping). 

The methods of estimating agricultural water use and quality of data for estimates are 
relatively consistent across all planning areas and regions as the information is well 
documented and put through the same agricultural model.  This is in contrast to urban 

                                                 

35 In 1983, the California Legislature enacted the Urban Water Management Planning (UWMP) Act (Division 6 Part 
2.6 of the Water Code §§10610 - 10656) that requires every urban water supplier that provides water to 3,000 or 
more customers, or that provides over 3,000 acre-feet of water annually, to develop a UWMP to ensure the 
appropriate level of reliability in its water service sufficient to meet the needs of its various categories of customers 
during normal, dry, and multiple dry years.  http://www.water.ca.gov/urbanwatermanagement/  
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water use which varies in estimation methods and data quality across different planning 
areas. 

 Environmental Water Use.  Environmental water use includes water required for 
managed wetlands, instream minimum flows, and required Delta outflow.  Additionally, 
environmental water use accounts for uncontrolled flows in wild and scenic rivers. 

o Managed wetlands water use is estimated similar to agricultural water use.  
Information from each managed wetland is collected on the total acreage and type.  
Total use is calculated, and the use met by rainfall is subtracted.  The balance of use 
is that which appears in the regional water balances and must be met by some form of 
supply.   

o Instream flows are those required to keep streams and downstream bodies of water at 
minimum levels.  This amount of water cannot be used by others and must be allowed 
to continue flowing down the stream. Since no others can use it, instream flows are 
treated as a form of water use.  Instream flows are managed by releases or diversions 
of water. 

o Required Delta Outflow is water required, under State Water Resources Control 
Board decisions, to be discharged through the Sacramento-San Joaquin Delta to San 
Francisco Bay in order to protect the water quality and thus, the beneficial uses within 
the Delta.  These flows protect the Delta from the incursion of saline water from the 
Bay.  This water is not used by exporters and is treated similar to instream flows for 
our modeling purposes. 

o Wild and Scenic flows are those in uncontrolled rivers and streams that are dedicated 
as “Wild” or “Scenic.”  No water may be removed from these streams, thus they are 
treated as a water use.  However, these rivers may feed controlled reservoirs further 
downriver and may eventually turn into supply (e.g., Upper Feather River).  These 
waterways are uncontrolled; the amount of water that flows through them is 
attributable to natural runoff.  Data collection is a simple stream flow measurement 
that is recorded by DWR.  DWR recommended removing Wild and Scenic flows 
from Study 1 water use data since there are minimal controls on these flows and 
because they generally have no energy associated with them. 

Water Supply.  Surface water supplies include wholesale water and local deliveries.  Wholesale 
water data are obtained from the regional water balances for the two largest wholesalers (SWP 
and CVP) as well as total diversions from the Colorado River (CR).  Most of the deliveries by all 
other Study 1 wholesale agencies cannot be directly tracked to the regional balances because 
their numbers are consolidated with other water sources by type.  For the remaining wholesale 
agencies, water data were developed from data provided to the Study Team by the wholesalers.  
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The Study Team compared the quantity of water presented in the regional water balances with 
the quantity reported in Bulletin 132.  There was variance between the two sources in most years, 
as shown in Table 4-2. 

Table 4-2.  State Water Project Variance 
 SWP Reported Deliveries (MAF)  

Water Year 
(Type) 

Regional Water 
Balance Bulletin 132 Difference 

1998 (W) 2.14 1.73 19.1% 
1999 (W) 2.71 2.53 6.7% 
2000 (AN) 3.63 3.55 2.1% 
2001 (D*) 2.10 1.99 5.4% 
2002 (D) 2.90 2.55 12.2% 
2003 (AN) 3.19 2.97 7.0% 
2004 (BN) 3.20 3.20 -0.1% 
2005 (BN) 3.41 3.24 4.9% 

 
 

To determine the source of these variances, the Study Team interviewed DWR planning staff 
who advised that the SWP figures in the water balances are compiled by the planning regions 
that make adjustments at the regional level.  The reasons for these adjustments were not 
documented, and further investigation by the Study Team into these variances did not reveal a 
clear pattern.  The Study Team chose to rely on the data presented in the water balances because 
they are vetted by DWR staff and are a more complete source of water data. 

Other water supplies in the model are local surface water, groundwater, recycled water, and 
desalination.   

 Historic recycled and desalinated water by region documented in the water balances are 
provided in the model as default values.  Users can override these default values.   

 Groundwater and local surface water are used as balancing supplies in the model, 
computed as a function of use in a particular region by water year type.  Specifically, 
after all of the use in the region is met by available wholesale surface water, recycled 
water and desalinated water, available groundwater and local surface water supplies are 
called upon to meet the balance of in-region water use. 

The amount of in-region water supplies that can be drawn upon to meet increased water demand 
is capped to represent an upper limit of supply available from local surface reservoirs and 
streams.  These upper limits were obtained by examining historic data in each hydrologic region: 
details are available in Appendix H. 

*As previously noted, 2001 is treated as a Critical year, for purposes of 
this study 
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4.6 Inputs 
To run the model, users must supply a few inputs.   

1. First, a demand scenario is required.  Users can choose between a low demand or a high 
demand scenario based on estimates by DWR for statewide water supply planning 
purposes.  The demand assumptions are described in Appendix F.   

2. Additionally, users can input a low, high or average case for water transfers via CRA to 
MWD.  MWD can purchase surplus water from other Colorado River water recipients 
and transport it via the CRA to its service area.  For more description on CRA transfers, 
see Appendix C – CRA section. 

3. Delta flow restrictions can also be specified by the user.  Users can input a specific 
percentage to restrict Delta flows.  Alternatively, by applying a negative percent change, 
this input can be used to increase the amount of Delta flow to approximate conditions 
such as the construction of additional storage upstream of the Delta or an isolated facility 
(Peripheral Canal).  These options are further detailed in Appendix D. 

4. Finally, users can change demand and local supply parameters.  For demand, users can 
adjust the percent change for several demand variables by region, including urban 
landscaping, urban interior and agricultural irrigation.  These changes can represent 
conservation measures imposed by the state, or other changes described in Chapter 5.  
For supply, users can increase the amount of available surface storage, recycled water, 
and desalination by region.   

4.7 Outputs 
The primary outputs of the model are water deliveries and energy use by hydrologic region.  
These are produced for each water year for baseline (2010) conditions, and for future years 2020 
and 2030.   

The model outputs water deliveries by supply type by hydrologic region, as illustrated in 
Figure 4-4. 
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Figure 4-4. Water Deliveries by Region 
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The model also outputs energy used to deliver water by source in each water year.  A monthly 
energy profile is then produced, showing how each source of water uses energy at different times 
of the year.  This is illustrated in Figure 4-5. 
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Figure 4-5.  Monthly Energy Profile by Water Type 
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Note: All listed suppliers’ energy use are included on the graph; however many are too small in 
magnitude to be able to discern.  Major energy users are labeled for clarity. 

The model then rolls up regional water and energy data to compute statewide energy use by 
water year type.  Figure 4-6 illustrates how statewide energy use in future years compare to 
baseline 2010 conditions. 
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Figure 4-6  Statewide Energy Consumption 
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The model is structured to facilitate evaluation of changes in water and energy under changed 
conditions.  Scenario analyses are described in the next chapter. 

4.8 Model Limitations  
While the next chapter will explain the types of scenarios that the model can be used to test, 
there are a few scenarios that this model was not intended to perform.  The model also does not 
include economic parameters, which are important in water allocation decisions 

1. First, the model was not meant to model the effects of climate change.  DWR and other 
key stakeholders advised that effects of climate change are unlikely to be seen in the 
2020 and 2030 time frame, so including this functionality does not offer any additional 
insights.   

2. Secondly, the model estimates the energy impacts of single years.  It is not structured to 
evaluate multi-year sequences of hydrology, such as three dry years in a row, or a dry 
year preceded by two wet years.  The model shows results for a single water year type, 
independent of prior years.  Users could modify inputs to reflect, for example, a year that 
was preceded by a multi-year drought by decreasing local surface water availability and 
decreasing delta flows for the year modeled.   

3. Finally, the model does not project changes to environmental flows (instream and 
managed wetlands).  Environmental flows are specified by regulation.  DWR uses a fairly 



 

90 

 

constant number for environmental flows throughout its 30 years water supply planning 
horizon.  Consequently, this assumption is held static in this model.   

Appendix M, Model User’s Manual, includes instructions for running the model and specific 
information on model inputs and results.  The model will be available online from the CPUC. 
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5 Scenario Development 

5.1 Purpose and Overview 
The Study Team developed two scenarios to illustrate the impact of future conditions on water 
deliveries and energy consumption associated with those water deliveries in the state. Scenario 
analysis describes a process of hypothesizing about potential future conditions and then 
projecting the impacts of those potential future conditions.  In the context of Study 1, scenarios 
were developed to represent the range of potential water deliveries and their associated energy 
requirements given a wide variety of changes in variables, including but not limited to: 

 Changes in California’s Water Supply Portfolio; e.g., changes in hydrology; changes to 
the quantity and location of surface and groundwater supplies; and changes in the mix of 
water resources in regional and statewide water supply portfolios. 

 Changes in the Quantity, Timing and Location of Water Consumption; e.g., due to 
changes in population; changes in agricultural vs. urban water demand; changes in 
policies; and changes in water end-use technologies. 

 Changes in Water Delivery Operations; e.g., due to changes in policies, regulations, 
water delivery commitments and/or infrastructure (e.g., more or less conveyance or 
storage capacity at key points in the wholesale water system). 

The Study Team met with stakeholders to discuss the types of factors that they believed would 
be most significant in terms of energy impacts.  Stakeholders advised that many variables affect 
both the amount and timing of wholesale water deliveries throughout California.  Stakeholders 
stated that since (1) there are so many policy options, and (2) it is impossible to say which are 
most “likely” to be in effect by 2020 or 2030, the best approach was to develop a set of 
assumptions that establish a range of potential outcomes via a high case and a low case, and 
compare the case results.  By selecting a high and low case, these scenarios would model most 
possible outcomes of various policies that may be implemented in the future.  The Study Team 
followed this advice of the stakeholders and developed two bounding scenarios. For additional 
information about the types of policies that were discussed with stakeholders, see Appendix K.   

Draft future scenarios were presented to key stakeholders to solicit feedback.  The scenarios 
presented in this report incorporate the input of these stakeholders who include: California 
Department of Water Resources (DWR), California Energy Commission (CEC), State Water 
Resources Control Board (SWRCB), Natural Resources Defense Council (NRDC), and Pacific 
Institute. In addition, a Director of the Water Replenishment District of Southern California was 
interviewed.   
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Each bounding scenario assumed different levels of infrastructure changes that could occur.  
Each scenario’s assumptions associated with these infrastructure changes are described in the 
Delta Flow Restrictions Assumptions Section.   

The Study Team developed two future scenarios to run using the predictive model; these are both 
then compared against a base case.  The Base Case and future scenarios are described below and 
discussed in detail in this section. 

Table 5-1. Scenarios Evaluated Through Study 1 
Scenario  Time Period  Assumptions 

Base Case  “Today” = 2010 

 Current year hydrology (used “Above Normal”) 

 Current year water demand 

 Current year water supply portfolio 
 Current water policies 

Low Energy 
Scenario 

2020 & 2030 

For each of 5 types of hydrology years:

 Low water demand projections 

 Portfolio of future water policies that are expected to reduce the energy 
intensity of the Supply & Conveyance segment of the water use cycle (e.g., 
aggressive urban water conservation, increased use of recycled water, and 
new surface water storage) 

High Energy 
Scenario 

2020 & 2030 

For each of 5 types of hydrology years:

 High water demand projections 

 Portfolio of future water policies that are expected to increase the energy 
intensity of the Supply & Conveyance segment of the water use cycle (e.g., 
minimal urban water conservation, aggressive growth in seawater and 
brackish water desalination, minimal construction of new recycled water 
supply, new surface water storage, and infrastructure changes allowing 
increased Delta withdrawals) 

 

5.2 Scenario Assumptions and Inputs 
The policies and projections that drive the inputs to the two scenarios and Base Case condition 
are summarized in Table 5-1.  Each input and the assumptions behind them are described in 
greater detail in the rest of this chapter. 
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Table 5-2.  Scenario Drivers 

Driver Base Case Low Energy 
Scenario 

High Energy 
Scenario 

Demand Current Trends Low High 

Policies Affecting 
Demand 

None Conservation policy to 
further reduce urban 
demand 20% in 2020 
and 25% in 2030 

Conservation policy to 
further reduce urban 
demand 20% in 2020 
and 20% in 2030 

Bay Delta 
Operations and 
Flow Restrictions 

Current operations Added storage 
upstream of the delta 

Added storage 
upstream of the delta 
and completion of 
“isolated facility” 

Colorado River 
Aqueduct Imports 

900 TAF/year  1,200 TAF/year 800 TAF/year 

Brackish Water 
and Seawater 
Desalination 
Capacity 

Current infrastructure Current infrastructure Construction of all 
new planned capacity 

Recycled Water 
Capacity 

Current infrastructure Meet SWRCB goals of 
2,000 TAF in 2030  

Meet SWRCB 
mandate of 300 TAF 
in 2030 

Local Surface 
Storage Capacity 

Current infrastructure Increase capacity by 
2% in each region 

Current infrastructure 

 

5.3 Demand Assumptions 
The demand projections used for Scenarios 1 and 2 are the “Low Demand” and “High Demand,” 
respectively.  The data used for these inputs in both 2020 and 2030 are detailed in Appendix F.  
Demand input was developed based on DWR future projections. As the agency responsible for 
statewide water planning, the Study Team views DWR’s demand assumptions as authoritative.  

The Base Case applies DWR’s “Current Trends” projection.  The current trends projection 
calibrates to historic demand in 2000 and projects demand in 2010 assuming existing water 
usage trends from 2000-2005 would continue until 2010.   

The Low Energy Scenario assumes low demand in 2020 and 2030.  In the agricultural sector 
demand follows DWR’s “Low Water Demand” projection, statewide demand decreases from the 
2010 base case by 4 percent in 2020 and 8 percent in 2030.  The urban demand departs from 
DWR’s “Low Water Demand” projection.  The Study Team assumed urban demand will remain 
at 2010 levels in both 2020 and 2030.  In comparison, DWR projects statewide urban demand to 
increase 2 percent by 2020 and 4 percent by 2030. 
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The High Energy Scenario assumes high demand in the future in 2020 and 2030, following 
DWR’s “High Resource Intensity” projection.  Demand in the agricultural sector still decreases 
in this projection (a 1.5 percent decrease in 2020 and a 4.4 percent decrease in 2030); however, 
not as much as in the low demand scenario. Demand in the agricultural sector still decreases in 
this projection; however, its change is not as dramatic: a 1.5 percent reduction in 2020 and a 4.4 
percent reduction in 2030.  Urban demand increases significantly: this scenario assumes 
statewide urban demand increases 18 percent by 2020 and 40 percent by 2030. 

5.4 Policies Affecting Demand 
Policies in both the low and high energy scenarios promote incremental demand reductions on 
top of the demand projections selected for each scenario.  Incremental demand reductions affect 
the urban sector alone, agricultural demand is not reduced. 

The Base Case scenario assumes no incremental demand reduction beyond the Baseline 
Demand.  The Low Energy Scenario assumes a 20 percent incremental demand reduction in all 
urban uses in 2020 and a 25 percent reduction in 2030.  The High Energy Scenario assumes a 20 
percent reduction in all urban uses in both 2020 and 2030.   

These assumptions originate from the Governor’s goal of reducing urban water demand by 20 
percent in 2020.  This goal was codified into law by Senate Bill No. 7 (SB 7) in November 2009.  
SB 7 sets a standard of achieving a 20 percent per capita decrease in urban water use; however, 
multiple possible baselines were established and alternative methods of establishing a baseline 
and accounting for reductions can be developed by DWR before December 2010.  Because of the 
uncertainty in exact baseline and implementation of this policy, the Study Team chose to model a 
20 percent reduction in all urban uses in each scenario regardless of the levels of demand or 
ultimate per capita water use in each scenario.  The assumption of 25 percent conservation in 
2030 was made to represent further conservation in the 10 years following 2020. 

5.5 Delta Flow Restrictions Assumptions 
Many parties are discussing potential water related infrastructure projects.  However, it is still 
uncertain which particular infrastructure projects will eventually be constructed. Thus, each 
bounding scenario assumed different levels of infrastructure changes.  The major infrastructure 
projects being discussed pertain to additional storage upstream from the Delta and the 
construction of an “isolated facility”36 to bypass the Delta.  

The combination of additional storage for the SWP and the CVP upstream of the Delta, the 
construction of an “isolated facility,” and the Wanger Decision all have the effect of altering 
flow restrictions in the Delta; this is how the Study Team models these changes. 
                                                 

36 Also referred to as “Delta Conveyance” or “Peripheral Canal”. 
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Increasing Delta exports increases deliveries and energy consumption and generation by the 
SWP and the CVP.  The High Energy Scenario assumes infrastructure changes that allow further 
increases in Delta withdrawals than those changes in the Low Energy Scenario.  

The Base Case assumes current infrastructure and operations will remain in place in 2010.  The 
effects of the Wanger Decision on annual Delta exports to the water projects are modeled to 
reduce deliveries via the Delta 20 percent below historic levels.  This is based on information 
obtained from DWR’s 2010 Forecasted Supply Allocation made in 2009, as illustrated in 
Figure 5-1.  The forecast estimates regulatory uncertainty to have a maximum effect of 
approximately 20 percent.  Thus, the Study Team chose 20 percent for its baseline Delta 
pumping reduction. 

Figure 5-1.  Forecasted 2010 SWP Supply Allocation 

 

Source: DWR, 2010 

The Low Energy Scenario assumes that currently proposed storage facilities upstream of the 
Delta will be constructed in the future.  These facilities include Sites (perhaps 1.8 MAF) and 
Temperance Flat (perhaps 1.2 MAF) Reservoirs proposed to be built to enhance water supply.  
These proposed sites could become partially active by 2020, possibly allowing increased flows 
through and withdrawals from the Delta.  This scenario assumes the partial operation of these 
facilities in 2020 and full operation in 2030 would have the effect of increasing Delta 
withdrawals.  To model this scenario, a 15 percent reduction in Delta withdrawals is assumed in 
2020 while a 0 percent reduction (no reduction below contracted amounts) is assumed in 2030.    

The High Energy Scenario assumes currently proposed storage facilities upstream of the Delta 
are constructed in conjunction with an isolated facility to bypass the Delta.  In addition to the 
storage assumption in the Low Energy Scenario, the High Energy Scenario assumes the 
construction of an isolated facility allows more water to be conveyed through the Delta than was 
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possible under previous physical capacities and regulatory restrictions. The Study Team assumes 
the partial operation of these facilities in 2020 and full operation in 2030 would have the effect 
of increasing Delta withdrawals.  To model this circumstance, a 0 percent reduction in Delta 
withdrawals is assumed in 2020 (no reduction below contracted amounts) while Delta 
withdrawals in 2030 increase 20 percent above currently contracted amounts (modeled by setting 
a “-20 percent reduction” for 2030).  An input value of -20 percent assumed Delta withdrawals 
by the SWP and CVP can increase 20 percent above historic levels in 2030 with the completion 
of these facilities.  

5.6 Colorado River Aqueduct Transfer Assumptions 
MWD imports water via the Colorado River Aqueduct (CRA).  In addition to its allocated share 
of the Colorado River, the MWD seeks additional supplies that can be brought through CRA.  
MWD negotiates with other recipients of Colorado River water for access to their unutilized 
allocations, though the amount available varies year to year.  Increased imports lead to increased 
energy consumption by CRA facilities; each scenario contains varying assumptions regarding the 
amount of imports.  For more information on CRA imports see Appendix C – CRA Section.   

Each scenario, including the baseline, assumes a different amount of transfers are available to the 
MWD via CRA. In the Base Case, the MWD’s imports via CRA are assumed to be “Average”, 
900 TAF; in the Low Energy Scenario, imports are assumed to be “High”, 1.2 MAF; and in the 
High Energy Scenario, imports are assumed to be “Low”, 800 TAF.  These levels were indicated 
by interviews with MWD staff; more information can be found in Appendix C – CRA Section. 

5.7 Local Supply Parameter Assumptions 
Additional supplies from recycled water, brackish water desalination, and seawater desalination 
become available in varying levels in each scenario.  Recycled water has a low energy intensity 
compared to brackish water and seawater desalination.  The use of recycled water is strongly 
promoted in the Low Energy Scenario while desalination technologies are strongly promoted in 
the High Energy Scenario. Assumptions on current existing capacity were obtained from state 
surveys and databases, while future capacities were obtained from state mandates and goals and 
sites that have been currently proposed but not yet built. Details on data sources and methods 
used by the Study Team can be seen in Appendix I. 

The Base Case assumes all currently installed capacity for recycled water, brackish water 
desalination, and seawater desalination remains in operation in 2010.  These assumptions are 
embedded in the model and are not editable by users.  The baseline assumptions for capacity in 
each region are summarized in Table 5-3.  
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Table 5-3.  Baseline Capacity for Brackish Desalination, Seawater Desalination, and 
Recycled Water 

Region Brackish 
Desalination 

Seawater 
Desalination 

Recycled 
Water 

NC 0 0 17,346 

SF 3,900 0 40,370 

CC 0 2,504 25,295 

SC 86,187 148 275,494 

SR 0 0 10,139 

SJ 0 0 33,547 

TL 0 0 108,532 

NL 0 0 5,758 

SL 0 0 18,753 

CR 0 0 9,747 

Total 90,087 2,652 544,981 
 
The Low Energy Scenario assumes aggressive growth in recycled water production statewide.  
This assumption is based on implementation of State Water Resources Control Board’s 
(SWRCB) goals of 1 MAF of new capacity built by 2020 and 2 MAF in 2030.  This new 
capacity is incremental to existing capacity and is proportioned to each region in California 
based on current urban water demand (see Appendix I for details).  The Low Energy Scenario 
assumes no new brackish water or seawater desalination facilities as these supplies typically lead 
to high energy use. 

The High Energy Scenario assumes aggressive growth in seawater desalination and brackish 
water desalination in the state. Growth in recycled water is also present, but less aggressive than 
in the Low Energy Scenario.  The High Energy Scenario assumes all currently planned brackish 
water and seawater desalination facilities become fully operational by 2030; of these, 50 percent 
will become operational in 2020.  Information on the location of each proposed facility was 
mapped to the corresponding region.  New recycled water supplies assume the implementation of 
the SWRCB’s mandates of 200 TAF of new capacity built by 2020 and 300 TAF in 2030.  
Similar to the Low Energy Scenario, capacity is proportioned to each region in California based 
on current urban water demand.  See Appendix I for details on all calculations and sources. 

5.8 Local Surface Storage Assumptions 
Local surface storage provides additional local supply that has low energy intensity; these 
supplies can be used in lieu of high energy intensity supplies such as groundwater or imported 
water. The Low Energy Scenario features increased local supply while the High Energy Scenario 
does not.  The Base Case scenario assumes all current local storage facilities remain in operation 
during 2010.   
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The Low Energy Scenario assumes local storage capacity increases a total of 2 percent above 
current capacity in each region by 2030; half of this new capacity (a 1 percent increase) is 
available in 2020.  The High Energy Scenario assumes no new capacity becomes available in 
either 2020 or 2030.  This increase in storage is translated to a volume increase using data 
obtained from DWR on the total current surface water storage capacity in each region; this 
calculation can be found in Appendix H. 

The Study Team reviewed the Safe, Clean, and Reliable Drinking Water Supply Act of 2010, an 
$11.14 billion general obligation bond, of which $455 million are dedicated to local drought 
relief projects.  Drawing from the drought relief fund, local agencies can construct additional 
surface storage supplies to increase supply reliability.  This amount of funding will only allow 
for a modest increase in local surface water storage. Thus, the Study Team estimated a statewide 
increase in water storage capacity of 2 percent over the forecast period (i.e., 2030).   

5.9 Quantified Inputs for Scenarios 
The quantified values for each input to each scenario are summarized in Appendix J.  Inputs for 
both low and high energy scenarios were input to the model.  Inputs for the Base Case are 
embedded in the model and not alterable by users. This enables estimating the potential future 
energy impacts under the low and high energy scenarios by comparing the projected results to 
“today.”   

5.10 Scenario Outputs 
The Study Team completed its scenario analysis by running the two scenarios described in 
Chapter 5 through the model.  This section discusses the results of the scenario analysis. 

Results show the majority of energy consumption in the state under current conditions is 
attributed to groundwater pumping (see Figure 5-2).  Under most future scenarios, groundwater 
pumping and the SWP are the two largest energy consumers.  The larger energy consumer 
(groundwater vs. SWP) varies by scenario and type of hydrology year.  Other major energy 
consumers under current conditions include CRA and CVP.  In future scenarios, the increased 
use of recycled water and desalination technologies cause those supplies to emerge as major 
energy users as well. 
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Figure 5-2.  2010 Baseline Monthly Energy Profiles of Statewide Water Delivery 
Operations 
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Additional analysis shows the majority of energy consumption by California water systems 
occurs in the Tulare Lake Region (Figure 5-3). Much of this energy is attributed to the SWP as 
several large pump stations are physically located in the region to pump water over the 
Tehachapi Mountains to southern California.  While a relatively small amount of energy is used 
in this region, the South Coast has the largest embedded energy associated with water deliveries 
to the region.  Water transported to the South Coast via the SWP and the CRA require significant 
amounts of pumping.   

Note that the amounts shown in Figure 5-3 for embedded energy only include energy embedded 
in the Supply and Conveyance segment of the water use cycle.  These numbers would need to be 
adjusted to include water treatment and distribution, and wastewater treatment, in order to 
represent the full value of energy embedded in a unit of water. 
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Figure 5-3.  2010 Physical and Embedded Energy by Supply and Region 
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Analysis revealed the possible range of future energy consumption by the two scenarios, as 
illustrated in Figure 5-4.  The range created within each scenario is due to the effect that 
hydrology has on available supplies and energy use. 
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Figure 5-4.  Future Statewide Energy Use by the California Water System  
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Annual energy use is disaggregated into monthly energy use statewide.  These monthly energy 
ranges for both Scenarios in 2020 and 2030 can be seen in Figure 5-5. 

Figure 5-5.  Future Statewide Energy Use by the California Water System - Monthly 
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The full scenario analysis results (Figures 5-6 through 5-19) include information on: statewide 
energy consumption for each water year type, monthly energy consumption by water supply, 
water deliveries to each region by supply, and physical energy consumption and embedded 
energy associated with each supply in each region.  Detailed results are highlighted for three 
water year type: Wet, Below Normal, and Critical.  These three year types represent the extremes 
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of water supply available and energy use by the water system.  Detailed results for Above 
Normal and Dry water year types can be obtained from the model. 

Figure 5-6.  Statewide Energy Consumption Scenario 1 
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Figure 5-7.  Statewide Energy Consumption Scenario 2 
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Figure 5-8.  Monthly Energy Profiles - Wet Year Type  
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Figure 5-9.  Water Deliveries by Supply - Wet Year Type 
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Figure 5-10.  Embedded and Physical Energy Use - Wet Year Type, 2020 
Scenario 1  Scenario 2 
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Figure 5-11.  Embedded and Physical Energy Use - Wet Year Type, 2030 
Scenario 1  Scenario 2 
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Figure 5-12.  Monthly Energy Profiles - Below Normal Year Type  
 2020  2030 
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Figure 5-13.  Water Deliveries by Supply - Below Normal Year Type  
 2020  2030 
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Figure 5-14.  Embedded and Physical Energy Use - Below Normal Year Type, 2020 

Scenario 1  Scenario 2 
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Figure 5-15.  Embedded and Physical Energy Use - Below Normal Year Type, 2030 
Scenario 1  Scenario 2 
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Figure 5-16.  Monthly Energy Profiles - Critical Year Type  
 2020  2030 
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Figure 5-17.  Water Deliveries by Supply - Critical Year Type 
 2020  2030 
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Figure 5-18.  Embedded and Physical Energy Use - Critical Year Type, 2020 
Scenario 1  Scenario 2 
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Figure 5-19.  Embedded and Physical Energy Use - Critical Year Type, 2030 
Scenario 1  Scenario 2 
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5.10.1 Sources 

DWR. Forecasted 2010 SWP Supply Allocation. 
http://www.water.ca.gov/news/newsreleases/2009/12012009allocationgraph.pdf. Accessed 
January 2010. 

DWR. 2009 Comprehensive Water Package. November 2009 
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6 Summary of Findings 

The primary purpose of Study 1 is to increase understanding of the relationship of energy and 
water Supply & Conveyance systems in the State of California.  The desired outcome of this 
study is a predictive model that estimates the potential range of statewide energy impacts under a 
variety of future scenarios. 

Water system operations are the primary determinant of energy use by the state’s Supply & 
Conveyance systems.  Hydrology is useful in understanding the seasonal impacts of water 
supplies and demand in California.  However, many other non-hydrology factors such as storage, 
water rights, contractual obligations, and policies have a much more significant impact on water 
operations decisions. 

The Study Team’s approach was to first conduct a detailed analysis of energy use by nine large 
wholesale water systems that collectively comprise 70 percent of all wholesale surface water 
conveyance in California.  Energy drivers, design and operating characteristics, contractual 
commitments, and other key factors were studied and documented in detail for the period 1998-
2005.  This period was selected because it more fairly represents the resources and infrastructure 
conditions water operators are dealing with today.  In addition, DWR has prepared detailed 
statewide and regional water balances for that period that help to estimate the impact of 
wholesale water deliveries as well as other sources of water such as groundwater and local water 
surface supplies.  Further, the state’s future water resource portfolio is expected to include 
significant quantities of recycled and desalinated water.  The expected change in water resources 
will likely have a significant impact on the quantity and timing of water-related energy use. 

During the process of collecting, analyzing and compiling water-energy data, the Study Team 
encountered significant data challenges that needed to be addressed with the participating water 
agencies and other key stakeholders to adjust and resolve.  The Study Team met extensively with 
DWR staff and managers about the operations of the SWP, how water operations are being 
modified to account for Judge Wanger’s decision on withdrawals from the Delta, and the process 
for compiling the regional water balances and the types of estimates and adjustments that are 
made by DWR to balance supply and demand by hydrologic region.  MWD provided insights as 
to its water supply challenges and how that affects the operation of the CRA.  Each agency that 
provided data reviewed and approved its profile in Appendix C. 

As the Study Team grappled with these data issues, choices were made in the model design to 
ensure that the best possible data sources were used wherever possible.  Energy intensities were 
developed at the facility level wherever possible and, where not possible, at key points of 
wholesale water deliveries.  Significant variations in energy intensity were flagged for discussion 
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and resolution with the subject agencies.  As the most reliable source of information about how 
various types of water resources are applied to meet water demand, DWR’s regional water 
balances were used as the overarching framework for the model.  This allows users to change 
assumptions of both demand and supplies by hydrologic region. 

One of the primary data gaps encountered was the lack of information about the amount of 
energy used to pump groundwater.  Since groundwater supplies about 30 percent of all water 
used in California, this was a significant gap that could not be overlooked.  Since many 
groundwater wells are privately owned and the owners are not required to record and report 
water pumping and associated energy consumption, the Study Team needed to estimate the 
amount of energy used for groundwater by applying average pump efficiency factors to data 
about the depth-to-groundwater by groundwater basin.  These data were then mapped to 
hydrologic regions and energy service providers for use in the model. 

These efforts resulted in an interesting picture that has never before been discernible:  that is, 
during the summer months in which statewide energy use is highest (June, July, and August), 
groundwater pumping requires more energy than the SWP, the CVP, and the CRA combined.  
See Figures 6-1 and 6-2 for details. 

Figure 6-1.  Monthly Energy Consumption in 2010 by California Water Supplies 
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Figure 6-2.  Groundwater Energy Use Comparison 
Annual Comparison Summer Months (June-August) Comparison 
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The ultimate deliverable for this study is a predictive model that can be used to facilitate policy 
deliberations about the state’s water-energy relationship.  The Study Team decided to develop 
the model in an Excel workbook to increase transparency and understanding of the relationships 
of the nine water agencies and other water resources to the regional water balances.  In addition, 
using the Excel spreadsheet as a platform enabled creating user input screens at the level of each 
hydrologic region which substantially increases both the user friendliness and the usefulness of 
the model to a wide range of potential users. 

Because there are many proposed water policies with no clear winner, knowledgeable 
stakeholders were consulted to help develop scenarios for evaluation through the model.  These 
stakeholders included water managers, policymakers and external third parties (such as The 
Pacific Institute and the Natural Resources Defense Council) that are actively studying water-
energy issues on their own.  All of these stakeholders advised that there was no single set of 
future policies that they deemed “most likely.”  Consequently, they recommended that the Study 
Team construct two scenarios: a high energy case and a low energy case, to establish likely 
upper and lower energy bounds that can represent the range of potential impacts of future events 
that cannot be accurately predicted.  The Study Team incorporated that advice into its model 
design and scenario analyses, relying upon industry experts to help develop the supply and 
demand assumptions that were used to represent those cases in each hydrologic region.  The 
model design allows users to change key assumptions that may have significant variability in the 
future, such as the estimated impact of Judge Wanger’s decision on SWP operations which no 
one, including DWR, can yet predict.  

The result of this collaboration with water agencies and other key stakeholders resulted in the 
following findings: 
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 Significant amounts of the energy used by the participating nine large water agencies is 
self produced and supplemented by purchases from the wholesale power market.  Only 
small quantities of energy are provided by the state’s investor-owned utilities (IOUs).  
The only wholesaler identified in this study that purchases retail energy from an IOU was 
the SCVWD who purchases approximately 15 percent of the energy use for one of its 
smaller pumping plants from PG&E. 

 Groundwater pumping accounts for more of the energy used than deliveries of surface 
water. As noted earlier, groundwater pumping accounts for more energy use than the 
surface water pumping of the state’s 3 largest water agencies combined during the 
summer months.  Unfortunately, there is no reliable data source to help identify how 
much of the energy used to pump groundwater is supplied by the IOUs.  The Study Team 
believes that a proxy of 50 percent is conservative and reasonable.  This finding is 
particularly notable since prior water-energy studies have focused primarily on the 
impacts of the SWP which does not use IOU energy for its water pumping.  Through this 
study, it appears that the greatest opportunity to reduce water-related energy consumption 
of IOU energy may be by reducing groundwater usage. 

 Presently, recycled water and desalinated water account for less than 1 percent of the 
state’s water resources.  These water resources will play a much larger role in the state’s 
future water supply portfolio.  The energy impact of this shift in water resources is not 
easily determinable because there is huge variability in water agencies’ energy 
experience to-date.  However, given the definition of the recycled water energy – that it 
should be computed as the amount of incremental energy used to increase the quality of 
wastewater effluent to at least tertiary standards – recycled water is expected to remain a 
relatively low energy intensity source of water supplies.  Desalted water, however, 
requires significant quantities of energy to remove the salts and other minerals from 
brackish or seawater, with desalted seawater rivaling the energy intensity of the SWP.  
From the perspective of IOU energy, the shift towards increased quantities of desalted 
water in the state’s water supply portfolio is significant because desalination plants are 
expected to site their facilities within IOU service areas and may become IOU customers.  
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7 Recommendations 

7.1 Summary 
Prior studies relied primarily on the CEC’s 2005 and 2006 studies.  Studies 1 and 2 are the most 
extensive data collection and analysis effort conducted thus far about energy use by California’s 
water sector.   

 Study 1 focused on estimating the amount of energy consumed by the Supply and 
Conveyance segments of the water use cycle.  Through that study, detailed water-energy 
data were collected that also enable estimating the energy intensity of primary wholesale 
water supplies throughout California.   

 Study 2 focused on collecting and compiling detailed water-energy data at the retail water 
and wastewater agency functional level. 

Both studies observed wide variability in the energy intensities of water transportation 
(conveyance) and delivery (distribution) systems.  The amount of energy needed to serve water 
to any particular customer depends on the distance and elevation over which that water must be 
transported. 

However, Study 2 also observed wide variability among functional components in retail water 
and wastewater systems.  It would be difficult from these data to select a single value as 
indicative of the “typical” energy intensity of water and wastewater treatment.  This may be in 
part due to the fact that the contribution of key energy drivers to the energy intensity of any 
particular functional component could not be readily determined from the data that were 
available.  It may also be because each treatment plant is configured uniquely, and there are 
distinct differences in the key energy drivers in each. 

In Chapter 3, Energy Use by California’s Wholesale Water Systems, the Study Team 
documented the range of variance found in the energy intensities observed in the functional 
components of the participating water and wastewater agencies.  There was no clear pattern that 
could point to a single value to be used as a proxy for any segment of the water use cycle or its 
sub-segments, nor was there sufficient basis to select proxies by geographic or hydrological 
region.  In fact, while Studies 1 and 2 addressed the questions raised in the respective scopes of 
work, both pointed to a need for additional data, methods and tools.  The types of data, methods, 
and tools identified through these studies are described generally below, along with an 
illustration of how the data from the two studies can be integrated to compute embedded energy 
in water. 
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7.2 Recommendations 
Based on the data collected through Studies 1 and 2, the Study Team believes that the amount of 
electricity used by the water sector is higher than the CEC’s conservative estimates in 2005. 

In Appendix N, Comparison of Study 1 and Study 2 Findings with Prior Studies, electricity use 
by the Supply and Conveyance segment alone was shown to exceed the amount of electricity use 
reported by the CEC for all water sector use (i.e., including water treatment and distribution, 
wastewater collection and treatment, and recycled water production and distribution).  In the 
absence of better data, the Study Team recommends conservative adjustments which we believe 
understate the amount of energy embedded in the state’s water.  These conservative estimates 
increase water sector electricity use in 2001 from 4.9 percent to 7.7 percent.  The Study Team 
does not, however, have a basis for increasing the CEC’s estimate that 19.2 percent of all 
electricity used in California is in some way related to water, since the increase in water sector 
use may be a reallocation of electricity counted towards water end use. 

The primary significance of these findings is that the value of energy embedded in water is 
higher than that initially estimated in the CEC’s 2005 and 2006 studies.  Notably, the estimates 
developed by the CEC were purposely conservative because the CEC did not want to overstate 
the potential water-energy relationship.37  Since water sector energy use establishes the value of 
energy deemed “embedded” in a unit of water, the energy value of water efficiency measures 
increases as more electricity consumption is allocated to the water sector itself. 

The key recommendations indicated by these studies entail improving the body of water-energy 
data, methods and tools to enable more accurate measurement of the state’s water-energy 
relationships.  In particular, the Study Team recommends the following actions: 

 Collect more water-energy data, and with more granularity 

 Develop and adopt a methodology for computing the energy embedded in a unit of water 

 Quantify water losses throughout the water use cycle 

These recommendations are discussed below. 

Collect more water-energy data, and with more granularity.  Better data is needed about 
electricity requirements for groundwater and for water and wastewater treatment. 

                                                 

37 Interview with Lorraine White, Senior Energy Specialist and Advisor to Commissioner Anthony Eggert, 
California Energy Commission, May 19, 2010. 
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1. Groundwater Energy.  Study 1 indicates that groundwater energy is much larger than 
previously realized.  During summer months, electricity used for groundwater exceeds 
the amount of electricity used by the three largest wholesale water systems (SWP, CVP 
and CRA) combined.  Data on the amount of energy used for groundwater pumping is 
very spotty.  Very good data is available in adjudicated basins, very little data is available 
in other places, where groundwater pumping is not adjudicated.  In addition to being a 
very significant component of embedded energy in water, groundwater energy is 
important because much of it is provided by the state’s IOUs.  Unfortunately, how much 
of it is provided by the IOUs is presently undeterminable from existing data.38    

2. Treatment Energy.  The amount of energy used to treat water and wastewater is typically 
computed at the plant level.  Although engineering studies enable estimating the relative 
amount of energy needed for different types of treatment technologies, energy meters do 
not capture data at a level that would facilitate validating those engineering assumptions.  

As noted earlier, given the tremendous variability in water conveyance and distribution 
systems, the energy intensity of water transport and delivery systems need to be computed 
separately for each water agency. 

There are a number of near-term opportunities for significantly improving the state’s 
knowledge about electricity use by the state’s water sector: 

 Advanced Metering Infrastructure (AMI).  The state’s IOUs have commenced 
replacement of existing meters with advanced meters that have the ability to capture real-
time energy consumption data.  The AMI conversion is expected to be completed within 
about five years.  This existing activity provides a near-term opportunity to significantly 
improve the state’s understanding of its water-energy relationships for no incremental 
cost – the CPUC need only direct the IOUs to prioritize water sector electricity uses for 
near-term conversion to AMI. 

 The Water-Energy Load Profiling (WELP) Tool developed through Study 2 can be used 
to develop detailed water-energy load profiles for all water and wastewater agencies in 
California.  Water and wastewater agencies could be required to provide the data needed 
to develop these detailed water-energy load profiles as a condition for accessing IOU 
energy incentives.  During the conduct of Studies 1 and 2, the Study Team found that 
water and wastewater agencies cited limited staff time as the greatest obstacle to 
participation.  Water and wastewater agencies dealing with cutbacks in staffing had great 

                                                 

38 During the course of this study, members of the Internal Working Group and Study Team contacted both water 
and energy utilities to identify more data about groundwater pumping.  Both water and energy sector stakeholders 
stated that little information is presently available about the amount of energy used to pump groundwater. 
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difficulty providing the detailed water and energy data that was required by Study 2, in 
particular.  Since energy utilities have at least half of the data, a partnership seems 
logical. 

In addition, all of the medium to large-size water and wastewater treatment facilities have 
SCADA systems that can be set up to monitor and report energy use by functional 
components, if desired.  The state’s IOUs could work with water and wastewater agencies to 
identify opportunities to increase monitoring and reporting of energy use by high priority 
segments and sub-segments of the water use cycle. 

Develop and adopt a methodology for computing energy embedded in water.  Study 2 required 
collection of the short- and long-run marginal water supplies for participating water agencies.  
The purpose of this task was to provide a basis for computing the value of energy embedded in 
water.  Study 1 provided much of the data that would be needed to compute the energy 
embedded in the Supply and Conveyance segment of the water use cycle, while Study 2 focused 
on collecting data about energy used in water treatment and distribution, wastewater treatment, 
and incremental treatment (if any) needed to produce usable recycled water.   

Quantify water losses throughout the water use cycle.  Prior studies indicate that losses in the 
water system are substantial.  There is significant variability, depending on the type of facility(s), 
the climate, and the condition of the system.  Reservoirs and aqueducts are open to the 
atmosphere and thus experience high losses due to evaporation.  Aqueducts also tend to have 
high rates of seepage.  Pipelines have fewer losses due to evaporation but depending on the age, 
condition and type of materials used, can have significant losses due to leaks.  Water system 
losses have been documented along all segments of the water use cycle.  Even newly constructed 
distribution systems can experience losses of 5 percent, while mature systems in dense urban 
areas may experience losses as high as 10 to 15 percent or more.  All of the energy used along all 
segments of the water use cycle need to be accounted for in computing embedded energy, 
including energy that may have been used to transport, treat or deliver water that is lost and not 
delivered to water end users. 

7.3 A Framework for Computing Embedded Energy 
Ultimately, the goal of Studies 1 and 2 was to enable selecting values to insert along the 
segments of the water use cycle to determine the amount of energy embedded in a unit of water.  
Whether that computation is made at the level of a single agency, a region, or statewide is a 
matter of policy. 

The diagram below illustrates the way in which data from Studies 1 and 2 could be integrated in 
order to compute the amount of energy embedded in a unit of water.   
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 Figure 7-1.  Framework for Computing Embedded Energy 
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The key steps and associated issues that should be considered when computing energy embedded 
in water - whether at the individual agency level, regionally, or statewide - are described below.  
Losses should be included in the computations.  For example, if a particular water supply source 
starts at 1,000 AF at the beginning of the water use cycle but, after losses, results in delivering 
800 AF of water supply to end users, all of the energy used to produce and deliver that water 
along all segments of the water use cycle, including the missing 200 AF, should be counted.  
Whether or not this value needs to be separately computed depends on how the energy data are 
collected and computed at each segment. 

1. Compute EI of Water Supply.  As discussed in both Studies 1 and 2, nearly 98 percent of the 
state’s water use by the urban and agricultural sector is met by the two primary sources of 
water:  surface water (67 percent) and groundwater (31 percent).  The remainder is met by 
desalted and recycled water supplies.  The energy intensity (EI) of each water resource 
depends on a number of factors, including the quality and location of the water supply.   

 Surface water tends to be a relatively low EI resource because it is ready to be applied to 
beneficial uses. 

 Groundwater tends to have a higher EI than surface water because energy is needed to 
pump water to the surface before it can be used.   

 Desalted water may either be pumped from aquifers or drawn from brackish surface 
water sources, such as the ocean.  By definition, water resources are not deemed “water 
supply” until they are usable.  Consequently, brackish water resources must be desalted 
before they can be considered “water supplies.”  Typically, the process of desalting water 
is higher on an average EI basis than groundwater pumping.  The amount of energy 
needed for desalting depends on the quality of the water – the higher the salt content of 
the water, the more energy is needed to remove the salts.  Consequently, seawater 
desalination is one of the highest EI water resources. 

 Recycled water is produced from wastewater effluent.  The amount of energy needed to 
treat wastewater to a quality needed for safe discharge in accordance with public health 
regulations is accounted for as wastewater treatment energy.  The EI of recycled water is 
thus the amount of incremental energy, if any, needed to treat the effluent to a higher 
quality as may be needed to serve the targeted beneficial uses. 

 
Supply Losses (Losses 1):  Although losses occur during the process of water production, 
those losses need not be separately accounted for in the embedded energy computation, since 
the EI of the water supply is typically already computed net of water supply production 
losses.  
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2. Add EI of Conveyance.  The EI of conveyance of wholesale water supplies depends on the 
distance and elevation that the water must traverse.  The State Water Project (SWP) provides 
an excellent illustration of how conveyance EI varies at each delivery point along the 
system,39 with the highest EI occurring at the points after which SWP water must be pushed a 
total of 2,000 feet over the Tehachapi Mountains.   

Conveyance Losses (Losses 2).  The state’s water conveyance systems transport large 
volumes of water supply from one region to another.  These systems tend to be large 
diameter pipelines or lined or unlined channels.  Conveyance systems tend to have 
substantial losses through pipeline leaks, aqueduct or canal seepage, and evaporation.  The 
largest systems that transfer water across the state traverse hundreds of miles.  Most leaks in 
underground pipelines go undetected for many years; and even when they are known to leak, 
the cost of digging up and repairing the pipelines is a significant economic deterrent.  The 
actual magnitude of losses in the state’s wholesale water conveyance systems is unknown. 
More research is needed to quantify these losses.   

3. Add EI of Water Treatment.  Not all water supplies need treatment.  Depending on the 
quality of the source water supplies and the quality needs of their intended uses, no treatment 
may be required – for example, to apply some surface or groundwater supplies to agricultural 
irrigation, or even for potable uses.   

 In the past, high quality water resources may only have been treated with lime (e.g., to 
remove carbonates that make water “hard” and/or to adjust the pH to reduce corrosion) 
and then dosed with chlorine to kill bacteria and other micro-organisms.  Now that it is 
known that that chlorine and other chemical disinfectants can cause carcinogenic by-
products, other treatment methods are used.  The particular treatment technologies and 
processes needed depend on the end use of the water.  Drinking water has the highest 
requirements, and typically has the highest treatment EI. 

 Reverse osmosis (RO) is used to remove salts and minerals from brackish water.  The 
water produced through RO is already of drinking water quality.  The energy used to 
desalt water is accounted for in the Supply segment of the water use cycle.  
Consequently, no additional energy is likely needed for desalted water in the Treatment 
segment. 

Treatment Losses (Losses 3).  The volume of treated water produced is always less than the 
amount of influent.  Typically, the EI would be measured as the average energy used to 
produce the total amount of water treated.  More research is needed to quantify these losses. 

                                                 

39 See Chapter 3 in Study 1 for full results on all studied wholesale supplies. 
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4. Add EI of Distribution.  As for Conveyance EI, the primary drivers of Water Distribution EI 
are distance and elevation.  This can vary significantly across agencies and even within an 
agency’s service territory. 

Distribution Losses (Losses 4).  Distribution system losses are highly variable.  More 
research is needed to quantify these losses.   

5. Add EI of Wastewater.  Not all water end uses are discharged to sewers.  Only indoor end 
uses (and only a percentage of total indoor water use) should include a component for 
wastewater treatment.  Some portion of outdoor water uses may end up in sewers.   

Wastewater Treatment Losses (5).  Water is lost during the solids removal processes of 
wastewater treatment.  This is an important factor to consider especially when the wastewater 
will then be treated further to produce recycled water.  The volume of recycled water 
produced will be less than the treatment plant influent. More research is needed to quantify 
these losses. 

6. Add EI of Recycled Water.  Incremental energy needed to increase the quality of wastewater 
effluent to standards needed for the intended water reuse is accounted for in the Recycled 
Water segment of the water use cycle. 
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Appendix A Glossary 
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Appendix B Hydrologic Region Profiles 
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Appendix C Wholesale Agency Profiles 
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Appendix D Model Documentation 
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Appendix E Water Balance Definitions 
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Appendix F Future Demand Projections 
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Appendix G Groundwater Energy Use 



 

135 

 

 
Appendix H Surface Storage and Groundwater Limits 
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Appendix I Desalination and Recycled Water Supply 
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Appendix J Scenario Inputs 
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Appendix K Scenarios Memo 
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Appendix M Model User’s Manual 
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Appendix N Comparison of Study 1 and Study 2 
Findings with Prior Studies 
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The San Vicente reservoir in San Diego County stores water from as far away as the Colorado River. Pumping water into a smaller reservoir in the surrounding mountains could
store excess solar power until it's needed, when the sun sets.

Dan Charles for NPR

The San Diego County Water Authority has an unusual plan (https://www.sdcwa.org/projects/san-vicente-pumping-facilities/) to use the city's scenic San Vicente

Reservoir to store solar power so it's available after sunset. The project, and others like it, could help unlock America's clean energy future.

Perhaps a decade from now, if all goes smoothly, large underground pipes will connect this lake to a new reservoir, a much smaller one, built in a nearby canyon about

1100 feet higher in elevation. When the sun is high in the sky, California's abundant solar power will pump water into that upper reservoir.

It's a way to store the electricity. When the sun goes down and solar power disappears, operators would open a valve and the force of 8 million tons of water, falling

back downhill through those same pipes, would drive turbines capable of generating 500 megawatts of electricity for up to eight hours. That's enough to power

130,000 typical homes.

https://www.sdcwa.org/projects/san-vicente-pumping-facilities/
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Neena Kuzmich, deputy director of engineering for the San Diego County Water Authority, has been working on plans for pumped energy storage at the San Vicente reservoir.

Dan Charles for NPR

"It's a water battery!" says Neena Kuzmich, Deputy Director of Engineering for the water authority. She says energy storage facilities like these will be increasingly vital

as California starts to rely more on energy from wind and solar, which produce electricity on their own schedules, unbothered by the demands of consumers.

Californians learned this during a heat wave (https://www.npr.org/2022/09/05/1121185800/california-blackouts-heat-wave) this past summer. "Everybody in the state

of California, I believe, got a text message at 5:30 in the evening to turn off their appliances," Kuzmich says. The sun was going down, solar generation was

disappearing, and the remaining power plants, many of them burning gas, couldn't keep up with demand. The alert worked; People stopped using so much power, and

the grid survived.

Yet earlier on that same day, there was so much solar power available that the grid couldn't take it all. Grid operators "curtailed," or turned away, more than 2000

megawatt hours of electricity that solar generators could have delivered, enough to power a small city. That electricity was wasted, and there was no way to store it for

later, when grid operators desperately needed it.

"We have a problem if we're going to have these continuous heat waves," Kuzmich says. "We need a facility to store energy so that we don't need to turn off our

appliances."

Pumped hydro has a history

The technology that San Diego is proposing, called pumped hydro energy storage (https://www.hydro.org/waterpower/pumped-storage/), is already operating at

more than 40 sites in the United States. Some of the largest ones, which can generate more than 1000 MW for up to eight hours, were built during the 1970s and 1980s

to store electricity that nuclear power plants generated during the night. But few new plants have been built over the past 30 years in the U.S. China has continued to

build (https://cleantechnica.com/2022/01/04/largest-pumped-hydro-facility-in-world-turns-on-in-china/) such plants.

https://www.npr.org/2022/09/05/1121185800/california-blackouts-heat-wave
https://www.hydro.org/waterpower/pumped-storage/
https://cleantechnica.com/2022/01/04/largest-pumped-hydro-facility-in-world-turns-on-in-china/
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One of the reservoirs of the Huanggou pumped storage hydropower station, in Hailin, in northeast China's Heilongjiang Province on June 29, 2022. The power station has a
generating capacity of 1200 megawatts.

Wang Jianwei/Xinhua News Agency/Getty Ima

Now, the need to store power from renewable sources is reviving interest in this old technology in the U.S.

"Just in the past several years, 92 new projects have come into the development pipeline," says Malcolm Woolf, president and CEO of the National Hydropower

Association (https://www.hydro.org/). Most of the projects, however, are in the planning stages and still need regulatory approval and financing.

Thanks to the climate bill that President Biden signed in August, these projects now qualify (https://www.utilitydive.com/spons/what-to-know-about-the-inflation-

reduction-act/633118/) for the same 30 percent tax credit that solar and wind projects enjoy. "That is an absolute game-changer," Woolf says. "A number of these

projects that have been in the pipeline for a number of years now suddenly are a whole lot more bankable."

Water batteries have a lot of competitors, when it comes to storing energy. Some companies, including the car company GM

(https://gmenergy.gm.com/collaborations-projects), are exploring ways for the electric grid to draw emergency power from the batteries in millions of privately

owned electric cars. Others are working on ways to store electricity by compressing air (https://www.utilitydive.com/news/to-batteries-and-beyond-compressed-air-

liquid-air-and-the-holy-grail-of-l/585081/) or making hydrogen (https://www.nrel.gov/news/program/2020/answer-to-energy-storage-problem-could-be-

hydrogen.html). Still others are focused on ways to manage the demand for electricity, rather than the supply. Electric water heaters

(https://www.nrdc.org/experts/pierre-delforge/heat-pump-water-heaters-clean-energy-batteries), for instance, could be remotely controlled to run when electricity

is plentiful and shut down when it's scarce.

Pumping water, however, has some advantages. It's a proven way to store massive amounts of power. The San Vicente project would store roughly as much electricity

as the batteries in 50,000 of Tesla's long range Model 3 cars. Water batteries also don't require hard-to-find battery materials like cobalt and lithium, and the plants

can keep working for more than a century.

https://www.hydro.org/
https://www.utilitydive.com/spons/what-to-know-about-the-inflation-reduction-act/633118/
https://gmenergy.gm.com/collaborations-projects
https://www.utilitydive.com/news/to-batteries-and-beyond-compressed-air-liquid-air-and-the-holy-grail-of-l/585081/
https://www.nrel.gov/news/program/2020/answer-to-energy-storage-problem-could-be-hydrogen.html
https://www.nrdc.org/experts/pierre-delforge/heat-pump-water-heaters-clean-energy-batteries
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Sign at the upper reservoir construction area gives details of Public Service Company's Cabin Creek Pumped Storage project, a hydroelectric power installation at an elevation
above 10,000 feet near Georgetown, Colorado on April 22, 1965.

Denver Post/Getty Images

The biggest problem with them, at least according to some, is that it's hard to find places to build them. They need large amounts of water, topography that allows

construction of a lower and higher reservoir, and regulatory permission to disturb the landscape.

Woolf, however, says the perception of pumped hydro's limited prospects "is a myth that I am working hard to disabuse folks of." Pumped hydro facilities, he says,

don't have to be as massive as those of the past century, and they don't need to disturb free-flowing streams and rivers. Many proposals are for "closed-loop" systems

that use the same water over and over, moving it back and forth between two big ponds, one higher than the other, like sand in an hourglass.

Three of the proposed projects in the U.S. that appear closest to breaking ground, in Montana (https://www.gordonbuttepumpedstorage.com/), Oregon

(https://slenergystorage.com/), and southern California

(https://www.waterboards.ca.gov/waterrights/water_issues/programs/water_quality_cert/eaglemtn_ferc13123.html), all would operate as closed loops.

Kelly Catlett, director of hydropower reform at American Rivers, an environmental advocacy organization which has highlighted the environmental harm caused by

dams, says that "there are good pumped storage projects, and there are not-so-good pumped storage projects."

Her group won't support projects that build new dams on streams and rivers, disrupting sensitive aquatic ecosystems. But San Diego's plan, she says, "looks like

something that we could potentially support" because it uses an existing reservoir and doesn't disturb any flowing streams. Also, she says, "I'm unaware of any

opposition by indigenous nations, which is another really important factor, as they have borne a lot of the impacts (https://www.opb.org/news/article/pacific-

northwest-tribes-remove-columbia-river-dams/)of hydropower development over the decades."

The board of the San Diego County Water Authority, and San Diego's city council, are expected to vote soon on whether to move ahead with a detailed engineering

design of pumped hydro storage at the San Vicente reservoir. The state of California is chipping in $18 million. The design work, followed by regulatory approvals,

financing, and actual construction, is likely to take a decade or more.

Copyright 2022 NPR. To see more, visit https://www.npr.org.

Transcript :

https://www.gordonbuttepumpedstorage.com/
https://slenergystorage.com/
https://www.waterboards.ca.gov/waterrights/water_issues/programs/water_quality_cert/eaglemtn_ferc13123.html
https://www.opb.org/news/article/pacific-northwest-tribes-remove-columbia-river-dams/
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LEILA FADEL, HOST:

The electrical grid of the future, one that relies on the sun and the wind, will also need ways to store that electricity for when we need it. And it's reviving interest

in an old approach to storing power, a kind of battery that uses gravity and water. From Lakeside, Calif., Dan Charles reports.

DAN CHARLES, BYLINE: Northeast of San Diego, up a steep winding road and on the other side of a locked gate, there's a place that could store a huge amount of

electricity.

(SOUNDBITE OF GATE SQUEAKING)

CHARLES: Wow, this is so cool. I'm on top of a 300-foot-tall dam looking out at 2 1/2 square miles of water.

NEENA KUZMICH: And that's the San Vicente Reservoir.

CHARLES: Neena Kuzmich is deputy director of engineering at the San Diego Water Authority, which runs this place. The lake is gorgeous, surrounded by steep,

barren mountainsides. But Kuzmich did not bring me here for the view. Remember what happened on September 6, she says.

KUZMICH: Everybody in the state of California, I believe, got a text message at 5:30 in the evening to turn off their appliances.

CHARLES: California's electrical grid was hitting its limit because the sun was going down, and so was all of the state's solar power. And yet earlier that same day,

there was so much solar power available in California that the grid couldn't take it all. Enough electricity to power a small city was turned away, wasted because

they couldn't store it for later when they really needed it.

KUZMICH: We have a problem if we're going to have these continuous heat waves. We need something - we need a facility that will store energy so we can't - we

don't have to turn off our appliances.

CHARLES: Well, the San Diego Water Authority is hoping, maybe a decade from now, it could take all that extra solar power in the middle of the day and use it to

pump water from this reservoir through big underground pipes up into a new, smaller reservoir a thousand feet higher.

KUZMICH: The upper reservoir would be up behind those mountains here that you see in front of you.

CHARLES: And then when the sun goes down and they really need the power, they'd open a valve and the force of 8 million tons of water falling back downhill

would spin turbines and generate electricity.

KUZMICH: It's a water battery.

CHARLES: Big water batteries like this, called pumped hydro facilities, do exist already in dozens of places around the U.S. Many were built to store electricity that

nuclear power plants generated during the night.

Malcolm Woolf, president and CEO of the National Hydropower Association, says nobody's built a big new one in more than a generation.

MALCOLM WOOLF: But in just the last several years, 92 projects have come into the developing pipeline.

CHARLES: Pumping water has some advantages over batteries, like the ones in electric cars. It can store a lot of power. That San Diego project could supply 100,000

homes for 8 hours or so. It doesn't require hard-to-find battery materials like cobalt and lithium. And the plants last for a century. The problem, at least according

to some people, is it's hard to find places to build such things.

WOOLF: That is a myth that I am working hard to try to disabuse folks of.

CHARLES: Woolf says you don't even need a river for pumped storage - just two reservoirs, one high, one low, reusing the same water over and over in a closed

loop.

Kelly Catlett, who's director of hydropower reform at American Rivers, an environmental advocacy group, says this technology is certainly worth considering.

KELLY CATLETT: There are good pumped storage projects and there are not-so-good pumped storage projects.

CHARLES: Her group won't support projects that build new dams on streams and rivers, disrupting sensitive aquatic ecosystems. But the plan for that reservoir in

San Diego...

CATLETT: That looks like something we could potentially support.

CHARLES: She says this is a chance to do better now and make sure that power captured from falling water really is clean.

For NPR News, I'm Dan Charles in Lakeside, Calif.

(SOUNDBITE OF VENTURA'S "CITY OF THE SUN") Transcript provided by NPR, Copyright NPR.
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CAISO  California Independent System Operator 
CCA  Community Choice Aggregation 
CEC  California Energy Commission 
CPUC  California Public Utilities Commission 
DER  distributed energy resource 
DOE  U.S. Department of Energy 
ELCC  effective load-carrying capability 
ESP  electric service provider 
GHG  greenhouse gas 
GW  gigawatt(s) 
GWh  gigawatt-hour(s) 
IOU  investor-owned utility (informally, utility) 
kW  kilowatt(s) 
kWh  kilowatt-hour(s) 
LBNL  Lawrence Berkeley National Laboratory 
LSE  load-serving entity (includes IOU, CCA, ESP) 
MW  megawatt(s) 
MWh  megawatt-hour(s) 
NEM  net energy metering 
NQC  net qualifying capacity 
NREL  National Renewable Energy Laboratory 
PG&E  Pacific Gas and Electric Company 
PNNL  Pacific Northwest National Laboratory 
RA  resource adequacy 
RPS  Renewables Portfolio Standard 
SCE  Southern California Edison 
SDG&E  San Diego Gas & Electric Company 
SGIP  Self-Generation Incentive Program 
SOC  state of charge 
 
 

$/kW-month Dollars per kW (capacity) per month. Many benefits and costs in this 
report are expressed as this metric due to its prevalence in resource 
adequacy planning and markets. The metric normalizes benefits and 
costs so resources of different sizes and in operation for varying lengths 
of time are more comparable. For example, a 2 MW resource operating 
for 6 months that yields $192,000 in benefits is twice as beneficial per 
kW and per month ($192,000÷2,000 kW÷6 months = $16/kW-month) as 
a 100 MW resource operating for 12 months that yields $9.6 million in 
total benefits ($9.6 million÷100,000 kW÷12 months = $8/kW-month). 
For more information about our calculations please see Attachment A. 

2021 Preferred System Plan An outcome of the CPUC’s 2019–2020 Integrated Resource Plan cycle 
and the adopted portfolio that meets a statewide 38 million metric tons 
(MMT) greenhouse gas target for the electric sector in 2030 and 
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35 MMT for 2032. Includes 13,571 MW of new battery storage plus 
1,000 MW new pumped (long-duration) storage installed in 2022–2032. 
See the CPUC’s February 10, 2022 Decision 22-02-004, Table 5. 

ancillary services Ancillary services provide grid operational flexibility and stabilization for 
the purposes of reliable electricity delivery. CAISO ancillary services 
markets include non-spinning and spinning contingency reserves, and 
regulation up and down. We use the term more broadly to include 
additional services like blackstart and voltage support (reactive power). 

capacity credit/contribution A generic term referring to a resource’s ability to provide resource 
adequacy capacity service relative to its full capacity. Not to be 
confused with the formal definition of RA capacity in the CPUC’s RA 
program and RA procurements. 

capacity value A generic term referring to the monetization of capacity credit or 
capacity contribution. 

duration The number of consecutive hours an energy storage resource can 
discharge at its power capacity, starting from a full charge. Duration 
reflects physical configuration and technical limits, not the full range of 
operational capability. For example, a 10 MW 4-hour battery can also 
discharge 5 MW over 8 hours. 

effective load-carrying capability A probabilistically-derived metric that summarizes a resource’s or group of 
resources’ ability to serve electricity demand across all time periods—as 
opposed to more traditional metrics that reflect available capacity during a 
single peak load hour. ELCC has become an increasingly important planning 
and performance metric as California achieves increasingly high renewables 
and energy storage penetration. 

energy capacity The maximum technical limit of total MWh an energy storage resource 
can provide without recharging or replenishing stored energy. 

energy storage Mechanical, chemical, and thermal technologies as defined in California 
Assembly Bill 2514 (Skinner) and clarified in CPUC Decision 16-01-032. 

energy time shift Refers to the service provided by energy storage to move large volumes 
of renewable generation from one time period to another. 

grid domain Refers to the general electrical location. Energy storage can be 
connected at the bulk grid level in front of the CAISO meter 
(transmission domain), on the distribution system behind the CAISO 
meter and in front of the customer meter (distribution domain), or 
behind the customer meter (customer domain). 

life or lifetime Refers to the period during which storage can be in service 
economically. For batteries, life or lifetime is typically expressed as the 
number of full charge/discharge cycles and/or calendar time once 
energized. For more discussion please see Attachment G. 

marginal resource The last and most expensive resource cleared in a competitive market. 
In this report, we may refer to the marginal resource in a wholesale 
electricity marketplace for energy, ancillary services, or RA capacity. 
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marginal value Derived from an actual or counterfactual market-clearing price for a 
service in a competitive market. In this report, we convert market 
revenues or avoided costs into a standardized $/kW-month metric for 
ease of comparison of marginal value among supplier costs and many 
types of supplier services. 

net grid benefits May be a ratepayer or societal net benefit metric, depending on 
contract terms or ownership structure of the resource producing the 
benefits. We use this term when the procurement details of future 
resources are undetermined. 

power capacity The maximum technical limit of instantaneous MW an energy storage 
resource can provide. 

ratepayer (net) benefit A version of California’s Program Administrator Cost (PAC) test that 
represents the (net) benefits to all ratepayers, including program 
participants and non-participants but excluding out-of-pocket 
participant costs. Not to be confused with the state’s Ratepayer Impact 
Measure (RIM) test which is a metric for program non-participants. 

real option An economically valuable right (but not an obligation) to make a 
business decision or investment in the future. In this report we discuss 
the ability of energy storage to create real options through its physical 
and operational modularity. Real options are achievable via design and 
procurement of an energy storage project with the flexibility to increase 
duration later if/when needed, and through the flexibility to provide 
alternative services if the primary use case doesn’t work as planned. 

roundtrip efficiency The ratio of useful energy discharged to energy consumed for charge. 

SB 100 Core scenario An indicative resource portfolio developed by California state agencies 
to achieve 100 percent of electricity retail sales and state loads from 
renewable and zero-carbon resources in California by 2045. Includes 
48,600 MW new battery storage installed in 2020–2045. See the March 
15, 2021 publication “SB 100 Joint Agency Report: Charting a Path to 
100% Clean Energy Future,” under CEC Docket 19-SB-100 (TN# 237167). 

short-/long- duration While there is no standard industry definition, we use “short-duration” 
as resources configured to discharge at full MW capacity for up to 10 
hours, and long-duration as those configured to discharge at full MW 
capacity for more than 10 hours. 

state of charge The share of energy capacity held in a battery at a given time. For 
example, a 10 MWh battery at 50% state of charge is capable of 
discharging 5 MWh without recharging. State of charge factors into 
operating performance, operating capabilities, and battery degradation.  

use case A technical, operational, and/or financial model for developing and 
operating an energy storage resource to provide a specific set of 
services (e.g., microgrid use case). 
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PREFACE 
In 2010, California Assembly Bill 2514 (Skinner) directed the California Public Utilities Commission (CPUC) 
to determine appropriate targets for the procurement of energy storage systems by electricity load-
serving entities under its jurisdiction. The bill enabled several policy innovations to explore and accelerate 
the scalability of then-emerging stationary energy storage technologies. 

In 2013, the CPUC issued Decision 13-10-040 and directed California’s three large investor-owned 
utilities—Pacific Gas and Electric, Southern California Edison, and San Diego Gas & Electric—to procure 
1,325 megawatts of energy storage by 2020 with installation by the end of 2024. The decision also directed 
other load-serving entities to procure energy storage, adopted a framework to guide the procurement 
program, and directed the CPUC’s Energy Division to conduct periodic comprehensive evaluations of the 
procurement program. This report is the first of the Energy Division’s comprehensive evaluations. 

With its 2013 decision the CPUC recognized new energy storage technology as a potential game-changer 
to provide crucial services to the electricity grid and to customers as the state moves towards an 
increasingly clean and sustainable energy future. The CPUC and its stakeholders also acknowledged many 
unknowns and risks in terms of costs, operating capabilities, ability to participate in wholesale markets, 
and long-term cost-effectiveness. Comprehensive evaluations were to provide a pathway to study and 
resolve those unknowns over time and to adapt procurement policies accordingly. 

Specifically, the purpose of this evaluation is to determine to what degree CPUC-directed energy storage 
procurements meet Assembly Bill 2514 stated goals of grid optimization, renewables integration, and 
greenhouse gas emissions reductions. At the heart of this evaluation is an analysis of actual energy 
storage operations, benefits, and costs in the 5-year study period 2017–2021. The evaluation also broadly 
assesses the stationary energy storage market in California to determine progress towards market 
maturity and its potential to benefit Californians at a large scale. 

The historical evaluation in our report is not intended to be—nor would it be correctly interpreted as—
a prudency review of any individual energy storage resource procurement. California’s journey with 
energy storage development included substantial investment in the innovation process. This necessitates 
learning from pilots, demonstration projects, and early stage procurements to facilitate future potential 
benefits of a larger fleet. The resource-level rankings presented are intended to illuminate key themes in 
successes and challenges to guide development of effective policies as we move forward, rather than to 
identify “good” or “bad” energy storage installations. 

Stakeholders had a significant role in shaping the scope of this Energy Storage Procurement Study. The 
CPUC issued a Request for Information in early 2020 to determine desired study scope, timeline, and 
contractor requirements, then engaged with stakeholders over a period of six months to make necessary 
refinements. Assessment of safety-related best practices is included in the core study scope. This 
evaluation also includes several “special studies” to inform future policy developments, including: review 
of other energy storage procurement policies in practice, models for stacking multiple services and value 
at once, analysis of cost-effectiveness of future procurements and natural gas peaker replacements, and 
documentation of end-of-life options. Safety best practices and these special studies are considered in 
the overall assessment and recommendations, with further detail in attachments. 

The authors would like to thank Gabe Petlin and Michael Castelhano of the CPUC Energy Division for their 
valuable feedback and guidance. The authors are grateful to the many stakeholders who contributed by 
providing data and feedback to this evaluation, with a special thanks to representatives of the CPUC, the 
California Energy Commission, the California ISO, the Public Advocates Office, Pacific Gas and Electric, 
Southern California Edison, San Diego Gas & Electric, and the San Diego County Water Authority. 
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EXECUTIVE SUMMARY 
The Energy Storage Procurement Study, required under California Public Utilities Commission (CPUC) 
Decision 13-10-040, aims to learn from historical stationary energy storage procurements and operations 
and to assess the evolution of California’s stationary energy storage industry both historically and in the 
future. The study’s key observations and guiding recommendations are meant to highlight policy levers 
that will support development of a cost-effective energy storage portfolio that effectively contributes to 
meeting the state’s goals of electricity grid optimization, renewables integration, and greenhouse gas 
(GHG) emissions reductions. 

Over the past decade, the California state agencies, utilities, and many other stakeholders explored many 
uncharted pathways to accelerate development of a variety of stationary energy storage technologies and 
use cases—and successfully launched a vibrant energy storage market in the state. During our 2017–2021 
study period California ratepayers incurred $73 million net cost per year on average for exploratory 
projects and incentive programs. The more recent market-mature projects reveal the first fruits of this 
investment: they were on track to yield net benefits at a rate of $23 million per year by the end of 2021. 
The cost of earlier exploratory projects and incentive programs will continue at $85 million per year on 
average over their full amortization period. However, as grid-scale battery installations expand to 13.6 
gigawatts to meet the state’s 2021 Preferred System Plan we expect going-forward net benefits to grow 
to a potential of $830 million to $1.35 billion of annual net grid benefits by 2032. With future policy 
adjustments to address existing barriers to grid benefits and anticipated future challenges, we believe 
California can secure these benefits and unlock the full potential of its energy storage portfolio: a more 
diversified and effective portfolio and a total net grid benefit of $1–$1.55 billion per year by 2032. 

This study closely examines the operations and net benefits of resources counted towards the Decision 
13-10-040 requirement for utilities to install 1,350 MW of energy storage by 2024, plus resources more 
recently procured to satisfy system-wide resource adequacy needs under CPUC jurisdiction. This group of 
resources includes energy storage procured under energy storage-specific, general rate case, local 
reliability, system reliability, distribution planning, and bilateral procurement tracks. The group also 
includes installations incentivized by programs like the Self-Generation Incentive Program (SGIP), utility 
Permanent Load Shift and Thermal Energy Storage programs, and the Electric Program Investment Charge 
(EPIC) program. Most of these resources utilize lithium-ion battery technology but the group includes 
thermal energy storage, pumped storage hydroelectric, and alternative battery chemistries. Installation 
sizes range from 30 kilowatts to 300 megawatts in terms of instantaneous capacity and these resources 
are considered “short duration.” Most resources analyzed are capable of discharging up to four hours at 
full megawatt capacity, but range from 0.25 to 7 hours. This resource set represents a variety of use cases 
and services provided to customers directly, to the distribution system, and to the transmission system. 

Our net benefit calculations are grounded in California’s existing practices and methodologies, namely 
those reflected in the state’s Standard Practice Manual for cost-effectiveness tests, the state’s Avoided 
Cost Calculator for distributed energy resources, and the utilities’ various Least-Cost Best-Fit calculations 
for bid evaluations in resource procurements. We expand upon these methodologies in four dimensions: 
(1) we evaluate and learn from historical resource-specific storage operations rather than exclusively 
generic resources in the future, (2) we evaluate at a finer granularity to capture meaningful temporal and  
spatial patterns in benefits, (3) we evaluate storage installed at any location (customer, distribution 
system, transmission system) with a single consistent approach, and (4) we attempt to quantify the full 
spectrum of benefit types identified by stakeholders. By doing so we observe trends and patterns in both 
benefits and challenges as the short-duration stationary energy storage market exits its infancy and enters 
a massive growth phase of thousands of MW installed per year over the next decade. 
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Figure 1: Summary of ratepayer benefit/cost ratio results. 

Figure 1 summarizes our ratepayer net benefit results for the 2017–2021 operating period, expressed as 
benefit/cost ratios. Most bars represent an individual resource with the width of the bar showing relative 
MW capacity. Small customer-sited installations are aggregated into utility contracts or clusters. A 
benefit/cost ratio of one indicates benefits equal to costs; a ratio of two indicates $2 in benefits for every 
$1 in cost; and a negative ratio indicates negative benefits or a net cost to operate. These results may 
reflect a snapshot of the total operating lives of an individual resource as well as market and operating 
conditions specific to the 2017–2021 timeframe. As such, the benefit/cost results do not necessarily 
reflect the lifetime net benefits of any resource and can only be appropriately interpreted along with the 
context of our more detailed analysis of net benefit trends and patterns.  

The primary purpose and value in California’s energy storage portfolio is its ability to move large volumes 
of renewable generation from one time period to another in a controllable fashion—so-called “energy 
time shift.” This enables efficient integration and use of renewable capacity and generation. We observe 
that resources with the lowest benefit/cost ratios operate under use cases that did not provide significant 
energy time shift services to the 
grid. This will be one of the 
greatest policy challenges going 
forward. Although energy 
storage has the potential for 
many other benefit types shown 
in Figure 2, as long as large 
portions of the total storage 
portfolio do not mostly charge 
when renewable generation is in 
excess and do not mostly 
discharge when renewable 
generation is in scarcity, then we 
will observe significant barriers 
to realizing the benefits of 
energy storage. When these 
barriers are present they are 
most evident both in the energy 
value and in the capacity value 
of energy storage as these two 
values are closely intertwined.  

-1.50

-1.00

-0.50

0.0 0

0.5 0

1.0 0

1.5 0

2.0 0

(0.5)

0.0

0.5

1.0

1.5

2.0

2.5

3.0
B

e
n

e
fi

t/
C

o
st

 R
at

io

  Grid Domains 
 Services to Grid and Customers Transmission Distribution Customer 

Energy & AS 
Markets and 
Products 

Energy    
Frequency Regulation    
Spin/Non-Spin Reserve    
Flexible Ramping    
Voltage Support    
Blackstart    

Resource 
Adequacy 

System RA Capacity    
Local RA Capacity    
Flexible RA Capacity    

T & D  
Related 

Transmission Investment Deferral    
Distribution Investment Deferral  

  
Microgrid/Islanding  

  

Site-Specific 
& Local 
Services 

TOU Bill Management   
 

Demand Charge Management   
 

Increased Use of Self-Generation   
 

Backup Power   
 

Figure 2: Scope of possible services for transmission-, distribution-, and customer-sited resources 
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Figure 3: Summary of utilization towards Assembly Bill 2514 goals. 

Figure 3 summarizes our assessment of the contribution of each resource or cluster towards the Assembly 
Bill 2514 stated goals of grid optimization, renewables integration, and GHG emissions reductions the 
2017–2021 operating period. Scores reflect actual utilization of capacity towards a variety of services 
regardless of value or cost. Each bar is a simple average of three 0–100 scores: one for contribution to 
each goal. The grid optimization portion of the score considers the full spectrum of grid services shown 
previously in Figure 2 and share of capacity used to provide those services. The renewables integration 
portion of the score includes the subset of grid services that help specifically with renewables 
integration—such as the portion of energy time shift that reduces renewable curtailments. The GHG 
emissions reductions portion of the score reflects the volume of net reductions (or net increases) per 
MWh capacity. For each of the three goals, resource or cluster-specific contributions are calculated and 
normalized on a 0–100 point scale. Then, a simple average is taken and shown in the chart. 

 

Observations on actual benefits and challenges during the 2017–2021 period 

The market for stationary energy storage in 
California grew and matured significantly, from a 
pilot phase into commercial scaling of lithium-ion 
battery technology in both customer-sited and 
transmission-connected installations. 

Customer-sited installations under SGIP grew from 
60 MW/120 MWh to 440 MW/990 MWh. Grid-scale 
installations grew from 130 MW/510 MWh or 10% 
of all installations in the country to 2,300 MW/8,800 
MWh or 44% of all installed capacity in the country. 

Significant cost reductions were achieved for 
installations across all grid domains in California. 

Third-party contract prices landed in the ranges of 
$5–8/kW-month for capacity and $9–14/kW-month 
for all attributes by the end of 2021. The capital cost 
of utility-owned projects dropped from $6,000–

11,500/kW for pre-2015 pilot and demonstration 
projects, to $1,200–1,600/kW by the end of 2021. 

Frequency regulation value for a subset of 
transmission- and distribution-connected storage 
resources was relatively high, but at the expense of 
GHG emissions increases. 

This highlights the drawback of the operating losses 
of energy storage. Energy storage is a net consumer 
of electricity due conversion losses in its operating 
cycle (for lithium-ion, typically 15–20%). To provide 
frequency regulation, a storage resource charges 
more MWh within the same hour it discharges. If 
fossil-fired generation is on the margin, then 
storage is using more fossil-fired generation than it 
is displacing. This leads to higher GHG emissions. 

0

25

50

75

100

Sc
o

re
 t

o
w

ar
d

s 
A

B
 2

5
1

4
 G

o
al

s

Project group or cluster: 

◼  Transmission-connected 
◼  Distribution-connected (3rd party) 
◼  Distribution-connected (utility) 
◼  Customer-sited non-SGIP 
◼  SGIP non-residential (7clusters) 

Utilized in multiple markets 
Highly effective location 

High efficiency and 
market-participating, 

but lacking 1–2 
essential services 

Grid services well-aligned  
w/ all three AB 2514 goals 

Low utilization and/or  
grid value 



Energy Storage Procurement Study: Executive Summary DRAFT 
 

 4 
 

A major shift away from the frequency regulation 
use case and towards the more broadly beneficial 
and scalable energy time shift use case occurred in 
the CAISO marketplace in 2021. 

During the initial phase of deployment, primary use 
case and value centered around ancillary services 
for CAISO-participating resources. In 2020 and 2021, 
as installed storage capacity grew significantly and 
ancillary services markets saturate, we observe an 
increase in energy value and corresponding GHG 
emissions reduction value for most resources 
participating in the CAISO marketplace. 

The resource adequacy use case reached scalability 
and grew substantially to meet grid needs. 

By the end of 2021 about 2,200 MW/9,000 MWh of 
mostly grid-scale online installations provided 
resource adequacy services. Another 3,200 MW/ 
12,500 MWh was procured for system reliability in 
2022–2023. In early 2022 the CPUC adopted its 
2021 Preferred System Plan with an incremental 
13,571 MW battery storage plus 1,000 MW pumped 
(long-duration) storage by 2032, suggesting an 
average build of 1,325 MW storage per year for 
resource adequacy purposes until 2032. 

Non-residential customer-sited installations under 
SGIP provided a low level of service towards 
meeting the grid’s energy and capacity needs and 
most of them increased GHG emissions. 

Installations at commercial and retail sites 
performed the worst and had operating patterns in 
competition with solar generation and indicative of 
demand charge bill management. These resources 
provided negative energy value and increased GHG 
emissions. This finding is consistent with the state’s 
prior SGIP evaluation reports and corrective 
program requirements were effective in April 2020 
for non-residential installations to respond to a 
marginal GHG emissions rate signal. However, the 
impact of the new performance requirement was 
not yet apparent during our evaluation period, likely 
due to the length of project development timelines 
and exemptions for legacy projects. 

Schools, colleges, and residential customer-sited 
installations fared better with high solar PV attachment 
rates but still performed well below their potential. 

Top-performing non-residential clusters had 99% 
solar PV attachment (i.e., 99% of those with storage 
installed also had solar installed) and represented a 
high share of schools and colleges. These resources 
provided up to 60¢/kW-month in energy value and 
corresponding GHG emissions reductions but were 
underutilized overall and fell short of their $3–
4/kW-month energy value potential. 

Residential installations also have a high solar PV 
attachment rate of 97%. Although we did not 
analyze residential installations directly, the state’s 
SGIP evaluation studies indicate a similar result of 
relatively high performance compared to other 
customer-sited installations but low absolute value 
compared to our $3–4/kW-month benchmark. 

Other customer aggregations provided low energy 
and capacity value—even when participating in 
the wholesale marketplace. 

An additional 76 MW/318 MWh customer 
aggregations outside of SGIP also produced well 
below their energy value potential. These resources 
had low responsiveness to system emergencies 
even when receiving capacity payments and when 
participating directly in the wholesale energy 
marketplace. Those not participating in CAISO 
energy markets provided negative energy value and 
increased GHG emissions with operating patterns 
indicative of demand charge bill management. 
Those that did participate in CAISO energy markets 
provided only about $1/kW-month in energy value, 
no GHG emissions reductions, and did not respond 
consistently to system emergencies due to 
restrictions in contract arrangements. 

Utility-owned distribution-connected resources 
developed for microgrid and other distribution-
related services provided very little value overall 
and contributed to GHG emissions increases. 

This highlights the drawback of standby losses when 
transmission-level grid services are not integrated 
into the energy storage use case. A 12 MW/28 MWh 
subset of resources were on extended periods of 
standby while continuously drawing from the grid at 
a net cost and during hours when fossil-fired 
generation was on the margin. 
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Customer outage mitigation needs, awareness, 
and value increased significantly after 2019 PSPS 
events, but lack of customer impact data makes it 
difficult to quantify resilience benefits of storage.  

Wildfire risks accelerated and shifted rapidly in 
2017–2021 along with utility use of extended 
planned outages of sections of the distribution 
system (Public Safety Power Shutoffs) as a 
mitigation tool. Most of the 250 MW/510 MWh 
non-residential installations under SGIP were not 
configured or not in the locations to provide multi-
day outage mitigation services. Since the inception 
of the Equity Resiliency budget under SGIP in 2020, 
however, we observe a trend of residential 
installations paired with solar PV and concentrated 
in high wildfire threat areas. 

No California-specific and statistically significant 
estimate of the cost of multi-hour and multi-day 
outages to customers is available in the industry. 
Our estimates of outage mitigation value are likely 
conservative and likely do not reflect the full range 
of benefits across circumstances, locations, or the 
diversity of specific customer needs. 

Storage served at scale as generators providing 
capacity within local transmission-constrained 
areas of the grid, but no resource operated 
specifically as a transmission asset.  

909 MW/3,579 MWh in storage capacity was 
procured by utilities to meet various resource 
adequacy needs in local transmission-constrained 
parts of the grid. These resources addressed local 
grid constraints by acting as generation assets and 
we calculated their benefits accordingly as the 
avoided cost of a generator. However, these types 
of local grid constraints may alternatively be fully or 
partially addressed by new transmission solutions. 
As such, storage operating in these transmission-
constrained areas may alternatively be thought of 
as a generation substitute for transmission (also 
known as “non-wires alternative”). 

No resource operated specifically as a transmission 
asset operated by CAISO. This specific use case is 
still in a very early pilot and demonstration phase. 
One resource was procured under the storage as a 
transmission asset (SATA) use case in 2019 but has 
yet to be developed. A major challenge appears to 

be a disconnect between planning uncertainties in 
the size of a transmission need and inflexibilities in 
the storage procurement and development process 
to adjust to new information. 

Storage developed to defer specific distribution 
investments faced major challenges as the size and 
timing of identified needs changed over time.  

One resource analyzed was originally procured to 
defer a distribution system investment. However, 
the deferral need disappeared just prior to start of 
operations. At least nine projects earmarked for 
distribution investment deferral were canceled—
including almost all third-party-owned projects 
procured under this use case. We observe that not 
only is this benefit difficult to capture but it is in 
need of pairing with other synergistic grid-level 
services, like energy and resource adequacy 
capacity, to hedge against shifting needs on the 
distribution system. 

Developers utilize the modularity of battery 
storage systems in their construction and market 
participation strategies.  

Some projects were built in phases ahead of their 
resource adequacy contracts, starting with target 
MW capacity at shorter durations offered into 
energy and ancillary services markets and 
progressively adding more duration to meet their 
contract obligations. Under the distribution deferral 
use case, one project demonstrates the advantages 
of energy storage’s use case flexibility. That project 
successfully reached commercial operations and 
provided benefits by participating in the CAISO 
marketplace—despite evaporation of the original 
distribution deferral needs when the utility’s load 
forecast decreased. 

Severely lagged, limited, and/or complex access to 
the most basic resource-specific operating data 
created unprecedented challenges against 
understanding actual benefits and costs compared 
to other types of grid assets.  

With the exception of requirements for non-
residential storage under SGIP, no investor-owned 
utility or program administrator systematically and 
comprehensively collected, retained, quality-
controlled, or reported the most basic operating 
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data on energy storage resources in their portfolio. 
This highlights a challenge to scaling a new 
technology group that crosses grid domains and 
traditional boundaries in planning and operations. 

Other than a September 2022 event at the Moss 
Landing site, no major safety event at a stationary 
battery energy storage system in California has yet 
occurred, and the state is at the beginning stages 
of comprehensively integrating the industry’s 
safety best practices.  

Three other relatively minor safety events in the 
state highlight increasing risks as the number of 
installations increase. In April 2019 a catastrophic 
safety failure at the McMicken Battery Energy 
Storage System in Surprise, Arizona raised national 

awareness on the safety risks of lithium-ion battery 
systems. Although codes and standards advanced 
rapidly in subsequent years, lessons learned from 
events in the U.S. and around the world point to a 
need for state and local action to ensure best 
practices are actually in place and met, to ensure 
installations are appropriately designed for local 
environmental conditions, and to ensure 
installations are also designed to minimize the size 
and extent of storage capacity on outage in the 
event of a safety failure. Updates to the California 
Fire Code July 2021 set the stage for a more 
comprehensive and coordinated safety risk 
management approach in the state—but much 
work remains. 
 

Indications of future trajectories and challenges 

Ancillary services is a niche market with abundant 
supply and not a primary vehicle for GHG 
emissions reductions or renewables integration.  

Despite GHG emissions increases, the ancillary 
services use case for energy storage supports 
renewables integration and it is an important part 
of a total energy storage portfolio. But the niche 
market for these services is small and supply is 
plentiful with gigawatts of storage on the system. 
The market is already showing signs of saturation 
and we do not see this use case as scalable to levels 
materially beyond what it is today. Also, it is not a 
primary vehicle for GHG emissions reductions or 
renewables integration. 

Increased energy storage penetration, as planned, 
will tighten energy price differentials and rapidly 
reduce the marginal energy value of resources 
providing intra-day energy time shift (e.g., short 
duration storage).  

We expect total energy value potential to increase 
with increased renewables penetration. Over time, 
as more energy storage is built on the system we 
project a flattening of energy prices and decreasing 
marginal energy value that drops below $4/kW-
month with 40 gigawatt-hours of energy storage 
capacity on the system (slightly less than the 2021 

Preferred System Plan for 2032), and below $1/kW-
month with 72 gigawatt-hours on the system (about 
1/3 of battery storage in 2045 under the SB 100 Core 
scenario). 

Capacity market revenues will become increasingly 
important to ensure revenue sufficiency for the 
storage fleet and to incentivize new builds of the 
right type and at the right time.  

As such, energy storage resources will become 
increasingly dependent on RA capacity payments. 
We expect capacity market participation and 
capacity prices to increase to ensure revenue 
sufficiency for new projects. 

The CPUC is in the process of significant revisions to 
its planning processes and procurement 
mechanisms to adapt to a system with high 
penetration of renewables and energy-limited 
storage. The CPUC’s migration to an effective load 
carrying capability-based approach (ELCC) better 
represents system needs and the ability of energy 
storage to meet those needs. However, many 
parameters to the ELCC approach are yet to be 
tested. If implemented without sufficient 
stakeholder vetting and transparency, it could 
undermine the efficiency of future energy storage 
procurements and create disconnects between RA 
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capacity payments and performance for many years 
to come. 

We expect the cost-effectiveness crossover points 
from 4-hour to longer duration configurations (6- to 
8-hour) to be highly uncertain and sensitive to ELCC 
modeling assumptions. We observe that the 
incremental ELCC schedule developed for mid-term 
reliability procurement shows little difference in 
ELCC levels across alternative durations and may 
not appropriately signal for longer-duration storage 
when needed. 

Additionally, the impacts of climate change and 
extreme system events are recognized but are yet 
to be explored in the ELCC calculations. 

The CPUC has a limited and narrowing window to 
translate energy market price signals into 
economic incentives for customer-sited storage 
installations and use cases that are in sync with 
grid conditions and state goals.  

We observe significant untapped energy time shift 
(both energy and RA capacity value) and GHG 
emissions reduction potential which will grow as 
customer-sited installations are expected to grow 
tenfold or more over the next ten years. Policy 
solutions that can be implemented within the next 
couple of years will be needed to get ahead of that 
activity and unlock its potential to benefit 
ratepayers and help meet state goals. Distributed 
storage that is more responsive to grid conditions 
can avoid potentially thousands of MW in new 
storage builds at the bulk grid level. Future energy 
market saturation also creates urgency to bringing 
grid signals to customers. As marginal energy prices 
flatten, efforts to develop a scalable framework to 
synchronize customers with energy markets and 
grid needs will become increasingly difficult.  

Community and customer outage mitigation use 
cases need further support in order to scale up to 
address a growing resilience problem.  

SGIP will continue to be instrumental in unlocking 
outage mitigation benefits for the most vulnerable 
customers, communities, and critical facilities. Most 
installations under the SGIP Equity Resiliency 
budgets are for residential sites. It is unclear if the 
program design works as intended to support 

outage mitigation at key non-residential sites such 
as community centers and critical facilities. We 
observe that schools and colleges operate storage 
under use cases that provide energy time shift value 
to the grid and might be good candidates to provide 
community-level outage mitigation services. 

Advancements in data collection and management 
are urgently needed.  

Current data management practices present a 
significant barrier to understanding and managing 
the state’s energy storage portfolio and adapting 
planning assumptions and policies quickly to market 
changes. Under the status quo, the data 
management problem will become much worse due 
to explosive growth in the energy storage market 
across all grid domains, types of installations, and 
use cases. Without advancements in this area 
policymakers do not have the tools to track benefit 
and cost trends, to gauge resource or portfolio 
performance, or to identify opportunities to expand 
use cases to incorporate additional services. 

Safety events will happen, but risks are 
manageable as long as state and local agencies act 
soon to proactively implement safety best 
practices and to address linkages among energy 
storage safety, permitting processes, and system 
reliability.  

Based on historical events in the U.S., it is 
reasonable to expect at least a handful of safety 
events across the storage fleet over the next ten 
years. When events do happen, they tend to occur 
within 1–2 years of a resource being online. The 
industry has developed national and international 
safety best practices that require certain state and 
local actions towards risk assessment, risk 
management, and emergency preparedness. The 
degree of state and local engagement on this issue 
will likely impact safety event outcomes, the speed 
and quality of the permitting and development 
process for storage, and whether or not safety 
events result in extended outages of storage 
resources and any co-located generation or critical 
facilities.  
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Conclusions and recommendations on policy efforts going forward 

Evolve Signals for Resource Adequacy Capacity Investments 

The most urgent effort is to ensure that adjustments to the CPUC’s planning and resource adequacy 
capacity market mechanisms provide transparent, unambiguous, accurate, and consistent signals for the 
grid’s instantaneous (MW) and energy (MWh) capacity needs. We recommend to: 

• Continue development of ELCC methods for assessing system capacity needs for reliability and 
various resource type’s ability to meet those needs, including use of the CPUC’s ELCC surface analysis 
which considers the dynamic interactions of resources within a portfolio. 

• Further validate ELCC signals for longer duration storage investments, with more transparency and 
stakeholder discussion of underlying ELCC modeling assumptions and results to identify and explain 
drivers of ELCC differences (or lack thereof) across storage durations. 

• Incorporate real options for longer-duration energy storage installations into IOU solicitations and 
CPUC contract approvals to support a timely and cost-effective transition for a portfolio with longer 
duration storage, utilizing the modularity of battery storage capacity. Utility and other LSE’s system 
designs and contracts with third parties, for example, could include options to expand duration at the 
existing site in an expedited manner. 

• Incorporate impacts of climate change and weather-driven extreme grid events in resource planning 
and ELCC models to assess future resource needs and system vulnerabilities. 

Bring Stronger Grid Signals to Customers 

Improved grid signals to customer-sited installations can unlock energy value and GHG emissions 
reductions, and can potentially save ratepayers significant investment dollars by avoiding new builds—
but opportunities to do so will likely expire within the next 5–10 years as storage saturates the energy 
market. We recommend: 

• Bring stronger grid signals to customers overall: More generally, development of significantly stronger 
signals to customers on the time-varying value to the grid of storage operations is needed. Longer-
term solutions require significant changes to the retail rate design and wholesale market participation 
paradigm, such as the retail rate design framework described in CPUC Staff's June 2022 California 
Flexible Unified Signal for Energy (CalFUSE) white paper. Regardless of the CPUC’s long-run policy 
pathway to this aim two critical activities are: 

– Continued work on basic alignment of rate structures with grid needs. Actual or potential 
misalignments that we observe in our analysis and that can significantly reduce the net benefits of 
energy storage include: 

o Retail non-coincident demand charges versus grid energy and RA capacity avoided costs 
o Net energy metering incentives for standalone solar PV versus solar plus storage 
o Peak period definitions that exclude 8–9 p.m., weekends, and holidays despite grid emergencies 

during those times 
o Off-peak period definitions that do not differentiate the grid cost of mid-day versus nighttime 

charging 
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o Interim solutions that can bring stronger grid signals to customers within the next couple of 
years. Examples of interim solutions include building upon the SGIP and ELRP mechanisms 
already in place. 

• Elevate assessment of effectiveness of GHG signals in SGIP: Expedite evaluation of the effectiveness 
of GHG reduction requirements in SGIP, and broaden scope of that evaluation to consider (a) the 
importance of energy and RA capacity value among all benefit categories and (b) the degree of actual 
versus potential contributions towards state goals. 

• Strengthen grid signals in SGIP: Consider a course-correction to align SGIP program goals and 
performance requirements to produce significantly more energy and RA capacity value. 

– Strengthen and leverage requirements to follow the GHG signal in order to improve GHG reductions 
and energy value. 

– Address conflicting signals to non-residential participants of demand charges versus the GHG signal. 

– Introduce and create linkages to additional incentives for voluntary performance during grid 
reliability events for all SGIP participants—such as auto-enrollment in ELRP and/or incentives for 
performance during Flex Alerts. 

– Set a framework to link and provide information on bulk grid alerts/emergencies (e.g., ELRP, Flex 
Alerts), local alerts/emergencies (e.g., PSPS), and historical outage risk during those 
alerts/emergencies so customers can program their systems to dynamically offer more capacity to 
the grid (rather than hold reserves) when they determine it is safe to do so. 

• Incorporate more flexibility in IOU contracts for customer aggregations: Improve contract structures 
for customer aggregations that can be quickly realigned with changing grid needs, including (a) 
performance requirements to address system needs shifted to late evenings and extended to 
weekends and holidays, and (b) measures against conflicting retail rate signals and use cases such as 
non-coincident demand charge management. 

Remove Barriers to Distribution-Connected Installations 

To produce net benefits to ratepayers and additional options for scalability and resource solutions, 
further market transformation is needed to support 3rd-party-owned distribution-connected resources, 
and both existing and new resources must be positioned for multiple use applications. We recommend 
to: 

• Accelerate market transformation including improvements to 3rd party project development success 
rates relative to IOU-owned developments with a focus on: 

– Speeding up and addressing other major developer risks in the IOUs’ execution of WDAT 
interconnection processes; 

– Require that utility procurements include some flexibility to adjust the size and/or use case of a 
project if the original procurement need (e.g., distribution deferral) shifts. 

– More generally, incorporation of more value streams into individual IOU solicitations. 

• Enable multiple use applications by requiring distribution-connected resources to offer transmission 
grid-level services when idle and minimize extended periods of standby, following MUA guidelines. 
As a starting point, require all utility-owned installations and contracted third-party distribution 
deferral projects to seek participation in the CAISO marketplace. 
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Improve the Analytical Foundation for Resilience-Related Investments 

Customer outage mitigation is crucial component of resilient electricity service to meet essential loads 
and to protect vulnerable customers, communities, and critical facilities. An improved analytical 
foundation for resilience-related investments is needed to identify and address the state’s outage 
mitigation and growing resilience needs. We recommend to: 

• Continue focus on equity and resilience in SGIP to support customers with high outage risks but 
inability to pay for a cost-effective storage solution. 

• For the purpose of improving CA’s analytical framework for resilience planning overall, estimating the 
extent of the resilience problem for disadvantaged and low-income customers, and estimating the 
market depth for customer-sited energy storage for resilience: 

– Pursue initiatives to significantly improve the state’s understanding of the cost of outages (value 
of lost load) on a diversity of customers, communities, businesses, schools, and critical sites. The 
estimates of value of lost load should be California-specific and include: 

o Distinctions in outage duration, like impacts of multi-hour (representing rolling blackouts) versus 
multi-day (representing PSPS) outages; 

o Distinctions in the geographic extent of outages, like impacts of outages on a distribution 
segment versus on multiple contiguous communities; 

o Distinctions in the environmental and weather context of the outages, like impacts during a 
normal weather day versus during a heat wave with surrounding wildfires and smoke; 

o Distinctions in financial drivers to the customers’ ability to withstand an outage; 
o For each customer type analyzed, estimates of what share or quantity of electricity demand is 

essential (high impact if lost) versus discretionary (low impact if lost); 
o The cost of outage warnings (e.g., CAISO alerts and warnings, PSPS warnings) even if outages 

are not implemented. 

– Track and report total installation costs of customer-sited energy storage, using data collected 
through SGIP, for use in benefit/cost evaluations that consider the full spectrum of services 
provided by distributed energy storage. 

– Expand and periodically update estimates of customer resilience-related vulnerabilities, 
grounded in up-to-date and spatially granular long-term forecasts of environmental and weather 
risks. This would be in collaboration with the CEC Energy Research and Development and Energy 
Assessments Division and for use in the CPUC’s resilience planning including resilience-related 
program eligibility requirements. 

– Further investigate barriers to non-residential enrollment under SGIP Equity Resiliency budgets, 
including consideration of additional eligibility criteria for sites with high-value and synergistic use 
cases such as schools and colleges with solar PV to offer community-level resilience. 

– Given new findings on resilience needs and value from the efforts above, further analyze the 
market potential and tradeoffs of developing distributed versus grid-scale storage to improve 
resilience. This would be in collaboration with the state’s resource planning community and used 
to assess the implications of IRP procurement plans and other CPUC efforts (e.g., SGIP, ELRP, retail 
rate design) on future resilience. 
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Enhance Safety 

Expanded safety-related initiatives can help mitigate harm to people and improve emergency response 
to a safety event. They also have the potential to facilitate fast and high-quality local permitting review 
and to minimize outages of storage resources and any co-located generation or critical facilities. We 
recommend to: 

• Form a storage safety collaborative: The CPUC Energy Division and Safety and Enforcement Division 
to build upon their coordination with the CEC to form a safety collaborative with the purposes to (a) 
define roles and responsibilities in the context of a multi-agency risk management plan, (b) promote 
two-way knowledge exchange with local agencies and emergency responders on installation 
characteristics, possible risk factors including vulnerabilities to local environmental conditions, and the 
effectiveness of mitigations, (c) facilitate rapid absorption and integration of safety best practices into 
local laws, building and fire codes, site-specific emergency plans, inspection checklists, permitting 
processes overall and (d) identify and implement measures to minimize storage and any co-located 
resource outages and recovery periods following a safety event. 

• Explore the safety-reliability link: CPUC and utilities to consider development of a safety and reliability 
score in the utilities’ least-cost best-fit resource evaluations, based on guidance from the safety 
collaborative and/or developer guarantees or remedies for a safety-related event. 

• Develop guidance materials for local agencies to build from: Consider development of training 
webinars and guidebooks for local governments such as model (boilerplate) law for storage system 
requirements, a model permit application, a model inspection checklist, and information on how 
battery system safety is incorporated into state fire and building codes. 

Improve Data Practices 

Lack of comprehensive and quality-controlled actual project characteristics and operational data across 
all resources and grid domains will continue to obscure the imperative to stack benefits in customer-sited 
and distribution-connected storage use cases. Lack of these data will also make it difficult for the CPUC 
and utilities to diagnose key shifts in operating performance in response to policy and market levers such 
as ELCC. We recommend to: 

• Using CEC’s EPIC and PIER final report templates as a guide, require that all pilot and demonstration 
projects funded by ratepayers through other channels (e.g., General Rate Case) yield a research 
report accessible to stakeholders in a timely manner. 

• Develop universal and standardized data collection, retention, quality control, and reporting of 
interval-level operations for all ratepayer-funded energy storage resources, modeled after the SGIP 
requirements for Performance Based Incentives and expanded to include information on state of 
charge, standby losses, and operations during upstream grid outages. 

• Expand upon recent data collection efforts to develop a relational energy storage database that 
includes data compiled in this study and across multiple CPUC groups, linkages to energy storage data 
being collected by the CEC, and linkages to data collected by the multi-agency safety collaborative 
described above. The database should be broadly accessible and useful among all CPUC groups and 
updated monthly. To the extent confidentiality restrictions allow, data should be routinely posted and 
shared with stakeholders. 

• Routinely collect project-specific cost data across all ratepayer-funded energy storage procurements, 
including total installed cost and a standardized breakdown of cost components (e.g., hardware, 
engineering & construction, permitting & siting, and interconnection) with the purpose to track cost 
trends in a timely manner and develop policies to facilitate cost reductions (e.g., soft costs). 
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Overall, the energy storage market in California matured significantly during our study period, in terms of 
technologies and use cases. For short duration energy storage, California surpassed its pilot phase and 
achieved commercial scaling of lithium-ion battery technology in both customer-sited and transmission-
connected installations. More recently installed projects indicate significant net benefits will be realized 
with a future storage portfolio although we see evidence of some untapped potential in distributed 
resources. 

In this study we expand upon the state’s planning and analytical practices to learn from historical 
resource-specific storage operations, at a fine temporal and spatial granularity, across all grid domains, 
and across all potential services offered by energy storage resources. In its next energy storage 
procurement study the CPUC will have even more historical data to work with—likely with more complex 
market interactions as storage penetration increases. In future studies we recommend continuing to build 
upon the framework we developed here, incorporation of other technologies and longer durations as they 
develop in the marketplace, consideration of market price impacts in the benefits counterfactual (which 
may require more complex modeling), and incorporation of future state agency and stakeholder data and 
analytical innovations to refine our future outlook. 
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INTRODUCTION 
 
 
The purpose of this report is to assist the CPUC and its stakeholders to learn from its energy storage 
market transformation and actual operations, identify current and future challenges, and adapt policies 
accordingly. We document California’s energy storage market evolution over the past decade and 
evaluate realized benefits and challenges of actual energy storage operations in the period 2017–2021. 
We also assess future trends and emerging challenges in energy storage development as the state 
moves towards carbon neutrality by 2045. 
 
The state’s clean energy goals call for a major grid transformation towards almost all renewables with 
a large share of variable solar and wind generation. Energy storage provides key services for efficient 
use of renewable capacity by transmitting excess renewable generation to times of deficiency. 
However, it must do so at a large scale with proven technologies, and with procurements and market 
mechanisms that appropriately value those services. The California state agencies, utilities, and many 
other stakeholders implemented a wide range of initiatives to explore and accelerate development of 
a variety of technologies and use cases for stationary energy storage. Going forward, policies must 
continue to evolve with the market to unlock the full potential of the state’s energy storage portfolio. 
 
 
 
California is a world leader in innovative energy policies to transform markets to address the true costs of 
environmental damage and climate change to people and their quality of life. As part of its path towards 
clean energy goals the state dramatically transformed its stationary energy storage market. Ten years ago 
the CPUC and its stakeholders faced many unknowns and risks in terms of energy storage costs, operating 
capabilities, ability to participate in wholesale markets, and long-term cost-effectiveness. While we now 
have much more information to understand those unknowns and risks, we also face new questions about 
how to scale and diversify the energy storage portfolio to yield as much benefit to Californians as possible. 

The purpose of this report is to assist the CPUC and its stakeholders to learn from its energy storage 
market transformation and actual operations, identify current and future challenges, and adapt policies 
accordingly. This report is organized in three chapters: 

• Chapter 1 (Market Evolution) provides historical policy and planning context to the evolution of 
California’s market for stationary energy storage from about 2010 when California Assembly Bill 
2514 (Skinner) directed the CPUC to develop an energy storage procurement framework. 

• Chapter 2 (Realized Benefits and Challenges) captures the procurement, energy market, and 
storage operations outcomes of the CPUC’s energy storage procurement framework. We analyze 
actual energy storage operations in the period 2017–2021 and calculate realized net benefits at 
the resource level, across all grid domains, and across all services provided. We also assess each 
resource’s contribution to Assembly Bill 2514 stated goals of grid optimization, renewables 
integration, and greenhouse gas emissions reductions. 

• Chapter 3 (Moving Forward) discusses the going-forward implications of current policies, grid 
needs, market trends, and observed challenges to energy storage development. We provide 
recommendations on policy adjustments and next steps to unlock the full potential of the state’s 
energy storage portfolio. 
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This report also includes several attachments providing more detail on analytical approach, calculations, 
and research-related findings to support our key observations and recommendations. 

California’s Energy Policy Challenges and the Role of Energy Storage 

California’s clean energy goals include 33% renewable energy by 2020, rising to 60% by 2030, and carbon 
neutrality by 2045 (Figure 4). In order to achieve those goals, the state is in the process of a major grid 
transformation towards an electricity supply portfolio of mostly solar photovoltaic (PV) generation, plus 
generation from hydroelectric, wind, biomass, geothermal, and natural gas resources. Stationary energy 
storage plays an essential role in the total resource portfolio, and its key benefit is to support the 
efficiency, cost-effectiveness, and reliability of a system with high levels of renewable generation. 

Energy storage has the potential for a wide range of services (Figure 5). Electrically, the closer an 
installation is to the customer, the more services it can theoretically provide. Storage resources 
interconnected directly to transmission system can provide wholesale market, resource adequacy and 
transmission services. Distribution-connected storage  
resources can provide the same set of services to the 
transmission system, in addition to distribution system 
services. Customer-sited resources can provide all of 
the above, plus a suite of customer-specific services, 
like bill management. Some services shown in the figure 
are not fully additive or additive at all. However, the 
primary purpose and value in California’s energy 
storage portfolio is its ability to move large volumes of 
renewable generation from one timeframe to another 
in a controllable fashion—so-called “energy time shift.” 
This enables efficient use of renewables. Energy time 
shift is most evident both in the energy value and in the 
resource adequacy capacity value of energy storage as 
these two services can be closely intertwined. 
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Figure 4: California’s clean energy goals. Figure 5: Scope of possible energy storage services. 
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MW or MWh? 

An energy storage resource’s capacity to discharge electricity 
has two key dimensions: its maximum instantaneous output 
(expressed as MW capacity) and its total energy output with 

full charge (expressed as MWh capacity). 

If only one metric must be expressed then MWh capacity is 
generally the more informative choice. However, many 

electricity resource planning and market constructs express 
resource capacity, costs, and market value in terms of MW. 

In this study we often reference MW capacity to facilitate a 
better understanding of how energy storage fits into these 
planning and market constructs and how it may compare to 

other more traditional resources on the grid. 
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Policies for Accelerated Market Development 
Over a decade ago Assembly Bill 2514 formally identified energy storage as a potential game-changer to 
address a variety of renewables integration and infrastructure development challenges. But some type of 
energy storage technology would need to become more cost-effective and more quickly scalable to large 
quantities beyond what is feasible with traditional alternatives (e.g., pumped storage hydroelectric, multi-
state transmission). The policy challenge was thus to initiate a market for novel energy storage 
technologies and, within ten years, achieve commercial scaling and cost-competitiveness with alternative 
resource solutions. Key questions for energy storage market development included: 

• Is the technology proven to be capable of providing the services needed for grid optimization, 
renewables integration, and GHG emissions reductions? 

• Can viable value propositions be achieved for developers, investors, and owners for services to 
utilities and electricity customers? 

o Can costs be reduced and by how much? 

o Can revenue streams be developed that are technology-neutral to services provided? 

• Can California build enough of an energy storage development ecosystem to increase innovation 
and momentum towards commercial scaling? 

Figure 6 shows a summary of the progression of energy storage procurements since 2010. In response to 
Assembly Bill 2514, CPUC’s Decision 13-10-040 created an umbrella procurement framework and 
common goal for the utilities to procure 1,325 MW energy storage by 2020, with operations by 2024. The 
market for stationary energy storage in California grew and matured significantly, from initial use cases 
including pilots and local RA capacity (2014), to Assembly Bill 2868 opening the door to more development 
(2016–17), to distribution investment deferral procurements (2018–19), to expanded procurements for 
resource adequacy and system reliability (2020–21). The development pathway required investment in a 
diversity of technologies—and testing of a variety of use cases and business models. At the heart of this 
effort was a spectrum of CPUC procurement orders and programs (including SGIP) that could count 
towards meeting Decision 13-10-040 requirements, the CEC’s technology innovation and advancement 
programs, the CAISO’s initiatives to integrate energy storage into markets, and the utilities’ pilot and 
incentive programs. Chapter 1 (Market Evolution) discusses this policy journey in more detail. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6: Timeline of California’s key energy storage mandates and procurements.  



Energy Storage Procurement Study: Introduction  DRAFT 
 

 16 
 

As evidence of its commercial success, energy storage presence in the CAISO marketplace and in 
California’s capacity markets has grown significantly. By the end of 2021 about 2,300 MW/9,200 MWh 
were participating in the CAISO marketplace with several thousand MWs under active development. 
About 2,200 MW/8,800 MWh of mostly grid-scale online installations provided contracted resource 
adequacy services. Another 3,200 MW/12,800 MWh was procured for 2022–2023 system reliability. 
Resource adequacy-driven procurements for energy storage continued to grow rapidly through early 2022 
at the time of this report development. 

Even with maturation of the energy storage market important policy questions about the existing storage 
fleet remain. At the heart of this report is an analysis of actual energy storage operations, benefits, and 
costs in the 5-year study period 2017–2021. From this analysis we can better understand to what degree 
the CPUC energy storage procurement framework helps to meet state goals. We can also assess: 

• Are ratepayers seeing net benefits from its storage investments? 

• What types of installations and use cases have seen significant growth in value? 

• Are we leaving any sources of ratepayer value untapped? 

• Are some types of installations not scaling up and what are the challenges? 

Chapter 2 (Realized Benefits and Challenges) investigates these questions. 

Policies that Evolve with the Market 

Policies must continue to evolve as the energy storage penetration increases and as the grid transforms 
to meet the state’s goals. In early 2022 the CPUC adopted its 2021 Preferred System Plan at the conclusion 
of its 2019–2020 Integrated Resource Plan cycle, including an incremental 13,571 MW battery storage 
plus 1,000 MW pumped (long-duration) storage by 2032. The plan suggests an average build of 1,325 MW 
new storage per year for resource adequacy needs over the next decade.  
 

Going further out, even more storage will be 
needed. Figure 7 shows an indicative resource 
portfolio California needs to achieve carbon 
neutrality by 2045. Although likely overestimated 
due to modeling limitations, the scenario indicates 
development of 48,600 MW new battery storage 
between 2020 and 2045, which corresponds to an 
average buildout of almost 1,900 MW of new 
storage per year. Not only is this an unprecedented 
volume of energy storage on the grid, but based on 
planning models and actual development trends 
we can expect about 1/3 of new solar and battery 
storage installations to be at customer sites.  
 
The state’s electric system needs and market 
dynamics will change dramatically over time. 
Chapter 3 (Moving Forward) discusses the energy 
storage-related policy challenges to this grid 
transformation.  

  

Figure 7: California’s indicative resource portfolio to meet state 
clean energy goals. 
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CHAPTER 1: MARKET EVOLUTION 
 
 
Over the past decade the California state agencies, utilities, and many other stakeholders continuously 
broke new ground to explore and accelerate development of a variety of technologies and use cases for 
stationary energy storage and successfully vitalized a vibrant energy storage market in the state. The 
market for stationary energy storage in California grew and matured significantly, from a pilot phase 
into commercial scaling of lithium-ion battery technology in both customer-sited and transmission-
connected installations. Significant cost reductions were achieved for installations across all grid 
domains. Transmission- and distribution-connected energy storage participated in energy, ancillary 
services, and capacity markets, and demonstrated capability to provide a wide variety of other services. 
By the end of 2021 grid-scale installations grew to 2,300 MW/8,800 MWh or 44% of all installed capacity 
in the country. In early 2022, California’s planned grid-scale energy storage represented 50% of all 
planned installations in the country. In parallel, customer installations under SGIP grew to 440 MW/990 
MWh with hundreds of developers and installers available to customers in the marketplace. 
 
 
 
 
 
 
The market for stationary energy storage in California grew significantly over the past decade. As a part 
of the rapidly-changing industry environment and market acceleration process, California implemented 
several policies to drive and support market development across three dimensions: 

1. Development towards technological maturity, with an aim to identify, test, and demonstrate the 
capability of various technologies to provide the services needed—even if not yet economical; 

2. Development of viable value propositions, with an aim to increase the economic or financial 
viability of different use cases for energy storage; and  

3. Development of an ecosystem for project deployment, with an aim to strengthen the presence of 
developers, installers, owners, operators, subject matter experts, and other energy storage 
deployment stakeholders. 

These three market dimensions are interrelated. Steps towards viable value propositions, for example, 
require technological advancements like improvements in battery management systems needed to 
participate in the CAISO marketplace. As another example, development of an ecosystem for project 
development helps to reduce installation costs and refine revenue streams towards viable value 
propositions. 

In this chapter we assess the progress of energy storage market evolution towards readiness to serve the 
grid and customers at a large scale, given the timing and extent of grid transformation needed to meet 
the state’s clean energy goals. 
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Technological Maturity 

 
The path to technological maturity includes 
research and development to innovate, pilot 
projects to test and experiment with technologies, 
and small-scale demonstration projects. A key 
threshold question for a technology’s maturity is: 
with public sector support, can the technology 
demonstrably provide the grid services needed 
without major drawbacks, and at a scale needed to 
play a major role in California’s electricity resource 
portfolio? 

In 2011 the CEC through its Public Interest Energy 
Research (PIER) program published a strategic 
analysis of energy storage in California, including a 
discussion of the development status of various 
technologies. The report cited a 2009 technical 
maturity assessment study (Figure 8) which 
identified several electrochemical battery 
technologies, including lithium-ion, as close to 
mature. 

The CEC supported many battery-based research 
and development, pilot, and demonstration 
projects through its PIER and Electric Program 
Investment Charge (EPIC) programs and the utilities 
implemented similar efforts through various pilot 
and demonstration programs. Figure 9 shows a 
summary of a 32 MW/113 MWh group of earlier 
grid-scale energy storage projects that were (a) 
funded by ratepayers through technology 

development programs, and (b) counted towards 
the Assembly Bill 2514 goals and Decision 13-10-040 
procurement requirements. These battery-based 
resources were funded through PIER and EPIC, cost 
shares with the U.S. Department of Energy, utility 
pilot programs included in general rate cases, and 
utility bilateral contracts. They were installed and 
began operations in the 2011–2018 period. Unless 
retired prior to 2017 these resources are included in 
our historical benefit-cost analysis presented in 
Chapter 2 (Realized Benefits and Challenges). 

Experience with actual operating and market 
environments in California was an important step to 
bring new battery technologies to maturity. The 
CEC’s 2011 strategic analysis highlighted challenges 
including “life cycle and performance uncertainties, 
lack of demonstration and performance data” and 
“a need for superior control system and power 
electronics for seamless interoperability between 
storage devices and the grid.” In 2012, technology-
related barriers identified by the CPUC and 
stakeholders included “lack of commercial 
operating experience” and “lack of well-defined 
interconnection process” (Decision 12-08-016).  

Pilots and demonstrations to overcome these 
barriers would at the same time help to define 
specific use cases and carve the path to viable value 
propositions.

 
 

 

 

 

Figure 8: A 2009 assessment of storage technical maturity. 

(Chen et al. 2009) 

Figure 9: California’s early-adopted battery storage chemistries 
(installed 2011–2018). 

# Installations MW MWh

Lithium-Based Batteries

Lithium-Nickel-Manganese-Cobalt Oxide (NMC) 8 20 50

Lithium Polymer Battery (LiPo) 8 2 4

Lithium Nickel Cobalt Aluminum Battery (NCA) 1 1 3

Lithium Manganese Oxide Battery (LMO) 2 2 3

Lithium Ion-Doped Nickel Oxide 1 1 3

Non-Lithium Batteries

Sodium Sulfur Battery (NaS) 3 7 49

Nickel Metal Hydride Battery (NiMH) 1 0 1

TOTAL 24 32 113
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Figure 10: Examples of California’s early pilot and demonstration projects. 

Figure 10 summarizes a subset of California’s early 
pilots and demonstration projects. These projects 
helped build experience in grid applications and 
wholesale market participation models with CAISO 
(Vaca-Dixon, Yerba Buena, and Tehachapi) and a 
better understanding of operations to manage 
distribution line and substation loadings (Browns 
Valley, DESI 1–2), local renewables integration 
(Tehachapi, Mercury 4), and microgrid operations 
(Borrego Springs). 

Ultimately, lithium-nickel-manganese-cobalt oxide 
(NMC) battery was the only emerging technology to 
scale up significantly and develop alongside the 
already-mature hydroelectric pumped storage and 
thermal energy storage technologies. Lithium-ion 
batteries undoubtedly gained an advantage in the 
global marketplace due to its development and 
success in the transportation and small electronics 
sectors. Figure 11 shows a summary of the 
remaining 1,487 MW/6,039 MWh grid-scale energy 
storage procured by the utilities that were (a) 
operational prior to mid-2021 and (b) counted 
towards the Assembly Bill 2514 goals and Decision 
13-10-040 procurement requirements. 

By the time lithium-ion NMC batteries surfaced as 
the dominant scalable technology, California’s 
industry had already learned a great deal about how 
to integrate stationary battery systems into markets 

and grid operations through the CEC and utilities’ 
earlier pilots and demonstrations. It should be 
noted, however, that ratepayer-funded pilots and 
demonstrations that do not conclude with a widely-
available public report on challenges and lessons 
learned (e.g., DESI 1 & 2, Mercury, GRC Program 
units) are not as helpful to the state’s industry 
towards building market-readiness for new 
technologies. 

Longer-duration energy storage technologies such 
as compressed air, fuel cell, and hydrogen are 
currently in their pilot and demonstration phase 
with the CEC and utilities.  

 

Figure 11: Technologies in the IOU’s post-pilot and demonstration 
energy storage installations to meet AB 2514. 

# Installations MW MWh

Lithium-Ion (NMC) Battery 28 1,437 5,740

Thermal (Ice/Air/Chilled Water) 8 10 60

Hydroelectric Pumped Storage 1 40 240

TOTAL 37 1,487 6,039

Vaca-Dixon Yerba Buena Browns Valley Tehachapi DESI 1 DESI 2 Mercury 4 Borrego Springs 

Unit 1, CES, SES

GRC Program 

Units 1–4, 6–9

Year Operational 2012 2013 2016 2014 2015 2018 2018 2012–2014 2012, 2014
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Grid domain Distribution Distribution Distribution Distribution Distribution Distribution Distribution Distribution Distribution

MW Capacity 2 4 0.5 8 2.4 1.4 2.8 1.6 4.6

MWh Capacity 14 28 2 32 3.9 3.7 5.6 4.7 10.0
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Figure 12 below summarizes the progression of 
California’s energy storage procurement over time, 
under various procurement tracks. The market for 
stationary energy storage in California grew and 
matured significantly, from a pilot phase into 
commercial scaling of lithium-ion battery 
technology across all grid domains. 

Customer-sited storage capacity grew from 61 MW 
at the start of 2017 to at least 582 MW by the end 
of 2021 (possibly not counting some privately-
funded installations), largely driven by 468 MW of 
SGIP-funded installations. Distribution-connected 

storage capacity increased from 58 MW in 2017 to 
around 300 MW by 2021. Storage projects 
connected to the bulk transmission system 
remained under 100 MW until mid-2020 but grew 
to more than 2 GW by the end of 2021. This rapid 
growth is a result of various procurements for local 
capacity and more recently the procurements 
needed for system reliability. Under current 
procurements installed storage capacity is expected 
to reach 10 GW by 2024, as the state continues to 
build storage to meet future reliability needs while 
also decarbonizing its grid.

 

 

  

 

 

 

 
 

 

 

 

 

 

 
Figure 12: Summary of energy storage procurement in California as of Summer 2022.  
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Other states in the U.S. also have taken action to 
accelerate energy storage development, although 
not at the same scale as California. Figure 13 shows 
existing and planned grid-scale storage installations 
in the U.S. based on data compiled by the EIA, 
excluding pumped storage hydroelectric storage. As 
of mid-2022, total installed capacity is just over 
7,000 MW and is on track to grow to at least 24,000 
MW by 2025. California holds 48% of the nation’s 
installed capacity and 45% of planned capacity.  
 
Significant shares of the operational and planned 
grid-scale energy storage capacity are in Texas, 
Nevada, New York, Arizona, Florida, Hawai‘i, and 
Massachusetts. Like California, many of these states 
have high renewables penetration and/or relatively 

ambitious clean energy goals, which creates a 
growing need for flexible technologies to support a 
reliable grid. Storage development in Texas is 
largely driven by wholesale electricity market 
design that incentivizes independent power 
producers to develop short-duration standalone 
merchant projects. These states demonstrate a 
diversity of policy approaches and energy storage 
development challenges, but all point to the 
significance of energy storage as a beneficial 
technology. 
 
See Attachment D for a summary of policy and 
market drivers for energy storage development in 
other selected states. 
 

 
 
 
 

 

 

 

Figure 13: Existing and planned U.S. grid-scale energy storage installations. 
 
*As of July 2022; excludes PS hydro.  
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Cost Trends 
 
The recent growth in California’s stationary storage applications is driven in part by the rapid decline in 
cost of lithium-ion batteries, fueled by the EV industry’s quest to become cost competitive. As the state 
transitions from smaller proof-of-concept projects to large-scale commercial deployment, lithium-ion 
batteries currently dominate both customer-sited and grid-scale storage installations and the latest 
storage procurements suggest this trend will likely continue over the next several years.  
 
The capital cost of battery projects has four components:  

1. Battery pack including cells, modules, and battery management system; 

2. Balance-of-system (BOS) including other hardware, such as inverters, power controls, electric 
wiring, and safety systems; 

3. Engineering procurement and construction (EPC) including engineering cost, procurement of 
construction equipment, labor for installation, commissioning, and testing; 

4. Soft costs including project development, permitting, grid interconnection, and taxes. 

 
The average price of lithium-ion battery packs has declined from over $1,200/kWh in 2010 to $132/kWh 
in 2021, with a 6% drop from 2020 levels, according to BloombergNEF’s annual survey (BloombergNEF 
2021). These prices are averages across multiple use cases in the global battery industry. The survey shows 
the lowest prices were in China at $111/kWh and cost of battery packs in the U.S. were 40% higher, which 
translates to an average of around $155/kWh. Prices also vary by end use. Battery packs in stationary 
storage costs $20/kWh above the average. Assuming similar cost premium in the U.S. market brings up 
the average 2021 price of battery packs used for the U.S. stationary storage systems to roughly $175/kWh. 
 
 
 
This is consistent with a recent NREL report on 
cost of battery storage systems installed in early 
2021, summarized in Figure 14. In 2022 dollars, 
battery pack costs are about $190/kWh for grid-
scale and commercial installations, and 
$240/kWh for small standalone residential 
systems.   
 
When all costs are included, stationary storage 
projects totals to around $320/kWh for grid-
scale systems, $400/kWh for commercial 
systems, and over $1,400/kWh for residential 
systems. The difference is largely driven by the 
soft costs, such as permitting and 
interconnection, sales & marketing, developer 
overhead and profit margin that are much 
higher for small residential projects than for 
grid-scale or commercial projects.  
 

 

Figure 14: Installed cost of storage systems in 2021 (2022 $). 
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Figure 15 below shows the installed cost of storage 
projects owned by California IOUs, in dollars per 
kW. Bubble sizes are roughly proportional to project 
sizes ranging from 25 kW to 30 MW.  Cost data 
presented here is compiled based on research of 
utility applications and CPUC decisions on various 
procurement tracks, supplemented with 
information provided by the IOUs.  

Earlier small pilot and demonstration projects are at 
the top of the curve, with most of them at $6,000–
$11,500/kW. 

Under declining battery prices, new utility-owned 
storage projects that are recently installed or under 
development are expected to cost $1,200–
$1,600/kW, except for a few very small projects 
above that range. With 4-hour duration, this 
translates to $300–$400 per kWh for larger 
systems, which is in line with the cost estimates 
summarized in Figure 14. 

The cost data for new projects due for installation 
in 2021–2022 is shown in aggregate to preserve 
confidentiality. The values are based on estimates 
as of early 2022 and actual costs may vary. 

Note that estimated costs of recent utility-owned 
storage procurements to meet summer 2022–2023 
emergency reliability needs are not shown due to 
confidentiality. But public information disclosed 
under the utility applications suggest that the cost 
of these projects will likely be higher than the 2021–
2022 installations due to expedited timeline of 
these projects, combined with the current supply 
chain challenges and rising raw material costs. 

 
 
 

 
 
 

  

Figure 15: Installed cost of utility-owned storage projects in California (2022 $). 
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While many of the initial pilot projects were utility-
owned, a large share of more recent storage 
projects are procured under third-party contracts 
where the utility or load serving entity pays a 
contract price in exchange for the rights to the 
project’s certain attributes. Most of the energy 
storage contracts executed by the California utilities 
have either a fixed flat price that remains constant 
over time or a price schedule escalating annually at 
a set rate. 

Figure 16 below summarizes the energy storage 
contract prices over time, with data aggregated by 
grid domain and type of contracts. Overall, we see 
a wide range of prices depending on vintage, grid 
domain, procurement track, and project size.  
Earlier energy storage contracts were significantly 
more expensive across all grid domains. Recent 
contracts are predominantly for much larger 
transmission-connected energy storage projects, 
and they generally reflect the cost reductions seen 
in the global storage industry.  

For projects approved in 2020–2021, contract 
prices are in the range of $5–$8/kW-month for 
resource adequacy (RA)-only contracts and $9–
$14/kW-month for all-in contracts through which 
the utility retains all of project attributes for the 
contracted period. 

Under an RA-only contract, the utility buys RA 
capacity and the third-party owner retains all other 
resource attributes. For example, resource owner 
can participate in the CAISO energy and ancillary 
services markets and keep associated revenues. 
This allows the owner of the project to offer the 
resource’s capacity at a lower price point relative to 
an all-in contract. The data show the historical price 
differential between recent RA-only and all-in 
storage contracts approved in 2020–2021 was 
around $5/kW-month on average. 

 

 

 

 

 
 

Figure 16: IOU third-party storage contract prices by grid domain and CPUC approval year (2022 $). 
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Most of grid-scale energy storage systems procured 
in California today are configured for 4-hour 
duration, which means they can continuously 
discharge up to 4 hours at full capacity. This is a 
result of the high initial value of 4-hour storage in 
addressing current system reliability needs. 
Lithium-ion batteries currently dominate the 
market due to their favorable economics for 
providing short-duration capacity. 

Going forward, as California continues to 
decarbonize its electric system by deploying more 
clean energy resources, system flexibility needs and 
role of storage will evolve and longer duration 
storage systems will be needed. Batteries are highly 
modular and there are no technical barriers to 
configuring them with longer durations above 4 
hours.  But a very large share of batteries’ installed 
cost is from energy-related costs (e.g., battery 
pack), which increases with duration. For example, 
a 4-hour transmission-connected battery currently 
costs around $1,500/kW. A battery with 8-hour 
duration is estimated to cost around $2,700/kW, 

which is 1.8 times the cost of a 4-hour battery with 
the same nameplate MW. 

The crossover point for cost-effective long-duration 
energy storage depends partly on how fast the 
future storage needs and value will evolve over time 
(see Attachment B) and partly on cost trajectory of 
lithium-ion batteries and emerging long-duration 
storage technologies. For the near-term, when 
system needs can still be met by intraday energy 
time-shift (up to 10 hours), lithium-ion batteries will 
likely stay cost competitive and set the price to 
beat. For example, in early 2022, two separate long-
duration storage procurement efforts by a group of 
California CCAs both resulted in contracts with 8-
hour lithium-ion battery projects. When multiday, 
multiweek, or seasonal storage is needed in the 
future as the state approaches to 100% clean 
energy goal, storage technologies with high power-
related costs and low energy-related costs such as 
CAES or hydrogen storage can become more 
competitive as they can scale up their durations 
with little incremental cost. 

 

Figure 17: Impact of adding duration on installed cost of grid-scale battery projects. 
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Value Propositions 
 

Potential Grid and Customer Services by Storage 

Energy storage can offer a wide range of 
services and values depending on where it is 
interconnected on the grid, as shown in 
Figure 18. Electrically, when a resource gets 
closer to the end use customer, it can 
potentially provide more services and value. 
Storage resources interconnected directly to 
transmission system can provide wholesale 
market, resource adequacy and transmission 
services. Distribution-connected resources 
can provide the same set of services, plus 
distribution system services. Customer-sited 
resources could provide all of the above, plus 
a suite of customer-specific services, like bill 
management. This is consistent with the 
CPUC decision D.18-01-003 which adopted 
several rules to govern multiple-use storage 
applications. 

Potential storage services and associated value streams include: 

• Energy time-shift: Storage can move energy from one time to another by charging in off-peak 
periods when the prices are the lowest and discharging during peak periods when the prices are 
the highest. 

• Ancillary services: Storage can provide various ancillary services in the CAISO market, including 
frequency regulation by automatically responding to CAISO’s control signals to address small 
random variations in supply and demand, and contingency reserves (spin and non-spin) to quickly 
respond in case of an unexpected loss of supply on the system. Storage can also provide voltage 
support to help dynamically maintain stable voltage levels in the distribution or transmission 
system, and blackstart to self-start without an external power supply and help the grid recover 
from a local or system-level blackout. 

• Flexible ramping: Storage resources provide upward and downward ramping capability to help 
CAISO manage rapid changes in the system due to demand and renewable forecasting errors.   

• Resource adequacy (RA): Storage resources can be available to discharge during peak periods to 
help with meeting system RA, local RA, and flexible RA requirements in order to ensure system 
reliability in California.  

• Transmission investment deferral: Storage can defer the need for new transmission investments 
by charging during periods with low transmission use and discharging when local transmission 
system is constrained. 

• Distribution investment deferral: If interconnected to the distribution system, storage can defer 
the need for new distribution investments by reducing local peak loading on the distribution grid.  

• Microgrid/islanding: Distributed storage resources can improve resilience by providing backup 
power to isolated sections of the grid and mitigate the risk of power interruptions at the 
community level. 

 Grid Domains 

 Services to Grid and Cust. Tran. Dist. Cust. 
Energy & AS 
Markets and 
Products 

Energy    
Frequency Regulation    
Spin/Non-Spin Reserve    
Flexible Ramping    
Voltage Support    
Blackstart    

Resource 
Adequacy 

System RA Capacity    
Local RA Capacity    
Flexible RA Capacity    

T & D  
Related 

Transmission Investment Deferral    
Distribution Investment Deferral    
Microgrid/Islanding    

Site-Specific 
& Local 
Services 

TOU Bill Management    
Demand Charge Management    
Increased Use of Self-Generation    
Backup Power    

Figure 18: Scope of possible services for transmission-, distribution-, and 
customer-sited resources. 

https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M206/K462/206462341.PDF
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• Site-specific customer services: Storage resources that are interconnected behind the utility 
meter can help customers reduce their electric bills through time-of-use (TOU) bill management 
by charging when their retail rates are lowest and discharging when retail rates are highest, and 
demand charge management by reducing customer’s net peak usage. Customer-sited resources 
can also provide backup power to mitigate impacts of power outages. If paired with solar PV, 
storage can increase use of self-generation by storing excess PV output during the day to use after 
the sunset.   

 

Key Activities and Initiatives to Unlock Storage Value 

There has been a significant push in the industry over the past decade to achieve full economic potential 
of energy storage resources by unlocking access to a variety of value streams. Key activities in California 
are summarized below. The purple color on the charts highlights types of services and value streams 
explored for energy storage at various grid domains. 
 

 

 

In 2018, CPUC approved D.18-01-003 which marked an important 
step towards enabling “value stacking” of energy storage systems 
that can provide multiple services to the grid. The decision adopted 
a joint staff proposal of the CPUC and CAISO to develop 11 stacking 
rules to govern multi-use-application (MUA) for grid-scale and 
distributed energy storage. 

 

    

 

 

CAISO’s energy storage and distributed energy resource (ESDER) 
initiative over the 2015–2021 period focused on various ways to 
improve ability of transmission-connected and distributed energy 
resources to participate in the wholesale markets.  Separately, 
CAISO’s ongoing energy storage enhancements initiative aims to 
improve optimization, dispatch, and settlement of energy storage 
resources through bid enhancements. 

 

    

 

 

CAISO’s storage as transmission asset (SATA) initiative kicked off in 
2018 to explore how to enable storage provide transmission services 
while also participating in the wholesale markets, but the initiative is 
temporarily suspended until storage market participation model is 
further refined. CAISO transmission planning process (TPP) considers 
energy storage alternatives to transmission buildout and approved 
two projects in its 2017/18 TPP cycle.   

 

    

 

 

Several storage procurements driven by local RA needs, including 
2013-2016 LCR solicitations due to OTC and SONGS plant retirements 
in LA Basin and San Diego, 2016-2018 ACES solicitations to address 
reliability needs due to Aliso Canyon gas leak, 2018 LCR solicitations 
to meet local needs in Moorpark and Moss Landing. Local needs are 
determined based on CAISO LCR studies, which can be addressed 
local RA resources or transmission upgrades. 
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https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M206/K462/206462341.PDF
https://stakeholdercenter.caiso.com/StakeholderInitiatives/Energy-storage-and-distributed-energy-resources
https://stakeholdercenter.caiso.com/StakeholderInitiatives/Energy-storage-enhancements
https://stakeholdercenter.caiso.com/StakeholderInitiatives/Storage-as-a-transmission-asset
http://www.caiso.com/planning/Pages/TransmissionPlanning/Default.aspx
https://stakeholdercenter.caiso.com/RecurringStakeholderProcesses/Local-capacity-requirements-process-2022
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CPUC’s Integrated Resource Planning (IRP) efforts led to two 
procurement orders to address system reliability needs: D.19-11-016 
and D.21-06-035 requiring a combined 14,800 MW of net qualifying 
capacity (NQC) by 2026. Under the IRP procurement track, most of 
the resource need so far is met by standalone energy storage and 
storage paired with solar. 

 

    

 

 

In 2016, CPUC adopted the Competitive Solicitation Framework 
under the Integrated Distribution Resources (IDER) proceedings and 
approved IDER incentive pilot to test distribution deferral. In 2018, 
CPUC established the Distribution Investment Deferral Framework 
(DIDF) to create an annual process to identify, review, and select 
opportunities for distributed energy resources to defer or avoid 
distribution investments. 

 

    

 

 

Several utility pilots and demonstration projects were installed at the 
distribution system to test various services and storage use cases, 
including CAISO wholesale market participation, resource adequacy, 
distribution deferral, microgrid/islanding (see Figure 10). Oakland 
Clean Energy Initiative (OCEI) under utility-CCA partnership selected 
distribution-connected projects to facilitate gas peaker retirement, 
which would otherwise require transmission upgrade. 

 

    

 

 

Self-Generation Incentive Program (SGIP) was established in 2001 to 
provide financial incentives for distributed generation. Program is 
transformed in 2017 and allocated 75% of funds to storage. In 2019, 
CPUC adopted use of a GHG signal that reflects real-time emission 
intensity in wholesale markets to align performance with GHG goals. 
Same year, CPUC established Equity Resiliency budget for storage 
installations by vulnerable customers in high wildfire threat areas. 

 

    

 

 

In 2021, CPUC created the Emergency Load Reduction Program 
(ELRP) as a new Demand Response pilot to compensate electricity 
customers for voluntarily reducing their demand or increasing supply 
during periods of grid emergencies. This is a 5-year pilot program, 
started with commercial customers and extended in December 2021 
to include residential customers. 

 

 
At the federal level, there were two key FERC orders affecting wholesale market integration of storage: 

• In 2018, FERC’s Order 841 required the regional transmission organizations (RTOs) and 
independent system operators (ISOs) to enable participation of energy storage resources in 
wholesale energy, ancillary services, and capacity markets. 

• Later in 2020, under a similar but broader scope, FERC’s Order 2222 required RTOs and ISOs to 
open up wholesale markets to distributed energy resource (DER) aggregations, which includes 
distribution-connected and customer-sited energy storage, among other technologies. 
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https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M319/K825/319825388.PDF
https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M389/K603/389603637.PDF
http://www.pge.com/rfo/ocei
https://www.selfgenca.com/
https://www.cpuc.ca.gov/industries-and-topics/electrical-energy/electric-costs/demand-response-dr/emergency-load-reduction-program
https://ferc.gov/sites/default/files/2020-06/Order-841.pdf
https://www.ferc.gov/sites/default/files/2020-09/E-1_0.pdf
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Energy Storage Installations by Procurement Track 

Figure 19 shows the 2017-2021 energy storage 
installations by procurement track. 

During the initial phase through mid-2020, a 
significant share of California’s installed energy 
storage capacity came from two sets of projects: (1) 
customer-sited energy storage projects funded by 
the SGIP and (2) energy storage projects procured 
to address reliability concerns associated with the 
Aliso Canyon gas leak discovered in 2015, which 
created fuel supply disruptions in southern 
California and led to a state of emergency. 

The SGIP is originally established in 2001 to provide 
financial incentives for distributed generation. The 
program went through a major transformation in 
2017 and re-allocated 75% of funding to energy 
storage resources, which accelerated deployment 
of customer-sited storage in California. Early SGIP 
installations were mostly standalone batteries 
installed by nonresidential customers to manage 
their demand charges for bill savings. Recent 
growth, however, is driven by the SGIP installations 
by residential customers who “pair” them with 

rooftop solar PV. As documented in our study and 
also in several SGIP evaluation reports, most SGIP-
funded projects provided bill savings for the 
customers who installed them, but they provided 
little/no value to the grid.  In 2019, CPUC adopted 
the use of a GHG signal that reflects real-time 
marginal GHG emission intensity in wholesale 
markets to align resource performance with the 
program’s emission reduction goals. Later in that 
year, CPUC also established the SGIP Equity 
Resiliency budget for energy storage installations by 
lower-income, medically vulnerable customers who 
are in high fire-threat areas and at risk of outages 
due to utility Public Safety Power Shutoffs (PSPS). 
The funds are also made available to critical 
facilities and infrastructure supporting community 
resilience in the event of PSPS or wildfire. As 
discussed in Chapter 2 (Realized Benefits and 
Challenges), storage projects funded under Equity 
Resiliency budget will create resilience value at 
these locations by mitigating extended customer 
outages. 

 
 

  
Figure 19: Actual energy storage installations in California by procurement track (2017–2021). 
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Energy Storage Needed for Local Capacity 

Nearly 100 MW of energy storage operating in 2017 (almost half of installed storage MW at the time) was 
procured to address local reliability issues caused by prolonged natural gas leak at Aliso Canyon. The gas 
leak was first discovered in October 2015 and governor proclaimed a state of emergency in January 2016, 
requesting state agencies take all necessary actions to ensure reliability. In response, CPUC required both 
SCE and SDG&E to conduct an expedited competitive procurements of energy storage resources to help 
alleviate grid outage risk driven by Aliso Canyon. The entire process was completed in record time: 
solicitations, development, permitting, construction, and interconnection of 7 storage projects took about 
9 months from start to finish. Two of the projects were paired with existing gas plants at the transmission 
grid and the remaining 5 projects were connected to the distribution system.  All projects participated in 
the CAISO market and provided system and local RA capacity, energy, and ancillary services benefits since 
they were in service by early 2017.   
 
The significant growth of installations in 2020 through mid-2021 is driven by various storage procurements 
to address local capacity needs near load pockets, with a relatively high RA capacity value: 
 

 

SCE’s 2013 LCR Western LA RFO selected 264 MW of energy storage, of which 182 MW 
was online by 2021. This was an all-source RFO to procure up to 2,500 MW of capacity 
in Western LA local area to address the need created by retirement of once-through-
cooling (OTC) power plants. The RFO had a carve-out of minimum 50 MW of energy 
storage plus 550 MW of preferred resources, such as demand response, energy 
efficiency, and renewables. Storage was cost-competitive with other preferred resources 
and accounted for more than half of preferred resource capacity procured at the end. 

 

 

SDG&E’s 2016 LCR Track IV RFO selected 83.5 MW of energy storage, of which 30 MW 
was online by 2021. This was a preferred resources RFO, open to energy storage, as well 
as demand response, energy efficiency, renewables, distributed generation, and 
combined heat and power (CHP) applications.  A total of 88 MW is procured to meet part 
of the need created by the early retirement of SONGS nuclear plant. Storage accounted 
for 95% of the preferred resource capacity procured. 

 

 

SCE’s 2018 LCR Moorpark RFO selected a 100 MW storage project, which started 
operations in early 2021. Moorpark LCR deficiency was initially identified in 2013, driven 
by OTC retirements. Through the 2013 RFO, SCE contracted a 262 MW gas peaker, but 
CEC rejected permitting of the plant due to environmental concerns. SCE’s 2018 
solicitation was an all-source RFO to meet the remaining LCR need in Moorpark area 
after the peaker project was rejected. 

 

 

PG&E’s 2018 LCR Moss Landing RFO selected 567.5 MW of energy storage, of which 
482.5 MW was online by 2021. PG&E’s solicitation was open to energy storage resources 
only and intended to eliminate or reduce the need for reliability-must-run (RMR) 
contracts in the Moss Landing local capacity area. While PG&E was conducting the LCR 
RFO, CAISO identified and approved transmission upgrades to address the local need, 
but storage was needed to reduce risk of future deficiencies. 
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Energy Storage in IRP and System Reliability Procurements 

 
Energy storage installations in second half of 2021 
and expected development over the next several 
years are primarily a result of the procurement 
orders to address emerging system reliability needs 
identified in CPUC’s Integrated Resource Planning 
(IRP) studies.   

The IRP Procurement Track was initiated in 2019, as 
ordered in CPUC decision D.19-04-040, to explore 
options for facilitating procurements of new 
resources necessary for system reliability and/or 
renewables integration. In late 2019, the CPUC 
issued decision D.19-11-016 and ordered load 
serving entities (LSEs) to procure 3,300 MW of net 
qualifying capacity (NQC) across multiple tranches, 
with at least 50% of this capacity to be online by 
August 2021, at least 75% by August 2022, and the 
full 100% by August 2023. CPUC’s tracking as of 
February 1, 2022 shows nearly 4,000 MW is 
procured for compliance, exceeding the 3,300 MW 
order, and vast majority of the procurement (over 
80% of total NQC) is from standalone batteries or 
batteries paired with solar PV.  

In response to the mid-August 2020 system 
emergency events and rotating power outages in 
California, the state agencies CAISO, CPUC, and CEC 
prepared a Final Root Cause Analysis investigating 
contributing factors and develop recommendations 
for improved resource planning, procurement, and 
market practices. The final report confirmed that 
one of top contributing factors was the climate 
change-induced extreme heat wave across the 
western U.S. and recommended an updated, 
broader range of climate scenarios to be considered 

in future planning studies, along with increased 
coordination among the agencies to prepare for 
contingencies. The report also highlighted that 
resource planning targets have not kept pace with 
the impact of significant renewable penetration on 
grid needs beyond the period of gross peak 
demand. In light of the events, the CPUC opened 
Emergency Reliability Rulemaking (R.20-11-003) to 
procure additional resources on an expedited basis 
to maintain system reliability. Under this 
rulemaking, the CPUC issued multiple decisions 
(D.21-02-028, D.21-03-056, and D.21-12-015) 
requiring the IOUs to take actions for summer 
reliability in 2021–2023, which led to procurement 
of over 2,000 MW of energy storage. 

In June 2021, the CPUC issued its midterm reliability 
decision D.21-06-035 ordering LSEs to procure an 
additional 11,500 MW of NQC between 2023 and 
2026 from preferred resources including energy 
storage, renewables, demand response, energy 
efficiency, and zero-emitting resources.  Of the total 
requirement, at least 2,500 MW is ordered 
specifically to replace generation from Diablo 
Canyon retiring in 2025, and it needs to come from 
zero-emitting generation, renewables paired with 
storage, or demand response resources, that are 
available everyday 5pm to 10pm.  Also, a minimum 
1,000 MW of long-duration storage and 1,000 MW 
of firm zero-emitting or RPS-eligible generation is 
required by 2026. Based on the approved 
procurements so far, a large share of the total 
11,500 MW requirement will be met by standalone 
or hybrid storage resources. 

 
 

Altogether, recent grid events, system needs assessments, procurement orders, 
and solicitation outcomes suggest energy storage is positioned to play an essential 
role to help with system reliability in California and provide significant system RA 
capacity value, while facilitating the state’s transition needed to achieve ambitious 
clean energy targets. 
 
 
 

https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M287/K437/287437887.PDF
https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M319/K825/319825388.PDF
http://www.caiso.com/Documents/Final-Root-Cause-Analysis-Mid-August-2020-Extreme-Heat-Wave.pdf
https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M366/K441/366441341.PDF
https://docs.cpuc.ca.gov/publisheddocs/published/g000/m373/k745/373745051.pdf
https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M428/K821/428821475.PDF
https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M389/K603/389603637.PDF
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Share of storage capacity  
co-located with solar 

Figure 20: Standalone and co-located storage procurement in California as of summer 2022. 

 
 

Storage Paired with Renewables 

 
There has been a growing interest in developing 
energy storage resources paired with renewables, 
especially solar. This is a trend we see in most 
regions, but especially in California and rest of the 
West. Even though most of California’s operational 
storage capacity as of early 2021 were from 
standalone projects, solar + storage accounts for 
approximately half of new energy storage capacity 
currently under development in California. 

Relative to standalone development, co-located or 
hybrid projects can provide cost synergies and get 
additional tax incentives. A key benefit is the shared 
equipment and infrastructure that can help reduce 
equipment, interconnection, and permitting costs. 
A recent NREL report shows installed cost of grid-
scale co-located/hybrid systems can be 6–7% lower 
than cost of solar and storage sited separately.  
Until recently, only energy storage co-located with 
solar would get federal investment tax credit (ITC) 
that could offset 26–30% of costs. The Inflation 
Reduction Act of 2022 extended the ITC to also 

standalone storage for up to 30% of their installed 
cost. If DC-coupled, co-locating solar and storage 
can also capture the solar energy that would 
otherwise be clipped and reduce the overall 
roundtrip energy losses. An important 
consideration is the interconnection process. 
Adding storage to an existing facility can reduce the 
cost and timeline for interconnection with the grid.  

On the other hand, taking advantage of these co-
location benefits creates more restrictive 
operational constraints, such as grid charging and 
interconnection limits, and it may not allow storage 
resources to be placed at highest-value locations of 
the grid. A recent LBNL study demonstrates that the 
corresponding missed value opportunity (called 
“coupling penalty” in the study) relative to 
independently-sited systems can offset most of the 
co-location benefits described above. 
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Customer-sited energy storage installations driven 
by SGIP incentives are growing rapidly. While the 
initial deployment was mostly by larger 
nonresidential customers, this has changed in 
recent years and small residential customers now 
account for more than 80% of the storage MW 
added in California based on 2020-2021 data. 

Storage installations by nonresidential customers 
are primarily standalone systems used to maximize 
bill savings through demand charge reductions. 
Storage installations by small residential customers, 
on the other hand, are almost exclusively paired 
with rooftop PV and they are often charged by solar 
during the day and discharged after sunset to 
maximize bill savings under time-of-use (TOU) 
rates. 

Even though most customers who installed storage 
have it paired with solar, the opposite is not true: 
share of storage attached to customer-sited solar 
systems are relatively low in California.  According 

to public data from California DG Stats, energy 
storage attachment rate was around 5% by the end 
of 2021. Only 60,000 of the 1,2 million residential 
customers who has rooftop PV installed it with 
energy storage, and fewer than 1,500 of the 30,000 
nonresidential customers who has solar also has 
storage. 

A recent LBNL study on BTM solar + storage market 
data and trends highlights the significant difference 
between much higher storage attachment rates in 
Hawaii and other states, including California. The 
study attributes the significant difference to net 
metering reforms implemented in Hawaii, which 
started to incentivize self-consumption of on-site 
solar generation (see below). 

 

 

 

 
 
 

  

 
 

Figure 21: Hawai‘i's customer-sited storage attachment 
rate to solar PV installations over time. 

(Barbose et al. 2021) 

 
 
According to the LBNL study, Hawaii has, by far, the 
highest storage attachment rate of any state, with 
80% of residential customers and 40% of 
nonresidential customers who installed solar PV in 
2020 included storage. The study attributes this 
difference to net metering reforms in Hawaii that 
incentivize self-consumption. 
 

Over the past 5 years, Hawaii has transitioned away 
from net energy metering (NEM) to alternative tariff 
structures, including net billing tariffs that reduced 
compensation for exports to align with actual grid 
costs, and tariffs that limit grid exports. These 
changes made solar + storage more attractive 
relative to standalone solar PV. 
 

https://www.californiadgstats.ca.gov/
https://emp.lbl.gov/publications/behind-meter-solarstorage-market-data
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Energy and Ancillary Services Value 

 
CAISO developed several distinct models for energy storage technologies to participate in the wholesale 
energy and ancillary services markets: 

• Pumped-Storage Hydro model reflects characteristics of pumped storage hydroelectric units 
acting as load when using grid energy to pump water to higher elevations and acting as generators 
when releasing water to produce energy. 

• Non-Generator Resource (NGR) model is the primary model designed for today’s common 
storage technologies like lithium-ion batteries, which allows them to operate as either load or 
generators, dispatched at any level within their full operating range, subject to charge, discharge, 
and state-of-charge (SOC) limits.   

• Proxy Demand Resource (PDR) model allows resources to participate as demand response and 
submit bids for load curtailment. 

• Proxy Demand Resource - Load Shift Resource (PDR-LSR) model is like the PDR model, but allows 
for bi-directional dispatch based on bids for load curtailment and load increase.  

• Reliability Demand Response Resource (RDRR) model is like the PDR model, but load curtailment 
is triggered only under emergency conditions.  

• A new model, called energy storage resource (ESR) model, is proposed as an alternative to the 
NGR model to allow resources submit bids based on SOC values rather than dispatch power levels.  

 
Between 2015 and 2021, CAISO led Energy Storage and Distributed Energy Resource (ESDER) initiative to 
improve the ability of both transmission-connected and distributed energy resources to participate in 
wholesale markets. Key activities are summarized below: 
 

ESDER Phase 1  
(2015–2016) 

Implemented enhancements to NGR model and PDR/RDRR performance measures  
Clarified rules for multiple-use applications 

ESDER Phase 2  
(2016–2018) 

Implemented new types of demand response performance evaluation methods  
Clarified station power treatment for storage resources  

ESDER Phase 3  
(2017–2020) 

Removed single LSE requirements for DR aggregations 
Created PDR-LSR model to allow for bi-directional dispatch of BTM storage 
Refined participation model for electric vehicle supply equipment 

ESDER Phase 4  
(2019–2021) 

Streamlined market participation agreements for non-generator resources 
Created storage default energy bids for market power mitigation 
Created end-of-hour SOC bid parameter to help manage usage of storage in real-time  
Created parameters to better reflect operational characteristics of DR resources 

Figure 22: Phases of the CAISO’s ESDER initiative. 

Separately, CAISO’s ongoing energy storage enhancements initiative aims to improve optimization, 
dispatch, and settlement of energy storage resources through bid enhancements and to ensure storage 
resources have sufficient SOC in critical hours. CAISO launched the initiative in May 2021 and currently 
exploring several potential enhancements to better model and compensate storage resources in the 
marketplace.     

https://stakeholdercenter.caiso.com/StakeholderInitiatives/Energy-storage-and-distributed-energy-resources
https://stakeholdercenter.caiso.com/StakeholderInitiatives/Energy-storage-enhancements
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Ecosystem for Project Deployment 
 

Since the time of Assembly Bill 2514 and through 
2021 California built a rich ecosystem for energy 
storage research and development, 
commercialization, and project deployment. The 
CPUC’s Energy Storage Procurement Framework 
provides crucial motivation to the development of 
both demand and supply in this marketplace. 

In this section we describe evidence of workforce 
development with a focus on the energy storage 
supplier activity. We find that the Self-Generation 
Incentive Program fosters an environment for local 
installers and developers to enter the energy 
storage market and gain depth of experience 
specific to California. Further upstream on the 
distribution system, third party interconnections 
face ongoing hurdles to reach project completion 
and to access wholesale markets. State and federal 
policies have made some headway to clear the path 
for distribution-connected installations but 
challenges remain. On the transmission system, the 
CAISO interconnection queue shows more storage 
development activity than all other centralized 
wholesale market areas in the U.S. Relatedly, utility 
competitive solicitations have attracted dozens of 
national and international energy storage 
developers to the state. 

Members of the Energy Storage Market 
Ecosystem 

A wide range of energy storage specialists 
contribute to the growth and evolution of 
California’s energy storage market. 

Supply development for energy storage involves a 
complex and highly skilled workforce who have 
faced and addressed many unknowns in energy 
storage project deployment over the last decade. 

Researchers, academia, inventors, and startups are 
at the heart of the innovation and proof of 
technology processes. Pilots and demonstrations—
supported by the CEC, utilities, the CPUC—help 
developers to poise for commercialization in a 
specific market and policy context. These activities 
disseminate valuable information broadly to the 

industry and build a knowledge pool for workforce 
development. Commercial project deployment 
requires technical and financial experts who build 
viable business cases to attract investors, skilled 
developers and installers, and project review by 
local representatives and utilities for community 
and grid integration.  Operations and maintenance 
also requires knowledgeable and highly trained 
experts. Many other parties are involved who carry 
crucial roles, such as trade organizations, software 
development experts, and data service providers. 

Demand for energy storage has grown as value 
propositions improve and as energy storage yields 
services more accessible and more useful to more 
customers. 

As described in the Introduction to this report, 
California’s statutory and policy goals are at the 
foundation of the demand for energy storage 
deployment. Legislation such as Assembly Bill 2514 
plus the CPUC’s resource planning process, RA 
Program, and various rulemakings and 
procurement orders translate the future promise of 
clean energy into utility and ratepayer demand for 
energy storage solutions. Over time, we see this 
demand accelerate into new avenues of service to 
customers, including energy storage procurements 
by Community Choice Aggregators (CCAs) and 
corporate contracts. With the help of SGIP and the 
electric vehicle market the concept of stationary 
energy storage became broadly accessible to 
customers seeking bill management and resilience 
for their homes and businesses. 

Evolution of Energy Storage Suppliers in 
California 

California is a national hub for energy storage 
installer and developer activity. Suppliers are 
exploring opportunities in all grid domains to bring 
a variety of viable use cases to scale.  
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Installers of customer-sited storage. Development 
activity under SGIP shows significant growth in the 
number of energy storage installers and their depth 
of experience over time. Energy storage 
installations with the program year 2009 and with 
relatively little activity in the first two program 
years. Under the 2011 program year, only 3 
installers were present—with Tesla being one of 
them. Options for installers continued to be limited 
to a few companies for the next 5 program years. 
Then, under the 2017 program year the installer 
market concentration dispersed considerably from 
a dozen or two installers to 165 (Figure 23). The 
number of installers continued to grow to almost 
300 in 2020, then back down to 220 in 2021 likely at 
least partly due to economic impacts of a global 
pandemic. In terms of the Herfindahl-Hirschman 
Index (HHI), a standard indicator for structural 
market concentration and competition, the market 
for installed kW was highly concentrated until 2016 
then fell into the unconcentrated zone starting in 
2017. 

Researchers at the Lawrence Berkeley National Lab 
(LBNL) have studied the characteristics and trends 
of co-located solar PV plus storage installations 
extensively and note that (a) market concentration 
is much lower for standalone solar , and (b) certain 
installers like Tesla, SunRun, and Semper Solaris 
leverage their experience to yield relatively high 
storage attachments to solar PV installations (or 
solar PV attachments to storage) (Barbose et al, 
2021). Clearly the supplier market for customer-
sited installations in California has gained much 
momentum over the past decade. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Figure 23: SGIP energy storage installers and market concentration over time. 
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Challenges with distribution-connected project 
deployments. Distribution-connected projects face 
challenges with the interconnection process also 
seen historically in projects with transmission-level 
interconnections. For some storage installations, 
finalization of project designs is inherently circular 
with the utility’s (or system operator’s) analysis of 
impacts to the surrounding grid. Grid impacts 
unavoidably not gradual with each project 
installed—impacts are triggered at certain 
thresholds, raising many questions on how to study 
individual projects and the fairness of who pays for 
major grid upgrades. Furthermore, when feasibility, 
impact, and grid upgrade analyses are needed they 
can be intense and require the engagement of 
highly trained and specialized personnel. Some 
developers enter the interconnection process with 
highly conceptual designs or even multiple versions 
of the same design. Staffing and resource 
constraints are well-known problems here, and it is 
not uncommon to find that all parties involved want 
a simpler and more streamlined process. 

Distribution-connected energy storage projects 
must have an interconnection agreement with the 

utility. All projects that would operate like a 
generator (as opposed to a wire) must interconnect 
under Wholesale Distribution Access Tariff (WDAT), 
which is regulated by the Federal Energy Regulatory 
Commission (FERC). Stakeholders have expressed 
financial and logistical challenges with the utility 
interconnection process severe enough to threaten 
project viability and completion. Those challenges 
are evident in project developments under the 
utilities’ energy storage procurements. Half of all 
third-party-owned storage projects connected to 
the distribution system and procured for start of 
operations by the end of 2021 were canceled 
(Figure 25). 

 
Suppliers entering the CAISO interconnection queue. 
Research by LBNL shows that energy storage 
capacity in the CAISO interconnection queue 
exceeded that of all other centralized wholesale 
market areas in the U.S. (blue areas in Figure 24) 
(Rand et al., 2022). From 2019 to 2021, this capacity 
grew exponentially and in 2021 represented nearly 
half of all interconnection requests in the country.  

 

 

 
 

 
 
 
 
 
 

 

Figure 24: Grid-scale energy storage capacity in interconnection queues over time (2014–2021). 

(Rand et al. 2022) 



Energy Storage Procurement Study: Market Evolution Chapter 1 DRAFT 
 

 38 
 

 
 

 

Figure 25: Status of IOU energy storage procurements for start of 
operations by the end of 2021. 

Figure 26: Distribution of IOU solicitations based on the number of 
unique energy storage suppliers.  

 
 
 
Supplier participation in IOU resource solicitations. 
In Chapter 1 (Market Evolution) the Value 
Propositions section (page 26) describes the large 
IOUs’ various resource procurement tracks since 
about 2013. These competitive solicitations 
attracted dozens of national and international 
energy storage developers to California’s energy 
storage market.  

We reviewed the results for 11 specific competitive 
solicitations conducted by PG&E, SCE, and SDG&E 
over the timeframe 2013–2020. Six of these 
solicitations attracted 20–40 unique energy storage 
suppliers (Figure 26). Three solicitations attracted 
less (10–20) and two attracted more (40–60).  

Suppliers submitted anywhere from 1 to 26 offers 
(4–7 on average) typically yielding hundreds of 
individual offers in each procurement. Offers 
spanned third-party-owned and utility-owned 
projects, projects across all grid domains, and 
standalone and co-located projects—although with 
a higher concentration in standalone transmission-
connected installations. 
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Key Observations  
 
Ratepayer-funded pilots and demonstrations that do not conclude with a widely-available report on 
challenges and lessons learned are not as helpful to the state’s industry towards building market-
readiness for new technologies. 
 
The market for stationary energy storage in California grew and matured significantly, from a pilot phase 
into commercial scaling of lithium-ion battery technology in both customer-sited and transmission-
connected installations. 
 
Significant cost reductions were achieved for energy storage installations and contracts across all grid 
domains in California. 
 
Climate change-induced extreme weather events in California and across the western U.S. created a need 
for updated, broad range of climate scenarios to be considered in future planning studies and requires 
increased coordination among the state agencies to prepare for contingencies. 
 
System reliability and RA capacity needs are rapidly growing, which is planned to be addressed primarily 
by deployment of grid-scale energy storage resources. 
 
There is a growing interest in developing energy storage resources paired with solar, driven by cost 
synergies and tax incentives, but co-location benefits can be offset by more restrictive operational and 
siting constraints reducing grid value (relative to standalone development). 
 
Customer-sited energy storage is increasingly paired with solar, but storage attachment rate among all 
solar installations in California is still very low compared to its potential. 
 
CAISO’s wholesale markets facilitated stacking of energy and ancillary services value for grid-scale energy 
storage resources. 
 
Distribution-connected energy storage installations faced challenges with grid interconnection and with 
achieving commercial operations. 
 
  

for Chapter 1 (Market Evolution) 
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CHAPTER 2: REALIZED BENEFITS AND CHALLENGES 
 
 
We analyzed the actual 2017–2021 operations of 1,374 MW energy storage in California, including 
927 MW counted towards utility procurements required under CPUC Decision 13-10-040, plus 42 MW 
of customer-sited storage above the procurement target and 405 MW procured for system RA capacity 
that recently became online. We calculated realized net benefits to ratepayers at the resource level and 
evaluated each resource for utilization towards meeting the Assembly Bill 2514 stated goals of grid 
optimization, renewables integration, and greenhouse gas emissions reductions. 
 
Cost decreases and growth in key market value streams indicate a major shift from earlier pilot and 
demonstration projects into mature commercial scalability during our study period. In the 5-year 
timeframe California ratepayers incurred $73 million net cost per year on average for exploratory 
projects and programs. More recent market-mature projects reveal the first fruits of this investment: 
they were on track to yield net benefits at a rate of $23 million per year by the end of 2021. 
 
However, major challenges are also evident. In particular, some distribution-connected and all 
customer-sited installations operate well below their full potential. 
 
 
 
At the heart of this evaluation is an analysis of actual energy storage operations, benefits, and costs within 
the 5-year study period 2017–2021. From this analysis, we seek to better understand to what degree the 
CPUC energy storage procurement framework helps to meet state policy goals. We also assess: 

• Are ratepayers realizing net benefits from its energy storage investments? 

• What types of installations and use cases demonstrate meaningful growth in value? 

• Are any sources of ratepayer value left untapped? 

• Are some types of installations and use cases not scaling up and what are the challenges? 

In this chapter we define the scope and context of the historical analysis, present the results of net 
benefits realized, and discuss key observations on successes and challenges. 
 

Scope of Historical Analysis 
Scope of resources analyzed. A list of energy storage resources included in our historical analysis is 
shown in Figure 27. These are resources procured by load-serving entities under CPUC jurisdiction. Most 
of these projects: 

• Are counted towards utilities’ requirements under CPUC Decision 13-10-040; 

• Operated within the 5-year study period 2017–2021; and 

• Reached commercial operations by April 2021 (for sufficient operational data to analyze). 

To make full use of available data we also analyzed the operations of three resources procured for system 
RA capacity (Gateway, Vista, Blythe) and not counted towards utilities’ requirements under CPUC Decision 
13-10-040. The historical operations of some resources shown could not be analyzed due to data 
limitations as indicated in the figure. Overall, the resource set represents 1,568 MW/5,169 MWh of total 
nameplate capacity, with 976 MW counted by the IOUs towards their CPUC Decision 13-10-040 
requirements and 1,374 MW included in our analysis of historical operations.  
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Figure 27: List of energy storage resources included in the 2017–2021 historical analysis.  

Procurement

Track

MW IOU MW 

AnalyzedCount MW MWh LSE Online Technology Owner CAISO? Track AB 2514 Analyzed

Transmission-Sited 8 865 3,053 460 865
3rd-Party 6 845 3,044 440 845
Vista Energy Storage 1 40 44 SDG&E Jun-18 Lithium-Ion (NMC) Third Party Y IRP System Reliability 0 40

Gateway Energy Storage 1 250 700 Various Sep-20 Lithium-Ion (NMC) Third Party Y IRP System Reliability 0 250

Lake Hodges Pumped Hydro 1 40 240 SDG&E Sep-12 Pumped Storage Third Party Y Bilateral 40 40

Vistra Moss Landing 1 300 1,200 PG&E Dec-20 Lithium-Ion (NMC) Third Party Y Local Capacity 300 300

AES Alamitos ES 1 100 400 SCE Dec-20 Lithium-Ion (NMC) Third Party Y Local Capacity 100 100

Blythe Energy Storage II 1 115 460 SCE Apr-21 Lithium-Ion (NMC) Third Party Y IRP System Reliability 0 115

Utility-Owned 2 20 8.6 20 20
SCE EGT ‐ Center 1 10 4.3 SCE Dec-16 Lithium-Ion (NMC) Utility Y Aliso Canyon 10 10

SCE EGT ‐ Grapeland 1 10 4.3 SCE Dec-16 Lithium-Ion (NMC) Utility Y Aliso Canyon 10 10

Distribution-Sited 33 236 925 236 227
3rd-Party 7 146 583 146 145
W Power ‐ Stanton ‐ 1 1 1.3 5.2 SCE Jun-20 Lithium-Ion (NMC) Third Party Y Energy Storage RFO 1.3 no data

ACORN I ENERGY STORAGE LLC 1 2 6 SCE Mar-21 Lithium-Ion (NMC) Third Party Y IDER Pilot 1.5 2

AltaGas Pomona 1 20 80 SCE Dec-16 Lithium-Ion (NMC) Third Party Y Aliso Canyon 20 20

Powin Energy ‐ Milligan ESS 1 1 2 8 SCE Jan-17 Lithium-Ion (NMC) Third Party Y Aliso Canyon 2 2

Orni 34 LLC 1 10 40 SCE Feb-21 Lithium-Ion (NMC) Third Party Y Aliso Canyon 10 10

Silverstrand Grid, LLC 1 11 44 SCE Apr-21 Lithium-Ion (NMC) Third Party Y Aliso Canyon 11 11

Ventura Energy Storage (formerly Strata Saticoy) 1 100 400 SCE Apr-21 Lithium-Ion (NMC) Third Party Y Local Capacity 100 100

Utility-Owned 26 90 342 90 82
Vaca-Dixon 1 2 14 PG&E Jul-14 Sodium-Sulfur Utility Y EPIC / PIER / DOE 2 2

Yerba Buena 1 4 28 PG&E Jun-13 Sodium-Sulfur Utility Y EPIC / PIER / DOE 4 4

Browns Valley 1 0.5 2 PG&E Sep-16 Lithium-Ion (NMC) Utility N EPIC / PIER / DOE 0.5 0.5

Tehachapi Storage Project (TSP) 1 8 32 SCE Apr-16 Lithium-Ion (NMC) Utility Y EPIC / PIER / DOE 8 8

Escondido 1 30 120 SDG&E Mar-17 Lithium-Ion (NMC) Utility Y Aliso Canyon 30 30

El Cajon 1 7.5 30 SDG&E Mar-17 Lithium-Ion (NMC) Utility Y Aliso Canyon 7.5 7.5

Tesla ‐ Mira Loma 1 20 80 SCE Dec-16 Lithium-Ion (NMC) Utility Y Aliso Canyon 20 20

Smart Grid Stabilization System (SGSS) Unit 1 1 2 0.5 SCE Jun-11 Lithium-Ion (NMC) Utility N General Rate Case 2 no data

Smart Grid Stabilization System (SGSS) Unit 2 1 2 0.5 SCE Jun-11 Lithium-Ion (NMC) Utility N General Rate Case 2 no data

Mercury 4 1 2.8 5.6 SCE Dec-18 Lithium-Ion (NMC) Utility N General Rate Case 2.8 2.8

Distribution Energy Storage Integration (DESI) 1 1 2.4 3.9 SCE May-15 Lithium-Ion (NMC) Utility Y General Rate Case 2.4 no data

Distribution Energy Storage Integration (DESI) 2 1 1.4 3.7 SCE Dec-18 Lithium-Ion (NMC) Utility Y General Rate Case 1.4 1.4

Borrego Springs Unit 1 1 0.5 1.5 SDG&E Sep-12 Lithium-Ion (NMC) Utility N General Rate Case 0.5 0.5

Borrego Springs Unit 2 1 0.025 0.05 SDG&E Jun-13 Lithium-Based Utility N General Rate Case 0.025 0.025

Borrego Springs Unit 3 1 0.025 0.05 SDG&E Jun-13 Lithium-Based Utility N General Rate Case 0.025 0.025

Borrego Springs Unit 4 1 0.025 0.05 SDG&E Jun-13 Lithium-Based Utility N General Rate Case 0.025 0.025

GRC Energy Storage Program Unit 1 1 0.5 1.5 SDG&E Sep-12 Lithium-Based Utility N General Rate Case 0.5 0.5

GRC Energy Storage Program Unit 2 1 0.025 0.072 SDG&E Dec-12 Lithium-Based Utility N General Rate Case 0.025 no data

GRC Energy Storage Program Unit 3 1 0.025 0.072 SDG&E Dec-12 Lithium-Based Utility N General Rate Case 0.025 no data

GRC Energy Storage Program Unit 4 1 0.025 0.072 SDG&E Dec-12 Lithium-Based Utility N General Rate Case 0.025 no data

GRC Energy Storage Program Unit 5 1 1 3 SDG&E Jun-14 Lithium-Ion (NMC) Utility N General Rate Case 1 1

GRC Energy Storage Program Unit 6 1 1 1.5 SDG&E Jun-14 Lithium-Based Utility N General Rate Case 1 1

GRC Energy Storage Program Unit 7 1 1 2.3 SDG&E Sep-14 Lithium-Based Utility N General Rate Case 1 no data

GRC Energy Storage Program Unit 8 1 1 1.5 SDG&E Sep-14 Lithium-Based Utility N General Rate Case 1 1

GRC Energy Storage Program Unit 9 1 1 3 SDG&E Sep-14 Lithium-Based Utility N General Rate Case 1 1

Catalina Island Battery Storage 1 1 7.2 SCE Aug-12 Sodium-Sulfur Utility N General Rate Case 1 1

SGIP Customer-Sited 22,450 387 851 200 205
SGIP Nonresidential (as of Apr'21) 1,150 242 500 177 205
SGIP Nonresidential PG&E 320 62 125 PG&E Various BTM Battery Customer N SGIP 62 48

SGIP Nonresidential SCE 580 141 291 SCE Various BTM Battery Customer N SGIP 85 126

SGIP Nonresidential SDG&E 250 39 84 SDG&E Various BTM Battery Customer N SGIP 30 31

SGIP Residential (as of Apr'21) 21,300 145 351 23 0
SGIP Residential PG&E 9,800 70 172 PG&E Various BTM Battery Customer N SGIP 23 no data

SGIP Residential SCE 7,000 45 108 SCE Various BTM Battery Customer N SGIP 0 no data

SGIP Residential SDG&E 4,500 30 71 SDG&E Various BTM Battery Customer N SGIP 0 no data

Non-SGIP Customer-Sited 1,705 80 340 80 76
BTM Battery CAISO PDR 900 70 280 70 70
HEBT Irvine1 DRES 10 5 20 SCE Nov-17 Lithium-Ion (NMC) Third Party Y Local Capacity 5 5

HEBT Irvine2 DRES 10 5 20 SCE Feb-18 Lithium-Ion (NMC) Third Party Y Local Capacity 5 5

HEBT WLA1 DRES 50 25 100 SCE Apr-19 Lithium-Ion (NMC) Third Party Y Local Capacity 25 25

HEBT WLA2 DRES 30 15 60 SCE Mar-20 Lithium-Ion (NMC) Third Party Y Local Capacity 15 15

Stem Energy DRES ‐ 402040 800 20 80 SCE Aug-18 Lithium-Ion (NMC) Third Party Y Local Capacity 20 20

BTM Battery non-CAISO 1 0.1 0.5 0.1 0
Discovery Science Center 1 0.1 0.5 SCE Jun-14 Metal Hydride Customer N Other 0.1 no data

PLS/TES 804 10 60 10 6
Ice Bear PLS ‐ 431058 250 1.92 11.52 SCE Jan-19 Thermal Third Party N Local Capacity 1.92 1.92

Ice Bear PLS ‐ 431061 250 1.92 11.52 SCE Apr-19 Thermal Third Party N Local Capacity 1.92 1.92

Ice Bear PLS ‐ 431151 150 1.28 7.68 SCE Mar-20 Thermal Third Party N Local Capacity 1.28 1.28

Ice Bear PLS ‐ 431154 150 1.28 7.68 SCE Dec-20 Thermal Third Party N Local Capacity 1.28 1.28

PLS/TES ‐ Chaffey College 1 0.8 4.8 SCE Jul-16 Thermal Customer N PLS 0.8 no data

PLS/TES ‐ Cypress College 1 0.7 4.2 SCE Jun-18 Thermal Customer N PLS 0.7 no data

PLS/TES ‐ Mt San Antonio College 1 1.5 9 SCE Mar-17 Thermal Customer N PLS 1.5 no data

PLS/TES ‐ Santa Ana College Central 1 0.53 3.18 SCE Jun-19 Thermal Customer N PLS 0.53 no data

Total Storage Across All Domains >> 1,568 5,169 976 1,374

Nameplate
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Resource procurement tracks. The historical 
analysis includes energy storage procured under 
energy storage-specific, general rate case, local 
reliability, system reliability, distribution deferral, 
and bilateral procurement tracks. The group also 
includes installations incentivized by programs like 
the Self-Generation Incentive Program (SGIP), utility 
Permanent Load Shift and Thermal Energy Storage 
programs, and the Electric Program Investment 
Charge (EPIC) program (Figure 28). 

7% of the MW capacity is utility-owned, 78% third-
party-owned, and 15% customer-owned. 

Resource characteristics. Most of these resources 
utilize lithium-ion battery technology but the group 
includes thermal energy storage, pumped storage 
hydroelectric, and alternative battery chemistries. 
Installation sizes range from 30 kilowatts to 300 
megawatts in terms of instantaneous capacity and 
these resources are considered “short duration.” 
Most resources analyzed are capable of discharging 
up to four hours at full megawatt capacity, but 
range from 0.25 to 7 hours. This resource set 
represents a variety of use cases and services 
provided to customers directly, to the distribution 
system, and to the transmission system. 

 

 

 

Locations of Energy Storage Projects 
(Transmission- and Distribution-Connected Only) 

 

 

 
Figure 28: Characteristics of energy storage capacity (1,374 MW) included in the 2017–2021 historical analysis. 
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Consistency with state practices. Our net benefit 
calculations are grounded in California’s existing 
practices and methodologies, namely those 
reflected in the state’s Standard Practice Manual for 
cost-effectiveness tests, the state’s Avoided Cost 
Calculator for distributed energy resources, and the 
utilities’ various Least-Cost Best-Fit calculations for 
bid evaluations in resource procurements. 

Consistent with state practices, benefits reflect the 
avoided cost of market alternatives to the energy 
storage resource analyzed. 

Benefits and costs focus mostly on ratepayer 
impacts but also consider societal impacts (e.g., 
GHG emissions reductions) and benefits that flow 
directly to customers with energy storage installed 
(e.g., customer outage mitigation). 

Many benefit types are monetized in our net benefit 
calculations, but some, like “renewables 
integration” are not standardized products traded 
in markets and require some expert judgment to 
quantify. Thus for each resource we evaluate (1) 
monetized net benefits in the form of a benefit/cost 
ratio alongside (2) contributions towards meeting 
the state’s policy goals in the form of a 0–100 score. 
This two-pronged approach is utilized throughout 
the state’s historical evaluation methodologies. 

Contributions to advancements of the state’s 
evaluation frameworks. The CPUC, utilities, and 
stakeholders have put forth significant effort across 

many planning and procurement proceedings to 
identify, quantify, and monetize the multiple cost 
and benefit streams of energy storage. Over time, 
evaluation methods evolved and informed each 
other to include a broader range of resources and 
additional difficult-to-quantify costs and benefits. In 
2020 CPUC Staff recommended development of a 
common resource valuation methodology (CRVM) 
under the IRP procurement framework (Rulemaking 
20-05-003) that would take one more step towards 
a universal evaluation framework. Our analysis 
provides some avenues for further advancements of 
the state’s evaluation frameworks (Figure 29). We 
expand upon the current suite of evaluation 
methodologies in four dimensions: 

(1) Historical data—we evaluate and learn from 
historical resource-specific storage operations 
which can serve as a benchmark for forward-
looking models; 

(2) Temporal and spatial granularity—subject to 
data availability, we evaluate operations at a 5- 
or 15-minute granularity and market value at 
nodal or locational pricing points; 

(3) All grid domains—we evaluate stationary 
storage installed at any location (customer, 
distribution system, transmission system) with 
a single consistent approach; 

(4) All benefit types—we attempt to quantify the 
full spectrum of benefit types identified by 
stakeholders.

 
 Consistent 

Evaluation 
Protocol (CEP) 

Competitive 
Solicitation 
Framework 

Avoided Cost 
Calculator 

(ACC) 

Utility Least-
Cost Best-Fit 

(LCBF) 

SGIP Energy 
Storage Impact 

Evaluations 

This Study’s 
Historical 
Analysis 

Vintage 2014 2016 Ongoing Ongoing Ongoing 2022 

Reference D.14-10-045 D.16-12-036 D.20-04-010 D.13-10-040 D.16-06-055 D.13-10-040 

Perspective Forward-Looking Forward-Looking Forward-Looking Forward-Looking Retrospective Retrospective 

Resource Type Proposed Future Proposed Future Proposed Future Proposed Future Actual Installed Actual Installed 

Storage Dispatch Not Specified Not Specified Sample Days Fwd. Curve Actual Actual 

Market Price Intervals Not Specified Not Specified Hourly Fwd. Curve Hourly 5- & 15-minute 

Market Price Points Zonal Not Specified Zonal Zonal Zonal Nodal 

Resource Grid 
Domain(s) 

All 
Distribution, 

Customer 
Customer All Customer All 

Benefits Scope 
A/S=Ancillary Services 

Energy, A/S, some 
Capacity, Customer 

Energy, some A/S, 
Capacity 

Energy, some A/S, 
Capacity 

Energy, some A/S, 
Capacity 

Energy, some A/S, 
Capacity, Customer 

All 

Figure 29: Key evaluation frameworks used in California resource planning and procurements.  
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Data sources. Energy storage operational data was 
provided by Pacific Gas and Electric (PG&E), 
Southern California Edison (SCE), San Diego Gas & 
Electric (SDG&E), the CAISO, and the CPUC. The 
CAISO provided detailed historical market data, 
including resource-specific settlements, market 
prices, and other system data. PG&E, SCE, and 
SDG&E provided detailed information on most of 
their energy storage procurements including bid 
evaluation results, contract information, actual 
ratepayer costs, resource characteristics, and a 
variety of other supporting information. 

Caveats to interpretation of evaluation results. 
Our evaluation metrics are designed to show 
relative performance of individual energy storage 
resources or groups of resources with the purpose 
to identify successes and challenges in use cases and 
their potential to support the state’s energy goals. 

While this historical analysis offers a reality check on 
conceptual pro-storage rhetoric and generally 
accepted resource planning assumptions, it also has 
a few drawbacks. Most importantly, historical 
market value reflects market and grid conditions 
that are at times volatile and cyclical, and thus not 
directly comparable to prospective planning study 
outcomes under normalized and smoothed future 
conditions (Figure 30). 

 

Specifically, our historical analysis: 

✓ Can show how resources and groups of resources 
compare in terms of realized cost-effectiveness and 
contributions towards meeting state goals 

✓ Can identify areas of market growth towards 
meeting state policy goals at a large scale 

✓ Can reveal patterns of untapped benefit potential 
and associated challenges 

✓ Can highlight major discrepancies between actual 
operations and market performance, and forward-
looking evaluation methodologies used in resource 
planning and procurements 

 Cannot revisit prudency of past procurements; 
investment in the innovation process and market 
acceleration is important context 

 Cannot extrapolate resource-level results to the 
full life of an installation; especially for projects at 
the beginning of their economic lives 

 Cannot readily apply high-level historical results 
to support forward-looking studies without further 
consideration of how the grid and markets will 
evolve; see Chapter 3 (Moving Forward) for further 
discussion 

Attachment A of this report contains additional 
details on our approach and assumptions to the 
historical analysis. 

 

 
Prospective Planning Studies 
or Procurement Evaluations 

This Study’s 
Historical Analysis 

Timeframe 10–20 years forward 2017–2021 actual historical 

Storage Installation Generic or proposed future Actual installed 

Operating Period Entire project life Snapshot (partial life) 

Weather Conditions Normalized Actual, volatile 

Electricity Consumption 
50/50 or 90/10 weather, smoothed economic and 

population projections 
Actual, cyclical 

Grid Conditions 
(some) Conceptual infrastructure with limited/no 

unexpected outages and muted real-time volatility 
Actual infrastructure with unexpected outage events 

and real-time volatility 

Market Prices 
Smoothed, optimized with a long-run foresight of 

benefit streams 
Actual/volatile; partial view of potentially back-

loaded benefits 

Energy Storage Project Costs 
Full view; investments optimized with market price 

outcomes 
Partial view of potentially front-loaded costs 

Figure 30: Key differences in prospective versus historical evaluations.  
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Net Benefits Realized in 2017–2021 
 

Theoretical versus realized benefit categories. 
California explored a wide range of services and use 
cases in its early pilots and demonstration projects 
but much work still remains. Many benefit 
categories, or types of services, are not developed 
to scale due to immature markets for those services 
and/or limited demand. Furthermore, although 
energy storage resources have the ability to provide 
multiple services at once many use cases at the 
distribution and customer level do not fully take 
advantage of multi-use applications. 

Figure 31 shows a cross-reference between 
theoretical and realized benefit categories. Each 
column represents an individual resource or group 
of resources included in our historical analysis. The 
3 large boxes, one for each grid domain, define the 
set of services theoretically possible. Dark purple 
indicates a service that is clearly provided and 
monetized. White space shows the gaps where 
potential services are not provided. 

While it is not reasonable to expect all resources to 
provide every possible service, significant gaps 
across rows (services) and columns (resources) 
indicate barriers to realizing benefits. Prevalent 
gaps in two core services—energy and RA 
capacity—indicate major roadblocks to 
contributions towards meeting state policy goals. In 
comparing theoretical versus realized benefit 
categories, we observe that:  

• A large share of distribution-connected 
resources provides only 1–3 services of limited 
value, face significant barriers in energy service, 
and do not provide RA capacity services; 

• Customer-sited resources across the board face 
significant barriers in energy service; 

• Access for several types of services are either 
not established or extremely limited during this 
historical period (voltage support, blackstart, 
transmission and distribution investment 
deferral, self-generation, and backup power). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 31: Theoretical versus actual benefit categories 
(row) by resource or resource group (column).  

Services Transmission Distribution Customer
(8 Resources) (33 Resources) (5 Resources + 9 Aggregations + 1 Total SGIP)

Energy * * * *

Regulation *

Spin/Non-Spin *

Flex Ramp

Voltage

Blackstart

System RA

Local RA

Flexible RA *

Tx Deferral

Dist Deferral Box 1

Microgrid/Island

Bill Mgmt Box 2

Self-Gen Service provided, monetized * *

Backup Limited service provided or available * * * * * *

Service available, but limited or no apparent market value Box 3

* Unclear if service available

Service not available
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Ratepayer net benefits. Figure 32 summarizes our 
ratepayer net benefit results for the 2017–2021 
operating period, expressed as benefit/cost (B/C) 
ratios. The chart highlights the differences relative 
to a B/C ratio of 1.0, which indicates estimated 
benefits are equal to costs. About half of the 
analyzed storage capacity yielded more benefits 
than costs to ratepayers (B/C ratio above 1.0). 

Most bars on the chart represent an individual 
energy storage resource with the width of the bar 
showing relative MW capacity. Small customer-
sited installations are aggregated into utility 
contracts or clusters with similar operational 
patterns. The bottom chart shows the underlying 
benefit and cost components. For storage under RA 
only contracts, energy and ancillary services values 
are not included as they are not ratepayer benefits. 
As explained earlier, there were no projects with 
T&D deferral benefits and the GHG reduction value 
is already reflected in energy value (no GHG adder). 

Avoided RPS costs were relatively small compared 
to core benefits from energy, ancillary services, and 
RA capacity.  

Among all projects analyzed, top 3 of the third-
party-owned distribution-connected resources 
performed particularly well compared to others. 
These resources provide high-value local resource 
adequacy (RA) capacity and they participate in the 
CAISO marketplace. Transmission-connected 
resources and two utility-owned distribution-
connected resources also performed relatively well, 
due to RA capacity service, participation in the 
CAISO marketplace for energy and ancillary 
services, and high efficiency achieved from daily 
operations. Customer-sited and some utility-owned 
distribution-connected resources performed the 
worst due to lack of service to the transmission grid 
and/or relatively high procurement costs. These 
results are explained in more detail throughout this 
chapter.

 

 
 

  

Figure 32: Summary of ratepayer benefit/cost ratio results (top) and underlying components (bottom).

-1.50

-1.00

-0.50

0.0 0

0.5 0

1.0 0

1.5 0

2.0 0

(0.5)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

B
e

n
e

fi
t/

C
o

st
 R

at
io

Project group or cluster: 

◼  Transmission-connected 
◼  Distribution-connected (3rd party) 
◼  Distribution-connected (utility) 
◼  Customer-sited non-SGIP 
◼  SGIP non-residential (7clusters) 

High local capacity value 

Relatively high  
energy and ancillary services 

value to the grid 
Low energy and capacity 

value to the grid 

High efficiency and 
market-participating 

Resource 
Adequacy 

Ancillary 
Services 

Energy 
Other 

Ratepayer 
Benefit 

$/kW-mo 

Ratepayer 
Cost 

$/kW-mo Scaling by size: 

 1 MW 
 5 MW 
 20 MW 
 50+ MW 



Energy Storage Procurement Study: Realized Benefits and Challenges Chapter 2 DRAFT 
 

 49 
 

Total dollar impacts. In terms of absolute dollars, 
the benefit/cost ratios represent a portfolio-wide 
average of $70 million per year in net ratepayer cost 
over the 5-year study period. Exploratory pilots and 
incentive programs—including storage resources 
developed under pilots, demonstrations, SGIP, 
and/or first-in-kind procurement tracks—cost 
ratepayers an average $73 million per year. This is 
offset by $3 million per year net benefit from energy 
storage resources developed under mature use 
cases and procurement tracks. The $3 million per 
year is a diluted metric, which is derived from a total 
$17 million of benefits mostly incurred in 2021, but 
averaged over the entire 5-year study period. 

The time profile of ratepayer impacts reveals three 
striking trends over time (Figure 33): 

1. Steady ongoing amortized investment cost of 
early utility-owned pilot and demonstration 
programs (grey line) at almost $30 million/year; 

2. Steady buildup of net ratepayer cost of 
customer-sited installations (yellow and 
turquoise lines) as the number of installations 
grow—due to lack of storage operations 
beneficial to the grid coupled with relatively 
high costs—reaching a rate of approximately 
$80 million per year by the end of 2021; and 

3. Recent growth in net ratepayer benefit of 
distribution- and transmission-connected 
installations (magenta and purple lines) as the 
volume of capacity participating in the CAISO 
marketplace and providing local and system 
resource adequacy grows, landing at an 
annualized rate of $33 million per year by the 
end of 2021, which includes $22.6 million per 
year in net benefits produced by market-
mature resources, plus $10.7 million from 
earlier market entrants. 

 
These trends have key implications for future 
energy storage procurement and policy direction 
which we discuss in Chapter 3 (Moving Forward) of 
our report.  

The performance of more recent and market 
mature energy storage projects indicate an 
acceleration towards future growth in benefits. 
However, the net cost of earlier exploratory 
projects and incentive programs will continue at 
$85 million per year on average over their full 
amortization period. 
 
 
 

 
 
 

  

Figure 33: Net ratepayer benefits (costs) over time. 

*Lump-sum capital costs or incentive payments are levelized over economic life of the projects.
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Scoring towards state goals. Figure 34 
summarizes project scores on contributions 
towards meeting state goals of grid optimization, 
renewables integration, and GHG emissions 
reductions during the 2017–2021 study period. 
Most bars represent individual resources with their 
widths showing relative MW capacity. Customer-
sited installations are aggregated into utility 
contracts or clusters. As with the B/C ratios 
previously shown, relative ranking across resources 
and resource groups is as important as the absolute 
scores.  

Final score (height of bar) is an average of 3 
individual scores for grid optimization, renewables 
integration, and GHG emission reduction 
normalized between 0 (worst performance) and 
100 (best performance) in each category. (See 
Attachment A for additional details on 
methodology.) 

As with our benefit/cost analysis results, third-
party-owned distribution- and transmission-
connected resources performed relatively well 
while customer-sited resources performed at the 
bottom. 

Three key findings highlight the importance of 
taking this more societal perspective and 
considering contributions to meeting state goals 
beyond what can be monetized in benefit/cost 
metrics: 

• Many distribution-connected storage resources 
demonstrate relatively high utilization across 
multiple grid services and significant reductions 
in local renewable curtailments—despite not 
capturing the highest market values as reflected 
in their B/C ratios; 

• Transmission-connected resources that rank 
lower here than in benefit/cost ratios provide 
fewer types of services compared to their peers 
(e.g., narrow ancillary services focus, low RA 
capacity) or have extended outages limiting their 
overall performance. 

• Resources that provide negligible GHG emissions 
reductions or increase GHG emissions are given 
a score of zero in that category. Several storage 
resources did not contribute towards the state’s 
GHG emissions reductions goals. Likewise, 
several storage resources did not contribute 
meaningfully to renewables integration. 
 

 

  
Figure 34: Summary of scoring towards state goals (top) and underlying components (bottom).  
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Box 1: Necessary Conditions for GHG Reduction Benefits from Energy Storage 

For energy storage resources to provide GHG reduction benefits, 
(a) they need to be highly efficient, and (b) their use cases 
should allow shifting bulk energy from periods with low GHG 
intensity to periods with high GHG intensity. 
 
 

Energy storage is a net consumer of energy: it can retrieve less energy than the energy initially 
used for charging, due to operational losses. While most storage projects in California have 
relatively high efficiency in the of 80%–90% range when they operate regularly, their average 
efficiency drops significantly when they remain on standby for extended periods of time. To 
provide GHG benefits, it is essential for storage resources to have highly efficient operations. 
 
Being efficient is necessary, but not sufficient for reducing GHG emissions. Storage use case also 
needs to allow for shifting bulk energy from periods with low marginal emissions (e.g., midday) 
towards periods with high marginal emissions (e.g., evening peak). Today’s energy storage 
technologies are very flexible and can provide significant value by helping with grid’s needs for 
frequency regulation. However, the signals for frequency regulation are typically not correlated 
with GHG intensity of the system, so this use case can result in net GHG increase after losses are 
factored in.  
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worse at lower efficiency levels   

Area Above 
Infeasible 

*above max 
potential 

Area Below 
Highly Unlikely 
*under A/S price 

signals  

GHG 
Reduction 

GHG 
Increase 



Energy Storage Procurement Study: Realized Benefits and Challenges Chapter 2 DRAFT 
 

 52 
 

Successes and Challenges 
 

The historical analysis of net benefits and contributions towards state policy goals is based on a detailed 
review of: 

• The policy and market context for each project’s procurement and its development process; 

• Stated services at the time of procurement versus actual services provided; 

• Each project’s historical charge/discharge patterns and how those patterns relate to its use case, 
market prices, and grid conditions; 

• Participation in CAISO markets and historical CAISO settlements; 

• Utility contracts with third parties, services provided under contract, and other contractual 
requirements; 

• Actual contract payments to third parties and installation costs of utility-owned projects; 

• Each project’s location, size, configuration, and how all of that relates to market prices, marginal 
GHG emissions, local and system renewable curtailments, distribution-level PSPS and high wildfire 
threat areas; 

 
Through this process, we learned a great deal about the realized benefits and untapped potential for each 
individual resource and groups of resources. Looking across different energy storage technology and 
system designs, grid domains, and use cases, some are clearly on track to help meet the state’s needs at 
a larger scale, some have hit natural limits to the services that can be provided, and some are entangled 
in market or policy obstacles that prevent realization of full potential of benefits. 
 
The following subsections of the report discuss several notable successes and challenges observed during 
the 2017–2021 period: 

• Drawbacks of the Frequency Regulation Use Case 

• Shift in Wholesale Market Value Proposition 

• Growth in Resource Adequacy (RA) Use Case 

• Challenges with Customer-Level Integration 

• Growth and Challenges in Customer Outage Mitigation Use Case 

• Drawbacks of Use Cases with Storage Mostly on Standby 

• Growth and Challenges with Transmission Investment Deferral 

• Challenges with Distribution Investment Deferral 

• Challenges with Data Collection and Management 

• Industry-Wide Growth in Safety Best Practices 
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Drawbacks of Frequency Regulation Use Case

The market for frequency regulation (regulation) 
service is managed and administered by the CAISO. 
Regulation provides operating flexibility to fine-
tune the grid’s frequency through rapid injections to 
and withdrawals from the grid. Energy storage is 
unique in its ability to provide up to 2 MW of 
regulation for every 1 MW of capacity depending on 
state of charge and operating status in the moment 
(i.e., charging or discharging and at what rate). 

We analyzed the operations and market 
settlements of 19 CAISO-participating resources 
that provided regulation during 2017–2021 with a 
total capacity of 743 MW/2,497 MWh. These 
resources earned significant revenues in the 
regulation market, particularly in 2018–2020 period 
(Figure 35, top left), and attracted developers and 
investors to the marketplace. 

However, the regulation use case does not offer 
scalable benefits to customers or towards the 
state’s clean energy goals for three reasons: (1) it is 
limited by its total market size of 400–700 MW, (2) 
it does not move renewable energy in bulk from one 
time period to another or reduce GHG emissions, 

and (3) as long as fossil-fired generation is on the 
system it will increase GHG emissions. 

Dispatch for regulation requires automatic response 
to a 4-second regulation signal from the system 
operator to increase (regulation up) or decrease 
(regulation down) net injections to the grid. 
Although regulation capacity needs are somewhat 
correlated with high and low energy needs on the 
grid, the regulation signals are mostly rapid random 
signals throughout the day (Figure 35, bottom left). 
In order to provide regulation, storage resources 
must charge in the same market intervals they 
discharge, and they must do so even when fossil-
fired generation is on the margin. Since storage is a 
net consumer of energy due to operating losses 
(typically about 15% losses for lithium-ion) it creates 
a need for more fossil-fired generation than it 
displaces when responding to a regulation signal—
and thus increases GHG emissions (Figure 35, right). 

This use case as a standalone service is not 
consistent with the energy time shift use case to 
move renewable generation from times of excess to 
times of deficiency. 

 

 
 

 
Actual GHG emissions impact of regulation service  

provided by energy storage 

* CAISO resources split into 2 groups based on share of  
wholesale market revenues from regulation service 

Average CAISO regulation market revenues across storage fleet 

 
Regulation signal to Vaca-Dixon on October 23, 2014 (PG&E, 2016) 

Figure 35: Observed characteristics of frequency regulation service provided by energy storage. 
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Shift in Wholesale Market Value Proposition

The prior Figure 35 shows average regulation 
market revenues decreasing steadily in 2020, down 
to less than $4/kW-month by the end of 2021. This 
downward trend coincides with a tenfold increase 
in CAISO-interconnected battery storage capacity 
from about 250 MW at the beginning of 2020 to 
about 2,500 MW by the end of 2021. It also 
coincides with an upward trend in energy market 
revenues in the same period (Figure 36). 

With significantly more battery storage on the 
CAISO system, starting in 2021, we observe 
saturation of the relatively small ancillary services 
market and expansion of the energy time shift use 
case. In 2021, a clear pattern of bulk charging during 
the day and discharging during the grid’s evening 
ramp emerged (Figure 37). For the storage portfolio 

as a whole and in a high solar PV penetration 
context, this operating pattern is an indication of 
grid optimization, renewables integration, and GHG 
emissions reductions towards the state’s clean 
energy goals. 

Furthermore, developers anticipate shifts in use 
cases and utilize the modularity of battery storage 
systems in their construction and market 
participation strategies. Several of the recent and 
large-scale projects were constructed in phases 
ahead of their resource adequacy contracts, starting 
with target MW capacity at shorter durations 
offered into energy and ancillary services markets 
and progressively adding more duration to meet 
their contract obligations. 

 

 
Figure 36: Average CAISO energy market revenues across the storage fleet.  

  
September 2020: 520 MW CAISO-Connected September 2021: 1,820 MW CAISO-Connected 

Figure 37: CAISO aggregate battery output in September 2020 versus September 2021. 
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As the bulk energy time-shift use case becomes 

more prominent for energy storage resources 

participating in the CAISO market, a large share of 

their wholesale market value will come from the 

arbitrage opportunities tied to intraday energy price 

differentials. Figure 38 shows the historical LMP 

difference between top 4 and bottom 4 hours 

averaging at $50–$80 per MWh based on CAISO 

real-time subarea (by sub-load aggregation point, or 

subLAP as shown in the figure) prices in 2018–2021. 

For a 4-hour storage resource cycling daily with 85% 

roundtrip efficiency, the price differential of $50–

$80/MWh would translate to a range of $5–$8/kW-

month in energy value net of charging costs, if real-

time prices were known ahead of time with perfect 

foresight. 

To account for market uncertainty, we simulated 

storage operations, where we first determine the 

next day’s hourly schedule using day-ahead LMPs, 

then evaluate economic dispatch deviations for 

each interval using real-time LMPs assuming only 

prices up to the current interval are known, before 

moving to the next interval. Using this approach 

more realistically captures the effects of market 

uncertainty, while it also recognizes the ability of 

storage to quickly respond to volatile real-time 

market needs and signals.  

Figure 39 above shows the results of this analysis 

using historical NP15 and SP15 prices in 2018–2021. 

For 4-hour storage with 85% roundtrip efficiency, 

our estimated net energy value under real-time 

prices with perfect foresight averages at $5.5–$7.5 

/kW-month depending on price hub. Accounting for 

market uncertainty, the estimated net energy value 

of 4-hour storage drops to $4.3/kW-month under 

NP15 prices and $6.0/kW-month under SP15 prices. 

  

  

Figure 38: Average differential between real-time LMPs 
in top 4 and bottom 4 hours during 2018–2021 

Figure 39: Estimated energy value potential for 4-hour 
storage in California under historical LMPs 
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Growth in Resource Adequacy (RA) Use Case 

By the end of 2021 about 2,210 MW/8,846 MWh of 
online storage capacity had been procured through 
resource adequacy procurement tracks, including: 

• 76 MW/318 MWh of customer aggregations 
procured for local capacity in the LA Basin under 
demand response and permanent load shift 
contracts; 

• 200 MW/802 MWh of distribution-connected 
resources procured to meet local capacity needs 
in the Big Creek/Ventura, LA Basin, and San 
Diego areas; 

• 633 MW/2,459 MWh of transmission-connected 
resources procured to meet local capacity needs 
in the Bay, LA Basin, and San Diego areas; 

• 1,301 MW/5,267 MWh transmission-connected 
resources procured to meet system-level 
capacity needs. 

In the period 2019–2021 demand for RA capacity, 
via CPUC procurement orders, increased by more 
than 15,000 MW. In 2019 the CPUC ordered at least 
3,300 MW of incremental capacity online in 2021 
and 2023 with flexibility to exceed the requirement 
(Decision 19-11-016). In 2021 the CPUC required an 
additional 11,500 MW of net qualifying capacity 
procurement for mid-term reliability in 2023-2026 
(Decision 21-06-035). Then, in 2021 the CPUC issued 
a set of decisions which enabled exceedance of the 
3,300 MW requirement for summer 2021 reliability, 
created a path for emergency procurement of 
energy storage to prepare for extreme weather in 
2022 & 2023, and increased the planning reserve 
margins (PRM) for 2021 and 2022 from 15% to 
17.5% (Decisions 21-02-028, 21-12-015, 21-03-056). 
The 2021 decisions help to advance development of 
capacity to meet the earlier decisions or to find 
temporary nearer-term solutions. 

 

 
Figure 40: Demand and supply for 2021–2026 

resource adequacy procurements. 

 

LSE procurements so far indicate that energy 
storage will meet a significant share of those 
requirements (Figure 40). Most online capacity and 
procurements for resource adequacy utilize lithium-
ion (NMC) battery technology. About half of the 
batteries procured are paired with co-located solar.  

Going forward, the state may need to continue 
building 1,900 MW storage per year on average to 
meet 2045 clean energy goals as discussed in this 
report’s Introduction. During 2017–2021 in order 
for energy storage to receive full capacity 
designation and payments it was required to 
configure to produce its maximum MW capacity 
over at least four hours (“4-hour rule”). As 
procurements accelerate so does the need to 
address questions of whether, when, and how 
should the CPUC Resource Adequacy Program and 
load-serving entity (LSE) procurements signal the 
need for discharge over longer durations in a 
technology-neutral fashion. We discuss these issues 
further in Chapter 3 (Moving Forward). 
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Challenges with Customer-Level Integration

IOU-procured customer-sited installations that 
were operational during 2017–2021 include: 

• 70 MW/280 MWh of customer aggregations 
procured for local capacity in the LA Basin under 
five demand response contracts and 
participating in the CAISO marketplace; 

• 6 MW/38 MWh of customer aggregations 
procured for local capacity in the LA Basin under 
four demand response contracts and not 
participating in the CAISO marketplace; 

• 4MW/22 MWh consisting of mostly four college 
campus thermal energy storage installations for 
which we could not obtain any operational data 
(and so are not included in our analysis); 

• 212 MW/435 MWh of 674 non-residential 
installations under SGIP, nearly all enrolled 
under program years prior to 2020; and 

• 79 MW/182 MWh of almost 28,000 residential 
installations under SGIP, enrolled under program 
years prior to 2020 and for which we could not 
access sufficient data to analyze. 

We evaluated customer aggregations at the utility 
contract level (9 contracts total). For non-residential 
storage under SGIP, we conducted an analysis to 
group 674 resources into 7 clusters based on each 
installation’s interval-level operating behavior 
during the historical period. 

Non-residential use cases (clusters): Average daily 
operations by cluster provides significant intuition 
on the benefit-cost outcomes for non-residential 
installations under SGIP (Figure 41, left). Clusters 1, 
2, and 3 demonstrate operating patterns synergistic 
with wholesale energy markets: they charge during 
the day and discharge during the grid’s morning and 
evening ramps into and out of solar generation 
periods. These resources are mostly schools and 
colleges (Figure 41, top right) and they have a high 
solar attachment rate (Figure 41, bottom right). 
Cluster 6 operates similarly but with significant 
night charging when renewable supply is not 
abundant. 

Clusters 4 and 5 demonstrate a traditional demand 
charge management pattern that operates in 
discord with wholesale energy markets: storage is 
discharged steadily throughout the day, mostly 
unresponsive during morning and evening ramps, 
then charged at night. Cluster 7 is a catch-all 
category for installations that operate with no clear 
use case consistent with how other non-residential 
installations operate. 

These resources appear underutilized overall. No 
cluster on average uses more than 20% of its total 
nameplate MW capacity on a daily basis. This 
suggests fewer than once-daily cycles and/or 
significant capacity on constant reserve (e.g., for 
back-up power or to preserve battery life).  

 
Average daily operations by cluster 

  
Share of building types within each cluster 

  
Solar PV attachment rates within each cluster 

Figure 41: Observed characteristics of non-residential installations under SGIP (674 installations in 7 clusters). 
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Energy value: Among all non-residential projects, 
we observe Clusters 1, 2, and 3 yield relatively high 
energy value (Figure 42) and associated GHG 
reduction value. Cluster 6 performs slightly worse 
due to its practice of night charging. Clusters 4, 5, 
and 7 produce negative energy value on average 
and they increase overall GHG emissions, indicating 
operations at a net cost to ratepayers. Due to 
underused capacity, no cluster produces more than 
60¢/kW-month in energy value, well below a 
potential of $3–$4/kW-month we estimated for 2-
hour storage during 2017–2021. 

SGIP evaluation studies found that residential 
installations produce at least twice energy value of 
non-residential installations (Verdant, 2021). These 
customers have a very high solar PV attachment 
rate, with 97% of customers with storage installed 
paired it with solar. Although we could not access 
sufficient operational data to directly analyze these 
resources, we expect their behavior to be similar to 
the non-residential Clusters 1–2 with equally high 
solar PV attachment rates. Given this, we expect 
that residential energy storage installations—
although producing some energy value to the grid—
are still performing well below their potential. 

Storage working in concert with solar generation is 
clearly a use case that is beneficial to the grid and to 
customers overall. California by far is the national 
leader is small-scale solar PV installations: about 1.2 
million homes had solar PV installed by the end of 
2021. However, only about 60,000 homes had both 

solar PV and storage installed: a 5% storage 
attachment rate. Storage installed at the customer 
along with solar PV operates in synergy with a high 
renewables grid environment. It also reduces the 
need for distribution upgrades and provides outage 
mitigation services to the customer. The low storage 
attachment rate indicates a large undeveloped 
potential for scaling up the customer-level solar plus 
storage use case. 

Customer aggregations procured under utility 
demand response contracts operate similarly to our 
SGIP non-residential Clusters 4 and 5. They 
discharge steadily throughout the day, are mostly 
unresponsive during morning and evening ramps, 
then charge at night. They do not participate in the 
CAISO marketplace. These resources also produce 
negative energy value on average. 

The CAISO-participating customer aggregations 
perform better than non-CAISO resources, but still 
below their operating potential. These resources 
produce $1/kW-month of energy value on average. 

Avoided resource adequacy cost: Results follow 
patterns of energy value. Customer installations 
provided a low level of service to the grid during 
system emergencies. SGIP Clusters 1–2 performed 
among the best but provided only 13.2% and 11.5% 
of nameplate capacity, respectively. Average 
avoided resource adequacy cost ranges from zero to 
$1/kW-month. 

 

 

Figure 42: Average energy value produced by customer-sited energy storage.  
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Growth and Challenges in Customer Outage Mitigation Use Case

Reliability and power quality are vital attributes of 
electricity service. On average around the country, 
sustained service interruptions to customers last 
about 1.5 hours at a time. Although this can vary 
widely across customers and circumstances, a 
typical customer can reasonably expect an hour or 
two of total outage time per year, possibly spread 
over multiple events. 

Unfortunately, wildfire risks in the West have 
accelerated rapidly, revealing a complex 
relationship to electricity service and a strong 
dynamic of wildfire risks both to and from the grid. 
The IOUs have relied upon sustained day-long or 
multi-day outages to reduce ignition risks in the 
areas and times of the year with high risk of cascade 
into disastrous megafires. These Public Safety 
Power Shutoffs (PSPS) affect millions of people 
living or doing business in California, who can now 
reasonably expect multiple outages per year with 
each lasting several days at a time. 

Our outage mitigation value estimates focus on 
these extended PSPS outages and impacts to 
customers. Energy storage (a) connected to either 
radial sections of the distribution grid or directly at 
customer sites, (b) co-located with a generation 
source such as solar PV, and (c) configured to 
operate during a grid outage hold the potential to 
mitigate the impact of extended outages lasting 
several hours or days.  

During a PSPS event a customer with this type of 
energy storage installation can avoid the direct and 
indirect cost of service interruptions to their 
essential circuits. However, many customers were 
unaware of PSPS  and their wildfire risk until events 
of late 2019. 

In 2017–2021 outage mitigation value for non-
residential SGIP installations was largely an 
untapped potential. Historical wildfire perimeters 
and PSPS areas compared to  the distribution of 
non-residential storage shows low spatial 
correlation (Figure 43). Only 20% of non-residential 
storage installations were located in PSPS outage 
areas and installed with solar PV that could provide 
generation during a multi-day outage. We estimate 
an average value of $10/kW-month for this subset 
of installations, which varies widely by customer 
level depending on the extent of outages in the 
area. 

Additionally, we found monetization of this value to 
be particularly difficult as there is no California-
specific and statistically significant estimate of the 
cost of multi-hour and multi-day outages to 
customers available in the industry. Our estimates 
of outage mitigation value are likely conservative 
and likely do not reflect the full range of benefits 
across circumstances, locations, or the diversity of 
specific customer needs. 

 

   
Historical fire perimeters Relative PSPS severity in total 

customer-hours 
Distribution of SGIP non-residential 

installations in kWh capacity 

Figure 43: Comparison of SGIP non-residential installations to wildfire threat areas. 
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Historical fire perimeters Relative PSPS severity in total 

customer-hours 
Distribution of storage plus solar 

installations under the SGIP Equity 
Resiliency budget 

Figure 44: Comparison of SGIP Equity Resiliency budget installations to wildfire threat areas. 

 
 
SGIP Equity Resiliency budget: Since inception of the SGIP Equity Resiliency budget in 2020 we observe 
growth in installations paired with solar PV and concentrated in high wildfire threat areas (Figure 44). 
Most of these are residential installations, with very few at non-residential sites. 
 
It is unclear if the Equity Resiliency budget works as intended to support outage mitigation at key non-
residential sites such as community centers and critical facilities. As discussed earlier, schools and colleges 
operate storage under use cases that provide energy time shift value to the grid and might be good 
candidates for outage relief to communities. Currently, they are not eligible for these funds unless 
specifically designated by the utility to provide assistance during PSPS events or by the state as a cooling 
center. 
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Drawbacks of Use Cases with Storage Mostly on Standby

IOU-owned distribution-connected resources 
developed for microgrid and other distribution-
related services provided very little value overall 
and contributed to GHG emissions increases. This 
highlights the drawback of standby losses when 
transmission-level grid services are not integrated 
into the energy storage use case. 

A 12 MW/28 MWh subset of early pilot and 
demonstration projects were on extended periods 
of standby while continuously drawing from the grid 
at a net cost and during hours when fossil-fired 
generation was on the margin. These resources 
were developed by the IOUs under the stated use 
cases of distribution-level microgrid, power quality, 
and renewables integration and do not participate 
in the CAISO marketplace. 

While the pilot/demonstration phase is clearly a 
valuable part of the learning process towards 
market development, actual operations show the 
major drawbacks of these use cases that do not 
provide upstream services to the grid while idle. 

Figure 45 shows a heatplot comparison of the 15-
minute operations of an IOU-owned distribution-
connected resource built for microgrid purposes 
(left) to an IOU-owned distribution-connected 
resource participating in the CAISO marketplace 
(right) for the entire calendar years 2019 and 2020. 

Red indicates discharge and blue indicates charge or 
energy use while idle. More color saturation shows 
the resource operating closer to its full capacity. 
Persistent very light colors, as in the left figure, 
indicate significant underutilization. All of the white 
space in the left figure indicates the resource either 
operating well below its capacity or on standby with 
slight draw from the system (standby losses). 
Standby losses accumulate significantly over long 
periods (days, weeks, months), and they reduce 
roundtrip efficiency to extremely low levels. 

These resources do not help to decrease GHG 
emissions. Instead, they increase GHG emissions 
through their constant draw from the grid while 
idle. They are among the lowest performing 
resources with almost no value beyond their initial 
research and development value for every 
ratepayer dollar spent. 

 
 
 
 
 
 
 

 
 
 

  
Standalone Microgrid Use Case CAISO-Participating 

Figure 45: Heatplot of energy storage charge (blue) and discharge (red) in 15-minute intervals. 
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Growth and Challenges with Transmission Investment Deferral

The national discussion of transmission investment 
deferral indicates that energy storage can help to 
defer investments in the transmission system 
through two use cases. In the first use case, energy 
storage acts as an energy resource, alters the load 
and generation balance in an area to relieve 
transmission bottlenecks (and/or provide ancillary 
services), and thus replaces transmission solutions 
that could do the same. A variety of generation and 
load resources could theoretically serve the same 
function. In the second use case, storage is used by 
the system operator like a controllable transmission 
asset. The resource could be operated, for example, 
to redirect power flow and prevent overloads on 
specific circuits. Since these use cases are deployed 
on either side of the legal and functional separation 
of generation and transmission (respectively), they 
are distinguished by who operates the energy 
storage resource, to what objective, and how the 
resource is paid for. 

In California, energy storage has achieved scalability 
to help relieve transmission bottlenecks under the 
first use case. A total of 909 MW/3,579 MWh of 
energy storage resources operating in the 2017–
2021 period was procured to meet local capacity 
needs driven by major generation retirements (i.e., 
once-through cooling, San Onofre nuclear 
generators, Moss Landing generators) and issues 
related to Aliso Canyon. Since these energy storage 
resources were procured under generation RA 
capacity procurement, where the resource 
alternative is a generation or load resource, we 
allocate these services and benefits towards local 
RA capacity. However, as part of the CAISO’s 
Transmission Planning Process, generating 
resources, including energy storage, are considered 
directly as alternatives to transmission investments. 
In its 2017-2018 TPP, the CAISO approved a 10 
MW/40 MWh PG&E-owned energy storage project 
as part of a combined transmission/generation 
solution to prevent overloads in the Oakland area 
after the planned retirement of a gas peaker. 
Development of that project has apparently been 
hampered by changes in scope identified in 
subsequent TPPs and it is not clear if or when the 
project will be developed. 

Additionally under this first use case we find that 
the energy storage fleet increasingly helped to 
avoid renewable curtailments that would otherwise 
be solvable with investments in transmission 
capacity to export excess renewable generation to 
other states. Again, since these energy storage 
resources were not procured to avoid specific 
upgrades to the CAISO’s (or California’s) 
transmission export capacity, we allocate benefits 
towards avoided generation capacity rather than 
transmission investment deferral. 

The second transmission investment deferral use 
case—storage operated as a controllable 
transmission asset—is still in a pilot and 
demonstration phase nationally with California as a 
leader. In its 2017–2018 Transmission Planning 
Process (TPP) the CAISO approved a 7 MW/28 MWh 
energy storage projects as a cost-effective solution 
to manage a transmission contingency that would 
interrupt service to the town of Dinuba. PG&E 
conducted a competitive solicitation in 2019 and 
selected a winning bidder. However, when the 
transmission need increased to 12 MW in a later 
TPP, PG&E cited challenges with procurement and 
contracting. Assessment of transmission needs is a 
dynamic process and apparently in need of (a) a 
clearer understanding of how a specific need could 
fluctuate over time, and (b) procurement and 
contracting practices that better take advantage of 
the modularity of energy storage system and site 
designs. 

A third use case—“dual-use” energy storage—
presents major legal and policy challenges in that it 
envisions the operations of a single energy resource 
being split between generation and transmission 
functions. This use case is still in early development 
phase under initiatives led by the CAISO and the 
Midcontinent ISO (MISO). 
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Challenges with Distribution Investment Deferral

Energy storage developed to defer distribution 
investments faced similar planning and 
procurement challenges to transmission 
investment deferral. However, the use cases are not 
as clearly distinct as with transmission due to a 
different legal and regulatory environment for 
distribution. California’s distribution investment 
deferral use cases are still in an exploratory phase 
with the main challenge being a policy framework 
that enables third parties to come forward with 
develop distribution wires alternatives and contract 
with the utilities for the distribution deferral 
service. 

Storage developed to act as a distributed energy 
resource and relieve constraints on the distribution 
system was explored through an incentive pilot, the 
CPUC’s Integrated Distributed Energy Resources 
(IDER) proceedings. The pilot resulted in 6 
contracts, four of which were canceled, and two 
were online in 2021. Of these two, one of projects 
became online in early 2021 and included in our 
study. The other one became online in late 2021 
and it was not included in the study due to not 
having sufficient operational history. 

Storage developed to directly defer or avoid 
distribution investments is procured through an 
annual process under the CPUC’s Distribution 
Investment Deferral Framework (DIDF). That 
process has not yet yielded an operational project. 
Many of the utility DIDF solicitations either resulted 
in no selected offers or were not held at all. Three 
out of only four DIDF offers ever selected were 
canceled and the fourth resource is due online in 
2023. CPUC Staff identified several challenges with 
DIDF, including “changing distribution system 
needs; a risk of over and under procurement; 
infeasibility of near-term deferrals; forecast 
uncertainty; interconnection queues and delays; 
and technology neutrality limitations.” Based on the 
rate and circumstances of contract cancellations, a 
DIDF contract is clearly risky to third party 
developers and cannot be relied upon as a 
standalone use case to secure financing or other 
project development commitments. 

Notably, the one distribution deferral resource that 
did achieve commercial operations within the 
timeframe considered in our study (procured under 
IDER) participates in the CAISO marketplace and is 
among the better-performing resources in our 
historical analysis. The distribution need driving the 
procurement of this resource disappeared due to a 
reduction in the utility’s demand forecast. By 
participating in the CAISO marketplace this resource 
is able to provide benefits to the grid despite 
fluctuating needs on the distribution system. The 
modularity of storage to provide a wide range of 
services, and to do so flexibly, may be beneficial to 
the distribution investment deferral use cases. 
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Challenges with Data Collection and Management

We mentioned in Chapter 1 (Market Evolution) 
that a crucial ingredient to the learning process 
from technology and use case pilots and 
demonstrations is documentation and data that is 
widely available to stakeholders. Similarly, the 
CPUC explores many innovative and novel policies 
(such as CPUC’s IDER pilot) and it needs timely 
information in order to evaluate those policies and 
adjust them quickly. Furthermore, it is standard in 
the resource planning process to validate the 
projected output of both dispatchable and non-
dispatchable resources against actual and historical 
data of some kind. Planning model validation and 
calibration is essential to confidence and consensus 
on model results, and planning models are at the 
heart of the CPUC’s policy decisions to accelerate 
the energy storage market and to procure 
resources. 

A core motivation for this study is a need to collect 
and learn from energy storage data in order to 
adjust and adapt the CPUC’s storage procurement 
framework to a rapidly-changing energy storage 
market and resource planning context. Through our 
data collection process for this study we find that 
severely lagged, limited, and/or complex access to 
the most basic resource-specific operating data 
created unprecedented challenges in 
understanding actual benefits and costs compared 
to other types of grid assets. This presents a major 
data problem that hampers the CPUC’s ability to 
quickly and nimbly identify needs for policy 
adjustments and implement those changes. 

Despite being a directly-metered resource, and with 
the exception of requirements for non-residential 
storage under SGIP, no investor-owned utility or 
program administrator systematically and 
comprehensively collected, retained, quality-
controlled, or reported the most basic operating 
data on energy storage resources in their portfolio. 
This is a largely unprecedented situation in the 
electricity industry with the exception perhaps of 
behind-the-meter generators. Output and capacity 
factors of traditional generating resources can be, 
at a minimum, checked against publicly-available 
data repositories such as the Environmental 

Protection Agency’s generation and emissions 
database under the Continuous Emission 
Monitoring System. Reasonable estimates of 
aggregate historical wind and solar renewable 
generation can be derived from weather data and 
basic resource characteristics, even with significant 
quantities installed at the customer level. Since 
energy storage is a controllable resource with many 
types of services and multi-service use cases 
possible, output cannot be derived from 
environmental data or even wholesale market data 
in some cases. Operating data of resources across 
the entire portfolio is needed to understand the 
actual benefits and costs of energy storage funded 
by ratepayers. 

 
Overall, we find that energy storage presents a 
unique set of data-related challenges: 

• It is a controllable resource with many types of 
services and multi-service use cases possible, 
and thus output cannot be derived from 
environmental data or even wholesale market 
data 

• It crosses all grid domains and traditional 
boundaries in industry expertise. Evaluation of 
an energy storage resource portfolio requires 
information sharing among many experts in 
transmission grid planning, wholesale markets, 
distribution planning, and customer-level 
incentives and programs—to name a few. 

• It is scalable down to 8 kWh for residential 
installations so presents a sheer data volume 
issue. 
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Industry-Wide Growth in Safety Best Practices

In 2019, a tragic event at the McMicken energy 
storage facility in Surprise, Arizona elevated battery 
energy storage system safety to the national stage. 
Significant improvements in national and 
international codes and standards rapidly ensued. 
From the codes and standards perspective, the 
industry consensus is that safety risks are knowable 
and manageable, but that good risk management 
goes well beyond the technicalities of mitigations in 
manufacturing and system components. It requires 
robust communication and knowledge-sharing 
among the manufacturers, developers and 
installers, utilities, system operators, site manager, 
and other parties involved with energy storage 
development and operations. State agencies are 
uniquely positioned to add value in this area. 

McMicken and other safety events around the 
country revealed significant confusion among 
battery storage system operators, the emergency 
response community, regulators, and the public 
(and even in some cases, technical experts) on how 
to effectively manage the safety risks of an energy 
storage system. This confusion is rooted in (a) that 
lithium-ion battery-based systems can produce 
both fire and thermal runaway propagation—two 
meaningfully distinct chemical processes—and (b) 
the common mistake to consider thermal runaway 
as a type of fire. The misunderstanding runs deep in 
the industry and perpetuates a false sense of 
security with certain design features (like fire 
protection systems), downplays the need to 
proactively engage with local authorities and the 
fire response community (who are well-trained to 
fight all types of fires but may have never seen 
thermal runaway), and leads to inefficient and 
dangerous emergency response situations despite 
the best efforts and bravery of responders. Much of 
the communication and knowledge-sharing needed 
in this space is to sufficiently disseminate the true 
risk profile of battery storage and what mitigations 
are most effective. 

In addition to the communication and knowledge-
sharing problem, historical safety events and 
industry lessons learned point to two gaps in risk 
management which are best addressed by state 

energy regulators. The first is to address the linkage 
between safety practices and system reliability. The 
second is to support the speed, consistency, and 
quality of the local permitting process in a way that 
can both reinforce the quality of site and system 
designs while reducing developer soft costs. We 
discuss these issues with a going-forward 
perspective in Chapter 3 (Moving Forward). 

Other than a September 2022 event at the Elkhorn 
Battery Energy Storage Facility (on the Moss 
Landing site)—which required a half-day local 
shelter-in-place advisory and road closures—no 
major safety events at a stationary battery energy 
storage system in California has yet occurred. Three 
other relatively minor safety events in the state 
highlight increasing risks as the number of 
installations increase. California’s state and local 
authorities is at the beginning stages of 
comprehensively integrating the industry’s safety 
best practices. Progress to date includes a new 
section of the California Fire Code, effective July 1, 
2021, on electrical energy storage systems (Section 
1206). The section outlines safety measures and 
practices for battery systems, flow batteries, 
capacitors, and other electrochemical storage 
technologies and sets the stage for a more 
comprehensive and coordinated safety risk 
management approach in the state. 

With few exceptions, safety review and permitting 
of battery storage projects (grid-scale and 
customer-sited) primarily fall under the jurisdiction 
of local government agencies. The California Energy 
Commission has an important role in working with 
local agencies to facilitate the permitting process, 
but its direct jurisdiction is limited to batteries built 
on a CEC-licensed natural gas sites and blackstart 
battery energy storage. All other projects are 
cleared through the local permitting process. As of 
mid-2022 the CEC licensed three battery projects, 
including one co-located with an existing natural 
gas-fired turbine and two blackstart battery 
systems. 

More detail on historical safety events across the 
country and the industry’s lessons learned and 
best practices can be found in Attachment F.
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Key Observations 
 
Frequency regulation value for a subset of transmission- and distribution-connected resources was 
relatively high, but at the expense of GHG emissions increases. 
 
A major shift away from the frequency regulation use case and towards the more broadly beneficial and 
scalable energy time shift use case occurred in the CAISO marketplace in 2021. 
 
The resource adequacy use case reached scalability and grew substantially to meet grid needs. 
 
Non-residential customer-sited installations under SGIP provided a low level of service towards meeting 
the grid’s energy and capacity needs and most of them increased GHG emissions. 
 
Schools, colleges, and residential installations fared better with high solar PV attachment rates but still 
performed well below their potential. 
 
Other customer aggregations provided low energy and capacity value—even when participating in the 
wholesale marketplace. 
  
Utility-owned distribution-connected resources developed for microgrid and other distribution-related 
services provided very little value overall and contributed to GHG emissions increases. 
 
Customer outage mitigation needs, awareness, and value increased significantly after 2019 PSPS events, 
but lack of customer impact data makes it difficult to quantify resilience benefits of storage. 
 
Storage served at scale as generators within local transmission-constrained parts of the grid, but no 
resource operated specifically as a transmission asset. 
 
Storage developed to defer specific distribution investments faced major challenges as the size and 
timing of identified needs changed over time. 
 
Developers utilize the modularity of battery storage systems in their construction and market 
participation strategies. 
 
Severely lagged, limited, and/or complex access to the most basic resource-specific operating data 
created unprecedented challenges in understanding actual benefits and costs compared to other types 
of grid assets. 
 
Other than a September 2022 event at the Moss Landing site no major safety event at a stationary 
battery energy storage system in California has yet occurred, and the state is at the beginning stages of 
comprehensively integrating the industry’s safety best practices.  
  

for Chapter 2 (Realized Benefits and Challenges) 
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CHAPTER 3: MOVING FORWARD 
 
 
A massive grid transformation is underway in California in order to meet the state’s clean energy goals 
and achieve carbon neutrality by 2045. Looking towards the horizon of the CPUC’s 2021 Preferred 
System Plan, the energy storage fleet has the potential to yield $830 million to $1.35 billion of annual 
net grid benefits by 2032, compared to a grid without energy storage. A large share of that potential is 
likely to be realized under current policies and planning practices as transmission-connected energy 
storage scales up to 10 GW or more. 
 
With future policy adjustments to address (a) existing barriers to grid benefits and (b) anticipated future 
challenges, we believe California can secure these benefits and unlock the full potential of its energy 
storage portfolio: a more diversified and effective portfolio with a total net grid benefit of $1–$1.55 
billion per year by 2032. The right signals for shorter verses longer duration storage, stronger grid signals 
to customers, enhanced growth in distribution-connected storage resources, refined resilience 
planning, and advancements in safety risk management and data practices are key issues to address. 
 
 
 
 
 
With key observations on historical energy storage market evolution in Chapter 1 (Market Evolution) and 
historical operations in Chapter 2 (Realized Benefits and Challenges) as a foundation, in this third chapter 
we look forward towards the state’s clean energy goals. We assess how grid needs and market dynamics 
might change with significantly more variable renewable generation, significantly more distributed 
resources, and a dramatically different resource portfolio overall. We identify and explore pressing policy 
challenges to continued energy storage market growth that supports state goals, including: 

• When will the system need energy time shift over longer timeframes (e.g., longer duration)? 

• What is the cost-effectiveness of natural gas-fired peaker replacement with energy storage? 

• How can we improve policy signals for the most beneficial configurations and operations? 

• How can we improve procurements to better address adaptation and resilience needs in a 
changing climate? 

 
This chapter concludes with additional key observations and policy recommendations that will help to 
unlock the full potential of the energy storage fleet. These observations and policy recommendations are 
grouped into 6 themes: 

1. Evolve signals for resource adequacy capacity investments; 
2. Bring stronger grid signals to customers; 
3. Remove barriers to distribution-connected installations; 
4. Improve the analytical foundation for resilience-related investments; 
5. Enhance safety; and 
6. Improve data practices. 
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Evolve Signals for Resource Adequacy Capacity Investments 
Chapter 1 (Market Evolution) shows that early pilot and demonstration projects, and the CAISO 
initiatives, opened the door for energy storage to provide energy and an array of ancillary services in the 
CAISO’s wholesale marketplace. At the same time, the CPUC’s procurement orders carved a path for 
energy storage to help meet the state’s rapidly-growing system reliability and resource adequacy capacity 
needs. 

Based on analysis of actual operations, Chapter 2 (Realized Benefits and Challenges) shows the ability of 
energy storage to provide energy, ancillary, and RA capacity services matured during the 2017–2021 
timeframe. Although the ancillary services use case did not reduce GHG emissions or bolster renewable 
generation, it attracted developers to the market and served as a stepping stone towards future benefits. 
By the end of 2021, we see realized growth in two important areas: (1) in the energy time shift use case 
in the CAISO marketplace, and (2) in the system RA capacity use case in the utility and other LSE’s 
procurements. 

These findings demonstrate that energy storage is now well-positioned to support state goals at a large 
scale through the energy time shift and RA capacity use cases. 

Based on a 2032 system and resource buildout consistent with the 2021 Preferred System Plan, we 
estimate a 4-hour energy storage fleet of 13.6 GW to potentially yield $830 million to $1.35 billion per 
year in net grid benefits (Figure 46). Up to about 10 GW of energy storage would help to avoid renewable 
curtailments and replacement renewable energy credits (RPS savings), move energy to high-value times 
and displace inefficient natural gas-fired generation, reduce GHG emissions, and provide RA capacity 
when needed (energy and RA capacity value). The energy time shift value of energy storage grows as more 
variable renewable generation is added to the system. By 2045, we expect the potential energy time shift 
value to grow far beyond the 2032 levels and for more of the energy storage portfolio to contribute to 
that set of services. 

Figure 46: Incremental energy, renewables integration, RA capacity value of 4-hour storage in 2032 (2022 $). 

*  Marginal RA value is shown at $8 per NQC kW-month in line with the top 10% of system RA contract prices for 2021 delivery. 
At high penetrations, RA price would likely be higher to incentivize storage or other clean investments needed for reliability. 
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Additional energy storage beyond 10 GW in a 2032 system would provide more RA capacity-focused 
services to support system reliability with relatively low marginal value from energy time shift and RPS 
savings. For those resources, the figure does not show the RA capacity value beyond what is needed to 
incentivize the storage investment (net CONE). The vast majority of the recent system reliability 
procurements are for energy storage resources. Without storage, other more costly alternatives would 
be needed to meet the reliability targets. The related RA capacity cost savings are likely significant, but 
not shown because they are highly dependent on the “counterfactual case” which is sensitive to the 
assumptions and outputs of the state’s IRP optimization models—in particular, the shape and 
characteristics of the supply curve for new clean capacity.   

Furthermore, additional potential benefits and grid resilience can be realized through the expansion of 
community and customer outage mitigation services provided by distributed energy storage resources. 

 
Future role of the ancillary services use case. Ancillary services are unquestionably essential to grid 
operations and battery storage has the advantage of being able to provide 2 MW of frequency regulation 
for every 1 MW of capacity. However, energy storage providing frequency regulation has the disadvantage 
of conversion losses that will increase net energy consumption and GHG emissions as long as there is 
fossil-fired generation on the system. Furthermore, the entire market size is currently around 400 MW for 
regulation up and 700 MW for regulation down (Figure 47).  Supply for this service can be met by a fraction 
of the energy storage fleet operating today and is not scalable to beyond that level. Going forward, the 
ancillary services use case, in itself, is not a high-yield method for energy storage to deliver grid 
optimization, renewables integration, or GHG emissions reductions. With tens of GW of energy storage 
on the system it will likely be a niche revenue stream for a small subset of resources. Furthermore, as long 
as fossil-fired generation is on the system it may be more beneficial for other types of resources, such as 
hydroelectric generation, to meet the system’s needs. 
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Procurement by Resource Type 

 

Figure 47: CAISO ancillary services markets size and supply. 
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Future value of energy time shift. The transition to energy time shift in the CAISO marketplace is an 
important signpost for the wholesale market maturity of energy storage. Without energy storage, high 
renewables penetration creates time periods of low-cost supply during which energy prices drop, and 
time periods of undersupply during which expensive and relatively inefficient fossil-fired peakers operate 
to help meet demand. These price differentials are the basis for the energy value brought by energy 
storage and the differentials widen as more renewables are developed with all else being equal. In 2017–
2021 intraday price differentials yielded energy value potential of $4–6/kW-month for 4-hour storage 
participating in the CAISO energy market (without ancillary services focus). We estimate that value would 
be 2–3 times higher in a 2032 electric system and renewable buildout consistent with the 2021 Preferred 
System Plan. 

However, increasing levels of energy storage is expected to diminish its own market value on a marginal 
basis due to price effects. Our simulation of hourly energy prices with different quantities of energy 
storage installed shows how intra-day energy price differentials narrow at higher levels of energy storage 
penetration (Figure 48, left) and energy margins decrease rapidly (Figure 48, right). The storage portfolio 
provides significant value as a whole, but flattening of marginal energy prices increasingly signal market 
saturation and no more need for new entry for energy. The 2021 Preferred System Plan calls for 13.6 GW 
of battery storage by 2032 and at that level estimated marginal energy value drops to $2.5/kW-month.  

 

Average Simulated 2032 Price by Time of Day 

 
 

Estimated Marginal Energy Value for 4-Hour Storage 

 

Figure 48: Simulated 2032 energy prices and storage energy value (2022 $). 

 
Future value of RPS benefits. A portion of the energy time shift directly reduces renewable curtailments 
by mitigating oversupply conditions that would otherwise worsen as California continues to decarbonize 
its electric system. Avoided renewable curtailments reduces the need (and cost) to procure offsetting 
additional renewables to meet RPS targets. As with energy time shift overall, when energy storage 
penetration increases the marginal value of RPS benefits decreases. In a 2032 system, we estimate RPS 
value to be high for initial storage deployment at today’s levels, but marginal value drops below $0.50/kW-
month when installed storage is 13.6 GW. 
 
Given the (a) natural limits to revenues from ancillary services, (b) declining energy and RPS value, and (c) 
increasing presence in the RA capacity market, we expect California to increasingly rely on RA capacity 
market signals and revenues to attract and retain the size of the energy storage portfolio needed over the 
next 10 years. 
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As the California’s grid transformation continues, new challenges are emerging to create fair and efficient 
RA capacity market signals to properly capture the contribution of energy storage towards meeting 
future resource adequacy needs within a rapidly changing mix of resources in the system. These 
challenges include how to characterize the inevitable (but highly uncertain) decline in storage capacity 
credits due to saturation effects and how to differentiate signals for resources with longer duration.              
   

Decreasing and uncertain marginal capacity credit. In 2014, the CPUC established RA program 
eligibility requirements for energy storage and supply-side demand response (D. 14-06-050). The 
requirements include “the ability to operate for at least four consecutive hours at maximum power output 
(PmaxRA), and to do so over three consecutive days,” also known as the “4-hour rule.” As such, most of 
the grid-scale battery storage operating on the system is 4-hour duration storage. Customer installations 
tend to be shorter duration: about 2 hours on average, mainly because most of the initial SGIP funds 
declined after the first 2 hours of duration. 
 
While this simple approach can be considered sufficiently 
close in capturing the capacity value of the first wave of 
energy storage resources towards system reliability, 
longstanding concerns about expected decline in capacity 
contributions of energy-limited resources at high 
penetration rates and portfolio interactions among load, 
renewables, and storage led to implementation of 
stochastic approaches to estimate effective load carrying 
capability (ELCC) of resources. There are two complex 
interactions that needs to be considered: (1) increased 
solar buildout shifts net peak to evening periods and 
compresses the need to fewer hours, and (2) increased 
storage penetration flattens net load extending the need 
to longer durations.  
 
Recognizing these complex dynamic interactions in the system, CPUC’s IRP studies are currently updated 
with a multivariable “ELCC surface” developed based on ELCC studies to characterize portfolio ELCC levels 
as a function of solar PV and battery storage (see IRP’s Modeling Advisory Group webinar in April 2022).  
Utilizing a similar ELCC study, in October 2021, CPUC published incremental ELCC values to be used for 
compliance with the Mid-Term Reliability Procurement order, which required LSEs to procure 11,500 MW 
of net qualifying capacity by 2026. ELCCs for the first 8,000 MW of this requirement by 2023–2024 are 
finalized. ELCC values for the remaining 3,500 MW in 2025–2026 are also finalized for contracts executed 
by November 30, 2022. Contracts executed after then will use updated ELCCs for 2025–2026, which will 
published by December 31, 2022. 
 
To adapt to the rapidly changing energy landscape in California, CPUC’s Resource Adequacy (RA) program 
is also refining its RA accounting and compliance framework.  After an extended stakeholder process and 
several proposals, the CPUC selected a stakeholder proposal (called “slice-of-day”) to refine the current 
RA framework.  The proposed approach divides the days into 24 hourly slices and creates RA requirements 
varying by month. This is intended to account for the fact that California’s system reliability needs are no 
longer confined to “gross peak” while also attempting to balance complexity, administrative burden, and 
transactability. Counting for storage resources will consider daily resource capabilities and efficiency 
losses, and LSEs will need to show capacity to meet storage charging needs. Many implementation details 

 
Figure 49: Effect of solar on net peak duration  
(Blair et al. 2022) 

https://www.cpuc.ca.gov/-/media/cpuc-website/divisions/energy-division/documents/integrated-resource-plan-and-long-term-procurement-plan-irp-ltpp/2022-irp-cycle-events-and-materials/20220407-fr-and-reliability-mag-slides.pdf
https://www.cpuc.ca.gov/-/media/cpuc-website/divisions/energy-division/documents/integrated-resource-plan-and-long-term-procurement-plan-irp-ltpp/20211022_irp_e3_astrape_incremental_elcc_study_updated.pdf
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still need to be figured out and final implementation is expected in 2025 under the schedule adopted in 
CPUC’s decision D. 22-06-050 issued in June 2022. 
 

Figure 50 below illustrates the “tipping point” for 4-hour energy storage at high penetration levels, 
estimated based on a simulation of 2032 system conditions.  Under a massive solar buildout consistent 
with the 2021 Preferred System Plan, marginal capacity contribution of storage remains high until around 
12 GW of cumulative storage capacity is installed and then drops significantly.  This sudden drop is driven 
by the shape of net load in California. At high solar penetrations, net load is peakier with a relatively short 
window of capacity need in the evening.  But when storage installations reach a certain level and flatten 
the evening net peak demand, getting the next MW of capacity requires a much longer duration, which 
reduces the capacity value of storage. 
 
We benchmarked these results against other studies analyzing capacity credit of energy storage in 

California, including the results from Astrapé/E3 study (2021) used to determine incremental ELCC values 

for Mid-Term Reliability Procurement and NREL study (2018) evaluating the potential of storage to provide 

peaking capacity in California under increased solar PV penetration. While final metrics are not directly 

comparable, they show similar patterns on tipping point for 4-hour storage at around 12 GW of capacity. 

Although these results are indicative of future trends, it is important to note that the exact tipping point 

is highly uncertain as it depends on how much solar is on the system, which keeps growing to support 

state’s decarbonization goals. 

 

  

 

 

  

 

 

 

 Figure 50: Illustration of declining marginal capacity credit for 4-hour storage at high penetration levels 
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https://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M488/K540/488540633.PDF
https://www.cpuc.ca.gov/-/media/cpuc-website/divisions/energy-division/documents/integrated-resource-plan-and-long-term-procurement-plan-irp-ltpp/20211022_irp_e3_astrape_incremental_elcc_study_updated.pdf
https://www.nrel.gov/docs/fy18osti/70905.pdf
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Net CONE is the amount of capacity revenue that a resource would need to support its initial investment 
costs that are not covered by other types of benefits. In Figure 51 below, we show the calculations of net 
CONE of energy storage based on levelized capital and O&M costs minus non-capacity benefits (energy 
and RPS), normalized for the ELCC or capacity credit of the resource. The example illustrates how declining 
marginal capacity credit and other value streams can put upward pressure on net CONE for energy 
storage, even with anticipated cost reductions. 
 

 

 

Example for marginal storage at 12 GW: 

▪ Levelized Cost (Capex + O&M) = $8/kW-month 

▪ Marginal Energy Value = $3.3/kW-month 

▪ Marginal RPS Benefit = $0.5/kW-month 

▪ Marginal Capacity Credit = 57% 

▪ Net CONE = ($8 – ($3.3 + $0.5)) ÷ 57% = $7.3/kW-month   

 
 

 
Figure 51: Calculation of marginal net cost of new entry (net CONE) for energy storage 

 
 

Need for long(er) duration energy storage. When will the California system need energy time shift over 
longer durations?  The question of when the state will need energy storage to charge and discharge over 
longer timeframes is an important one because: (a) the transition will likely happen very soon, and (b) 
under-procurement of longer duration storage can have system reliability implications, or it may 
inadvertently require over-procurement of shorter duration storage at higher cost. 

For clarification, in this section, we discuss longer timeframes that still fall within the “short duration” 
category: up to 10-hour duration energy storage used primarily for intraday energy time shift. Long 
durations with multi-day, weekly, monthly, or even seasonal energy storage will inevitably be needed 
when the state approaches to the 100% clean energy goal by 2045. 

As the recent IRP procurements show, energy storage in California will play an increasingly important role 
to help the state maintain reliability while transitioning to high clean energy future. However, meeting 
state’s goals with 4-hour storage alone is not economically plausible as declining marginal capacity credits 
and other value streams will raise capacity payments needed to support further development.  At a certain 
point, storage systems with longer duration will likely offer lower cost solutions to address incremental 
RA capacity. Exact timing of this transition is uncertain and highly sensitive to relative ELCC or marginal 
capacity credit curves for storage at different duration levels. 
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Figure 52 shows our estimated net CONE of 
storage resources in a 2032 system with high 
renewables. We assumed 4-hour energy 
storage development drives overall storage 
penetration and calculated net CONE based on 
marginal resources added with durations 
ranging from 4 hours to 10 hours. 

Net CONE is zero for the initial deployment 
because energy and RPS value in 2032 would 
have been sufficient to recover costs if 
penetration remained low.  

Overall, 4-hour storage is more cost effective 
initially (as expected) but the gap with longer 
duration storage configurations closes as more 
storage is installed. We see crossover points 
after capacity credit of 4-hour storage drops 
significantly at around 12 GW. But the 
difference remains relatively low until storage 
penetration levels reach 20 GW or more.  

 

These results suggest the path for cost-effective longer-duration storage (up to 8–10 hours) is in sight, but 
exact timing and magnitude of the need is highly uncertain and sensitive to ELCC or capacity credit 
modeling assumptions.  As described earlier, the IRP and RA program is going through several reforms to 
adapt to the rapidly changing energy landscape in California. But implementation is not yet fully tested, 
and more stakeholder input and transparency are needed to understand key differences in modeling 
assumptions and results across durations to make sure they signal the need for long-duration storage 
when the need arises. 

The differences were less important in the beginning as 4+ hour storage got high ELCC regardless, but this 
will change quickly as we approach the tipping point discussed previously. Both absolute and relative ELCC 
levels matter: 

• Overestimating marginal ELCC leads to under-procurement, with increased exposure to reliability 
events 

• Underestimating marginal ELCC leads to over-procurement, with cost implications 

• Not sufficiently capturing delta across duration levels may fail to signal need for long duration 

 

Incremental ELCC values for the Midterm Reliability show little difference between the ELCC estimates of 
4- and 8-hour batteries: 74.2% vs. 82.2% in 2025 and 69.0% vs. 78.2% in 2026.  These results will be 
updated by the end of 2022 for contracts executed after November 30, 2022, and deserve extra attention 
and stakeholder input before getting finalized. If the difference is indeed small, it needs to be sufficiently 
explained and illustrated why that is. With less than 10% delta in ELCC values, it is highly unlikely any 
8-hour storage will be developed economically, beyond the 1,000 MW carve-out. 

  

 

Figure 52: Estimated 2032 net CONE of storage by duration (in 2022 $) 

*Net CONE values estimated for marginal additions with different durations in 
a system where bulk of the storage portfolio has 4-hour duration.  

4-hour 
6-hour 
8-hour 
10-hour 
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This is important because if capacity contribution of long-duration storage is inadvertently understated in 
ELCC estimates, it may lead to higher costs for ratepayers. For example, Figure 52 above shows longer 
duration storage can enter the market at $3–$5 per kW-month below the price point for 4-hour storage 
at higher penetration if ELCC of 4-hour storage drops rapidly but ELCC of longer duration storage remains 
high. In that scenario, procurement of each 1,000 MW of NQC from 4-hour storage costs $36–$60 million 
per year more, relative to procuring the same NQC from storage with higher duration. Understating ELCC 
of long-duration storage also results in over-procurement of resources to meet the 1,000 MW carve-out. 
Figure 52 above shows estimated net CONE of 8-hour storage at around $15/kW-month if its ELCC stays 
high (above 95%) when installed storage approaches 15 GW in the system. An ELCC of 80% instead of 95% 
would require approximately 200 MW more storage capacity at an incremental cost of over $30 million 
per year.  
 

Real option value for adding duration. There are inherent uncertainties with future RA capacity needs 
and resource contributions, even with “perfect” analysis. Procurement efforts may have to pivot quickly 
and adjust target portfolios based on unexpected changes and new information. Battery storage systems 
and site designs are highly modular and adding duration at existing sites can have a streamlined 
interconnection process that can be completed more quickly and at a lower cost.  In our review of the 
actual grid-scale installations, we see that some of the developers are already taking advantage of this 
modularity in their market participation and development strategies by building the MW capacity first and 
increasing duration later when the need arises. 

Creating a “real option” to add more duration to battery projects at the initial design and procurement 
phase could support a timely and cost-effective transition for longer duration.  There is an extrinsic value 
associated with such an option because when to economically transition from current 4-hour systems to 
longer configurations is highly uncertain. If utility and other LSE’s energy storage system designs or 
contracts with third parties, for example, included options to expand duration in an expedited manner, it 
would give them the right, but not the obligation, to deploy longer-duration storage capabilities quickly 
and hedge against potential price surges and/or lead-time constraints. 
 

Impacts of climate change and extreme system events. We see an increasing need to reflect future 
climate trends and extremes in the state’s resource planning and ELCC models. As previously described in 
Chapter 1 (Market Evolution), CAISO, CPUC, and CEC’s joint investigation of the mid-August 2020 system 
emergency events and power outages in California confirmed that one of top contributing factors was the 
climate change-induced extreme heat wave across the western U.S. and recommended an updated, 
broader range of climate scenarios to be considered in future planning studies, along with increased 
coordination among the agencies to prepare for contingencies. 

Understanding and incorporating the effects of climate change on frequency of extreme events and 
electric supply and demand is an area of active research and development.  For example, even though the 
state agencies’ Final Root Cause Analysis showed that mid-August 2020 events were driven by a 1-in-30 
year weather event, based on 35 years of historical data, it is not clear how frequently the system will 
experience similar events going forward. 

Through the EPIC program, the CEC has launched several studies designed to break down institutional 
barriers and accelerate innovations and uptake of new climate projection data and weather extremes 
throughout the state’s resource planning activities. One effort in particular, launched in 2022, aims to 
build a resilience planning framework and re-parameterize the state’s planning model inputs and 
assumptions in order to in order to capture key climate-related uncertainties and risks to future electricity 
supply and delivery. 

http://www.caiso.com/Documents/Final-Root-Cause-Analysis-Mid-August-2020-Extreme-Heat-Wave.pdf
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Recommendations. With the understanding that the CPUC is in the process of advancing its planning and 
procurement practices our recommendations for the CPUC are to: 

o Continue development of ELCC methods for assessing system capacity needs for reliability and 
various resource type’s ability to meet those needs, including use of the CPUC’s ELCC surface analysis 
which considers the dynamic interactions of resources within a portfolio. 

o Further validate ELCC signals for longer duration storage investments, with more transparency and 
stakeholder discussion of underlying ELCC modeling assumptions and results to identify and explain 
drivers of ELCC differences (or lack thereof) across storage durations. 

o Incorporate real options for longer-duration energy storage installations into IOU solicitations and 
CPUC contract approvals to support a timely and cost-effective transition for a portfolio with longer 
duration storage, utilizing the modularity of battery storage capacity. Utility and other LSE’s system 
designs and contracts with third parties, for example, could include options to expand duration at the 
existing site in an expedited manner. 

o Incorporate impacts of climate change and weather-driven extreme grid events in resource 
planning and ELCC models to assess future resource needs and system vulnerabilities. 
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Bring Stronger Grid Signals to Customers 
 
As discussed in Chapter 1 (Market Evolution), customer-sited stationary energy storage capacity grew 
from 61 MW at the start of 2017 to at least 582 MW by the end of 2021, largely driven by 468 MW of 
SGIP-funded installations (Figure 53).  

In 2016, the CPUC set 3 primary goals for the SGIP: 
GHG emissions reductions, provision of grid services, 
and market transformation. Towards the latter, 
growth in installations and the installer workforce 
indicate that meaningful market transformation has 
been achieved. Going forward, more specific market 
transformation objectives such as soft cost reduction 
targets would provide clearer program direction (see 
further discussion in our recommendation to improve 
data practices later in this chapter). 

Under Chapter 2 (Realized Benefits and Challenges) 
we document a challenge consistent with the 
program’s impact evaluation reports: many SGIP-
funded storage projects provided bill savings for the 
customers who installed them, but provided little or 
no value to the grid.  This is especially striking when we compare performance to the operating profiles 
and net benefits of grid-scale storage. Clusters of SGIP non-residential projects with high solar attachment 
rates—mostly representing schools and colleges—ranked highest among the installations. Their 
benefit/cost ratio was still low at around 20% and their GHG emission reduction on average was a small 
fraction of their potential.  Clusters with low solar attachment rates—largely representing commercial 
and retail buildings—followed an operating pattern of demand charge management that involves 
discharging throughout the day and night charging. These installations ranked much lower with 
benefit/cost ratios, below 5%, and average net GHG emission increases. For these customers it is unclear 
to us whether retail rates appropriately reflect the tradeoffs of reducing demand charge-related costs 
(such as distribution line loadings) versus reducing the costs of local or system-wide solar oversupply and 
curtailments. We also observe only 5% of customers with solar PV installed also install storage, despite 
storage’s ability to (a) mitigate local and/or system congestion and curtailment costs from solar exports 
during the day and (b) provide high value exports when the grid is most constrained. 

In Chapter 2 (Realized Benefits and Challenges) we also find that customer aggregations procured under 
RA and demand response contracts yielded little value to the grid. For resources outside of the CAISO 
marketplace, operating patterns did not align with grid needs, resulting in negative energy value and 
increased GHG emissions.  CAISO market-participating customer aggregations fared slightly better but still 
well below their potential. These resources responded to grid signals when offered into the CAISO 
marketplace, but contractual requirements were too narrow and inflexible to keep up with grid needs as 
those needs shifted during our study period. 
 
Overall, we find that customer-sited installations reached maturity in terms of volume of installations and 
MW built, but not in terms of grid benefits yielded, leaving significant untapped potential. 
 
The institutional practices, market structures, and policy forces behind this result have a long and complex 
history we only partially discuss in this report. Going forward, development of significantly stronger grid 

  

Figure 53: SGIP-funded installed storage capacity over time. 
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signals to customers will be needed to enable energy storage use cases and operations that are beneficial 
to both customers and to the grid. The sections below highlight the most important elements of stronger 
grid signals needed to achieve this aim. 
 

Customers face significant gaps in grid signals for both energy value and RA capacity value. Our 
analysis shows specifically that energy and RA capacity are the two key going-forward benefit streams 
energy storage can provide at a large scale towards meeting the state’s goals of grid optimization, 
renewables integration, and GHG emissions reductions. To tap into these benefits, customers with energy 
storage must be connected to grid signals that enable customers to provide energy and RA capacity 
services to the grid. Every type of customer-sited resource we studied, however, faces an insufficient or 
incomplete grid signal to fully capture one or both of these value streams. 

Under SGIP, customers with energy storage can produce both GHG emissions reductions and grid energy 
market-related benefits by following the existing SGIP GHG signal. It is not necessary for customers to 
respond to separate GHG and energy price signals. This is because the SGIP GHG signal is derived from 5-
minute real-time CAISO marginal energy prices. In many ways it mimics a time-granular energy price 
signal, albeit with the distribution of prices truncated to exclude very low and very high prices (very low 
prices all translate to a marginal GHG emissions rate of zero, and very high prices all translate to a marginal 
GHG emissions rate threshold of natural gas-fired generation at 0.67 kg CO2/kWh). 

SGIP does not currently pass a grid signal for the value of RA capacity to customers. Among the resources 
and procurements we analyzed, customer-provided local RA capacity service was piloted in 2013 through 
utility contracts with aggregators and with mixed results. We also observe several contracts and programs 
over the years designed generally to shift demand from peak periods to off-peak periods. 

Neither SGIP’s GHG signal nor time-of-use (TOU) retail rates provide sufficiently time-granular signals 
during peak periods for RA capacity value. Under TOU retail rates, incentives to charge energy storage 
during the day and discharge in the evening are directionally aligned with grid conditions, but the value 
to delay charge or discharge within each TOU window when grid conditions might be more extreme is not 
conveyed. For example, if time of use peak pricing is 4–9 p.m. a customer with 2-hour storage may 
automatically discharge from 4–6 p.m. even if the grid has the greatest need after 6 p.m. This is a reality 
we saw in 2020 and 2022, when CAISO had a Stage 3 Emergency on August 14, 2020 from 6–9 p.m., a 
Stage 3 Emergency on August 15, 2020 from 6–7 p.m., and an Energy Emergency Alert 3 on September 6, 
2022 from 5–8 p.m. 

Grid signals for RA capacity value are particularly difficult to bring to customers especially due to its 
insurance product qualities. Part of RA capacity service is to provide available generating capacity (in the 
case of energy storage, the ability to discharge) when the grid is most in need of it. Sometimes energy 
storage supplying RA capacity will need to discharge when the grid is strained, and sometimes it will need 
to just be ready with a full state of charge even if the grid does not call upon that energy. It is not sufficient 
to simply exist as installed capacity or to occasionally discharge during a grid emergency to provide RA 
capacity to the grid. Consequently, this service comes with some performance-related challenges. And 
these challenges are particularly difficult when the resource is installed behind the customer meter. 

A complicating factor is RA capacity needs on the grid are shifting rapidly as the state progresses towards 
its clean energy goals. For customer-sited energy storage this means a grid signal for RA capacity, and 
storage operations, will need to be correspondingly dynamic. This is a departure from the mostly static 
peak and off-peak periods of the past and it requires more dynamic operations. 
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Furthermore, customers will optimize bill savings and their own outage mitigation needs along with 
services to the grid. It is not yet clear how much RA capacity customer-sited energy storage can provide—
even with the perfect grid signal. 

At the time of this report, pilots are underway to explore that issue and lay the groundwork to connect 
customers with a grid signal for RA capacity. In 2021 the CPUC launched its 5-year Emergency Load 
Reduction Program (ELRP) pilot through which customers can voluntarily reduce their demand during a 
grid emergency. Presumably, rates of actual responsiveness to grid emergencies may be observed from 
this pilot to help inform the appropriate capacity credits for distributed energy resources. For energy 
storage specifically, in 2022 PG&E and Tesla launched a pilot to enroll customers with installed Powerwalls 
into the state’s ELRP. Participants keep a pre-defined portion of the energy storage capacity on reserve 
for backup, then provide residual battery capacity to the grid during system emergencies and assuming 
no distribution-level outages. This pilot may help to inform how customers stack bill savings and their own 
outage mitigation against services to the grid. 
 
Important groundwork for customer-facing grid signals for energy value and RA capacity value has been 
achieved, but these signals are still in an initial pilot phase with impacts that are not yet fully understood. 
 

Interim policy solutions that can be implemented to better align customers with grid needs in the 
next few years will be crucial. Design and implementation of mechanisms to connect customers with 
grid signals has been one of the greatest market and policy challenges throughout the industry for many 
years. Undoubtedly, the CPUC will need to continue to break new ground to move forward on this front. 

Ultimately, advanced retail rate design AND some form of wholesale market integration are needed to 
reveal the dynamic cost and value of grid services to customers and enable them to operate their energy 
resources in synergy. 

Two policy routes will achieve this aim. Both involve difficult tradeoffs and disruptions to institutional 
practices that promise a lengthy and arduous policy journey. 

One route is to focus on major reconstruction of retail rates to mimic grid conditions while following the 
other objectives of regulated rate design. How to fully integrate customer behaviors into wholesale grid 
operations and planning may become clearer as people, markets, and technologies adjust. 

The other route is to instead focus on wholesale market integration. To support efforts along this route a 
baseline alignment of retail rates with the grid must be in place, but then efforts would shift to 
development of customer aggregation models to participate in CAISO and RA capacity markets at-par with 
grid-scale resources. 

California has implemented pilots and other more serious efforts along both routes. More recent retail 
rate reform efforts include a 2021 CPUC proposed decision to make adjustments to the net energy 
metering tariff that, among other impacts, would better incentivize energy storage attachments to solar 
PV installations. That proposed decision received strong stakeholder reactions both for and against it, and 
the proceeding is still open at the time of this report. Separately, in 2021 and 2022 the CPUC held a series 
of workshops with stakeholders to explore strategies to improve demand flexibility. As part of that effort 
CPUC Staff released a white paper in June 2022 proposing an advanced retail rate design framework called 
the California Flexible Unified Signal for Energy, or CalFUSE (Madduri et al. 2022). Concurrently, in July 
2022 CPUC launched a rulemaking to advance demand flexibility through electric rates (Rulemaking 22-
07-005). 
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In terms of wholesale market integration, in 2020 CAISO expanded its Proxy Demand Resource model to 
include a Load Shifting Resource (PDR-LSR) option. This further opens the door for market participation 
of customer-sited energy storage and its bi-directional operating capabilities. Earlier in 2015–2016 CAISO 
developed enhancements to its performance evaluation methodology for behind-the-meter resources to 
address some of the measurement and verification challenges. Both efforts are examples within a broader 
set of CAISO initiatives to better integrate energy storage and distributed energy resources into its 
marketplace (see Figure 22 for more detail). In 2013 IOUs piloted contracts to bring customer aggregations 
into energy and RA capacity markets. But misaligned retail rates are clearly a barrier to the effectiveness 
of these wholesale market integration efforts, as we can see evidence of in our historical analysis. 

Urgency is evident in the need for grid signals for customers that preclude achieving widespread advanced 
rate design and/or wholesale market integration—rather than steps along the way—as the practical 
solution. Over the next 10 years, we anticipate the rapid growth in customer-sited installations will 
continue. The CEC’s 2021 IEPR forecast (mid-mid scenario), for example, shows about 25% per year future 
growth in customer-sited energy storage which implies roughly 4 GW of installed capacity by 2032.  Under 
status quo, if current operations and use case remain unchanged, thousands of MW built at the customer-
side would focus on bill management to avoid grid charges without providing commensurate grid value, 
which would shift costs to other ratepayers. 

In the greater context SGIP and ELRP may be viewed as temporary and/or incomplete mechanisms to 
bring grid signals to customers. But these programs are essential as they can be implemented relatively 
quickly to get ahead of customer installations, compared to the more comprehensive policy solutions 
ultimately needed. 
 
Optimal comprehensive solutions of advanced rate design and wholesale market integration involve 
major policy challenges that may not be overcome within the timeframe of customer-sited energy storage 
reaching GW scale. Interim policy solutions that can be implemented sooner will have a crucial role to 
synergize customer investments and behaviors with grid-scale investments and grid operations. 
 
In our recommendations we do not attempt to address the long history and many challenges of retail rate 
design or wholesale market integration. We instead focus on the more immediate policy actions needed 
to enable customer-sited energy storage to contribute towards meeting state goals. Customers with, or 
considering, energy storage are in need of (a) clear signals for energy and RA capacity value, (b) improved 
retail rate alignment with those signals, and (c) policy solutions that can be implemented within the next 
couple of years. 
 

SGIP can be honed to continue to serve state goals and bring stronger grid signals to customers. 
SGIP has been instrumental to market transformation for customer-sited installations. It has also become 
instrumental for improving equity and resilience in customer-sited investments. This is a program already 
in place that can be adapted to continue to serve state goals going-forward and bring stronger grid signals 
to customers. However, along with its successes, the market and policy challenges to effective design of 
an incentive program of this size are clear. In particular, challenges with the program’s purpose and 
performance requirements will need to be overcome. 

The SGIP 2014–2015 Impacts Evaluation Report, published in late 2016, found that non-residential energy 
storage projects increased GHG emissions. In response and after almost three years of study with 
stakeholders, in 2019 the CPUC adopted GHG emission reduction requirements and the use of a GHG 
signal to better align resource performance with the program’s goals. Under the rules, new commercial 
projects after April 2020 are required to reduce GHG emissions by 5 kg per kWh annually. The requirement 

https://sgipsignal.com/
https://sgipsignal.com/
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is an outcome of the CPUC’s stakeholder process. It is well below the 25 kg/kWh annual target CPUC Staff 
originally proposed and it is only a fraction of at least 60 kg/kWh annual GHG reduction potential we 
estimated for a 2-hour storage with access to grid signals. We find the 5 kg per kWh-year GHG reduction 
requirement to be directional at best and we expect it will not produce meaningful GHG emissions 
reductions compared to program costs or compared to benefits accessible through grid-scale installations. 
With limited grid benefits, the current incentive of large-scale storage at $0.25/Wh to reduce 5 kg/kWh 
per year over a 5-year period translates to an implied GHG abatement cost of $10,000/ton. As is, this GHG 
target will likely allow the demand charge management use case to continue to be funded under the 
program, and prioritize individual customers’ non-coincident peak demand smoothing throughout the day 
above meaningful GHG emissions reductions and other grid services that are more aligned with the state’s 
policy goals. 

With the target now in place, when might we see the shift from emissions increases to 5 kg per kWh 
emissions reductions from non-residential installations funded by SGIP? In operational data through 
September 2021, we still observe no effects of this GHG reduction rule. This is likely due to lags driven by 
exemptions for legacy projects and program enrollment timelines. If impacts can be observed in 2022 
operational data, then they would be reported in the annual SGIP impact evaluation study published in 
2024. Following the course of history, if the SGIP impact evaluation study published in 2024 finds a need 
to increase the GHG reduction requirement, and if a more stringent requirement is implemented by the 
CPUC, then it would be reasonable to expect corresponding energy storage performance improvements 
after 2030. This status quo timeline and process would make it impossible for the CPUC to leverage SGIP 
to unlock the full potential of customer-sited energy storage to align with the state’s goals of grid 
optimization, renewables integration, and GHG emissions reductions. 
 
We see an urgent need for the CPUC to (a) more fully orient the program goals of SGIP, corresponding 
grid signals, and performance requirements towards the value streams that can provide ratepayer 
benefits in bulk and (b) expedite all or parts of the program evaluation and refinement process in order 
to do so quickly. 
 

Scale of untapped potential for grid benefits.  Instead of the status quo, if 4 GW of customer-sited 
energy storage resources can be partially incentivized to capture 30–50% of the energy time-shift value 
provided by grid-scale energy storage and also provide 1–2 GW of capacity contribution (in the form of 
net peak reduction) it can potentially avoid 1–2 GW of grid-scale storage investment that would otherwise 
be needed and could save $118–$285 million per year in net grid costs.  
 
The CPUC has a limited and narrowing window to translate energy market price signals into economic 
incentives for customer-sited installations and use cases that are in sync with grid conditions and state 
goals. As California develops significantly more short-duration (4-hour) storage over the next 5–10 years, 
its marginal value will eventually decline due to flattened net load and prices.  At that point, the ability for 
new customer-sited storage to help with the grid needs would be far more limited than today, because 
the system will need longer duration storage. Investments in short-duration grid-scale storage that could 
have been avoided will already be made and intra-day energy time-shift value opportunities will be greatly 
reduced. 
 
We recognize that this is a topic with a long history of policy efforts and of great stakeholder debate. 
While it is up to the CPUC and its stakeholders to explore specific solutions to the problem of integrating 
individual customer needs with grid needs, we highlight a few innovative strategies from other U.S. 
states and jurisdictions relevant to California’s policy context and challenges in Attachment D. 
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Recommendations. With acknowledgement that integration of customers with grid needs is a 
particularly difficult challenge, our recommendations to the CPUC are to: 

o Bring stronger grid signals to customers overall on the time-varying value to the grid of storage 
operations. Longer-term solutions require significant changes to the retail rate design and wholesale 
market participation paradigm, such as the retail rate design framework described in CPUC Staff's 
June 2022 California Flexible Unified Signal for Energy (CalFUSE) white paper. Regardless of the CPUC’s 
long-run policy pathway to this aim two critical activities are: 

o Continued work on basic alignment of rate structures with grid needs. Actual or potential 
misalignments that we observe in our analysis and that can significantly reduce the net 
benefits of energy storage include: 

▪ Retail non-coincident demand charges versus grid energy and RA capacity avoided 
costs 

▪ Net energy metering incentives for standalone solar PV versus solar plus storage 
▪ Peak period definitions that exclude 8–9 p.m., weekends, and holidays despite grid 

emergencies during those times 
▪ Off-peak period definitions that do not differentiate the grid cost of mid-day versus 

nighttime charging 
o Interim solutions that can bring stronger grid signals to customers within the next couple of 

years. Examples of interim solutions include building upon the SGIP and ELRP mechanisms 
already in place. 

To better focus ratepayer investments to beneficial configurations, use cases, and customer behaviors: 

o Elevate assessment of effectiveness of GHG signals in SGIP, including expedited evaluation of the 
effectiveness of GHG reduction requirements in SGIP, and a broadened scope of that evaluation to 
consider (a) the importance of energy and RA capacity value among all benefit categories and (b) the 
degree of actual versus potential contributions towards state goals. 

o Strengthen grid signals in SGIP through a course-correction to align program goals and performance 
requirements to produce significantly more energy and RA capacity value. 

o Strengthen and leverage requirements to follow the GHG signal in order to improve GHG 
reductions and energy value. 

o Address conflicting signals to non-residential participants of demand charges versus the GHG 
signal. 

o Introduce and create linkages to additional incentives for voluntary performance during grid 
reliability events for all SGIP participants—such as auto-enrollment in ELRP and/or incentives 
for performance during Flex Alerts. 

o Set a framework to link and provide information on bulk grid alerts/emergencies (e.g., ELRP, 
Flex Alerts), local alerts/emergencies (e.g., PSPS), and historical outage risk during those 
alerts/emergencies so customers can program their systems to dynamically offer more 
capacity to the grid (rather than hold reserves) when they determine it is safe to do so. 

o Incorporate more flexibility in IOU contracts for customer aggregations through improved contract 
structures for customer aggregations that can be quickly realigned with changing grid needs, such as 
(a) performance requirements to address system needs shifted to late evenings and extended to 
weekends and holidays, and (b) measures against conflicting retail rate signals and use cases such as 
non-coincident demand charge management. 
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Remove Barriers to Distribution-Connected Installations 
Chapter 1 (Market Evolution) presents evidence that third-party developers of distribution-connected 
installations faced challenges with grid interconnection and with achieving commercial operations. 
Among other potential contributing factors, barriers in the Wholesale Distribution Access Tariff (WDAT) 
interconnection process with the IOUs—which all distribution-connected resources are required to go 
through—are well-known and documented by stakeholders. Distribution-connected resources remain 
dominated by IOU installations with market transformation not yet achieved. 

We also observe in Chapter 2 (Realized Benefits and Challenges) that the 3rd-party-owned distribution 
deferral use case is still in an early pilot and demonstration phase. Distribution deferral needs in terms of 
MW size and timing are inherently difficult to pinpoint exactly. The needs shift and can disappear, and 
development plans and utility-contracted use cases do not appear to be flexible enough to adjust. Under 
this use case, we see several procurements that were not able to reach project completion. We noticed a 
similar issue in the transmission deferral use case: development of a resource procured by PG&E in 2019 
to avoid a transmission investment has stalled after the procurement need grew from 7 MW to 12 MW. 
These types of projects may need more flexibility in the procurement process to take advantage of the 
modularity energy storage can offer to adjust sizing and use case. 

In Chapter 2, we see that the successfully installed distribution-connected resources fall into two groups:  

• One group of resources is among the most beneficial in the entire fleet, with resources providing a 
wide array of multiple services, including local RA capacity and local renewables integration. Within 
this group three 3rd-party-owned resources procured for local RA capacity service yield a 2.5 ratepayer 
benefit/cost ratio compared to a 1.5 benefit/cost ratio for the next-best transmission-connected 
resources. Two other utility-owned resource yield positive ratepayer benefit/cost ratios due to 
multiple services offered to the grid. A few other resources with low ratepayer benefit/cost ratios fare 
better from a societal perspective, due to relatively high utilization and/or multiple grid services 
offered. 

• The second group of resources includes installations operating mostly on standby. These standby use 
cases include microgrid and local system support services and do not include services to the 
transmission grid. These resources are severely under-utilized and operate well below their potential 
to help meet state goals, both from a ratepayer and a societal perspective. 

Overall, we find that distribution-connected installations have the potential to yield high net benefits to 
ratepayers, but (a) third-party developers face barriers to project completion and (b) the practice of 
standby use cases rather than value-stacking yields some of the worst-performing resources in the overall 
storage portfolio. 
 

Need for local services. Going forward, we anticipate a continued need for distribution-level solutions 
to local grid problems as the system transitions to carbon neutrality and more distributed solar PV. 
Accelerating weather and environmental risks also point to higher future resilience needs at the 
community and customer levels that cannot be met by transmission-connected resources. Resilience is 
discussed further in the next subsection. 

Challenge of peaker replacements. The state must face the challenge of replacing part or all of its local 
fossil-fired generation and capacity in order to meet clean energy goals. Energy storage installed across 
all domains has proven capable to serve local capacity needs through several local RA capacity 
procurement tracks. These procurements helped to address local constraints due to generator 
retirements such as the once-through cooling-driven retirements and retirement of the San Onofre 
Nuclear Generating Station. 
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The path towards cost-effectively replacing existing local generating resources depends on the utilities’ 
and developers’ ability to find innovative low-cost alternatives. We screened the cost-effectiveness of 
around 100 individual natural gas peaker units’ replacement with energy storage under the challenging 
system conditions observed in 2020. We find that replacing peakers’ output with standalone storage 
would require either significantly overbuilding storage MW or installing long-duration storage at relatively 
high cost. Under today’s grid-scale energy storage costs, replacement of the local peakers in California will 
likely require significant investments: very few peakers can be replaced with standalone storage at 
$10/kW-month and most peakers would require well above $15/kW-month, which is several times higher 
than the current RA price levels. If the site or local area has sufficient land that can be used to install solar 
capacity, developing storage paired with solar can reduce the need for overbuilding MW and/or duration, 
and lower net costs. With current cost levels, about 4,000 MW (40%) of the peakers in California can be 
replaced with solar + storage at $10/kW-month.  If the current supply chain issues are addressed, and 
battery and solar PV costs decline as previously projected, up to 9,000 MW (90%) of the peaker capacity 
can be replaced at a net cost of $5/kW-month (Figure 54). Exactly how much can be replaced, however, 
will depend upon site-specific considerations, including: (a) the peaker’s relative to-go costs to stay online, 
(b) whether or not the energy storage replacement can obtain interconnection rights to oversize its MW 
capacity relative to peaker’s capacity, and (c) whether or not solar PV can be developed at a reasonable 
cost within the local capacity-constrained area. 
 
 

Current Cost 
Scenario 

                 Standalone Storage                Solar + Storage 

 

 

 

Future Cost 
Scenario 

(2032 Base) 

*Assumes reduction of 
~40% for storage 

and 20% for solar from 
current cost levels 

  
Figure 54: Distribution of peaker replacement net costs with no limitations on grid interconnection (2022 $). 

* 4-hour storage configurations need to significantly oversize their MW (relative to peaker capacity) to meet total energy required 
during extended reliability events. Storage with longer duration needs less oversizing as it can provide same MWh with fewer MWs. 
See Attachment C for study details and discussion of alternative storage configurations analyzed. 
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Third-party developers of distribution-connected resources may be able to offer creative and low-cost 
solutions to achieving cost-effective peaker replacements by distributing interconnections across the local 
grid, while also offering downstream benefits of outage mitigation and distribution system support. 
 
More generally, a more robust competitive market for distribution-connected installations may be able 
to offer creative and low-cost solutions to a range of difficult local grid problems, including peaker 
replacements. 
 
 

Recommendations. Considering ways to maximize value of ratepayer-funded resources, open the door 
to innovative and opportunistic low-cost solutions to solve a variety of local grid problems as the state 
moves towards its 2045 goals, and clear the path to scaling up installations across all domains, our 
recommendations to the CPUC are to: 

• Accelerate market transformation including improvements to 3rd party project development 
success rates relative to IOU-owned developments with a focus on: 

o Speeding up and addressing other major developer risks in the IOUs’ execution of WDAT 
interconnection processes; 

o Require that utility procurements include some flexibility to adjust the size and/or use 
case of a project if the original procurement need (e.g., distribution deferral) shifts. 

o More generally, incorporation of more value streams into individual IOU solicitations. 

• Enable multiple use applications by requiring distribution-connected resources to offer 
transmission grid-level services when idle and minimize extended periods of standby, following 
MUA guidelines. As a starting point, require all utility-owned installations and contracted third-
party distribution deferral projects to seek participation in the CAISO marketplace.  
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Improve the Analytical Foundation for Resilience-Related Investments 
Chapter 1 (Market Evolution) shows how the IOUs and stakeholders tested the distribution-connected 
microgrid and islanding use cases through several early pilots and demonstrations. Projects such as 
SDG&E’s Borrego Springs microgrid helped to bring these use cases to technological maturity. In 2022, the 
distribution-level outage mitigation use cases are not yet commercially viable due to no clear 
monetization of this service as a community-level insurance product. At the customer level, however, 
growth in SGIP has produced a mature market for installations and a more viable use case for outage 
mitigation. 

We observe a rapidly increasing awareness of, and need for, the outage mitigation use case. In response 
to 2019 PSPS events, the Equity Resiliency budget was created under SGIP to support vulnerable 
customers in high wildfire threat areas. Then, rolling blackouts in 2020 highlighted major challenges in 
resource planning and grid operations in the context of climate change and extreme weather. This further 
elevated the need for resilience planning. 

Chapter 2 (Realized Benefits and Challenges) further describes how customer outage mitigation needs, 
awareness, and value increased significantly after the 2019 PSPS events. At the customer level, residential 
customer adoption of energy storage for resilience in 2020–2021 under the SGIP Equity Resiliency budget 
was strong while non-residential customer adoption shows evidence of barriers to adoption. We find that 
estimates of the value of outage mitigation are indicative at best due to lack of California-specific and 
statistically significant estimates of customer impacts. This presents challenges to understanding the size 
of the outage risk problem, how outage mitigation value weighs against other services energy storage can 
provide, and how grid-scale versus distributed investments compare from a societal perspective. 

Outage mitigation needs at the customer and community level are growing, but the size of the problem 
(avoidable outage cost or value of lost load) is not yet well measured and thus cannot be fully integrated 
into a benefit/cost evaluation framework. 

We used a conservative value based on industry research but likely do not capture the severity and 
diversity of impacts on customers. 

Need for planning and solutions at the customer and community level. Going forward, the ability of 
energy storage to provide outage mitigation to customers and communities is an important piece of the 
puzzle for reliable and resilient electricity service. Customer outage mitigation use cases create electricity 
supply for customers that is more resilient to all upstream grid failures, whether the failure is due to PSPS, 
rolling blackouts, impending wildfire, or another catastrophic event. In terms of impacts on customers the 
2020 blackouts resulted in only a few hours of outage, compared to more severe and frequent outages 
driven by PSPS. Customers living or doing business in California’s high wildfire threat areas, which cover a 
huge portion of the state, can reasonably expect multiple multi-day PSPS outages every year during 
wildfire season. Distributed energy storage (distribution-connected and customer-sited) is uniquely 
positioned to mitigate negative consequences of PSPS outages and all other upstream grid failures. This 
points to a need for resilience planning and solutions at the customer and community level that include 
distributed storage. This also leads to foundational questions on what exactly resilience is and how to plan 
for it. 

Need to define resilience. The state agencies and key stakeholders currently discuss resilience with no 
common definition or specific resilience evaluation metrics to support the resource planning decision-
making process. Without this definition, it is not clear how to size the resilience problem or best identify 
solutions across grid domains and resource types. SGIP has been a key mechanism for addressing that 
need and directing funds to the most vulnerable customers. But how SGIP funds perform at the customer 
level versus community level, or compared to other types of procurement approaches, is unknown. 
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California is in need of a specific definition of resilience and resilience objectives in order to build more 
coordinated and data-driven resilience planning and investments across the state. 

A definition of “resilience” is yet another area in which California will need to break new ground as the 
term is not well defined in the electricity industry as a whole. In this report we refer to resilience as: 

The ability of the grid to serve critical sites and customers’ essential electricity needs 
under a variety of knowable extreme grid stressors and in the event of a system 

failure. 

By “grid” we mean the entire grid from the bulk power system all the way to customer-sited resources. 
And by “essential electricity needs” we mean the basic level of electricity service each customer needs, 
such as an essential level of lighting, temperature control, and communications, especially during an 
emergency. 

Alternative definitions on the national stage are highly conceptual. They are not sufficiently focused on 
the impacts to customers of system failures to be translatable into a resource planning framework across 
all grid domains. Agencies under the Department of Energy have built upon the Presidential Policy 
Directive (PPD) 21 on Critical Infrastructure Security and Resilience. The National Renewable Energy 
Laboratory (NREL), for example, defines resilience as “The ability to anticipate, prepare for, and adapt to 
changing conditions and withstand, respond to, and recover rapidly from disruptions through adaptable 
and holistic planning and technical solutions.” FERC and the RTOs under its jurisdiction focus on “resilience 
of the bulk power system” and have built upon a definition proposed in 2009 by the National 
Infrastructure Advisory Council: “The ability to withstand and reduce the magnitude and/or duration of 
disruptive events, which includes the capability to anticipate, absorb, adapt to, and/or rapidly recover 
from such events.” 

Elsewhere in the industry’s resilience planning efforts we observe varying degrees of focus on mitigation 
and adaptation (e.g., reducing risk) versus emergency preparedness and recovery (e.g., managing the 
unavoidable residual risk), depending on the agency or entity’s role. Energy storage has an important role 
in both dimensions. It can support nimble and robust power supply at the bulk grid level and it can serve 
customers and aid in system recovery in the event of a transmission or distribution system outage. Within 
California’s resilience planning framework it is important to capture both of these dimensions. 

The Resiliency & Microgrids Working Group, under the CPUC’s microgrids proceeding (Rulemaking 19-09-
009), have made significant advancements in exploring the meaning of resilience and in developing a 
foundational “4 Pillar Methodology” for approaching resilience evaluation and valuation. Next steps for 
application of the 4 Pillar Methodology are to develop a definition of resilience and specific resilience 
evaluation metrics—ideally for use across a wide range of resource planning activities. 

A stronger resilience framework is needed to weigh the full potential ratepayer and societal 
benefits of customer-sited installations. Our analytics in Chapter 2 (Realized Benefits and Challenges) 
focus specifically on the risk and occurrence of PSPS as a major driver of resilience value during the 2017–
2021 timeframe. This outage mitigation value is a private benefit that goes to the customer who installs 
storage—it is not a ratepayer benefit. However, the depth of potential benefits to ratepayers of customer-
sited energy storage depends crucially on the value proposition to individual customers. 

Figure 55 shows a summary of investment and policy implications for customer-sited installations that 
yield net ratepayer benefits (column [2]) and/or net private benefits to individual customers (row [B]). 
Starting with square [1A], installations that yield no ratepayer benefits or private benefits would not be 
funded without policy intervention. Early pilots and programs fall into this category for the purposes of 
longer-term policy objectives like innovation and market transformation. 
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 [1] 

Ratepayer B/C Ratio < 1.0 

[2] 

Ratepayer B/C Ratio > 1.0 

[A] 

Individual Customer 
B/C Ratio < 1.0 

 

[1A] 

Example investments:  
Most earlier SGIP projects 

Example policy drivers:  
Innovation, market transformation 

[2A] 

Example investments:  
Grid-scale storage 

Example policy drivers:  
Ratepayer + societal benefits 

[B] 

Individual Customer 
B/C Ratio > 1.0 

[1B] 

Example investments:  
Projects funded by  

SGIP Equity Resiliency budget 

Example policy drivers:  
Equity, overcome financing hurdles 

[2B] 

Example investments:  
Small subset of customer-sited 

storage projects 

Example policy drivers:  
Ratepayer + societal benefits 

Figure 55: Investment and policy implications for customer-sited installations that yield net ratepayer benefits 
(column [2]) and/or net private benefits to individual customers (row [B]). 

 

Projects that fall under square [1B] of Figure 55 yield no net ratepayer benefits, but they do yield net 
benefits to the individual customer. Based on our research and indicative analysis we expect outage 
mitigation value to be a major driver of these investments. Customers with high outage risks will 
understand their own private resilience benefits the most (i.e., how much an outage costs them), and they 
can best decide if it is more economical to install storage than to endure outages. Customers who can pay 
when it is economical to do so will install. Policies do not need to intervene with this decision unless 
customers cannot install even when it is economical to do so (e.g., due to a financing hurdle).   

Another reason for policy intervention in [1B] is to shift the economics of a project from square [1B] to 
square [2B] to produce net benefits to both ratepayers and the individual customer. Our 
recommendations to Bring Stronger Grid Signals to Customers suggest a route to achieving this movement 
but it is still unclear what the full potential of [2B] is. 

Improved data on the costs and benefits customers face are needed to better gauge the depth of the 
market for customer-sited energy storage installations (i.e., how many potential customers are there in 
row [B]?). This would indicate how much storage capacity individual customers might be willing to co-
fund that could produce both private benefits and some grid benefits to ratepayers in square [2B]. If 
customers can co-fund at levels that make ratepayer-funded portion of the costs more comparable to 
transmission-connected installations, then a mutually-beneficial multi-use application can be achieved. 
These would be the customer-sited installations that have the potential to avoid investments on the bulk 
grid and to support downstream societal benefits that grid-scale energy storage cannot provide. But 
without a better analytical foundation—including improvements to estimates of value of lost load, future 
resilience risk profiles (discussed next), customer installation cost data, and a resilience planning 
framework—the market depth for this use case is unclear. Our future potential benefit estimates assume 
that the equivalent of 1–2 GW out of about 4 GW in customer-sited installations fall into this multi-use 
application (square [2B]) within the next decade. While the limited data indicate this is a conservative 
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estimate, a stronger analytical foundation for assessing the full benefit potential for customer-sited 
installations can provide much-needed insights. 

Going back to square [1B], better information on the depth of the market for customer-sited energy 
storage installations is also needed to guide future funding for resilience equity purposes. As of 2022 
SGIP’s total Equity Resiliency budget is $660 million with most participation by residential customers. With 
today’s data limitations it is not clear how much more funding will be needed in the future. It may 
unrealistic to expect SGIP funds can install storage at every individual home that qualifies under Equity 
Resiliency. Investing in Equity Resiliency at the community level may be more cost-effective but we 
observe very little adoption in SGIP so far and it is unclear why. The energy storage use cases of schools 
and colleges, in particular, demonstrate relatively high value to the grid compared to other non-residential 
SGIP participants and they are logical community hubs for people to access essential electricity service 
during an emergency. Improved information on the extent of the resilience problem for customers who 
cannot pay can help inform (a) what level of Equity Resiliency funding is needed in the future, and (b) how 
much of the resilience investment should be at the individual customer level versus the community level. 

 

Need to capture rapidly changing and future resilience risk profile. Eligibility requirements under 
SGIP are based on a historical geospatial risk profile that has changed and likely will continue to change 
meaningfully at the property level. Customers qualify if they previously experienced two or more PSPS 
events or if they are within a Tier 1 or Tier 2 High Wildfire Threat District (HWTD) area. The HWTD maps 
were approved by the CPUC in 2018 (via disposition letter in response to Advice Letters 5211-E and 3172-
E) but developed in the 2016–2017 timeframe. Significant advancements have been made in wildfire risk 
characterization over the past five years, and new information on long-term risks from the 
Intergovernmental Panel on Climate Change Sixth Assessment Report (IPCC, 2022) is in the process of 
being incorporated into wildfire risk assessments. Multiple research groups under the CEC and resource 
planners across the state are studying the IPCC climate projections closely to better understand future 
extreme conditions and human vulnerabilities. SGIP and other initiatives related to resilience planning will 
need to be updated periodically with new information on wildfire risk and other climate-related 
vulnerabilities. 
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Recommendations. Considering all of these challenges in identifying and addressing outage mitigation 
and resilience needs our recommendations to the CPUC are to: 

• Continue focus on equity and resilience in SGIP to support customers with high outage risks but 
inability to pay for a cost-effective storage solution. 

• For the purpose of improving CA’s analytical framework for resilience planning overall, estimating the 
extent of the resilience problem for disadvantaged and low-income customers, and estimating the 
market depth for customer-sited energy storage for resilience: 

o Pursue initiatives to significantly improve the state’s understanding of the cost of outages 
(value of lost load) on a diversity of customers, communities, businesses, schools, and critical 
sites. The estimates of value of lost load should be California-specific and include: 

▪ Distinctions in outage duration, like impacts of multi-hour (representing rolling 
blackouts) versus multi-day (representing PSPS) outages; 

▪ Distinctions in the geographic extent of outages, like impacts of outages on a 
distribution segment versus on multiple contiguous communities; 

▪ Distinctions in the environmental and weather context of the outages, like impacts 
during a normal weather day versus during a heat wave with surrounding wildfires 
and smoke; 

▪ Distinctions in financial drivers to the customers’ ability to withstand an outage; 

▪ For each customer type analyzed, estimates of what share or quantity of electricity 
demand is essential (high impact if lost) versus discretionary (low impact if lost); 

▪ The cost of outage warnings (e.g., CAISO alerts and warnings, PSPS warnings) even if 
outages are not implemented. 

▪ Track and report total installation costs of customer-sited energy storage, using data 
collected through SGIP, for use in benefit/cost evaluations that consider the full 
spectrum of services provided by distributed energy storage. 

o Expand and periodically update estimates of customer resilience-related vulnerabilities, 
grounded in up-to-date and spatially granular long-term forecasts of environmental and 
weather risks. This would be in collaboration with the CEC Energy Research and Development 
and Energy Assessments Division and for use in the CPUC’s resilience planning including 
resilience-related program eligibility requirements. 

o Further investigate barriers to non-residential enrollment under SGIP Equity Resiliency 
budgets, including consideration of additional eligibility criteria for sites with high-value and 
synergistic use cases such as schools and colleges with solar PV to offer community-level 
resilience. 

o Given new findings on resilience needs and value from the efforts above, further analyze the 
market potential and tradeoffs of developing distributed versus grid-scale storage to 
improve resilience. This would be in collaboration with the state’s resource planning 
community and used to assess the implications of IRP procurement plans and other CPUC 
efforts (e.g., SGIP, ELRP, retail rate design) on future resilience. 
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Enhance Safety 
Chapter 1 (Market Evolution) shows how California has become the national leader in energy storage 
development. By the end of 2021 California’s grid-scale installations represented 44% of all installed 
capacity in the country and the state’s planned installations represented 50% of all planned capacity in 
the country.  

Chapter 2 (Realized Benefits and Challenges) shows how the state’s leadership in energy storage 
development is likely to continue and accelerate as utility procurements ramp up to meet system RA 
capacity needs. We also discuss in Chapter 2 how the national and international industry responded 
quickly to the disaster at the McMicken facility in Arizona and to other safety failures at battery energy 
storage sites around the country and the world. Events around the country repeatedly show that good 
safety management requires much more than developer and operator adherence to the technicalities of 
risk mitigations in manufacturing and system components. 

The industry’s lessons learned and best practices identify a need for California’s state and local agencies 
to look beyond the scope of codes and standards. Three safety management gaps stand out that require 
the engagement of state and local agencies: the need for robust and proactive communication among all 
parties involved to disseminate information about safety risks and effective mitigations, the linkage 
between safety and system reliability, and the need for consistency of speed and quality in the permitting 
process across all local jurisdictions. 

Going forward, the state may need to continue building 1,900 MW storage per year on average to meet 
2045 clean energy goals. Based on the rate of events around the country, California can expect at least a 
handful of safety events across the storage fleet over the next ten years. When events do happen, they 
tend to occur within 1–2 years of a resource being online. We know from efforts at the federal level and 
in other states that it can take years to address safety management gaps due to the number of parties 
involved who have different information and perspectives on safety. 

California therefore faces an unprecedented situation to address these safety gaps quickly and for a 
current and future battery storage fleet that is larger than anywhere else in the country. It is particularly 
important for the state to acting now so it can influence system and site designs for quickly-approaching 
planned new installations. 

How these gaps are addressed not only has implications for the severity of events and impacts to people 
and communities, but for electricity system reliability, and for the speed and quality of local review. 

System reliability. System reliability implications of safety events could be extensive across a large fleet 
of energy storage with overreliance on national and international codes and standards. This is especially 
concerning in the California context of local environmental conditions, climate change, and co-location 
with large volumes of solar PV. Lithium-ion battery performance, safety failure modes, and safety event 
outcomes are sensitive to environmental conditions. This is an area that warrants further study and from 
a combined safety and system reliability perspective unique to the state agencies. During the Victorian 
Big Battery (VBB) event in July 2021, for example, thermal runaway in one isolated container propagated 
to a second container despite prior system evaluation under the industry’s gold standard UL 9540A test 
method (Figure 56). Investigation revealed a disconnect between the maximum wind speed in the UL 
9540A testing environment (12 miles per hour) versus actual conditions on the day of the event (36 miles 
per hour) and the need to consider local conditions in site design. The regulator involved expressed this 
event as a “near miss” which could have been much worse in another time of the year when wind speeds 
are significantly higher. This situation has obvious parallels to California’s (growing) wildfire season and 
windspeeds on high wildfire threat days. 
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VBB’s system and site design took advantage of the modularity of battery energy storage in a way that 
contributed to efficient recovery from the event. Two hundred out of 212 containers (total of 300 
MW/450 MWh) were brought back online within a few months. This is in contrast to a relatively minor 
safety event at the Moss Landing facility in California (Figure 57) that shut down the entire 300 MW/1,200 
MWh facility for at least a year. The event occurred in September 2021 and the facility came back online 
in late June 2022. Unfortunately, an almost year-long fallout from a safety event is not uncommon. In 
2012, an incident with a lead acid energy storage system at the Kahuku Wind Farm in Kahuku, Hawai‘i 
destroyed the entire battery system and resulted in a year-long outage of the wind facility. The 2019 event 
at McMicken halted Arizona Public Service’s energy storage development activities for two years. And, in 
South Korea, rampant safety issues required a moratorium on new installations for a year while the 
government investigated. 

Pressure on the local permitting process. The speed at which California is developing energy storage 
puts pressure on local authorities and the local review and permitting process. Many challenges are 
becoming apparent to achieve timely permitting across all local agencies without sacrificing the quality of 
safety reviews and system and site designs. In July 2021 Governor Newsom signed an Emergency 
Proclamation which granted the CEC special authority to license certain types of battery storage at certain 
sites through October 2022. This temporarily provided a relief valve but local agencies still shoulder much 
of the burden. The CEC is well positioned to support local agencies with training, knowledge-share forums, 
data, and boilerplate materials to guide the review and permitting process. In New York, for example, the 
New York State Energy Research and Development Authority (NYSERDA) developed training webinars and 
a guidebook for local governments including model (boilerplate) law for storage system requirements, a 
model permit application, a model inspection checklist, and information on how battery system safety is 
incorporated into state fire and building codes. 

 

 

 

 

 

 

 

  
Figure 56: Victorian Big Battery Project Event (July 2021). 

(Image credit: Fire Rescue Victoria) 

Figure 57: Moss 300/Dallas Energy Storage. 

(Image credit: Vistra Corp.) 
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Recommendations. With recognition that safety is a multi-agency issue and the CPUC, CEC, and local 
agencies will need to work closely together, our recommendations to the CPUC are to: 

• Form a storage safety collaborative: The CPUC Energy Division and Safety and Enforcement Division 
to build upon their coordination with the CEC to form a safety collaborative with the purposes to (a) 
define roles and responsibilities in the context of a multi-agency risk management plan, (b) promote 
two-way knowledge exchange with local agencies and emergency responders on installation 
characteristics, possible risk factors including vulnerabilities to local environmental conditions, and 
the effectiveness of mitigations, (c) facilitate rapid absorption and integration of safety best practices 
into local laws, building and fire codes, site-specific emergency plans, inspection checklists, permitting 
processes overall and (d) identify and implement measures to minimize storage and any co-located 
resource outages and recovery periods following a safety event. 

• Explore the safety-reliability link: CPUC and utilities to consider development of a safety and 
reliability score in the utilities’ least-cost best-fit resource evaluations, based on guidance from the 
safety collaborative and/or developer guarantees or remedies for a safety-related event. 

• Develop guidance materials for local agencies to build from: Consider development of training 
webinars and guidebooks for local governments such as model (boilerplate) law for storage system 
requirements, a model permit application, a model inspection checklist, and information on how 
battery system safety is incorporated into state fire and building codes.  
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Improve Data Practices 
Chapter 1 (Market Evolution) points out two data gaps that hamper the energy storage market 
acceleration process. One gap is inconsistent documentation of lessons learned from pilot and 
demonstration projects that are funded through channels outside of the CEC’s EPIC and PIER grant 
programs. Much information is lost if a pilot or demonstration project does not yield documentation on 
lessons learned that is widely available to the industry. Another data gap is apparent in energy storage 
installed cost information. For this study we collected data on utility RA capacity contract payments to 
third parties and on the installed costs of utility-owned projects. In these data we observe trends in cost 
reductions, but it is not clear (a) how installed costs of third parties versus utilities compare, or (b) whether 
cost reductions were due to cost components driven by global markets or cost components driven by 
state and local factors (e.g., soft costs). 

Chapter 2 (Realized Benefits and Challenges) that would not have occurred with any other type of 
controllable and metered resource on the grid. The challenges stem partly from insufficient and 
inconsistent data collection, retention, management, and reporting practices among different types of 
energy storage resources. The challenges also stem from institutional barriers to analysis of a resource 
fleet that crosses grid domains, many types of services to the grid, many different areas of resource 
planning, and many traditionally separate areas of expertise. In our data collection process we often 
encountered information barriers between experts in different areas of planning, procurement, and 
operations.  

We collected as much information as we could in order to assess historical operations accurately and in 
the right market and policy context.  Through that process it is clear that the CPUC does not have complete 
or reliable access to even the most basic energy storage data across the ratepayer-funded fleet needed 
to monitor and assess the performance of resources and policies. 

Going forward, the data collection process we implemented in this study is not sustainable. The state is 
at the beginning of explosive growth in the energy storage market across all grid domains, types of 
installations, and use cases. Left unchecked, today’s inconsistencies in data collection and validation, 
completeness, reporting and retention, data formats will worsen considerably. Furthermore, the rate of 
development combined with the modularity of battery energy storage to develop sites and contract in a 
variety of ways makes it increasingly difficult to track what resources are on the system. These data 
challenges threaten the ability of the CPUC to access timely, complete, and reliable information it needs 
to implement effective and nimble policies. 

Templates for data management. Several existing practices may help improve access to the most 
essential energy storage data: 

• The CEC’s EPIC and PIER grant programs provide an effective template for documentation of pilots 
and demonstrations for projects funded through the General Rate Case. 

• The Self-Generation Incentive Program—through its data reporting requirements for non-
residential installation, website tools, and evaluation studies—implements California’s most 
comprehensive and consistent approach to energy storage operating data management and is a 
model to expand upon and to follow for the rest of the energy storage fleet. 

• In 2018 the New York Public Service Commission (NY PSC) issued an Energy Storage Order which 
identified high soft costs as a major barrier for energy storage deployment in the state.  The NY 
PSC approved several initiatives to achieve soft cost reductions in the state and directed New York 
Department of Public Service staff to prepare an annual report to keep track of installed cost of 
energy storage systems and document progress towards reducing soft costs in that year. To that 
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end, the state increased emphasis in collecting detailed cost data from storage projects supported 
by various state initiatives in New York. For example, NYSERDA requires all applicants to submit 
data on total installed costs and a breakdown of cost components for hardware, engineering & 
construction, permitting & siting, and interconnection before they can receive any payments 
under New York’s market acceleration program (the Bridge Incentive program). 

 

 

Recommendations. With the objective to clear the path for CPUC to access the minimum data it needs 
to assess the performance of energy storage resources and effectiveness of policies our recommendations 
to the CPUC are to: 

• Using CEC’s EPIC and PIER final report templates as a guide, require that all pilot and 
demonstration projects funded by ratepayers through other channels (e.g., General Rate Case) 
yield a research report accessible to stakeholders in a timely manner. 

• Develop universal and standardized data collection, retention, quality control, and reporting of 
interval-level operations for all ratepayer-funded energy storage resources, modeled after the 
SGIP requirements for Performance Based Incentives and expanded to include information on 
state of charge, standby losses, and operations during upstream grid outages. 

• Expand upon recent data collection efforts to develop a relational energy storage database that 
includes data compiled in this study and across multiple CPUC groups, linkages to energy storage 
data being collected by the CEC, and linkages to data collected by the multi-agency safety 
collaborative described above. The database should be broadly accessible and useful among all 
CPUC groups and updated monthly. To the extent confidentiality restrictions allow, data should 
be routinely posted and shared with stakeholders. 

• Routinely collect project-specific cost data across all ratepayer-funded energy storage 
procurements, including total installed cost and a standardized breakdown of cost components 
(e.g., hardware, engineering & construction, permitting & siting, and interconnection) with the 
purpose to track cost trends in a timely manner and develop policies to facilitate cost reductions 
(e.g., soft costs). 

 
Our work products to the CPUC include suggested templates for these data collection categories. 
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Concluding Remarks 
Overall, the energy storage market in California matured significantly during our study period, in terms of 
technologies and use cases. For short duration energy storage, California surpassed its pilot phase and 
achieved commercial scaling of lithium-ion battery technology in both customer-sited and transmission-
connected installations. More recently-installed projects indicate significant net benefits will be realized 
with a future storage portfolio although we see evidence of some untapped potential in distributed 
resources. As described earlier, we estimate that the 13.6 GW planned transmission-connected energy 
storage portfolio has the potential to yield $830 million to $1.35 billion of annual net grid benefits by 
2032, relative to a grid without energy storage. Recent planning projections suggest customer-sited 
energy storage installations will reach roughly 4 GW by 2032. If these resources can be partially 
incentivized to capture 30–50% of the energy time-shift value provided by grid-scale energy storage and 
also provide 1–2 GW of capacity contribution (in the form of net peak reduction) it can potentially avoid 
1–2 GW of grid-scale storage investment, that would otherwise be needed and provide an additional 
$118–$285 million/year in net grid benefits. This would bring the total storage portfolio-wide 2032 net 
grid benefits to a range of $1 to $1.55 billion per year in 2022 dollars, as summarized in Figure 58 below.      

  High Storage  
Cost Scenario 

Low Storage  
Cost Scenario 

Estimated 2032 Net Grid Benefits of 
13.6 GW Planned Transmission-Connected 

Energy Storage Portfolio 
[1] $830 million $1.35 billion 

 
Additional Net Grid Benefits from  

Better Utilization of Future Customer-Sited Storage 
   

30% replacement [2a] $118 million $171 million 

50% replacement [2b] $197 million $285 million 

Total Estimated 2032 Net Grid Benefit of Storage    

30% replacement [1]+[2a] $1.00 billion $1.47 billion 

50% replacement [1]+[2b] $1.12 billion $1.55 billion 

Total 2032 Net Storage Benefit Range $1–$1.55 billion/year 
(in 2022 dollars) 

Figure 58: Estimated 2032 net grid benefit potential of the planned energy storage portfolio (2022 $). 

 

In this study we expand upon the state’s planning and analytical practices to learn from historical 
resource-specific storage operations, at a fine temporal and spatial granularity, across all grid domains, 
and across all potential services offered by energy storage resources. In its next energy storage 
procurement study the CPUC will have even more historical data to work with—likely with more complex 
market interactions as storage penetration increases. In future studies we recommend continuing to build 
upon the framework we developed here, incorporation of other technologies and longer durations as they 
develop in the marketplace, consideration of market price impacts in the benefits counterfactual (which 
may require more complex modeling), and incorporation of future state agency and stakeholder data and 
analytical innovations to refine our future outlook. 
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Success Story of the Year 2009 Finalists: Hitachi

by Alexandra Ferretti
12/17/2011

Editor's Note: To read about the winner or the other Jnalists of the 2009 success story of the
year award click here 

Designing a New Pump for a Water Resources Pumping
Plant
The State of California Department of Water Resources Edmonston Pumping Plant
experienced cavitation and erosion on the Jrst stage of one of its pumps. Coating failures
also created extensive corrosion damage throughout the pump.

To combat this problem, Hitachi America Ltd. performed model tests to design a new
pump. The Jrst set of model tests consisted of the pump inlet, pump discharge and four-
stage pump. The second set of model tests included the same pump inlet and pump
discharge, but only on the Jrst stage of the pump. The four-stage model tests conJrmed
that the new design met the speciJed performance, and the singlestage model tests
conJrmed that the Jrst-stage produced cavitation-free operation under the full Jrst-stage
pressure.

We're glad you're enjoying Pumps & Systems.

You have two articles left! Sign up for full access.

SUBSCRIBESUBSCRIBE

Already a subscriber? Click here
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The new pump eliminated cavitation and excessive vibration and increased e[ciency from
89.5 to 93.3 (an increase of 38 percent)

The pump inlet and impellers were designed using computational auid dynamics and Jnite
element analysis to maximize e[ciency. Compute controlled machining technology was
used to form the hydraulic proJle of the impeller blades and the pump's water passages for
improved e[ciency.

Hitachi Plant Technologies Ltd. produced the new pump, which eliminated cavitation and
excessive vibration and increased e[ciency from 89.5 to 93.3 (an increase of 38 percent).
The pump's rating is 315 cfs with 1,970 ft of head and an 80,000 hp motor.

Individual Involved in the Program and Nominated By: James Slocum, Hitachi America Ltd.

https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvD1RpcL9TM3g9g2t_1zQRiYo5xRiHq_sTnWBRj-9RyZviXhUyW46CpQ6jZSPK1dbr28B_Oy47Eb_x-PFbuO1xRNXRCJQtxMDXW5jeg2QjNCYIiwu1TZGb6zkTo3IP-vrlZ3oYa6GlQASLJSPIRcddapvw7HGB_3dwGWcZVTZOsQTkGFkP7V1x9XvfRE6L_98OgpvzR5Nx9jKGTfxzekvowqc26ULM4fntSL_wTNSnqLF4JcZ2dG1rXOUdVBQdlU_MAxYIE-CJdybRsChpgkqyIQvPwU6LZLJmsdduioL1vRie7-qklmtrzGSgReH8TxmXylOujJdcwti66lkWvlUHv&sai=AMfl-YT8_n34zWeOTbjARg8hHjdnFONDkUNJ8jwI9DepvBMajuaWu3uLJVzNfxd4x_O223eEpavbcS66S0MW77G-wf-DIBqbCCo1827nOuqN4S2ivw&sig=Cg0ArKJSzLbQ8SuRc5zw&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=http://www.electricmotorloadtesting.com
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The pump's rating is 315 cfs with 1,970 ft of head and an 80,000 hp motor.
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Department of Water Resources 
Attn: Delta Conveyance Office 
P.O. Box 942836 
Sacramento, CA 94236-0001 
deltaconveyancecomments@water.ca.gov 

Comments on Delta Conveyance Project EIR 

Martin Freitas 
P.O. Box 1336 

Discovery Bay, CA 94505 

I moved to Discovery Bay in 1988 and have been here ever since. I started 
skiing and fishing in the Delta in about 1978, at least that long ago. I got out of 
the service in 1964, and went to work for the phone company. I was involved in 
the communications projects around the Delta Mendota Canal when it was being 
put in. The sales job for the Delta Mendota was that Los Angeles would put in 
desalination and other water supply measures so more water would not have to 
be drawn from the Delta. But no matter what they say, they always want more. 
The line has to be drawn somewhere sometime. The time is now and the place is 
this EIR. 

I am a boater. I have a cobalt 25 foot runabout and I use it on the Delta 
often. I've gone all the way up to Sacramento on my boat, down to Martinez, and 
all points in between. I watch the 4th of July fireworks at Mandeville Tip off of my 
boat most years. 

You can't go anywhere in the Delta now without running afoul of weeds. 

The Egeria densa, we call it pickleweed, is particularly bad. It thrives in areas of 
low flow; standing water is the friend of weeds and the enemy of boaters. I read 
in your EIR that the tunnel will "increase residence time" in June. That means to 
me that there will be less flow and more still water. You said weeds aren't a 
problem in June so not to worry. Wrong. The weeds start in Discovery Bay in 

April and run all the way through the summer and fall. The poisonous algae, 
microsystis thrives on top of the Egeria Densa. It can be bad in June. I know. I see 
it with my own eyes. So the EIR is wrong when it says slowing down the water in 
June won't be a problem. It will. 

We live on Indian Bay, which is the first bay off of fast water, off of Indian 
Slough. We have some of the best flow and deepest water in Discovery Bay. When 
the weeds are a problem for us, they are much worse in other parts of Discovery 
bay and other parts of the Delta. 

What we need is increased flow through the Delta. Moving the export 
intakes upstream to siphon off the water before it flows through the Delta makes 
no sense at all to anyone who cares at all about saving the Delta. 
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Martin Freitas 
P.O. Box 1336 

Discovery Bay, CA 94505 

You are one-note Willie with this EIR. A tunnel, a tunnel, or a tunnel. Those 
are the only choices. Please get serious and do it over. Put in some real 
alternatives that will increase flow through the Delta and reduce reliance on the 
Delta, like the Delta Reform Act says. 

Los Angeles has plenty of options: desal, recycling, putting in water saving 
landscape instead of lush green thirsty lawns. Send them some of the 
$16,000,000,000 and pay them to use less water if you have to but don't kill the 
Delta with this hairbrained tunnel. 

Water thirsty crops are a problem too . Why should Delta farmers be put 
out of business because you want to turn the Delta to salt so some Almond King 
can get rich growing water thirsty crops in the Desert? 



Cherral Castillo 
17 51 Surfside Place 
Discovery Bay, Ca 94505 

December 13, 2022 

Comments on Delta Conveyance Project 
Draft Environmental Impact Report 

I have been out here since 1984, damn near forty years. I like fishing and I like having a 
boat in the water. I have seen the Delta go downhill. The weeds are awful. We have toxic 
algae in our bay. They call it microcystis. The toxic algae starts at the end of March and gets 
worse through the summer. I see it every year now. 

I read in your EIR that the project will slow down water flow in June but that won't be a 
problem because there is no algae problem in June. Not so. 

Please revise the EIR to address the negative impact on algae in Discovery Bay in June, and 
all through the summer. 

Cherral Castillo 



December 12, 2022 

Depanment of Water Resources 
Ann: Delta convevance Office 
P.O. Box 942836 
Sacramento, CA 94236-0001 
deltaconvevancecomments@water.ca.oov 

Comments on the Della Tunnel Environmental Impact Repon 

Allan Molina 
1161 Surfside Place 

Discoverv Bav, CA 94505 

I have been eniovino the Delta for about ten vears. I purchased a houseboat and kept It 
in the Discoverv Bav Marina and used it everv weekend. Then we moved up here full time, and 
now I have two boats behind mv house at mv own dock. we cruise to the Rustv Ponhole, The 
Sugar Barge, The Tiki lagoon, Moores Riverboat, Windmill cove, Konhs Pirates lair, the San 
Joaquin Yacht Club and points in between. 

When we first staned to come to Discoverv Bav, we used to swim in the Marina. Now the 
water is disgusting and I wouldn't swim in ii. There have been algae blooms behind mv house 
everv vear for at least the last three vears. 

I saw that the Tunnel Proiect will increase residence lime but that vou don't think that 
this will be a problem because the algae doesn't bloom in June. Not so. I can tell vou that there 
are algae blooms in June in Sand Bav behind mv house. This is an impact vou haven't 
adequatelv considered or mitigated. 

More to the point, vou include no alternatives that will help the Delta ecosvstem. 
Increasing expons to southern California is the onlv consideration. But when I go to southern 
California, I see green lawns evervwhere and sprinklers running until water spills over and runs 
down the street. You have to ruin the Della to a encourage this kind of disgusting behavior? 

Please include alternatives that obev the Della Reform Act: reduce reliance on exponed 
Della water and restore the Della ecosvstem.11 isn't that hard to come up with ideas that make 
the water svstem more reliable, mitigate eanhquake risk, and deal with sea level rise, that 
aren't a tunnel. 

For one, desal plants in southern California can replace Delta water and at lower cost. 
This leaves more water to flow through the Della and push back salt water. And fix the levees for 
God's sake. That isn't too hard to figure out. You can do a better iob of screening out fish so thev 
don't get chopped up in the pumps. The fish facilities at vour Tracv plant are verv primitive. At 
least studv a more advanced wav to filter out the fish without killing them. it can't be that hard. 
At least trv. 

Yours Trulv, 

Alan Molin 
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lt is said t11at raeiism is t�ue re�ult ,oflbad poHc:ies not bad 
people. We :have no d�ubt that the DCA e�ilgi1111e,ers :nmkfo:g t11e
slide IPrcsentatron that day wei-e oblivious to the in11pHcations of 
their dec:isiolls about intake location. However, dae DCA
engine,c.t;s do know fuJa wdl that t[uey are stonewalling tts in :not 
talking about intake 1Ii0c�tii0ns. We wrote to DCA e:x.e.cutive
,din�dit1r Graham Bradner on August 12, 2021, ,expressing the 
sanie conc,erns put forward here. The letter was ig,iored. In all 
fain1ess to Mr. Bradner, he does not have the authority to ,change 

'intake locations and w,cmld probably lose hisJoib ifhe sugge.stcrl 
it to his employer, which is ,essentially the M,eitropolitan Water 
o;isttict of Soud1em Cafifon1ia ("�Met'} His job is to ,put on .a
show ofcomnmnify involv,em,ent w:1thout making a�y ,changes.
He is 1he11e to absorb and deaden community ocmc,ems, much 
like thie Ffak Catchers in Tom ·wolfe,s noviel. And there is no 
ans·w,er for why the intakes can "it be mov,ed, because they can. 

Attached is our town's Dedaratiion of Protest, signed by the 
enit:ire community. A:s the Declaration ,explains, we a11:1e a tight nit 
com1nuniity largely descended &om the Montano, Cruz, Lujan, 
Chacon, ,and Chavez families who migrated to Hood itn the 
1940s. (Attachment 7.) The Declaration was sent to the DCA 
and to Gov,ernor Newsom. No r:espo:n:se. 

lo com1ment on the DEIR, Chapter 29 Environmrental 
Justice, Chaipt,er 34 Community Benefits Progrram, and Chapt,er
3 5 Public Involvement arie lies. They are beIIitg u:sed as tools 'to 
perpetuate injustice. !Please recirc1Ulat,e the DIEJR to include 
alternatives with an intakes :at least 5 miles away from Hood 
bef011e you deign to speak ,of environmental justice .. As to 
Chapter 34, if, and only iit the intakes are mov,ed away from 
Hood, we might discuss ,oommumify benefits with you. Thus .far 
DWR has refiused to provide a budget for a community benefits 
pt1ogram. For a project of ithi:s size, a co.mmitment of U %-2'% :of 
ithe Project budget shouM lbe dedicated to ,community benefits. 
Once that budget iis estaiblished we would be witfo1lg to \talk with 
you about community benefits .. As far as public involvement., so
far there has been none, as described in detail above. Chapter 35 
should be revised to reflect the truth. 
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As state preps, residents make
their case that the Delta
Tunnel is an environmental
crime story in full-view

People from Sacramento, Yolo, San Joaquin and Solano counties gather in
the Delta town of Hood to fight the state's proposed tunnel. Photograph
by Scott Thomas Anderson
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BY: SCOTT THOMAS ANDERSON  DECEMBER 9, 2022

Haunting memories of eminent domain
come back to light as DWR sets its sights
on Sacramento County properties
For Mark Massoni, it was hard to put words to what he was
seeing and hearing as a crowd gathered in the Delta town of
Hood on December 6.

Massoni grew up on Clifton Court, a section of the estuary
that’s south of Discovery Bay. His father and uncle were
known as the Massoni Brothers, an industrious pair who
were farming 1,200 acres of wheat, safflower and barely
along San Joaquin River’s tributaries. The family bought the
property in 1952 and then spent 15 years turning it into an
agricultural success story. Massoni’s father was feeling so
confident about the crops that he was planning to build a
new house.

In 1967, everything changed. The Massonis learned the
meaning of the term ‘eminent domain.’  

“My dad knew something was going on because the state
came in and they were drilling test tools down to see what
was underneath the top soil,” Mark Massoni remembered.
“They had built a canal to go from Italian Slough to the
inlet of the pumps they had, and they said that would be
enough to supply those pumps. And it lasted for about a
year – and then everything went wayside.”

The California Department of Water Resources, or DWR,
was suddenly telling the Massoni family it would be seizing
their farm to build what became known as the Clifton Court
Forebay. The Massonis’ neighbor, well-known Delta
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personality Sheldon Moore, and several other farmers, faced
the same battle for their land.

“And they brought in their big drilling rigs, and my dad tried
to kick them out, and they said, ‘You can’t kick us out,’”
Massoni explained. “Leading up to that, the ranch was paid
off. All the machinery was paid-off …We lost everything.”

This week, when Massoni wandered into the elegant
openness of Hood’s Willow Ballroom, he was reluctantly
surrounding himself with contemporary Delta farmers now
coping with DWR encroaching on their own land for
experimental drilling – the very precursor his father had
noticed 55 years earlier, just prior to disaster. While the
state-sanctioned trespassing a half-century before was to
construct a forebay, the recent activity is part of DWR’s 41-
year effort to create a massive conveyance system that will
move fresh water out of the North Delta and transport it to
central and southern utility districts, largely to the benefit
of billion-dollar agro-corporations.

The project has had many names over the decades: The
Peripheral Canal. The Bay-Delta Conservation Plan. The
Twin Tunnels. The California WaterFix. Since 2019, it’s
largely referred to as the Delta Tunnel. The trespassing on
behalf of this project was brazen enough that in June of
2019 the County of Sacramento hit DWR with a
restraining order in court on behalf of property owners
near Hood.

Ironically, one of the owners of the Willow Ballroom where
these embattled Sacramento, Yolo and San Joaquin famers
were mustering Dec. 6 is Donis Whaley, the daughter of
another Delta family repeatedly targeted for
government-driven eminent domain seizures over the
years. Donis Whaley grew up in the town Port Chicago, a
shipping hub on the banks of Suisun Bay just west of the
Delta. Around the same time DWR was taking Massonis’
land in Clifton Court, the federal government was launching
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its own seizure of the entire town of Port Chicago. That
land-grab was to expand the Concord Naval Weapons
Station. Donis Whaley saw the town she was born and
raised in get bulldozed to the ground. If that wound wasn’t
deep enough, in 2016, the Whaley family lost 500 acres of
prime farming land on Winter Island in the Delta to DWR,
again under the threat of an eminent domain seizure.

So, Mark Massoni wasn’t just walking into a public
gathering that churned his emotions – he was walking into
a historic structure directly tied to a family who’d suffered
the same state-sponsored chaos as his own.

And it was a gathering with a sense of urgency.

Hosted by the Delta Legislative Caucus and the Delta
Counties Coalition, the meeting represented a late-stage
opportunity for residents to give public comment on the
proposed Environmental Impact Report for the current
iteration of the tunnel. DWR could soon move forward with
certifying that document. The EIR acknowledges at least 13
years of devastating construction impacts to the historic
Delta legacy towns (other estimates of the timeline have
been closer to 20 years), though the project’s opponents
generally don’t think it adequately captures the tunnel’s
impacts on water quality, air quality, local farming and the
survival of numerous fish species.

It wasn’t easy for Massoni to listen to all the fear circulating
through the room.

“It just brings out a lot of bad memories,” he admitted.  “I
asked my cousins to come to this meeting and – it’s just
hard for them … If all that hadn’t happened, I’d still be
farming there today.”

Gone with the water   
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The historic Willow Ballroom in the Delta town of Hood.
Photograph by Scott Thomas Anderson

For Jim Cox, a retired boat captain who’s professionally
fished the Delta for 25 years, the drama that went down in
Clifton Court back in 1967 is extremely relevant to the
state’s current tunnel designs. Cox has been following water
politics for decades and serves on an advisory committee
for the Delta Protection Commission.

“What I’ve learned all these years of dealing DWR is that
the Devil is on what they don’t tell you,” the captain said,
stepping to a microphone in the ballroom. “And there’s a lot
that’s not being mentioned here. One of the biggest things
is [DWR] plans on operating Clifton Court at what they say
is a 50% level … When they say what the capacity of this
tunnel is, to know what [amount of water] they’re actually
planning on exporting, you have to add in what they
continue to export out of Clifton Court … They’re not
telling you the total.”

Cox added, “The biggest point I want to make is that Clifton
Court, as long as it’s been in existence, has been the biggest
fish-killing spot in the Delta: More fish die there than from
pollution, or fishing, or anything else … It draws the
predators in when the pumps are running, which these days
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is practically always, and the fish are trained into Clifton
Court and they cannot get out … This shows you the affect
that that pump has.”

Like everyone who spoke that night, Cox’s comments were
heard by elected supervisors from five counties, members of
the State Assembly and one state senator. But, in that
moment, his comments weren’t heard by anyone from
DWR. Despite being invited to the meeting, which was
being held in the town most directly threatened by the
tunnel project, DWR did not send any personnel to the
event. SN&R contacted the department about why it wasn’t
present on behalf the Newsom Administration to share
project information, answer questions or listen to public
comments.

“The Department of Water Resources responded to the
Caucus’s invitation in an email to Senator Dodd’s
Legislative Director and explained that, as we are still in the
formal public review period, it would be inappropriate for
the Department to respond to public comments made
outside of the CEQA process,” DWR spokesman Laurence
Campling responded in an email. “However, we look
forward to receiving the public comments that result from
the meeting … We have prepared a variety of materials
meant to help members of the public review the Draft EIR,
including fact sheets, an explainer booklet, and
instructional/explainer videos.”

Campling added, “DWR is committed to understanding, and
mitigating local impacts of this critical project of statewide
importance.  We appreciate the Legislative Delta Caucus’s
efforts to get more public input on the Delta Conveyance
project.”

Despite DWR’s absence, members of the Legislative Caucus
had a certified court reporter present for creating a legally
binding transcript to ultimately be included as public
comments on the EIR.
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Prior to Cox and many other residents speaking up, the
gathering got a project overview from environmental
attorney Osha R. Meserve, who’s been deeply involved in
tunnel litigation on behalf of Delta farmers and business
owners. Meserve told the crowd that, despite Newsom’s
claims that a one-tunnel system is a totally different project
than the previous two-tunnel proposal, when it comes to
threats against the Delta’s ecology, cultural resources and
general livability, not much has changed in the new EIR.
This is particularly true, Meserve pointed out, of the
project’s massive water intakes that would essentially
convert the North Delta’s rural beauty into a stark
industrial zone.

“It still wreaks havoc on the area,” she observed. “Each
intake is still the same size as what we saw before, with the
3,000 cubic-feet-per-second, which is the same as about
3,000 basketballs moving per-second on the river … It’s a
really large proportion of the river when this thing would
operate … The intake near Hood, you can see it kind of
towers over the town. And a lot of you who maybe came on
I-5, Twin Cities Road is where there would be a really big
tunnel entry where the tunnels would launch; and then
that’s also where they would be storing all this muck, and
they don’t really have a plan for what to do with this. There
would probably be a permanent muck pile there, where
there is currently farm land that’s used for different
agricultural uses.”

Meserve ended her presentation by saying, “All our salmon
runs have to go past this location, so even if the screens are
better than the ones in the South Delta, their impact is
about 13% of the Winter Run Chinook Salmon mortality
from these screens, so it’s a lot … And we would lose 3,800
acres of farmland as well.”

‘Fight to the end’



12/12/22, 8:48 AMAs state preps, residents make their case that the Delta Tunnel is an environmental crime story in full-view • Sacramento News & Review

Page 8 of 15https://sacramento.newsreview.com/2022/12/09/as-state-preps-residents…-that-the-delta-tunnel-is-an-environmental-crime-story-in-full-view/

Attorney Osha R. Meserve speaks to the crowd inside the
Willow Ballroom. Photograph by Scott Thomas Anderson

During the meeting, some young adults from Stockton
spoke about the toxic algal blooms that formed on
McLeod Lake along their city’s downtown waterfront in the
summer of 2020, which wafted unhealthy, potentially
hazardous fumes into the air throughout the well-tread
business district (the blooms have also been linked to the
deaths of area sea otters). California environmental
groups have cited research indicating that these toxic algal
blooms are connected to lack of cool, fresh water flowing
through the North Delta. That’s why conservationists – the
ranks of which include groups like the Sierra Club and
Restore the Delta – have argued that the Delta Tunnel will
accelerate the region’s toxic algal bloom problem, with the
worst impacts hitting marginalized communities in San
Joaquin County that already have consistently poor air
quality. 

“The proposed tunnel will exasperate current and very real
issues in the Delta and Delta communities,” said Stockton
resident Cintia Cortez, “issues that are felt in the
environmental justice community and in my community –
in communities of minority and low-income families that
are discouraged from drinking the water going into their
homes and who cannot step outside of their homes to take a

https://sacramento.newsreview.com/2020/08/12/environmental-groups-say-newsoms-water-plan-will-worsen-toxic-threat-in-the-delta/#
https://sacramento.newsreview.com/2021/02/16/as-toxic-algae-worsens-in-delta-new-study-shows-alarming-impact-on-sea-otters/
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breath of fresh air.”

Bob Wright, an environmental attorney from Sacramento,
told the crowd that after practicing for nearly 50 years,
DWR’s current draft EIR for the tunnel is the worst he’s ever
seen.

“I was astonished when I started reviewing this document,”
Wright shared. “It doesn’t evaluate the impacts on surface
water under CEQA … Now, why would they do that? Because
if they did what they’re supposed to do under the law, and
evaluate the impacts of the project under CEQA, they would
have to reach the obvious, no-brainer conclusion that, yes,
the project does have adverse environmental impacts on
Delta waters.”

Pamela Bulahan, Vice-Mayor of Isleton, pointed out that in
1982, when California voters got their one and only chance
to vote on the project – back when its first iteration was the
peripheral canal – they overwhelmingly rejected the idea of
a gargantuan system moving fresh water out of the North
Delta. In the four decades since, Bulahan observed, state
officials and their allied special interest groups have
made sure that Californians have no up-or-down vote on
the idea, which is now the Delta Tunnel.  

“I’ve heard about this boondoggle for decades, since I was a
kid,” Bulahan stressed. “It’s a corporate welfare project …
We should fight this thing to the end … I don’t see why this
is even being brought up, because when it was put to a vote
literally four odd decades ago, that should have been put to
bed.”

Watching quietly from the back, Mark Massoni wondered to
himself if maybe there was hope for history not repeating
itself.

“We were once told to never fight the state of California,
because you’re going to lose,” he recalled of his own

https://sacramento.newsreview.com/2021/03/02/will-major-scandal-at-metropolitan-water-district-save-delta-communities-from-the-tunnel/
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family’s struggle in 67’. “But to see all these people come
out tonight, I’m impressed. And I’m hoping they can put a
stop to this thing, because it’s going to impact everybody –
the wildlife, the water, all of it. And DWR – their track
record? They’re going to ruin things.”

Any Californian can make public comments to DWR about the
proposed Delta Tunnel between now and December 16 here.
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STATE OF CALIFORNIA 
STATE WATER RIGHTS BOARD 

In the Matter of Applications 5629, 5630, 

14443, 14444, 14445A, 17512, 17514A, and 

17515A of California Department of Water 

Resources to Appropriate from Feather River, 

Sacramento-San Joaquin Delta, Lindsey Slough, 

Italian Slough, and San Luis Creek in Butte, 

Contra Costa, Sacramento, San Joaquin, 

Solano, Yolo, and Merced Counties 

Decision D 1275 

DECISION APPROVING IN PART APPLICATIONS 5629, 
5630, 14443, 14444, 14445A, 17512, 17514A, AND 
CANCELING APPLICATION 17515A 

Introduction 

This decision concerns eight applications in the 

name of the California Department of Water Resources (herein- 

after sometimes referred to as "the Department") to appro- 

priate water from Feather River, Sacramento-San Joaquin Delta, 

Italian Slough, Lindsey Slough, and San Luis Creek. These 

applications were filed pursuant to Chapter 286 of the Statutes 

of 1927 (now Section 10500 of the Water Code) in furtherance 

of a general or coordinated plan for development of the water 

resources of the State of California, and are commonly re- 

ferred to as state filings. 



0 

0 

The Department proposes to use the water applied for 

in the operation of the California State Water Project, Maps 

showing the.main features of this project and many of the other 

pertinent details are included as Plates 1, 2, 3, and 4. 

In brief, the State Water Project is a system of 

facilities to be operated to conserve surplus water of the 

Feather River and the Delta and to convey it to areas of sea- 

sonal or perennial deficiency in the Feather River, Delta, 

North Bay, South Bay, San Joaquin Valley, Central Coastal, and 

Southern California areas, as these areas are shown on Plate 1. 

The dam at Oroville will divert Feather River water for power 

and store water for power and consumptive uses. Thermalito 

Diversion Dam, a short distance downstream from Oroville Dam, 

will divert natural flow of the Feather River and stored water 

released from Oroville Reservoir for power and consumptive uses 

in the Feather River area. Other diversions will be made from 

the Feather River at points to be selected for consumptive use 

in the Feather River area. Feather River water reaching the 

Delta, both as natural flow and as released stored water from 

Oroville, will be diverted, together with surplus water in the 

Delta, from Delta channels at points to be selected to serve 

the Delta area, from Lindsey Slough through the North Bay 

Aqueduct to serve the North Bay area, from Italian Slough 

through the South Bay Aqueduct to serve the South Bay area, 

and from Italian Slough through the California Aqueduct to 
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serve the San Joaquin Valley, Central Coastal, and Southern 

California areas, 

Water of the Feather River and the Delta diverted 

from Italian Slough through the California Aqueduct will be 

stored at times in San Luis Reservoir for later release to 

generate power and continue south in the California Aqueduct. 

San Luis Dam, San Luis Pumping-Generating Plant and the reach 

of the canal to Kettleman City will be operated to serve both 

the Federal Central Valley Project and the State Water Project.' 

The Coastal Branch canal and pipeline takes out of 

the California Aqueduct near the Kings-Kern County line to 

serve the Central Coastal area. The California Aqueduct con- 

tinues south through the Tehachapi Mountains by a series of 

pumps and tunnels and 

Branches to serve the 

The planned 

pletion in 1973, will 

then divides into the West and East 

Southern California area, 

Peripheral Canal, scheduled for com- 

convey water from the Sacramento River 

near Hood along the eastern boundary of' the Delta to Italian 

Slough, releasing water into Delta channels en route. 

A detailed description of the State Water Project 

facilities is contained in Bulle.tin 132-66 (DWR Exh. 55). 

When the term "Delta" is used, it refers to the 

?%cramento-San Joaquin Delta as described in Section 12220 

of the Water Code. 
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The hearing on these applications, and the protests 

to them, commenced on July 26, 1966, before Kent Silverthorne, 

then Chairman*, Ralph J. McGfll and W, A. Alexander, members, 

of the State Water Rights Board. The hearing, interspersed 

with recesses, was completed on April 19, 1967, after 40 days 

of hearing. 

Substance of Applications 

The material contained in the amended applications 

is summarized in Table I. The locations of the points of 

diversion and other features of the proposed facilities that 

are described in the applications are shown in Table II. 

Applications 5629 and 5630 were filed on July 30, 

1927, by the California Department of Finance and were later 

transferred to the Department of Water Resources. Applica- 

tion 5629, as amended, is for a permit to appropriate 7,600 

cubic feet per second (cfs) by direct diversion year round, 

and 380,000 acre-feet per annum (afa) by storage to be col- 

lected year round from the Feather River for power, incidental 

recreation, and fish and wildlife enhancement purposes. Points 

of diversion are (1) Oroville Dam, (2) Thermalito Diversion 

Dam, and (3) Feather River Fish Hatchery Dam. The places of 

use for power are (1) Oroville Powerplant and (2) Thermalito 

+ George B. Maul was appointed Chairman on March 30, 1967. 
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Powerplant, Incidental uses are at project facilities associated 

with Oroville Dam and Reservoir and along the Feather River below 

Oroville Dam, shown on Plate 1, 

Some of the units in the powerplants at Oroville Dam 

and Thermalito Forebay Dam will be equipped with reversible 

pump turbines for reuse of water by pumped storage operation. 

Application 5630, as amended, is for a permit to ap- 

propriate 1,400 cfs by direct diversion year round and 380,000 

afa by storage to be collected year round from the Feather River 

for domestic, irrigation, municipal, industrial, and salinity 

control purposes, and incidental power, recreational, and fish 

and wildlife enhancement purposes. Points of diversion are 

(1) Oroville Dam, (2) Thermalito Diversion Dam, (3) Feather 

River Fish Hatchery Dam, (4) Delta Water Facilities, 

(5) Substitute Water Distribution System to serve the western 

portion of the Delta, and (6) California Aqueduct Intake. The 

place of use is 9,546,OOO net acres within a gross area of 

29,402,OOO acres comprising (1) Feather River area, 

(2) Sacramento-San Joaquin Delta, (3) North Bay area, (4) South 

Bay area, (5) S an Joaquin Valley area, (6) Central Coastal area, 

and (7) Southern California area, as shown on Plate 1. Inci- 

dental use of water for power is at the following powerplants: 

(1) San Luis, (2) San Luis Obispo, (3) Cottonwood, (4) Pyramid, 

(5) Castaic, (6) Devil Canyon No. 1, and (7) Devil Canyon No; 2, 

Applications 14443 and 14444 were filed on August 24, 
.' 

1951, by the Department of Finance and were later transferred 
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!O to the Department 

amended, is for a 

of Water Resources. Application l.4443, as 

permit to appropriate by direct diversion 

.’ 

0 

year round (1) 1,360 cfs from the Feather River and (2) 6,185 cfs 

from the Sacramento-San Joaqufn Delta channels and by storage 

to be collected year round (1) 3,500,OOO afa from the Feather 

River and (2) 42,100 afa from the Sacramento-San Joaquin Delta 

channels for domestic, irrigation, municipal, industrial, and 

salinity control purposes and incidental power, recreational, 

and fish and wildlife enhancement, 

The points of diversion and place of use are identical 

to those of Application 5630. 

Application 14444, as amended, is for a permit to 

appropriate 11,000 cfs by direct diversion year round and 

3,500,OOO afa to be collected year round from the Feather River 

for power and incidental recreational and fish and wildlife 

enhancement, 

The points of diversion and places of use are identical 

to those of Application 5629. 

Application 14445A is a portion of Application 14445 

which was filed on August 25, 1951, by the Department of Finance 

and later transferred to the Department of Water Resources. As 

amended, it is for a permit to appropriate 2,115 cfs by direct 

diversion year round and 44,000 afa by storage to be collected 

year round from (1) Italian Slough and (2) Sacramento-San 

Joaquin Delta channels for domestic, irrigation, municipal, 

industrial, salinity control, and incidental power, recreational, 
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and fish and wildlife enhancement purposes, Points of diversion 

are (1) Delta.Water Facilities, (2) Sub.stitute Water Dfstribution 

System, and (3) California Aqueduct Intake. The application, 

as amended on page 2 of the supplement, lists San Luis Creek 

as a point of diversion. Th\is 

Creek is not a source of water 

plication will be corrected to 

red&version. The place of use 

listing is in error as San Luis 

under the application. The ap- 

show San Luis Dam as a pofnt of 

is 8,214,OOO net acres within 

a gross area of 26,773,000 acres comprising (1) Sacramento- 

San Joaquin Delta, (2) South Bay area, (3) San Joaquin Valley 

area, (4) Central Coastal area, and (5) Southern California 

area, as shown on Plate 1. Incidental use of water for power 

is at the following powerplants: (1) San Luis, (2) San Luis 

Obispo, (3) Cottonwood, (4) Pyramid, (5) Castaic, (6) Devil 

Canyon No. 1, and (7) Devil Canyon No. 2. 

Application 17512 was filed on March 15, 1957. As 

amended, it is for a permit to appropriate l,lOO,OOO afa by 

storage to be collected year round from (1) Italian Slough, 

(2) Sacramento-San Joaquin Delta channels, and (3) San Luis 

Creek for domestic, irrigation, municipal, industrial, and 

salinity control purposes and incidental power, recreational, 

and fish and wildlife enhancement purposes. Points of diver- 

sion are (1) Delta Water Facilities, (2) Substitute Water 

Distribution System, (3) California Aqueduct Intake,- and 

(4) San Luis Dam. The places of use are identical to those 

of Application 14445A. . 
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Application 17514A is a portionof Applibation 17514 

which was filed on March 15, 1957. As amended, it is for a 

permit to appropriate 200 cfs by direct diversion year round 

from Lindsey Slough for municipal and industrial purposes. 

The point of diversion is North Bay Aqueduct Intake. The 

place of use is the North Bay area, as shown on Plate 1. 

Application 17515A is a portion of Application 17515 

which was also filed on March 15, 1957. As amended, it is 

for a permit to appropriate 200 cfs by direct diversion year 

round from Lindsey Slough for irrigation and domestic purposes. 

The point of diversion is North Bay Aqueduct Intake. The place 

of use is 669,000 net frrigable acres within a gross area of 

l,272,OOO acres comprising the North Bay area, as shown on 

Plate 1. 

General Information Concerning the Applications 

The locations of two of the points of diversion and 

rediversion are not shown in the applications. They are 

(1) Delta Water Facilities and (2) Substitute Water Diatribu- 

tion System to serve western portions of the Delta. Plans 

for the Delta Water Facilities to transport water from the 

Sacramento River in the vicinity of Hood to the intake of 

the California Aqueduct and to supply the western portion of 

the Delta have not been finally determined. The final loca- 

tions of pumps and conduits associated with the Substitute 
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Water Distribution System to serve the western portion‘of the 

Delta will be determined after further study. The applications 

state that when these systems have been selected, information 

will be ffled with the Board describing the features associated 

with these systems. 

Applications 5630, 14443, 14445A, 17512, 17514A, and 

17515A also state that a portion of the water will be stored 

underground by agencies which have contracted with the State 

for water supplies and that the water so stored will thereafter 

be applied to the beneficial purposes for which these applica- 

tions are made. 

Applications 5629, 5630, 14443, 14444, 14445A, 

17512, 17514A, and 17515A all state that these applications 

0 are without priority as among themselves. 

The priorities of Applications 5629, 5630, 14443, 

14444, and 14445A were released in favor of Applications 13681, 

13682, 14919, and 14920 and 

and 15552 not pertaining to 

those portions of Applications 15551 

Grizzly Valley Reservoir (Middle 

Fork Feather River Project). The priorities of Applications 5629 

and 5630 were also released in favor of Applications 13676, 

13956, 13957, 14112, and 14113 (South Fork Feather River Project). 

The California Water Commission approved the amend- 

ments to the applications and assigned them to the Department 

subject to the prior rights of any county in which the water 

covered by the applications originates to the use of such water 
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TABLE I 

SUMMARY OF WATER RIGHTS APPLICATIONS FOR STATE WATER PROJECT 

As amended December 21, 1964 
Amount 

Appli- Direct 
cation Date Diversion Storage Point of 
Number Filed Source CFS Acre-Feet Diversion Purpose of Use Place of Use 

5629 

5630 
I 

P 

14443 

T-30-27 Feather River 7,600 380,000 

T-30-27 Feather River 1,400 380,000 

8-24-51 Feather River 

Sacramento-San 
Joaquin Delta 
Channels 

1,360 3,_500,000 

6,185 42,100 

Oroville Dam, 
Thermalito Diversion 
Dam, Feather River 
Fish Hatchery Dam. 

Oroville Dam, 
Thermalito Diversion 
Dam, Feather River 
Fish Hatchery Dam, 
Delta Water Facil- 
ities, Substitute 
Water Distribution 
System, and Califor- 
nia Aqueduct Intake. 

Oroville Dam, 
Thermalito Diversion 
Dam, Feather River 
Fish Hatchery Dam, 
Delta Water Facil- 
ities, Substitute 
Water Distribution 
System, and Califor- 
nia Aqueduct Intake. 

Power; incidental 
recreational, and 
fish and wildlife 
enhancement purposes. 

Domestic, irriga- 
tion, municipal, 
industrial, and 
salinity control 
purposes; and inci- 
dental power, rec- 
reational, and fish 
and wildlife en- 
hancement purposes. 

Domestic, irriga- 
tion, municipal, 
industrial, and 
salinity control 
purposes; and inci- 
dental power, rec- 
reational, and fish 
and wildlife en- 
hancement purposes. 

Oroville and Thermalito 
Powerplants; project 
facilities associated 
with the Oroville Divi- 
sion and Feather River 
below Oroville Dam, 

Feather River Area, 
Sacramento-San Joaquiz 
Delta, North Bay Ares, 
South Bay Area, San 
Joaquin Valley Area, 
Central Coastal Area, 
and Southern California 
Area. 

Feather River Area, 
Sacramento-San Joaquin 
Delta, North Bay Area, 
South Bay Area, San 
Joaquin Valley Area, 
Central Coastal Area, 
and Southern California 
Area. 
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TABLE I (Continued) 

SUMMARY OF WATER RIGHTS APPLICATIONS FOR STATE WATER PROJECT 

As amended December 21, 1964 
Amount 

Appli- Direct 
cation Date Diversion Storage Point of 
k p Number Filed Source Diversion* Pur ose of Use Place of Use** 

'14444 8-24-51 Feather River 11,000 3,500,000 Oroville Dam, 
Thermalito Diversion 
Dam, and Feather 
River Fish Hatchery 
Da% 

14445A 8-25-51 Italian Slough 2,115 
and Sacramento- 
San Joaquin 
Delta Channels 

17512 3-15-57 Italian Slough, 
Sacramento-San 
Joaquin Delta 
Channels, and 
San Luis Creek 

II 17514A 
II 

II 175158 

44,000 Delta Water Facili- 
ties, Substitute 
Water Distribution 
System, California 
Aqueduct Intake. 

1,100,000 Delta Water Facili- 
ties, Substitute 
Water Distribution 
System, California 
Aqueduct Intake, 
and San Luis Dam. 

3-15-57 Lindsey Slough 200 North Bay Aqueduct 
Intake. 

3-15-57 Lindsey Slough 200 North Bay Aqueduct 

*Locations of points of diversion are included in Table II. 
**Locations of places of use are shown approximately on Plate 1. 

Intake. 

Power; incidental 
recreational, and 
fish and wildlife 
enhancement purposes0 

Domestic, irrigation, 
municipal, industri- 
al, and salinity 
control purposes; 
and incidental power, 
recreational, and 
fish and wildlife 
enhancement purposes0 

Domestic, irrigation, 
municipal, industri- 
al, and salinity 
control purposes; 
and incidental power, 
recreational, and 
fish and wildlife 
enhancement purposes0 

Municipal and 
industrial purposes. 

Irrigation and domes- 
tic purposes. 

Oroville and Thermalito 
Powerplants; project 
facilities associated 
with the Oroville Divi- 
sion and Feather River 
below Oroville Dam. 

Sacramento-San Joaquin 
Delta, South Bay Area, 
San Joaquin Valley Area, 
Central Coastal Area, 
and Southern California 
Area. 

Sacramento-San Joaqui, 
Delta, South Bay Area, 
San Joaquin Valley Area, 
Central Coastal Area, 
and Southern California 
Area. 

North Bay Area. 

North Bay Area. 
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TABLE II 
LOCATIONS OF 

POINTS OF DIVERSION AND OTKER FEATURES 
OF THE STATE WATER FACILITIES 

PROJECT FEATURES 

OROVILLE RESERVOIR 
OROVXLLE DAM AND POkiERPLANT 
THEXMALITO~DIVERSION DAM 
THERMALIT FOREBAY DAM AND POWERPLANT 
WESTERN CANAL OUTLET i 
SUTTER-BUTTE CANAL OUTLET 
RIVER OUTLET 
FEATHER RIVER FISH HATCHERY 
DIVWSION DIlrI 
DELTA iATW FACILITIES 

SUBSTITUTE WATER DISTRIBUTION 
SYSTFM TO SERVE WESTERN PORTION 
OF DELTA 

NORTH BAY AQUEDUCT INTAEE AND 
FISH SCREEN 
CALHOUN PUMPING PLANT 
CORDELIA PUMPING PLANT 
NORTH BAY AQUEDUCT TEZRNINIJS 
CALXFQRNIA AQUEDUC'F INl'dKE AND 
FISH SCREEN 
DELTA PUMPING PLANT 
SOUTH BAY PUMPING PLANT 
DEL VALLE PUMPING PLANT 
DELVALLEDAMAND RESERVOIR 
SOUTH BAY AQUEDUCT TEN& 
SAN LUIS FOREBAY AND FOREBAY DAM** 
SAN LUIS POWER AND PUMPING PLANT* 
SANLUIS DAM AND RESERVOItrrs 
PACHECO PASS TUNNEL INTAEE 
PACRECO PASS TUMEL TERMINUS 
DOS AMIGOS PUMPING PLANT** 

* PROJECTED SECTION 

CALIFORNIA COORDINATES SUBDIVISION OF PUBLIC LAND SURVEY 

NORTH EAST ZONE 1/4 l/4 SECTION 
TOWR- 
SIiIP RANGE BBrpI. 

681,581 29145,832 
678,538 2,128,276 
67% 570 2,104,700 

6529 500 2,102,200 

675,483 2,127,942 
252,650 2~137,200 
489,027 1,684,405 

216,350 2,064,750 

489,027 1,684,405 

408~222 

216, Boo 

204,450 

1,6?9,465 

1,841,100 

l,832,440 

2 NWNW 1 19N 4E MD 
2 SW SE 5 19N 43 m 
2 NWSW 10 19N 33 MP 

NW M 18 19N 3E MD 
SE SE 32 19N '33 w 

2 SW SE 33 19N 33 m 

2 SW NE 8 19N 4E MD 
2 SWNE 22 6~ 4E IiD 
3 NW NE 24* 1s 3E MD 
FINAL LOCATIONS OF DELTA WATER FACILITIES 
WILL BE DETERMINED AFTER FURTHER STUDY 

FINAL LOCATIONS OF PUMPS AM) CONDUITS WILL 
BE DETERMINED AFTERFURTHERSTUDY , 

2 NW SE 
SE NW 
NW SW 

SW ‘NW 

3 W NE 
NW ,sw 
NENE 
SMNW 

3 'NE SW 
NWNE 

3 NE SW 
NE NE 

3 SW SE 
SWSW 
IwSw 
RWNE 

204 5N 
26 5N 
12 4N 
5 4N 

24* 1s 
35 1s 
10 2s 
3* 4s 
3* 4s 
23* 6s 
1 10s 
15* 10s 
15* 10s 
184 10s 
33* 10s 
1 '125 

2E MD 
1E MD 
3WED 
3U MD 

33 -MD 
3E m 
33 w 
2E MD 
2E MD 
1E MD 
8E MD 
8E MD 
aE MD 
8~ MD 
6~ ,m 
10E ’ ‘-1 MD 

w. JOINT USE FACILITIES OF CALIFORNIA AQUEDUCT 
AND SAN LUIS UNIT, CENTRAL VALLEY PROJECT 

-12- 
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TABLE I[1 (CONT.) 
LOCATIONS OF 

POINTS OF DIVERSION AND OTHER FEATURES 
OF THE STATE WATER FACILITIES 

CALIFORNIA COORDINATES SUBDIVISION OF PUBLIC LAND SURVEY 
PROJECT FEATURES 

NORTH 

SAN LUIS CANAL TERMINUslct 
BUENA VISTA PUMPING PLANT 
WHEELER RIDGE PUMPING PLANT 
WIND GAP PUMPING PLANT 
TEHACHAPI PUMPING PLANT 
TEHACHAPI AFTERBAY 
COTTONWOOD PONERPLANT 
OS0 PUMPING PLANT 
PYRAMID POWERPLANT 
PYRAMID DAM AND RESERVOIR' 417,150 
CASTAIC POWERPLANT 
CASTAIC DAM AND RESERVOIR 4,301,400 
PEARBLOSSOM PUMPING PLANT 
CEDAR SPRINGS DAM AND RESERVOIR 293,520 
DEVIL CANYON POWERPLANT NO. 1 
DEVIL CANYON POWERPLANT NO. 2 
PERRIS DAM AND RESERVOIR 613,500 
LAS PERILLAS PUMPING PLANT 
BADGER HILL PUMPING PLANT 
DEVILS DEN PUMPING PLANT 
SAWTOOTH PUMPING PLANT 
FOLONIO PUMFING PLANT 
SAN LUIS OBISPO POWERPLANT 
COASTAL AQUEDUCT TERMXNW 

* PROJECTED SECTION 

qr* JOINT USE FACILITIES OF CALIFORNIA AQUEDUCT 
AND SAN LUIS UNIT, CENTRAL VALLEY PROJECT 

EAST ZONE l/4 l/4 

SW SE 
SW NE 
NUNW 
S& NE 
NWSW 
SWNE 
SE SE 
SE NW 
SE NE 

1,770,500 5 SWNW 
NE SE 

4,104,900 7 Nibs 
SW NW 

2,207,260 5 Sk NE 
SWNW 
SWSW 

1,713,400 6 ti SE ; SE NW 
SE SW 
SE NE 
SE NE 
NWSW 
SW NE 
SE SE 

SECTION 
TOWN- 
SHIP RANGE B&M 

13 22s 10E MD 
12 32s 24E MD 
22 1lN 20W SB 
26 11N 20W SB 
17* 1ON 18N SB 
32* 9N lp SB 
32* 9N 17w SB 
6* 8~ api SB 
21 7N 18W SB 
2 6~ 18w SB 
22 6~ 1p SB 
16 5N i6w SB 
'15 5N 1OW SB 
32 9N 4W SB 
32 2N 4W SB 
6* 1N '4W SB 
4 4s 3w SB 
15 245 19E MD 
17 24s 19E MD 
34 25s 18E MD 
1 26s 17E MD 
32 25s 17E MD 
5 31s k3E MD 
8* 10N 33W SB 
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as may,be necessary for the development of the county, to water 

service contracts validly entered into by the Department pur- 

suant‘to Section 12937 and Part 3, Division 6, of the California 

Water Code, and to the provisions of Water Code Se'ction 10504.5 

requiring permission of the Commission for any substantial 

changes in the project. 

Applications 17514A and 17515A are practically iden- 

tical except for the purpose of use. Separate applications 

were filed because at that time administrative regulations did 

not permit combining more than one major use in a single 

application. That restriction has since been removed. In 

order to eliminate unnecessary paper work in the future, the 

Board will amend Application 17514A by adding irrigation as a 

purpose of use and by adding to the description of the place of 

use a statement of the number of acres to be irrigated, as set 

forth in Application 17515A. The latter application will then 

be canceled. 

Protests, Issues, and Hearings 

Over one hundred individuals, associations, corpora- 

tions, and public agencies in the Sacramento Valley, the Delta, 

and the San Joaquin Valley filed protests to all or some of 

the applications on the basis that the storage and diversion 

of water proposed by the Department would interfere with 

present or future water requirements. 

-14- 
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At the hearing, the Department presented data to 

support its contention that unappropriated water is available 

for storage and diversion as proposed in its applications. A 

number of the agencies which have contracted to'@rchase water 

from the Department submitted data on their present and future 

water requirements and supported the Department's request for 

permits, A relatively, small number of protestants submitted 

evidence and proposed permit terms. Other protestants submitted 

proposed permit terms only, while many protestants did not appear 

at the hearing. A number of interested parties submitted infor- 

mation at the hearing, e.g., the United States Bureau of 

Reclamation (hereinafter referred to as "the Bureau") submitted 

data pertaining to the joint water rights study and a summary 

of a study of coordinated operation of the federal and state 

projects. Federal and state agencies also, explained the Delta 

water quality studies which have been undertaken. 

The principal issues developed by the protests and 

presentations at the hearing are summarized as follows: 

1. In what quantity and season is unappro- 

priated water available to supply the Department? 

2. What terms and conditions should be in- 

cluded in permits issued to the Department per- 

taining to water quality in the Delta? 

3. Should permits issued to the Department 

for export be subject to applications filed for 

use within the Central Valley Basin, as delineated 

-15- 

_ _ I -4 



on Plate 1 appended to Decision D 990, re- 

gardless of the date of filing said applications? 

4. Should permits issued to the Department 

and permits issued to the Bureau pursuant to 

Decision D 990 have priority in accordance with 

the dates of the underlying applications notwith- 

standing any provision of the agreement between 

the Department and the Bureau dated May 16, 196O? 

Availability of Unappropriated Water 

The primary and most controversial issues raised at 

the hearing were: 

(1) What quantity of unappropriated water is 
avaflable in the Delta to supply the 
Department3 

(2) What quality of water in the Delta should 
be maintained to protect prior rights? 

These issues are interrelated and an analysis of the quantity 

of water available must take into consideration the quality 

to be maintained, 

Quantities of Water Available in the Delta 

The Department presented a study of the coordinated 

operation of the Federal Central Valley Project and the State 

'Water Project for the 33-year period 1921 through 1954 

(DWR Exh. 80) based'on numerous assumptions, including: 

(1) 1,800 cfs Delta outflow; 
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(2) Upstream depletions at the level of pro- 
jected development in the year 2015; 

(3) Augmentation of the supply to the Delta 
by construction of additional facilities 
to offset future depletions in the Delta. 

The third assumptioh appears reasonable as the Upper 

Eel River development, authorized by the Department in 1964, 

will yield an amount of water to meet projected 

the year 2035 as shown by Table 5 of Department 

(DWR Exh, 55). 

depletions in 

Bulletin 132-66 

The coordinated operations study develops how much 

water would have been available in the Delta and how much water 

would have been required to satisfy all demands on the Delta, 

including those of the Bureau of Reclamation to operate the 

Federal Central Valley Project and those of the State to operate 

the State Water Project, According to the study, supplies 

would have exceeded demands in at least one month in all but 

two years. In the years when supply would have exceeded 

demand, the excess ranges from 15,000 to 27,655,OOO acre- 

feet, and in 50 percent of the years there was at least 

4,820,OOO acre-feet excess. 

Quality Requirements in the Delta 

The problem with regard to water quality in the Delta 

is similar to that presented when Decision D 990 was issued. 

That decision contains a detailed discussion of the reasons 

which compelled the Board to reserve jurisdiction over permits 
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issued to the Bureau for the purpose of formulating terms and 

conditions relative to salinity control in the Delta. Substan- 

tially the same reasons still exist plus the fact that both 

federal and state agencies are conducting extensive studies 

regarding the problem of water quality in the San Francisco Bay 

and the Delta for the purpose of determining what standards of 

water quality should be maintained and recommending how this is 

to be accomplished. The Water Pollution Control Law of 1965 

(Stats. 1965, Chapter 1351) requires a report to the Legislature 

by 196% 

The Board finds that sufficient information is not 

available to finally determine the terms and conditions regarding 

water quality in the Delta which will reasonably protect vested 

rights without resulting in waste of water. Jurisdiction will 

be reserved over the permits to be issued for the purpose of 

formulating terms and conditions relative to water quality 

control in the Delta. The Board further finds that the reser- 

vation of jurisdiction should be for a period of three years or r 

for such additional time as may be later prescribed by the Board. 

Interim Water Quality Requirements in the Delta 

During the hearing the Board indicated that any per- 

mits issued would specify the minimum water quality to be main- 

tained in the Delta, which quality would be-equal to or better 

than that agreed upon by the Department and the Sacramento River 

and Delta Water Association, as set forth in "Delta Water Quality 

Criteria" dated November 19, 1965 (SRDWA Exh. 17). 

-18- 



Reasonable protection to the Delta water users 

requires some winter flushing flows, a fairly high quality of 

water during the early irrigation season, and no degradation 

of the quality of water below natural conditions during the 

summer and fall seasons when the natural flow is low. 

The Department proposes to commence the diversion 

of a relatively small quantity of water from the Delta in 

1967 and to gradually increase diversions over a period of 

approximately 20 years. 

Historic streamflow records provide assurance there 

will be ample water in the Delta during the months of December 

through March to provide flushing flows and also meet the 

relatively small demands of the Department during the next few 

years. Therefore, no interim water quality criteria are nec- 

essary for these months. 

From April 1 through June 30 the needs of the 

agricultural interests in the western Delta would be satis- 

factorily met by maintaining a chloride ,ion content not exceed- 

ing 250 ppm measured at Blind Point on the San Joaquin River, 

From July 1 to November 30 the quality of water the, 

Department has contracted to maintain (SRDWA Exh. 17) will 
I 

provide water of higher quality than would result at most times 

under natural conditions. 

To protect the protestants until the Board makes 

a final determination of water quality requirements in the 

-1g- 



Delta or the protestants and Department reach an agreement 

satisfactory to the Board, the Board finds that the Department 

should program its operations to comply with the followfng 

permit conditions: 

'(a) Until further order of the Board, permittee 
shallmake no diversions and shall not collect 
water to storage during the period from 
April 1 through June 30 at any time the 
maximum surface zone chloride ion content 
of the San Joaquin River at Blind Point 
exceeds 250 ppm. If Blind Point is not used 
as a monitoring station, the Department shall 
establish a correlation with some other sta- 
tion satisfactory to the Board to provide 
the required quality at Blind Point. 

(b) Until further order of the Board these permits 
shall be sub;ect to the water quality criteria 
included as 'Exhibit A" of the agreement 
entered at the hearing as SRDWA Exhibit No, 17, 
insofar as those criteria do not conflict with 
other terms included in these permits. 

If the Department Is prevented from storing or di- 

verting water by these special conditions at times when the 

Bureau is storing or diverting water in the exercise of rights 

granted by Decision D 990, the Department may request the Board 

to reopen that decision for the purpose of formulating condi- ,+ 
tions relative to salinity control to be included in the Bureau's 

permits and coordinating them with these conditions. 

In addition to these special conditions the permits 

will contain the standard provision that they are issued'subi 

ject to,v,ested rights, which imposes on the Department the 

responsibility of 

interference with 

consent. 

programming its operations so as to avoid 

any prior water right except with the owner's 
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Quantities of Water Available in San Luis Creek 

The a.verage annual runoff.recorded at the USGS gaging 

station on. San Luis Creek near San Luis Dam is 4,810 acre-feet. 

According to the uncontroverted testimony of the Department's 

witness, there are no known or apparent users on San Luis Creek 

below the gage location (RT 10186). 

Quantities of Water and Seasons of Diversion 
to Be Allowed 

Quantities of Water 

Project Requirements 

The direct diversion requirements for power on the 

Feather River, together with incidental use for recreation 

and fish and wildlife enhancement, all nonconsumptive uses, 

are described in Applications 5629 and 14444. These applica- 

tions request a total of 18,600 cfs to be diverted at Oroville 

Dam, Thermalito Diversion Dam, and Feather River Fish Hatchery 

Dam. Other applications propose seven power-recovery plants 

in the project facilities south of the Delta, which will use 

the same water that will be appropriated for consumptive uses, 

The total annual water demand of the State Water 

Project for consumptive uses, exclusive of surplus water 

which may be sold to agencies on an interim basis, is 

4,570,830 acre-feet, as showh in Table III. 
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Capacities of Works 

The features of the State Water Project are shown on 

Plate 1 and the capacities of the project works which have a 

bearing on the permit quantities to be granted are listed in 

Table IV. 

The Department has filed for a total of 3,880,OOO afa 

to be stored in Oroville Reservoir, which has a capacity of 

only 3,484,OOO acre-feet. However, the possibility exists for 

multiple use of some storage capacity in a single year. 

Del Valle Reservoir has a capacity of 78,500 acre- 

feet. 

The State's share of the San Luis Reservoir is 

1,095,OOO acre-feet. 

Therefore, the total storage capacity for project 

water is 4,657,500 acre-feet in Oroville, Del Valle, and San 

Luis Reservoirs, compared to a total quantity of water to be 

diverted to storage of 5,066,100 acre-feet requested in the 

applications. Since these figures bear a reasonable relation 

to each other, permits should be issued for storage of the 

quantity requested. 

The Department requests 18,600 cfs to operate the 

Oroville and Thermalito Powerplants. This is less than 

15 percent in excess of the planned powerplant capacities 

of 16,500 cfs. The permits should allow the 18,600 cfs re- 

quested, as actual capacities may exceed what is planned 
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and the quantities can be reduced at time of license to flows 

experienced in operation of the project. 

Two hundred cubic feet per second was applied for to 

serve the North Bay area, but the North Bay Aqueduct is being 

planned for a capacity of only 117 cfs. The permit should be 

issued for this lesser amount plus an allowance for excess 

capacity, or 135 cfs. 

Seasons of Diversion 

Feather River 

With regard to the season of availability of unap- 

propriated water in the Feather River at Oroville, a tabulation 

presented by the Department (DWR Exh. 98) presents estimates of 

water remaining in the Feather River at Oroville after satisfac- 

tion of all pre-1927 rights. In the 31-year period 1924-54, 

according to this tabulation, water would have been available 

during June in 22 years, July in only five years, during 

August in only one year, during September in only five years 

and during October in 29 years. 

A similar tabulation in the 1966 Joint Water Rights 

Study (DWR Exh. 72), Table A-l, lists estimates of water re- 

maining in the Feather River at Oroville after satisfaction of 

all pre-1963 rights and rights of local contractors to water 

from the State Water Project. This table lists water available 

during June in 22 years, July in only five years, 

in no years, during September in only three years 

l October in 28 years. Based on these studies, the 
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TABLE III 

ULTIMATE ANNUAL PROJECT REQUIREMENTS 

Requirement (1) Quantity 

Power (2) (cfs) 

Orovflle 16,500 

Thermalito 16,500 

,Consumptive Uses (afa) 

Feather River Area 39,800 

North Bay Area 67,000 

South Bay Area 188,000 

San Joaquin Valley Area 1,355,OOO 

Central Coastal Area 82,700 

Southern California Area 2,497,500 

Other Water 

Losses, etc. 340,830 

Total Demand 

State Water Project 43570,830 

(1) Data taken from Tables 4 and 5, Bulletin 132-66 

(2) 
(DWR Exh. 55>0 
The same water 1s used at both plants. 
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Plant 

Oroville 

Thermalito 

North Bay 

South Bay 

Del Valle 

Delta 

TABLE IV 

CAPACITIES OF WORKS 

Storage Reservoirs 

Reservoir 

Oroville 

Del Valle 

San Lufs 

Capacity (af) 

3,484, ooo 

78,500 

2,095, ooo 

Aqueduct Capacities 

Conduit Capacity (cfs) 

Thermalfto Power Canal J-7,000 

North Bay Aqueduct 117 

South Bay Aqueduct 363 

Ctilifornia Aqueduct 10,000 

Pumping Plant Capacities 

Capacity (cfs) 

16,500 

16,500 

117 

315 

120 

10,350 

-25. 

_ 



e diversion to storage and of direct diversion for consumptive 

use from the Feather River should exclude the months of July, 

August, and September, For applications primarily for power 

use, the direct diversion season from the Feather River should 

be year round because such diversions do not deplete the flow. 

The Delta 

WLth regard to the season of availability of water 

for export from the Delta, the 1966 Joint Water Rights Study 

(DWR Exh. 72) generally confirms the results of the operation 

study submitted by the Bureau,(USBR Exh. 164) in the 'hearing 

on the'Bureau's Central Valley Project applications (Staff 

Exh. 10). According to USBR Exhibit 164, in the 31-year 

0 
period 1924-54, after in-basin rights and demands for develop- 

ment of the Federal Central Valley Project were, met, water was 

available in the Delta during June in 19 years, during July in 

only five years, during August and September in no years, and 

during October in 22 years. 

The results of the 1966 Joint Water Rights Study 
/ 

(DWR Exh. 72), expressed in terms of flow remaining for various 

conditions at several locations along the Sacramento River, 

were presented in a series of tables (DWR Exh. 99). One of 

these tables lists the flow remaining in the Delta after the 

satisfaction of 1951-64 rights, exclusive of Bureau or Depart- 

ment exports. For the 1924-54 period, according to this table, 

there would have been water remaining in the Delta during June 

@ 
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in 25 years, during July in only five years, during August in 

no years, during September, in small quantities, in only five 

years, and during October in 31 years. If allowance is made 

for the export diversion requirements of the Bureau to make the 

results from the 1966 Joint Water Rights Study more nearly 

comparable to the results from USBR Exhibit 164, DWR Exhibit 99 

would list water available during June in about'17 years, during 

July in only one year, during August and September in no years, 

and in October in about 19 years. Both these studies indicate 

that the season,to be allowed for diversion for export from the 

Delta should exclude the months of July, August, and September. 

In Decision D 990 the Board, in determining seasons 

of diversion to be allowed, relied on water rights studies 

introduced in the hearing preceding that decision. These 

studies indicated that no water was available in the channels 

of the Delta during August, that water was available only', 

\ infrequently during July, and that September was also a month 

of questionable supply. However, a year-round diversion 

season from the Sacramento River and the Delta channels was 

allowed the Bureau because of the possibility that return flows 

from project waters would result in unappropriated water becoming 

available in the Sacramento River and the Delta channels during 

these months of deficient supply. The applications of the 

Bureau for diversion from the Delta for which year-round 

season of diversion was allowed were filed in 1938. The total 
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direct diversion allowed .in permits issued pursuant to these 

applications Is 14,950 cfs*. 

To the extent that the applications of the Depart- 

ment for diversion from the Delta are of equal or earlier 

priority than those of the Bureau, they should also be allowed 

year-round diversion from the Delta. Only Application 5630, 

filed in 1927, meets this criterion. However, since‘the source 

under Application 5630 is the Feather River, diversion from 

Delta points under the permit will be limited to the quantity 

of water which is available for diversion at Oroville. At 

Oroville the season of availability of unappropriated water 

does not include the months of July, August, and September. 

For this reason the season for direct diversion from the Delta 

under Application 5630 cannot include the months of July, 

August, and September, even though on the basis of its priority 

and consistency with seasonal allowances in Decision D 990 

it would warrant a year-round diversion season. 

The remaining applications for diversion from the 

Delta were filed subsequent to the 1938 applications of the 

* Decision D 990 also allowed year-round diversion from the 
Sacramento River and the Delta channels of 8,000 cfs direct 
diversion under Application 5626.. However, this appropria- 
tion was limited to the quantity available at Shasta Dam. 
At Shasta no water was found available during July or August. 
Thus, the effective direct diversion season from the Delta 
under Application 5626 does not include July or August. 

-28- 



Bureau. In the 1966 Joint Water Rights Study (DWR Exh. 72) a 

sample year (1936) computation is shown. Estimated return flow 

based on full supply for all in-basin assumed rights is given 

for the three reaches of the Sacramento River in lines 3, 10, 

and 18, page 15, of the study, For the months of July; August, 

and September these return-flow estimates in acre-feet are 

211,000, 245,000, and 286,000, respectively. Even if all these 

return flows reached the Delta, the quantities are less than 

the direct diversion rights of the Bureau under its permits with 

1938 priority. The Joint Water Rights Study utilized these return 

flows to help meet the demands of the in-basin rights to water 

from the Sacramento River and the Delta chan'nels. Even so, as 

already discussed, these studies show very little water remaining 

in the Delta in July, August, and September after all in-basin 

rights are satisfied. Therefore, return flows cannot be expected 

to be available for 1951 rights of the Department. Thus, the 

seasons of diversion from the Delta for the Department's 1951 

applications should not include the months of July, August, 

and September. 

San Luis Creek 

The USGS records of discharge of San Luis Creek,for 

the 14 years 1950-63 list flow during July in only four years, 

during August in only three years, and during September in only 

three years. However, as all the flow will be available, will 

be controlled by the physical features of the project, and 
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will be put to beneficial use, there is no need to restrict 

the quantity or season of diversion from San Luis Creek by the 

Department. 

Protection to Areas of Origin 
and Relative Priority of Rights of Department 

and Rights of Others 

County of Origin and Watershed Protection Laws 

Section 10505 of the Water Code prohibits the 

release or assignment of any state filing that will deprive 

the county in which the water originates of any water neces- 

sary for development of the county. The assignments of 

Applications 5629, 5630, 14443, 14444, 14445A, 17512, 17514, 

and 17515 were made subject to certain reservations and condi- 

tions, including a reservation of the prior rights of the 

counties of origin. 

As the interest held 

applications is subject to the 

by the Department in these 

reservations and conditions, 

the permits issued to the Department should include the reser- 

vations and conditions set forth in the assignments. 

Sections 11460-11463 prohibit the Department from 

depriving a watershed or area wherein water originates, or an 

area immediately adjacent thereto which can conveniently be 

supplied with water therefrom, of the prior right to all 

water reasonably required to supply the beneficial needs of 

the watershed or area. 
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0 Conflicting views have been expressed concerning the proper 

interpretation of this law, particularly as to the meaning of 

'watershed or area wherein water originates" and "an area 

immediately adjacent thereto which can conveniently be supplied 

with water therefrom." The final answers can only be supplied 

by a court. However, the Board is convinced that whatever fine 

distinctions might be involved in applying the law in favor 

of one watershed as against another, no question exists that 

all of the area within the Central Valley Basin is entitled 

to some specific protection before water is transferred to 

more distant areas of the State. 

The Department has stipulated with the Sacramento 

River and Delta Water Association and the Delta Water Users 
0 Association that permits issued on these applications shall 

provide that direct diversion and storage,of water under the 

permits fpr use beyond the Sacramento-San Joaquin Delta, as 

defined in Water Code Section 12220, or outside the watershed 

of the Sacramento River Basin, as defined in Decision D 990 

of the,State Water Rights Board, shall be subject to rights 

initiated by applications for beneficial use within said water- 

shed and Delta regardless of the date of filing said applica- 

tion. This provision will be included in the permits. 

However, it does not cover that portion of the Central Valley 

Basin which lies south of the American River watershed and 

therefore an additional provision will be included in the per- 

mits to give similar protection to that portion of the basin. 
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1E. _.' Permits Granted to the Bureau 
) 

A permit term was proposed which would declare that 

priorities of the permits issued to the Bureau pursuant to 

Decision D 990 and the permits that may be issued to the Depart- 

ment pursuant to this decision shall be according to the dates 

of filing the corresponding applications, notwithstanding the 

May 16, 1960, agreement between the Bureau and the State (DWR 

Exh. 96). In view of the stipulation between the applicants 

and the proponents of this proposed permit term, and the in- 

clusion of permit term No. 24, it is not necessary to include 

the proposed permit term. 

Coordinated Operation of the Federal Central Valley 
Project and the State Water Project 

The Department presented its plan for coordinated 

operation of the state and federal projects (DWR Exh. 8O), 

and the Bureau presented a summary of its coordinated opera- 

tion plan. The Department's plan assumed the demand of the 

state project on the Delta to be 4,570,830 afa and the Delta 

outflow to be 1,800 cfs; the Bureau's plan assumed 4,010,OOO 

afa and 1,500 cfs for the same items. If adjusted for the 

differences in these assumptions, the results of the two 

plans for coordinated operation are almost identical. 

Both Bureau and Department representatives stated 

that negotiations have been in progress for some time and 

will be continued to reach agreement regarding coordinated 

operation of the two projects. 
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Jurisdiction was reserved in Decision D 990 to 

coordinate the permits issued pursuant to that decision with 

other permits issued to the Bureau and the Department in 

furtherance of the federal and state projects. 

The Board finds that permits issued to the Bureau 

in furtherance of the federal project and pertits issued to 

the Department in furtherance of the state project require 

coordinated terms and conditions. Therefore, jurisdiction 

should be reserved for the purpose of coordinating the terms 

and conditions of permits issued pursuant to this decision 

with the terms and conditions of other permits issued to 

the Bureau in furtherance of the hfederal project and to the 

Department in furtherance of the state project. 

The Board should review any agreement entered into 

by the Bureau and the Department for coordinated operation of 

the federal and state projects, but if such agreement is not 

entered into on or before July 1, 1968,'the Board should con- 

sider proceeding to formulate coordinated terms and conditions. 

Other Permit Terms 

Stipulated Terms 

The Department has stipulated with several pro- 

testants that its permits may be issued subject to certain 

cond$tions. Generally the Board will include in permits any 

terms that are acceptable to the'parties if they relate to 
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the diversion and use of water under the permits, and do not 

appear to prejudice other persons. 

Permit terms Nos. 16-b, 17, 18, 20, 22, 23, and 25 

are included in the following order as a result of stipulations. 

Some terms agreed to are n,ot included because they are suffi- 

ciently covered by other permit terms. Term 24 which is based 

on the discussion commencing on page 32 in regard to coordinated 

operation of the Federal Central Valley Project and the State 

Water Project also conforms in part to stipulations. 

Protection of Fish and Wildlife 

The Department of Fish and Game made a presenta- 

tion, as an interested party, pertaining to protection of fish 

and wildlife in the Feather River Watershed and the Delta and 

requested the Board to retain jurisdiction to permit completion 

of studies and negotiations with the Department which are in 

progress. 

The Department stated it was negotiating with the 

Department of Fish and Game regarding the magnitude of re- 

leases required to protect fish and wildlife and explained 

how such releases were accounted for in its operations study 

(DWR Exh. 8). 

The Board finds that the State Water Project should 

be operated to provide reasonable protection to fish and wildlife 

and that continuing jurisdiction should be retained to formulate 

appropriate terms and conditions when specific data become 

available. 
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Conclusion 

The evidence indicates, and the Board finds, that 

unappropriated water exists in the Feather River, the Delta, 

and San Luis Creek at times and in sufficient amounts to 

justify the approval of Applications 5629, 5630, 14443, 

14444, 14445A, 17512, and 17514A; that the uses proposed 

are beneficial; that such waters may be taken and used as 

proposed, subject to certain conditions, without interfer- 

ence with the exercise of prior rights; and that the applica- 

tions should be approved and permits issued pursuant thereto, 

subject to the usual terms and conditions and the additional 

terms and conditions indicated in this decision. The Board 

finds that as so conditioned the developments proposed in 

these applications will best develop, conserve, and utilize 

in the public interest the water sought to be appropriated. 
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ORDER 

IT IS HEREBY ORDERED that Applications 5629, 5630, 

14443, 14444, 14445A, 17512, and 17514A be, and they are, 

approved in part, and that permits be issued to the applicant 

subject to vested rights and to the following limitations and 

conditions: 

l-a. The water appropriated under permit issued 

pursuant to Application 5629 shall be limited to the quantity 

which can be beneficially used and shall not exceed 7,600 

cubic feet per second by direct diversion, to be diverted from 

January 1 to December 31 of each year; and 380,000 acre-feet 

per annum by storage, to be collected from about October 1 of 

each year to about July 1 of the succeeding year. 

l-b. The water appropriated under permit issued 

pursuant to Application 5630 shall be limited to the quantity 

which can be beneficially used and shall not exceed 1,400 

cubic feet per second by direct diversion and 380,000 acre- 

feet per annum by storage9 to be diverted and collected from 

about October 1 of each year to about July 1 of'the succeeding 

year; provided that the quantity of water appropriated by 

direct diversion shall be limited to such quantity as would 

be available for appropriation at Oroville Dam. 

l-c. The water appropriated under permit issued 

pursuant to Application 14443 shall be limited to the quan- 

tity which can be beneficially used and shall not exceed 
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1,360 cubic feet per second by direct diversion and 

3,500,OOO acre-feet per annum by storage from the Feather 

River and shall not exceed 6,185 cubic feet @er second by 

direct diversion and 42,100 acre-feet per annum by storage 

from the Sacramento-San Joaquin Delta channels, to be di- 

verted and collected from about October 1 of each year to 

about July 1 of the succeeding year. 

l-d. The water appropriated under permit issued 

pursuant to Application 14444 shall be limited to the quan- 

tity which can be beneficially used and shall not exceed 

11,000 cubic feet per second by direct diversion, to be di- 

verted from January 1 to December 31 of each year, and 

3,500,OOO acre-feet per annum by storage, to be collected 

from about October 1 of each year to about July 1 of the 

succeeding year. 

l-e. The water appropriated under permit issued 

pursuant to Application 14445A shall be-limited to the quan- 

tity which can be beneficially used and shall not exceed 

2,115 cubic feet per second by direct diversion and 44,000 

acre-feet per annum by storage, to be diverted and collected 

from about October 1 of each year to about July 1 of the 

succeeding year. 

l-f. The water appropriated under permit issued 

pursuant to Application 17512 shall be limited to the quan- 

tity which can be beneficially used and shall not exceed 
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l,lOO,OOO acre-feet per annum by storage, to be diverted 

from Italian Slough and Sacramento-San Joaquin Delta channels 

from about -October 1 of each year to about July 1 of the 

succeeding year, and to be collected year round from San Luis 

Creek. 

l-g. The water appropriated under permit issued 

pursuant to Application 17514A shall be limited to the quan- 

tity which can be beneficially used and shall not exceed 

135 cubic feet per second by direct diversion, to be diverted 

from about October 1 of each year to about July 1 of the 

succeeding year. 

2. The total quantity of water to be appropriated 

by storage from the Feather River under permits issued pursuant 

to Applications 5629, 5630, 14443, and 14444 shall not exceed 

3,88O,OOO acre-feet per annum. 

3. The maximum combined rates of direct diversion, 

diversion to storage, and rediversion of stored water for 

export through the Delta Pumping Plant, shall not exceed 

10,350 cubic feet per second. 

4. The maximum quantities herein stated may be 

reduced in the licenses if investigation warrants. 

5. These permits do not authorize collection of 

water to storage outside the specified season to offset 

evaporation and seepage or for any other purpose. 

6. Water entering Oroville Reservoir or collected 

in the reservoir under permits issued pursuant to Applications 
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5629, 5630, 14443, and 14444 during and after the current 

storage season shall be released into the downstream channel 

to the extent necessary to satisfy downstream prior rights and 

to the extent that .appropriation of water is not authorized 

under these permits. 

7. In accordance with the requirements of Water 

Code Section 1393, permittee shall clear the site of the 

proposed reservoirs of all structures, trees, and other 

vegetation which would interfere with the use of the reser- 

voirs for water storage and recreational purposes. 

8. Construction work shall be completed on or 

before December 1, 1972. 

9. Complete application of the water to the proposed 

use shall be made on or before December 1, 1990. 

10. Progress reports shall be filed promptly by 

permittee on forms to be provided annually by the State Water 

Rights Board until license is issued. 

11. No direct diversion, diversion to storage, or 

rediversion of stored water from the Feather River or the 

Sacramento-San Joaquin Delta for beneficial use under permits 

issued pursuant to Applications 5630, 14443, and 14445A other 

than from the points of diversion or rediversion named in these 

permits shall be made until a description of the location of 

each point of diversion and statement of the quantity of water 

to be dlverted is filed with the State- Water Rights Board. 
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12. Upon the request of the Board, permittee shall 

make such measurements and maintain and furnish to the Board 

such records and information as may be necessary to determine 

compliance with the terms and conditions of these permits, 

including the recognition of vested rights and for the further 

purpose of determining the quantities of water placed to bene- 

ficial use under the permits, both by direct diversion and 

storage. 

13. All rights and privileges under the permits, 

including method of diversion, method of use, and quantity of 

water diverted, are subject to the continuing authority of 

the State Water Rights Board in accordance with law and in 

the interest of the public welfare to prevent waste, unrea- 

sonable use, unreasonable method of use, and unreasonable 

method of diversion of said water. 

14. In conformity with Water Code Section 10505, 

these permits shall be subject to any and all rights of any 

county in which the water sought to be appropriated originates 

to the extent that any such water may be necessary for the 

development of such county. 

15. Until further order of the Board, permittee 

shall make no diversions (except under permits issued pur- 

suant to Applications 5629 and 14444) and shall not collect 

water to storage during the period from April 1 through 

June 30 at any time the maximum surface zone -chloride ion 
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content of the San Joaquin River at Blind Point exceeds 250 parts 

per million. If Blind Point is not used as a monitoring station, 

permittee shall establish a correlation with some other station 

satisfactory to the Board to provide the necessary data on quality 

at Blind Point. 

16-a. Until further order of the Board, these per- 

mits shall be subject to the water quality criteria included 

as "Exhibit A" of the agreement.entered at the hearing of 

Applications 5629, etc., as SRDWA Exhibit 17, insofar as those 

criteria do not conflict with other terms included in these 

permits. 

16-b. These permits shall be subject and subordinate 

to all diversions of water for beneficial use within the area 

shown on the map which is a part of "Exhibit A", entitled in 

part "Location of Delta Quality Stations"; provided that this 

provision shall be of no further effect on and after October 1, 

1970, unless an agreement-has been signed as contemplated in 

said "Exhibit A" or unless the permittee agrees to an extension 

of such time. 

17. Permittee shall not object to the use of any 

quantities of water spec.ified in the Schedules of Monthly 

Diversion of Water attached to those contracts between users 

of water above Sacramento and the United States Bureau of 

Reclamation heretofore or hereafter entered into as such 

quantities are from time to time revised except in, the event 
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of a general adjudication of rights to the use of water of 

the Sacramento River System. 

18. To the extent of its authority, permittee 

shall not impair the vested rights for any Delta lands by 

severance of said lands from their sources of water supply 

by the construction of the Peripheral Canal unless permittee 

acquires a right against the holders of said rights by agree- 

ment or by the exercise of its power of eminent domain. 

19. The State Water Rights Board reserves con- 

tinuing jurisdiction over these permits for the purpose of 

formulating or revising terms and conditions relative to 

salinity control in the Sacramento-San Joaquin Delta. Per- 

mittee shall, on or before January 1, 1968, and each six months 

thereafter, submit to the Board a written report as to the 

progress of negotiations relative to agreement between per- 

mittee and water users in the Delta and in Northern Contra 

Costa County. The Board will, prior to June 30, 1970, hear, 

review, 

control 

and make such further order relative to salinity 

as may be required. 

20. Direct diversion and storage of water under 

permits issued pursuant to Applications 5630, 14443, 14445A, 

17512, and 17514A for use beyond the Sacramento-San Joaquin 

Delta, as defined in Water Code Section 12220, or outside 

the watershed of the Sacramento River Basin, as defined in 

Decision D 990 of the State Water Rights Board, shall be 
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subject to rights initiated by applications for beneficial use 

within said watershed and Delta regardless of the date of 

filing said applications. 

21. Direct diversion and storage of water which 

nates in that part of the Central Valley Basin consisting 

origi- 

of 

the watershed of streams tributary to the Delta south of the 

American River, under permits issued pursuant to Applications 

5630, 14443, 14445A, 17512, and 1751&A for use outside the 

Central Valley Basin, shall be subject to rights initiated by 

applications for use within said part of the Central Valley 

Basin regardless of the date of filing said applications. 

22. Water stored under permits issued pursuant to 

Applications 5630, 14443, and 14445A shall be available within 

the Feather River Basin, the Sacramento River Basin, and the 

Sacramento-San Joaquin Delta for such uses as are reasonably 

required to adequately supply both present and future beneficial 

needs of said areas, provided, however, such water shall not 

be available until an agreement for such uses of said water is 

first entered into with the State of California. Such agree- 

ments shall be governed by requirements of uniformity imposed 

by law and other water supply contracts for state project 

water. 

23. These permits shall be subject to the agreement 

between the State of California, acting by and through its 

Department of Water Resources, and Contra Costa County Water 
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District dated April 21, 1967, and entered at the hearing 

of Applications 5629, etc., as an attachment to Contra Costa 

County Water District Exhibit 9. 

24. The Board reserves continuing jurisdiction over 

these permits for the purpose of coordinating terms and con- 

ditions of the permits with terms and conditions which have 

been or which may be included in permits issued pursuant to 

applications of the United States in furtherance of the Central 

Valley Project and other applications of the State of California 

in furtherance of the State Water Project. At such time as the 

Department of Water Resources and the United States Bureau of 

Reclamation have entered into a coordinated operation agree- 

ment, the Board will review said agreement for the purpose of 

formulating and imposing such coordinated terms and conditions 

as may be appropriate. If said agreement has not been entered 

into on or before July 1, 1968, the Board, on its own motion 

or on the motfon of any interested party, after hearing, may 

formulate and impose such coordinated terms and conditions as 

may be appropriate pending the execution of such agreement. 

25. Permittee shall operate Pyramid Dam and Reser- 

voir and Castaic Dam and Reservoir in accordance with the 

contract between the State of California, acting by and 

through its Department of Water Resources, and United Water 

Conservation District dated April 14, 1967. 

26. These permits are subject to compliance by 

permittee with Water Code Section 10504.5(a). 
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27. The State Water Rights Board reserves continuing 

jurisdiction over these permits for the purpose of formulating 

terms and conditions relative to flows to be maintained in 

the Feather River and in the Delta for the protection of fish 

and wildlife, 

IT IS FURTHER ORDERED that Application 17515A be, 

and it is, canceled, 

Adopted as the decision and order of the State 

Water Rights Board at a meeting duly called and held at 

Sacramento, California. 

Dated: May 31, 1967 

/s/ George B. Maul 
George B. Maul, Chairman 

/s/ Ralph J. McGill 
Ralph J. McGill, Member 

/s/ W, A. Alexander 
W. A. Alexander, Member 
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STATE OF CALIFORNIA 
STATE WATER RESOURCES CONTROL BOARD 

In the Matter of Permits 16477, 16478, 
16479, 16480, 16481, 16482 and 16483 
Issued on Applications 5629, 5630, 1 ORDER WR 73-21 
14443, 14444, 14445A, 17512, and 17514A ! - 

CALIFORNIA DEPARTMENT OF WATER RESOURCES ) 

Permittee 

ORDER ALLOWING MODIFICATION OF BLIND POINT CONDITION 

WHEREAS: 

1. The Department of Water Resources and the Depart- 

ment of Fish and,Game jointly requested on February 5, 1973 the 

State Water Resources Control Board to temporarily allow sus- 

pension of condition 15 of Decision 1275, as amended by Decision 
I’ 
1291, which is incorporated in the above-numbered permits issued 

to the Department of Water Resources. 

. _. 2. Notice of proposed staff recommendations in regard 

to the request has been circulated to interested parties, 

3, The State Water Resources Control Board has re- 

viewed t'ne information pertinent to the staff recommendations, 

together with comments submitted by parties who were provided 

with notice thereof. 

4. Department of Water Resources Bulletin 120-73, 

Report No. 2, entitled "Water Conditions in California", indi- 

cates the April-July 1973 runoff will be abotie normal, and the 
/ 

daily reports of project operations show that San Luis Reservoir 

is essentially full, 



NOW, THEREFORE, the State Water Resources Control 

Board finds that suspension of condition 15 for the year 1973 

will not adversely affect agriculture in the Delta and is in 

the public interest in that the information to be acquired and 

analyzed by‘ the Department of Fish and Game may contribute to 
\ 

a fuller understanding of the Bay 1 Delta Ecosystem; 

NOW, THEREFORE, IT IS ORDERED 'that: * 

1. Condition 15 is suspended for the year 1973. 

2. The proposed testing program during the year 1973 

shall be concurred in by the Department of Fish and Game; 

3. This Board reserves the right, for good cause, 

to terminate this temporary suspension of condition 15, 

Dated: May 3, 1973 

W. W. ADAMS 
W, W. Adams, Chairman 

. .._. 
l’s_ RORTr. 

Ronald B. Robi:, Vice Chairman 

ROY E. DGDSON 
Roy E. Dodson, Member 

MRS. CARL H. (JEAN) AUER 
Mrs. Car1.H. (Jean) Auer, Member 

W. DON MAUGHAN 
k . Don Maughan, Member 

a’ ,*. 
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SWP WATER RIGHTS 

Attachment 5

macbook16
Typewritten Text
Presented with sworn testimony byDWR witness at water rights hearingsbefore SWRCB



DWR-3 

SWP WATER RIGHTS PERMITS 

• Four Permits provide primary water supply for SWP 

• Significant storage releases for water quality and 
fisheries purposes 

• Water supply derived from combination of unstored 
flow in Feather River, unregulated flow in the Delta and 
storage releases 

-SWP appropriates water only after its regulatory requirements 
are met 

-Substantial restrictions on exports due to location of diversion 
in south Delta 



SWP WATER RIGHTS PERMITS (CONT'D) 

• Operations coordinated with 

Reclamation 

• SWP operated consistent with: 

-Requirements contained in D-1641 

-2008 USFWS and 2009 NMFS Biological 

Opinions 

-Corps of Engineers Permit 

-All other SWP regulatory requirements 
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DWR FEATHER RIVER/DELTA PERMITS DWR-3 

Application Permit 
Location of Diversion/Rediversion 

Number Number 

5630 

14443 

14445A 

17512 

PER 16478 Source - Feather River, Oroville Dam 
rediversion- SWP facilities from Oroville 
thru Perris Dam 

PER 16479 Feather River - Oroville Dam 

Sacramento-San Joaquin Delta channels 
rediversion- SWP facilities from Oroville 
thru Perris Dam 

PER 16481 Italian Slough, Old River 
Sacramento-San Joaquin Delta channels 

PER 16482 Italian Slough, Old River 
Sacramento-San Joaquin Delta channels 
San Luis Creek 

Direct 
Diversion 

(CFS) 

1,400 

Feather - 1,360 

Delta - 6, 185 

2,115 

Diversion 
to Storage 

(AF) 

380,000 

3,500,000 

42,100 

44,000 

1,100,000 



SWP POINTS OF DIVERSION 

• Existing Authorized Points of 
Diversion/Rediversion 

Oroville/Thermalito 

- North Bay Aqueduct 

Delta Water Facilities {location near Hood) 

Clifton Court Forebay {SWP Banks Pumping Plant) 

CVP Tracy {Jones) Pumping Plant 

• Proposed New Points of Diversion 
- 3 new intake locations in north Delta near Hood 

• Combined rate of maximum 
diversion/rediversion from Delta limited 
to 10,350 cfs under all four permits 
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CWF PETITION FOR CHANGE 

• Add new points of diversion in north 
Delta near Hood 
- Three intakes of maximum 3,000 cfs each 

• All other provisions of permits will 
remain unchanged 
- Sources of water 

- Rate of direct diversion and diversion to 
storage, season of diversion 

- Maximum combined rate of diversion from 
Delta - 10,350 cfs 

- Place and purposes of use 

DWR-3 



NOT A NEW WATER RIGHT 

• Water Code Section 1701 provides permittee or licensee 
may change point of diversion upon permission of State 
Water Board 

• Consistent with WC§ 1701 and reasoning in Water Right 
Order 2009-0061 

- No increase in maximum rates of diversion 

- No change in season of diversion 

- No change in source of water to be diverted 

• WC § 1701 does not restrict number of diversions or 
diversion size if change is within existing limitations of 
water right 

DWR-3 



NO INJURY TO OTHER LEGAL USERS 

• DWR and Reclamation divert water only after 

all their regulatory requirements are met 

• All existing protections remain in place 

including D-1641 

• CWF-specific requirements will be adopted 

• CWF does not change upstream operational 

criteria 

DWR-3 
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NO INJURY TO OTHER LEGAL USERS (CONT'D) 

• Availability of unregulated flow to other legal users will 
not be diminished 

• DWR and Reclamation have exclusive right to their storage 
releases 

• DWR and Reclamation not required to maintain specific 
level of water quality better than WQCP implemented 
through D-1641 
- State Water Board established objectives in WQCP to protect 

beneficial uses 



DWR-3 

TYPES OF AGREEMENTS/CONTRACTS WITH DWR 

• Long-term water supply agreements 
- Agreement for share of SWP developed supply 

• Water rights settlement agreements 
- Developed and executed as part of initial SWP development 

- Recognize but don't quantify preexisting water rights 

• General settlement agreements 
- Primarily within Delta region 

- May contain water quality or water supply provisions or combination of both 

• DWR will continue to meet the terms of the long-term water 
supply contracts and the settlement agreements 



DWR-3 

SWP LONG-TERM WATER SUPPLY CONTRACTS 

• SWP contractors served from water appropriated 
under Feather River/Delta Permits 

- Table A amounts used to allocate share of available SWP 
supply 

-Current Combined maximum Table A: 4,170,076 AF for the 
contractors downstream of Oroville 

- No guarantee of specific quantity 

- No entitlement to particular operational scenario or end of 
season storage 



FEATHER RIVER SETTLEMENT AGREEMENTS 

• Six settlement agreements with diverters 
downstream of Lake Oroville 

• Defined water supply with contract deficiency 
provisions based on inflow to Oroville 

DWR-3 

• No entitlement to storage in Lake Oroville or end 
of season target storage 

• DWR has sole discretion over Lake Oroville 
operations 



w FEATHER RIVER SETTLEMENT AGREEMENTSDWR-
3 

(CONT'D) 

• CWF criteria do not change existing upstream 
operational criteria 

• No change in terms of settlement agreements 

• DWR will continue to meet Feather River instream 
flow requirements 
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DELTA AREA SWP SETTLEMENT AGREEMENTS 

• DWR has settlement agreements with five Delta 
entitles 
- Contra Costa Water District 

- City of Antioch 

- North Delta Water Agency 00 .--. 

- Byron Bethany Irrigation District 

- East Contra Costa Irrigation District 

• Agreements address issues related to SWP 
operations 

••• 



CWF SETTLEMENT AGREEMENT 

• CCWD/DWR Settlement for CWF CEQA effects 
(March 2016) 

• CCWD water diverted at CWF or EBMUD Freeport 
facilities 

• Amount varies each year (2 TAF- SO TAF) 

• Source of water CCWD, CVP contract, water 
transfers 

• Agreement would not increase total annual Delta 
diversions 

• Agreement would not increase maximum annual 
CWF diversions 

• Will not affect other legal users 

DWR-3 



CONCLUSIONS 
DWR-3 

• SWP with new facilities will continue to operate 
within existing permits and regulatory requirements 

• No expansion of quantity, rate, timing, source, 
purpose or place of use of water authorized in 
existing water rights permits 

• Not a new water right 

• Information provided supports Board decision of no 
injury to other legal users 
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CONCLUSIONS 

The testimony allows the Board to find no 
injury to legal users due to: 

Water Levels Water Quality Water Supply Contractual 
Obligations 



SWP WATER RIGHTS REBUTTAL 
TESTIMONY 
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OVERVIEW 

• The CWF Petition will not in effect initiate a new 
water right 

• The SWP Permits have not expired 

• Operation of the CWF will not injure other legal 
users  

—Settlement Agreements protective 

—Projects operated to meet D-1641 

—Projects operations during dry periods provide incidental 
benefits to in-Delta diverters 

 
 
 

3/22/2017 3/22/2017 
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NOT A NEW WATER RIGHT 

• Petition is consistent with Water Code Section 1701   

• No change in Quantities DWR Authorized to Divert from Delta 

– Maximum rate of diversion 10,350 cfs from Delta will not be increased 

– Season of diversion will not change 

• Source authorized in permits will not change 

– Feather River - P16478 and P16479  

– Sacramento-San Joaquin Delta Channels – P16479, P16481, P16482 

• Existing SWP Permits contain north Delta Point of Diversion 

– Delta Water Facilities (Hood) point of diversion included when SWP 
permits when issued in 1972 

3/22/2017 
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SWP PERMITS HAVE NOT EXPIRED 

• State Water Board has not Revoked Permits 

• DWR continues to operate consistent with Terms  
and Conditions of Permits 

• DWR continues to develop SWP facilities to put 
authorized quantities to beneficial use 

• DWR Petition for Extension of Time to be addressed 
in separate State Water Board process 

3/22/2017 

DWR-7



NO INJURY TO OTHER LEGAL USERS 

• Feather River Settlement Agreements are Protective 
– Agreements provide defined water supply 

– CWF does not alter Agreement terms or upstream operational 
criteria 

– Agreements do not convey water right to Lake Oroville storage 
or particular end of season target 

– DWR has sole discretion over Lake Oroville operations 

– Modeling shows Settlement Contractors will continue to receive 
full contract amounts 

– DWR committed to meeting obligations under the Settlement 
Agreements 

 
3/22/2017 
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NO INJURY TO OTHER LEGAL USERS  
CONT. 

• North Delta Water Agency 
– NDWA Agreement is protective 

• Article 2 - Water quality objectives specified at seven NDWA locations 

• Article 4 - Drought emergency and compensation provisions  

• Article 6 – Water level protections 

– NDWA Obligations under Agreement – Article 8 
• NDWA agrees to defend affirmatively as reasonable and beneficial water 

quality objectives in Agreement 

• NDWA Consents to SWP diversions from Delta 

– NDWA Agreement is in full force and effect 

– DWR is in compliance with Agreement 

 

3/22/2017 

DWR-7



NO INJURY TO OTHER LEGAL USERS  
CONT. 

• City of Brentwood 
– Brentwood receives water supply under ECCID Agreements delivered 

through CCWD 
• 1981 DWR-ECCID and 1991 DWR-ECCID-CCWD (as amended in 2000) 

– Water quality objectives defined in ECCID Agreements 

– ECCID Agreements provide there will be no greater obligation for 
water quality as a result of  diversions at CCWD Pumping Plant 

– CWF modeling shows no significant degradation in water quality at 
CCWD Pumping Plant 

– DWR is in compliance with terms of ECCID Agreements 

3/22/2017 
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NO INJURY TO OTHER LEGAL USERS  
CONT. 

• City of Antioch 

– 1968 DWR-Antioch Agreement executed to reimburse Antioch for impacts 
of SWP operations 

• Agreement not partial reimbursement 

• SWP impact determined to be 1/3 of reduction in availability of water of suitable 
quality at Antioch 

– Agreement remains in effect indefinitely until terminated by either party 

– Antioch releases DWR from any liability due to any change in flows in Delta 
and effects of changes caused by SWP 

– CWF modeling for proposed CWF Project shows slight improvement on 
average at Antioch point of diversion 

– Agreement remains in effect and DWR complies with Agreement 
 

 3/22/2017 
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NO INJURY TO OTHER LEGAL USERS  
CONT. 

• Other Delta Diverters 
– Change in water quality alone not sufficient to establish injury   

• In-Delta diverters are not entitled to Project storage releases  
• In-Delta diverters are not entitled to better water quality than that 

necessary to protect beneficial use (WQCP) 

– Projects maintain water quality objectives during dry periods 
with storage releases  

– Project storage releases provide incidental benefits to Delta 
diverters  

– CWF modeling shows no significant degradation in Delta water 
quality due to CWF operations 

– Projects will continue to meet D-1641 Objectives  

 

3/22/2017 
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CONCLUSIONS 

• CWF Petition is consistent with CWC Section 1701 

– Not a new water right 

– No expansion of quantity or source of water authorized in 
existing water rights permits  

• Permits have not expired  

• Information provided by DWR and Reclamation 
supports decision by State Water Board of no injury 
to other legal users 

3/22/2017 
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Intake 2 has been removed from further consideration for the Proposed 
Project but will still be considered for alternatives with capacity greater 
than 6,000 cfs. 

o Preliminary screening indicates greatest potential for cultural and
historic resources (based on known resources)

o Preliminary screening found increased potential for construction-
related effects to sensitive receptors in Clarksburg

o Distance to Twin Cities requires an additional maintenance shaft,
which would increase construction-related effects

o Shallower river depth results in longer fish screen and increased
fish exposure

Screening and Intake 2
Attachment 6
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Against the Delta Conveyance Project 

U. q; pf Lf:, 8)1 the People of Hood, Col1fomio 

� 0 � • September 2021 

� To the Governor of California, the Honorable Gavin Newsom: 

We, the principal signers of this Declaration of Protest, inform you, the Governor of California, 
that we object, condemn, and oppose the environmental racism being visited upon our 
community, the majority Latino town of Hood, by your engineers, lawyers, and consultants in 
the planning of the Delta Conveyance Project. 

In 2019, your Department of Water Resources pledged "to avoid and minimize the impacts that 
concern Delta communities the most" in the planning of the Delta Conveyance Project, and to 
take heed of environmental justice. 

We inform you that your Department of Water Resources has failed to uphold their pledge. 
Your engineers ignore the plight of our community and insist on locating two gigantic intakes a 
few hundred yards from the heart of our tiny town. Our pleas to your engineers to move the 
intakes to anywhere else among hundreds of miles of riverbank fall on deaf ears; they insist we 
must suffer the impacts of six or more years of heavy coi:istruction activity, the daily invasion of 
thousands of construction workers, that we must breathe the pollution of tons of diesel 
exhaust from thousands of trucks, the noise, the dust, the blockage of our roads- we cannot 
survive this onslaught and our town will become a ghost town. 

We inform you that your "environmental justice" consultants are but a tool to perpetuate 
environmental racism. "We have reached out far and wide to minority communities and 
conducted oh so many meetings and surveys, yes we have" your consultants refrain. But we 
cannot discuss with you moving the intakes that destroy your town, "they must be here," say 
your engineers. Then "all is well," say your consultants because we have done so much 
outreach and held so many meeting. And on it goes, the charade of justice. We demand real 
justice: do not obliterate our poor brown community; move the intakes. 

A third intake was to be located just downstream of the Town of Clarksburg, a few miles from 
us. But the Clarksburg intake was eliminated because your engineers "found increased 
potential for construction related effects to sensitive receptors in Clarksburg." Clarksburg is 
majority non-Hispanic and more prosperous. We are majority Hispanic and more low income. 
Sensitive receptors? Why are we not "sensitive receptors" deserving of respect? 

It has been said that racism is the result of bad policies not bad people. The policy of locating 
the intakes on top of us and sparing Clarksburg visits a grossly disproportionate impact on a 
poor brown community. We do not know what was in the heart of your engineers when they 
made this decision but we know the result. 
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Janet McCleery 
 

 
 
Delta Conveyance DEIR 
Comments On Intake Location 
 

Department of Water Resources 
Attn: Delta Conveyance Office  
P.O. Box 942836 
Sacramento, CA 94236-0001 
deltaconveyancecomments@water.ca.gov 

 
 
I am writing to object to the location of the intakes. No consideration has been given to 
alternate intake locations, other than where they will destroy the Town of Hood. 
 
In a June 22, 2020, Zoom meeting with DCA Executive Director Kathryn Mallon, Phil Ryan, and 
Nazli Parvizi, I asked why we were not allowed to discuss alternate intake locations. Kathryn’s 
reply was that this was the only possible location for the intakes and that the DCA was directed 
by DWR not to discuss other locations with anybody. 
 
I don’t think Kathryn knew why DWR was putting a muzzle on intake locations or why DWR 
wanted them at Hood. I know that DWR simply wants to take advantage of a supposed existing 
water right at Hood to make life a little easier when they go before the SWRCB.  
 
Administrative convenience isn’t a reason to refuse to study reasonable alternative intake 
locations that will have less environmental impact and will not destroy the Town of Hood. 
 
Please recirculate the DEIR to include alternative intake locations. 
 
Sincerely,  
 

 
 
Jan McCleery 
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