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Executive 
Summary
The Clean Energy Puzzle

Over the past several years, 12 U.S. states, Puerto 
Rico, Washington D.C., and more than 200 other cities 
and counties, which collectively account for more than 
a third of U.S. electricity demand, have set goals to 
achieve 100% carbon-free electricity.1 A common theme 
has emerged as these entities have begun exploring 
how to achieve their goals: existing technologies can 
enable substantial decarbonization, but firm, zero-car-
bon power is needed to completely eliminate fossil fuels 
reliably and cost-effectively. The reliability challenge is 
most acute in urban areas where it is difficult to expand 
transmission capacity to import clean energy, and 
where large populations of disadvantaged communities 
have faced historically high exposure to pollution from 
fossil-fueled power plants. 

While today’s renewables and storage technologies 
are often cheaper than fossil fueled peakers on a 
levelized - or average - basis, the reliability function of 
today’s peakers is challenging to replace. For example, 
more than 75% of New York’s peaker fleet operates for 
periods longer than 15 hours when dispatched to meet 
grid needs, well beyond the one to eight-hour durations 
at which today’s technologies are most cost effective. 
Indeed, a 2019 study by Energy + Environmental Eco-
nomics (E3) found that the operations of only 6% to 11% 
of New York’s peakers could technically be replaced 
with today’s commercial storage technologies, largely 
because of long required run times.2 However, no 
studies have examined the impact of near-commercial 
long duration storage technologies.

In this study, we examined whether storage - in 
particular, an emerging class of ultra-low cost, long 
duration storage - could economically match 
the unit-by-unit, hour-by-hour operations of New York’s 

1 See UCLA Luskin Center for Innovation (2019), Progress toward 100% Clean Energy in Cities and States across the U.S..

2 See E3 (2019), The Potential for Energy Storage to Repower or Replace Peaking Units in New York State. These results are indicative 
of storage systems sized to 100% of the peaker’s nameplate capacity. The study, commissioned by the State of New York, examined 
the technical - not economic - feasibility of energy storage providing equivalent historical generation to the peaking units given certain 
constraints and historic price signals.

3 We define peakers as gas, steam, and combined cycle turbines with an average capacity factor of 10% or less in the last ten years. We 
conducted our analysis at the unit level, looking at the historic operations of all 115 of New York’s currently operating peaking units.

4 This goal was codified into law in 2019 in the Climate Leadership and Community Protection Act.

peakers over ten years (2010 through 2019).3 We con-
servatively required storage and storage alone to match 
the operations of these peakers, and ignored additional 
markets and revenue streams. Nonetheless, our results 
are promising: 

1 Long duration storage can play an important role in 
replacing the functions of peaker plants: 
Short and long duration storage can economically 
replace - one-for-one - up to 83% of New York’s 
peakers. While not performed here, a broader portfo-
lio-level analysis inclusive of additional renewables 
and clean technologies could be used to identify paths 
to retiring all remaining peakers.

2 Replacing peakers with storage could reduce 
environmental burdens on vulnerable communities: 
Long duration storage enables the economic 
replacement of 90% of the peakers in EJ areas, 
enabling up to $360M in environmental and health 
savings to New York. 

3 This high level of peaker replacement is only possible 
with long duration storage: Long duration storage 
enables the economic replacement of more than 
4x more peakers than lithium ion alone.

The Potential of Long 
Duration Energy Storage 
to Economically Replace 
Long-Running Peakers

To achieve its goal of carbon-free electricity by 
20404, New York will need to identify solutions to replace 
or retrofit all of the state’s fossil-fueled peaking power 
plants. These power plants tend to be highly polluting 
and disproportionately located in disadvantaged com-
munities. The state’s electricity system operator - the 
New York Independent System Operator (NYISO) - has 
noted that while near term decarbonization targets won’t 
impact reliability, retiring peakers in load pockets like 

https://innovation.luskin.ucla.edu/wp-content/uploads/2019/11/100-Clean-Energy-Progress-Report-UCLA-2.pdf
https://www.ethree.com/wp-content/uploads/2019/08/E3_The_Potential_for_Energy_Storage_to_Repower_or_Replace_Peaking_Units_in_New_York_State_July_2019.pdf
https://www.nysenate.gov/legislation/bills/2019/s6599
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New York City could substantially impact reliability by 
2030.5 

Our analysis found that the majority of economically 
replaceable units are in and around New York City (See 
Figure 1). Further, 76% of the replaceable peakers sit in 
New York-defined “environmental justice areas”: areas 
composed primarily of low-income households and/or 
communities of color. These communities are exposed 
to disproportionate environmental and health burdens 

5 See New York ISO (2019), 2019-2028 Comprehensive Reliability Plan, beginning at p. 25.

6 See Katz, C. (2012), People in Poor Neighborhoods Breathe More Hazardous Particles, Scientific American.; and Landrigan, P. J. et al. 
(2010). Environmental justice and the health of children. The Mount Sinai Journal of Medicine, New York, 77(2), p. 178–187. 

and will bear the brunt of the impacts of continued 
peaker operations.6 Over a 25-year period, removing 
the replaceable peakers and installing storage facilities 
in New York’s environmental justice areas could save 
the state upwards of $360 million in environmental and 
human health-related damages. Retiring all economi-
cally replaceable peaking units in the state could avoid 
$500 million dollars in emissions damages over the 
same period.

Figure 1
Peakers that can be cost-effectively replaced by storage

Long duration energy storage unlocks the ability to 
replace a wider range of peaker plants than lithium ion 
storage alone. Of the 95 units that we found could be 
cost-effectively replaced one-for-one with storage, 18 
(377 MW) were optimally replaced by lithium ion batteries 
alone, confirming E3’s prior findings. However, 32 (807 
MW) were optimally replaced by long duration storage 
alone, and 45 (3,702 MW) were optimally replaced by a 
combination of lithium ion and long duration storage. Our 
results demonstrate the potential for storage projects 
with optimized combinations of short and long duration 
storage to support the grid’s operational reliability.

The results of our analysis highlight the technical 
and economic potential of storage to replace nearly all 
of New York’s highly polluting peaker plants. We encour-
age utilities, regulators, and policy makers to carry our 
work forward, expanding on our analysis with greater 
techno-economic detail, more robust portfolio consid-
erations, and a wider geographic focus. Our hope is that 
this analysis - and additional analysis building on this 
work - will motivate stakeholders to examine barriers 
to commercialization and support commercialization 
through demonstration projects and other mechanisms.

https://www.nyiso.com/-/press-release-comprehensive-reliability-plan-finds-no-immediate-reliability-need#:~:text=PRESS%20RELEASE%20%7C%20Comprehensive%20Reliability%20Plan%20Finds%20No%20Immediate%20Reliability%20Need,-July%2029%2C%202019&text=%E2%80%9CThe%20NYISO's%20Reliability%20Planning%20Process,New%20York%20Independent%20System%20Operator.
https://www.scientificamerican.com/article/people-poor-neighborhoods-breate-more-hazardous-particles/
https://doi.org/10.1002/msj.20173
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Introduction
The Challenge 
of Maintaining Reliability 
in a Zero-Carbon Grid 

Electricity demand and supply must always be in 
balance to ensure that the electric grid is stable and 
electric service is reliable, but the task of maintaining 
this balance has become more difficult as intermittent 
renewable energy resources supply a larger share 
of the grid’s energy and as economic and political 
pressure build on fossil-fueled resources to retire. 
The grid has traditionally relied on fossil-fueled power 
plants to maintain this balance: they quickly ramp up 
to match demand when it peaks each day or when 
supply unexpectedly fluctuates as generators and 
transmission lines experience outages. However, more 
than 12 U.S. states and over 200 U.S. cities and counties 
that collectively represent more than a third of U.S. 
electricity demand are now pursuing goals to achieve 
100% carbon free electricity.7 To meet these decarbon-
ization goals, they will need to identify new zero-carbon 
resources that can replace the grid’s dependence on 
fossil-fueled peaker plants to maintain grid reliability.

Fossil fueled peakers currently account for 261 
gigawatts of the 1,187 gigawatts of total U.S. electric 
generating capacity.8 Although wind and solar 
resources will play a major, and perhaps the primary, 
role in powering carbon-free grids, they alone cannot 
cost-effectively meet our needs for reliable power in 
every hour of every year, especially when weather-driven 
periods of low renewable generation coincide with peri-
ods of high energy demand. During these periods, the 
grid needs sources of firm, zero-carbon power to meet 
prolonged peaks in demand or unexpected resource 

7 See UCLA Luskin Center for Innovation (2019), Progress toward 100% Clean Energy in Cities and States across the U.S.

8 See Denholm et al. (2019), The Potential for Battery Energy Storage to Provide Peaking Capacity in the United States, National Renewable 
Energy Laboratory, p. 2.

9 Firm capacity refers to power that must be available at all times regardless of external conditions, usually to manage peaks in demand.   

10 See Sepulveda et al. (2018), The Role of Firm Low-Carbon Electricity Resources in Deep Decarbonization of Power Generation, Joule.

11 See E3 (2019), Resource Adequacy in the Pacific Northwest.

12 See Union of Concerned Scientists (2018), Turning Down the Gas in California: The Role of Natural Gas in the State’s Clean Electricity 
Future Fact Sheet, p. 4. 

13 See Denholm et al. (2019), The Potential for Battery Energy Storage to Provide Peaking Capacity in the United States, National Renewable 
Energy Laboratory, p. 8-9.

shortages due to weather events or grid outages, while 
also keeping energy costs low.9 

Studies have repeatedly shown that it becomes 
increasingly expensive to meet the grid’s firm capacity 
needs with current technologies as grids decarbonize.10 
A study by E3 of the Pacific Northwest electricity grid 
concluded that it would be unreasonably costly to 
meet future electricity demand with only renewables 
and today’s commercial energy storage technologies. 
The study also found that, absent new technology 
advancements, new natural gas plants would be needed 
to maintain electric reliability at affordable costs.11 
Another study by the Union of Concerned Scientists 
found that over 30% of California’s current natural gas 
power plant capacity can be retired without compromis-
ing electricity reliability, but the majority of this capacity 
may need to remain online in order to provide flexibility 
and meet local capacity requirements.12 The National 
Renewable Energy Laboratory (NREL) reports that, 
based on current grid conditions and demand shapes,  
short duration storage may only be able to replace 
between 11% and 27% of national installed peaking 
capacity on its own.13 Although these studies show 
that state and local governments can make significant 
progress in reducing the grid’s carbon emissions with 
existing technologies, they also show that without new 
technology solutions the grid may continue to be depen-
dent on fossil-fueled peakers that disproportionately 
impact the most vulnerable and polluted communities.  

New Technology Solutions 
to Support Grid Reliability

An emerging class of energy resources, long 
duration energy storage, has the potential to eliminate 
needs for the vast majority of fossil-fueled peakers. In 
this study, we use New York as an example to assess 
how emerging long duration storage technologies can 
cost-effectively replace fossil-fueled peakers in the 

https://innovation.luskin.ucla.edu/wp-content/uploads/2019/11/100-Clean-Energy-Progress-Report-UCLA-2.pdf
https://www.nrel.gov/docs/fy19osti/74184.pdf
https://doi.org/10.1016/j.joule.2018.08.006
https://www.ethree.com/wp-content/uploads/2019/03/E3_Resource_Adequacy_in_the_Pacific-Northwest_March_2019.pdf
https://www.ucsusa.org/sites/default/files/attach/2018/07/Turning-Down-Natural-Gas-California-fact-sheet.pdf
https://www.nrel.gov/docs/fy19osti/74184.pdf
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state. A previous study of New York conducted by E3 
found that only a small fraction of New York’s peakers 
could be technically replaced with currently available 
short duration storage technology.14 Existing storage 
technologies are too expensive to cost-effectively 
replace large and long-running peakers.

We built upon E3’s study by accounting for a range 
of emerging long duration storage technology cost 
and performance characteristics to determine the 
lowest-cost storage system configuration, size, and 
duration to reliably match the historical dispatch pro-
files of New York’s 115 fossil-fueled peaking units. Even 
with conservative limitations on how storage operates, 
we estimate that up to 83% of New York’s peaker power 
plant units can be cost-effectively replaced one-for-one 
by a combination of long and short duration storage. 

The state’s peaker power plants are dispropor-
tionately located in low-income communities and/
or communities of color. We found that 89% of the 
peaking units in these areas can be cost-effectively 
replaced with storage technologies. Our results suggest 
that new forms of lower-cost, longer-duration storage 
technologies have the potential to reduce emissions in 
these over-polluted communities while fulfilling peaking 
capacity needs: they can economically replace a wider 
range of peaker plants than lithium-ion storage can 
alone, and they can accelerate the pace and lower the 
cost of reaching zero-carbon electricity goals.  

14 See E3 (2019), The Potential for Energy Storage to Repower or Replace Peaking Units in New York State. The results we cite are indicative 
of storage systems sized to 100% of the peaker’s nameplate capacity. The study examined the technical feasibility of energy storage 
providing equivalent historical generation of the peaking units given certain constraints and historic price signals. E3’s study does not 
consider cost-effectiveness. 

15 See the New York state Climate Leadership and Community Protection Act,  Senate Bill S.6599 (2019).

16 See Governor Cuomo’s 2020 State of the State Address (January 2020).; and Tierney, S. and Paul Hibbard 
(2019), Clean Energy in New York State: The Role and Economic Impacts of a Carbon Price in NYISO’s Wholesale Electricity Markets.

17 See New York DEC, Ozone Season Oxides of Nitrogen (NOx) Emission Limits for Simple Cycle and Regenerative Combustion Turbines 
Adopted Subpart 227-3 Revised Regulatory Impact Statement.

18 Ibid.

19 See New York ISO (2019), 2019-2028 Comprehensive Reliability Plan, beginning at p. 25. 

New York Case Study: 
The Potential of Long 
Duration Storage to 
Replace Fossil-fueled 
Peakers
New York’s Transition to Zero 
Emission Electricity

New York’s 2019 Climate Leadership and Commu-
nity Protection Act (CLCPA)15 set an ambitious goal 
to reach zero emissions electricity by 2040, with an 
interim goal to achieve 70% renewable electricity by 
2030. In the months since the CLCPA’s adoption, the 
state has moved quickly on clean energy initiatives, 
introducing new renewable energy and storage projects 
and proposing to implement a carbon price on fos-
sil-based generation.16 

New York also recently adopted a nitrogen oxides 
(NOx) emissions regulation aimed at phasing out old 
peakers.17 The policy requires noncompliant plants 
to either install pollution controls or shut down. New 
York’s Department of Environmental Conservation 
(DEC) acknowledged that retrofitting peakers installed 
prior to 1986—83% of the peaker fleet in this analysis— 
is usually infeasible, requiring either the retirement or 
replacement of  these units to achieve compliance.18 
The New York Independent System Operator (NYISO) 
estimates that closing down all peakers impacted by 
the regulation would negatively impact grid reliability.19 
While the state is determined to transition to renewable 

https://www.ethree.com/wp-content/uploads/2019/08/E3_The_Potential_for_Energy_Storage_to_Repower_or_Replace_Peaking_Units_in_New_York_State_July_2019.pdf
https://legislation.nysenate.gov/pdf/bills/2019/s6599
https://www.governor.ny.gov/news/video-audio-photos-rush-transcript-governor-cuomo-outlines-2020-agenda-making-progress-happen
https://www.nyiso.com/documents/20142/2244202/Analysis-Group-NYISO-Carbon-Pricing-Report.pdf/81ba0cb4-fb8e-ec86-9590-cd8894815231?t=1570098837163
https://www.dec.ny.gov/regulations/116175.html
https://www.nyiso.com/-/press-release-comprehensive-reliability-plan-finds-no-immediate-reliability-need#:~:text=PRESS%20RELEASE%20%7C%20Comprehensive%20Reliability%20Plan%20Finds%20No%20Immediate%20Reliability%20Need,-July%2029%2C%202019&text=%E2%80%9CThe%20NYISO's%20Reliability%20Planning%20Process,New%20York%20Independent%20System%20Operator.


6

and zero carbon resources, the pathway to cost-effec-
tively replacing existing peakers is uncertain. 

Prior Study
In July of 2019, E3 released a study assessing 

the potential for commercial storage technologies to 
replace fossil-fueled peakers.20 The analysis centered 
on the 4,500 MW of simple cycle combustion and 
generation turbine capacity expected to be impacted 
by the state’s then-proposed NOx emission regulation. 
E3 modeled the technical feasibility21 of replacing these 
peaker plants at a unit-level, considering standalone 4, 
6, and 8-hour duration storage systems sized to 100%, 
125% and 150% of maximum output, as well as storage 
systems paired with solar. E3 analyzed the technical 
- not economic - potential for storage to match the 
hourly output of peaker plants units in 2013, the New 
York ISO’s peak demand year. The study found that 275 
MW to 500 MW (6 to 11%) of peaking capacity could be 
replaced with current commercial storage technology 
when constraining storage capacity to the peak genera-
tion of each peaker unit, rising to up to 2,369 MW (53%) 
of peaking capacity when allowing storage to overbuild 
to 150% of peaking capacity.22 While promising, these 
results suggest that relying on short duration storage 
alone may be insufficient to replace New York’s entire 
peaker fleet. However, the study’s scope includes only 
currently available storage solutions, and the picture 
changes when considering soon-to-be available, long 
duration storage technologies.

Expanded Case Study Design
We wanted to quantify the degree to which emerging 

forms of long duration energy storage could advance 
New York’s goal to cost-effectively replace fossil-fueled 
peakers. Similar to E3’s analysis, we assessed whether 

20 See E3 (2019), The Potential for Energy Storage to Repower or Replace Peaking Units in New York State.

21 E3’s study focuses on the technical feasibility of matching peaker power plant generation by the hour. It does not include an economic 
analysis of the costs of replacing these peaking units. 

22 See Table 7 in E3 (2019), The Potential for Energy Storage to Repower or Replace Peaking Units in New York State, p. 23. 

23 We used generation data collected by S&P, but excluded co-generation plants, plants with duplicate generation data, and plants lacking 
operational data from our analysis.

24 Our analysis included 96 of the peaking units (3,060 MW of peaking capacity) in E3’s study, as well as steam and combined cycle 
combustion turbines excluded from E3’s analysis of simple cycle combustion turbines. We defined peakers as units operating at less than 
10% capacity factors on average.  A complete list of analyzed units can be found in the Technical Appendix section below.

25 See the Technical Appendix for more detail on the components and outputs of Formware™.

26 See E3 (2019), The Potential for Energy Storage to Repower or Replace Peaking Units in New York State, p. 10. 

storage could act as a one-to-one replacement for exist-
ing peakers on a unit-level by considering the peakers’ 
historical operations. However, in addition to expanding 
technology options to include long duration storage, 
our analysis differed from that of E3’s in several ways: 
the length of the peakers’ operational time series we 
modeled; our treatment of charging constraints; and our 
method of considering the costs as well as the technical 
feasibility of matching historical peaker generation 
one-to-one with storage. 

While E3’s analysis focused on matching the opera-
tions of peaker plants in the NYISO’s peak demand year, 
2013, our study examined a longer period. We compiled 
ten years of data23 on the hourly operations (87,648 
hours in total) of each of New York’s 115 fossil-fueled 
power plant units with capacity factors of less than 
10%.24 We then used Formware—Form Energy’s 
proprietary mixed integer linear optimization tool—to 
model the lowest cost, standalone storage technologies 
needed to match the generating profile of each peaker 
plant unit.25 For our analysis, we input the 10-year, 
hourly peaker unit’s dispatch profile, market conditions 
(real-time, zonal marginal prices), and storage technical 
specifications into Formware™ for each peaker unit. Our 
constraints on charging diverged from E3’s methods as 
well. E3’s study used historical zonal‐nodal congestion 
pricing data as a proxy for local charging constraints,26 
whereas we imposed a transmission constraint equal 
to the maximum capacity of the peaker in question, 
effectively requiring the storage system to use the 
same interconnection as the peaker. This constraint  
prohibited storage from charging during any hours of 
the peaker’s operation. 

In addition to assessing technical feasibility, we 
conducted an economic assessment of peaker replace-
ment. In the context of our analysis, “replaceable” 
means that the cost of installing and operating storage 
is lower than installing and operating a compliant fos-
sil-fueled peaker plant that meets New York’s new emis-
sions requirements. We took a conservative approach 

https://www.ethree.com/wp-content/uploads/2019/08/E3_The_Potential_for_Energy_Storage_to_Repower_or_Replace_Peaking_Units_in_New_York_State_July_2019.pdf
https://www.ethree.com/wp-content/uploads/2019/08/E3_The_Potential_for_Energy_Storage_to_Repower_or_Replace_Peaking_Units_in_New_York_State_July_2019.pdf
https://www.ethree.com/wp-content/uploads/2019/08/E3_The_Potential_for_Energy_Storage_to_Repower_or_Replace_Peaking_Units_in_New_York_State_July_2019.pdf
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by requiring each storage facility to exactly match each 
peaker plant’s operating profile, without accounting for 
the complementary effects of a broader clean energy 
portfolio. Such portfolios, which could include on-site 
renewable generation and demand-side management 
strategies, have been shown to further reduce the costs 
of displacing natural gas.27 In each case, we compared 
energy storage costs to the overnight costs of fully 
replacing an existing unit with a more fuel-efficient, 

27 See Dyson, M. et al. (2018), The Economics of Clean Energy Portfolios, Rocky Mountain Institute.

28 See New York DEC, Adopted Subpart 227-3 Revised Regulatory Impact Statement.

29 Details on how emissions damages were calculated as well as the results of our analysis without emissions costs adjustments can be 
found in the Technical Appendix section.

30 See New York ISO (2018), Integrating Public Policy Task Force (IPPTF) Carbon Pricing Proposal.

31 All references to health and environmental costs are based on marginal emissions damages calculated by the Center For Climate and 
Energy Decision Making at Carnegie Mellon University. See the Technical Appendix for more information. 

32 See, for example, Exhibit 20 in Rocky Mountain Institute (2019). Breakthrough Batteries: Powering the Era of Clean Electrification, at p. 
33. Many emerging chemistries have material - and potentially energy stack - costs well below $10/kWh. We focus on a subset of these 
technologies in this study.

dual fuel peaking turbine and the estimated fuel costs 
and operating and maintenance costs of a natural gas 
combustion turbine. We used the NYISO’s estimates 
for the overnight costs of a dual fuel peaking turbine 
referenced in the New York DEC’s NOx air regulation.28 
Since the NYISO does not report variable operating 
costs, we used NREL 2019 Annual Technology Baseline 
estimates for operating and maintenance costs for a 
gas combustion turbine in 2025. See Table 1.

Table 1
Peaker replacement cost specifications

Costs

Fixed operating and maintenance cost ($/kW-yr) 12

Variable operating and maintenance cost ($/MWh) 7

Fuel cost ($/MWh) 37

Overnight cost of replacement ($/kW) 1,350

We adjusted the operating costs of each existing 
peaker unit to capture the societal costs of carbon, 
nitrogen oxides (NOx), sulfur dioxide (SO2), and partic-
ulate matter (PM2.5) emissions.29 The social cost of 
carbon we used—$40 per metric ton—reflects the lower 
end of the values the New York Independent System 
Operator (NYISO) is considering adopting, which range 
from approximately $40 per metric ton in 2020 to 
almost $57 per metric ton by 2030.30  The NOx, SO2, and 
PM2.5 damage costs, developed by researchers from 
Carnegie Mellon University, are specific to the NYISO. 
The researchers use two peer-reviewed air quality 

models to derive the marginal emissions damages 
estimates that we then used.31

Storage Technology Specifications
The costs modeled in this study are shown in 

Table 2. We focus our analysis on technologies that 
have the potential to reach below $50 per kWh all-in 
CapEx, and therefore are not intended to represent a 
broad spectrum of possible technologies. The long 
duration cost ranges represent emerging aqueous air 
technologies technologies capable of achieving these 
ultra low costs.32  The specifications in Table 2 are

https://rmi.org/insight/the-economics-of-clean-energy-portfolios/
https://www.dec.ny.gov/regulations/116175.html
https://www.nyiso.com/documents/20142/2244202/IPPTF-Carbon-Pricing-Proposal.pdf/60889852-2eaf-6157-796f-0b73333847e8?t=1547044924178
https://www.nyiso.com/documents/20142/2244202/IPPTF-Carbon-Pricing-Proposal.pdf/60889852-2eaf-6157-796f-0b73333847e8?t=1547044924178
https://www.nyiso.com/documents/20142/2244202/IPPTF-Carbon-Pricing-Proposal.pdf/60889852-2eaf-6157-796f-0b73333847e8?t=1547044924178
https://rmi.org/insight/breakthrough-batteries/
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based on Form Energy’s techno-economic modeling of 
two aqueous-air, electrochemical storage technologies 
and a range of design parameters; the model outputs 
are driven by parameters including anode capacity 
utilization, design duration, and other performance 
attributes, and are not intended to be specific to or 
representative of Form Energy’s technology.

We modeled a third set of performance attributes 
intended to represent emerging flow battery chem-
istries.33 For this set of runs, we modeled an energy 
CapEx of $47.50/kWh, a power CapEx of $620/kWh, 
and a round trip efficiency of 70%.34 We do not focus 
on the results from these specifications, as they 
enabled the economic replacement of less than one 
third of the modeled peakers. As an emerging asset 

33 See, for example, Crawford et al., 2015. Comparative analysis for various redox flow batteries chemistries using a cost performance 
model. Journal of Power Sources. https://doi.org/10.1016/j.jpowsour.2015.05.066

34 Detailed further in the Technical Appendix.

class, the intersection of cost and performance param-
eters that are technically and economically achievable 
and that can succeed in valuable applications are still 
being established. In this study we therefore focus on 
technologies with the potential to achieve specifica-
tions that can enable the economic replacement of a 
meaningfully greater portion of the reliability function of 
today’s peakers than lithium ion.

The cost estimates for lithium ion are sourced from 
the NREL 2019 Annual Technology Baseline, adjusted 
for 25-year asset life at a 6% discount rate and replace-
ment in the fifteenth year. The low cost estimates for 
lithium ion reflect projected costs for 2027, while the 
high cost estimates reflect projected costs for 2025.

Table 2
Technology specifications

Technology 
Specifications

Low Cost Scenario High Cost Scenario

Lithium ion
Long Duration 

Energy Storage
Lithium ion

Long Duration 
Energy Storage

Energy CapEx ($/kWh) 85 3.75 95 4

Power Capex ($/kW) 280 330 310 1000

Implied All-in CapEx at Varying 
Design Durations ($/kWh)

365 [1 hr]
155 [4 hr]

7.55 [100 hr]
5.65 [200 hr]

405 [1 hr]
172.50 [4 hr]

45.67 [24 hr]
14 [100 hr]

Energy Throughput Cost ($/kWh) 0.0015 0.001 0.0015 0.0001

Power OpEx ($/kW-yr) 5 30 5 35

Energy OpEx ($/kWh) 0 0 0 0.2

Round Trip Efficiency 85% 45% 85% 50%

Design Duration (hours) 1+ 100-200 1+ 24-100

https://doi.org/10.1016/j.jpowsour.2015.05.066
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Results
Storage technologies can economically 
replace up to 83% of New York’s 
peakers. 

We conservatively estimate that a combination 
of short and long duration storage technologies can 
cost-effectively replace between 41% and 83% of New 
York’s fossil-fueled peaking units, depending on high 
and low expected future storage costs, respectively.35 
Even when excluding emissions damages, storage can 

35 In E3’s study, the potential for peaker replacement with storage reached 2,370 MW when storage was sized to 150% of peaking capacity, 
which is higher than the result in our high cost scenario (41% of units or 1,617 MW of capacity) due to differences in storage sizing. In our 
study, storage systems are limited to 100% of the unit’s peaking capacity. In E3’s analysis, only 500 MW of capacity could be fully replaced 
with storage sized to 100% of each unit’s capacity. 

cost-effectively replace up to 79% of peakers. Figure 
2 shows which types of peaker plant types can be 
economically replaced in each storage cost scenario. 
Simple cycle combustion (SCCTs) turbines, which 
make up the bulk of New York’s peakers, are easier 
to economically replace with energy storage than 
both steam turbines and combined cycle combustion 
turbines (CCCTs): in the low storage cost scenario, 
storage can cost-effectively replace 90 of 99 SCCTs, 
two of six steam turbines, and three of ten CCCTs. The 
steam turbines and CCCTs that cannot be economically 
replaced as modeled run for much longer stretches 
of time and have much higher nameplate capacities 
compared to urban peakers.

Figure 2
Peaker capacity that short and long duration storage can economically replace
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Long duration storage can 
unlock the ability to replace peaker 
plants with long operating times and 
high nameplate capacities

The results shown in Figure 3 confirm E3’s previous 
findings that lithium ion storage alone can only replace 
relatively small peaker plants that have short run times 
and relatively infrequent starts.36 Figure 3 also demon-
strates that emerging long duration energy storage 
technologies make it possible to cost-effectively 
replace peakers with larger capacities, longer operating 

36 See Table 7 in E3 (2019), The Potential for Energy Storage to Repower or Replace Peaking Units in New York State, p. 23.

times, and more frequent starts than is possible with 
lithium-ion alone. We found that 44 of the peaking units, 
amounting to more than one gigawatt of capacity, that 
could not be replaced by commercial short duration 
storage sized from 100 to 150% of the peaking capacity 
in E3’s prior study could be replaced by long duration or 
a combination of storage systems. In our low storage 
cost scenario, lithium ion batteries alone optimally 
replace only 18 peakers (377 megawatts of nameplate 
capacity), while the remaining 77 peakers (4,509 
megawatts of nameplate capacity) are most cost-effec-
tively replaced by either long duration storage alone or a 
combination of short and long duration storage. 

Figure 3
Peaking units that different combinations of short and long duration storage 
can cost-effectively replace (low storage cost scenario)

https://www.ethree.com/wp-content/uploads/2019/08/E3_The_Potential_for_Energy_Storage_to_Repower_or_Replace_Peaking_Units_in_New_York_State_July_2019.pdf
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Figure 4 breaks down the capacity and duration 
of storage systems required to economically replace 
peakers, with the x-axes scaled to reflect system dura-
tion. The 18 peakers that can be replaced with lithium 
ion batteries alone require low capacity batteries with 
similarly low durations of six hours or less. Standalone 
long duration storage can cost-effectively replace 32 
peaking units with battery nameplate capacities ranging 
from 15 MW to 40 MW and durations of 100 to 200 
hours. Systems combining lithium ion batteries and 
long duration storage can replace the greatest number 
of peakers, and they reflect a wide range of battery 
capacities and durations. 

37 To improve readability, the chart excludes two peaking units with nameplate capacities in excess of 900 MW. Both units could be replaced 
by a combination of storage assets.

Figure 4 shows a cluster of installations around 100 
hours—the minimum design duration in our low cost 
scenario. The plot shows only the storage installations 
that were cost-effective relative to the fossil-fueled 
alternative, indicating that emerging long duration, low-
cost storage technologies can be cost effective, despite 
the minimum duration constraint that often comes with 
electrochemical platforms capable of ultra-low cost. 
While our model assumes perfect foresight, in reality 
the exact needs of the grid are unknown, and longer 
battery durations can provide the added benefit of 
serving as a hedge against uncertainty.37

Figure 4
Optimal storage system size and duration to economically replace  peaking units, 
disaggregated by storage technology (low storage cost scenario)37
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Installing sufficient lithium ion storage to enable 
reliable operations becomes extremely expensive as 
the required discharge period grows. Over 75% of New 
York’s peakers have operating requirements in excess 
of 15 hours, but the cost of replacing these units with 
a 15-hour lithium ion battery would exceed $1,660 per 
kilowatt in up-front costs (excluding operating costs), 
well above the $1,300 per kilowatt up-front cost bench-
mark to replace existing peaking units with new fuel-effi-
cient turbines.38 By comparison, a long-duration battery 
capable of discharging for 15+ hours could be well below 
the $1,660 per kilowatt lithium ion benchmark, and at or 
below the $1,300 per kilowatt gas generator benchmark.

38 Battery replacement costs are determined using the low cost technology specifications in Table 2.

39 See Figures 9 and 10 in the Technical Appendix for a comparison of optimal storage configurations for peaker replacement by average 
and longest operating times of peaker units.

Figure 5 illustrates the impact that peaker operating 
time has on optimal storage configurations. While 
lithium ion batteries are well-suited to replace peakers 
that operate for fewer than 8 hours on average and 
never operate for more than 15 consecutive hours, 
standalone long duration storage and combinations of 
long and short duration storage can cost-effectively 
replace peakers that regularly run for longer periods of 
time.39 The peakers that could not be replaced had oper-
ating times that extended past 20 hours on average, 
with eight surpassing 200 hours, requiring substantial 
storage builds for very low capacity factors.  

Figure 5
Optimal configurations of storage systems needed to economically replace 
peaking units, by longest operating time (low cost scenario)
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Positive Community 
Health Impacts
Long Duration Storage Can Build 
a Cleaner, Healthier Cityscape 

When New York passed the CLCPA, it also passed 
a bill creating an environmental justice advisory group 
to ensure an equitable transition to a renewables-based 
economy.40 Recent reports by the Physicians, Scientists, 
and Engineers (PSE) for Healthy Energy and the PEAK 
Coalition highlight that conventional peakers can have 
severe public health implications for New York’s most 
vulnerable populations, confirming that the most-pol-
luting plants are located in low-income communities of 
color in the Bronx, Kings County, and Queens.41

Our results show that grid reliability, environmental 
justice, and climate goals are compatible. We found 
that 88 of the 98 power plant units in New York City 

40 See Senate Bill S2385 (signed December 2019).

41 See PSE Health Energy(2020), New York State Peaker Power Plants: Energy Storage Replacement Opportunities.; and Peak Coalition 
(2020), Dirty Energy, Big Money.

42 See PSE Health Energy (2020), New York State Peaker Power Plants: Energy Storage Replacement Opportunities.

43 The orange PEJA layers in Figures 6 and 7 are sourced from the New York Department of Environmental Conservation 
Geospatial Information Tools. Maps are produced using Google Earth. Map Data: Google, SIO, NOAA, U.S. Navy, NGA, GEBCO, and Landsat 
/ Copernicus.

and Long Island can be cost-effectively replaced with a 
combination of short and long duration storage, and 72 
of the replaceable units are concentrated in or adjacent 
to New York-defined potential environmental justice 
areas: census blocks composed primarily of low-in-
come households and/or communities of color. 

PSE devised a Cumulative Vulnerability Index based 
on environmental, health, and demographic indicators to 
quantify the health, environmental, and socioeconomic 
burdens faced by the communities surrounding peaker 
plants.42 Our analysis found that many of the peakers 
that PSE identified as being located in highly vulnerable 
communities—including Hell Gate, Gowanus, and Arthur 
Kill—can be replaced with a combination of long and 
short duration energy storage. The potential benefits to 
public health of retiring these power plants are substan-
tial. Over a 25-year period, removing polluting peakers 
and installing non-emitting storage facilities in vulner-
able communities would save the state upwards of 
$360 million in environmental and human health-related 
damages. The benefits of retiring all replaceable peaker 
plants would reach $500 million dollars. 43

Figure 6
New York’s peaking units and their proximity to potential environmental justice 
areas (PEJAs) in and around New York City 43

https://www.nysenate.gov/legislation/bills/2019/s2385
https://www.psehealthyenergy.org/our-work/energy-storage-peaker-plant-replacement-project/new-york/
https://8f997cf9-39a0-4cd7-b8b8-65190bb2551b.filesusr.com/ugd/f10969_9fa51ccc611145bf88f95a92dba57ebd.pdf
https://www.psehealthyenergy.org/our-work/energy-storage-peaker-plant-replacement-project/new-york/
https://www.dec.ny.gov/public/911.html
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Plant-Level Deep Dive
Our fleet level analysis took a unit by unit, hour by 

hour approach to studying how long duration storage 
can economically replace peaker plants. Below we 
highlight a detailed case that demonstrates how the 
hour-by-hour operation of long duration energy storage 
can unlock the potential of energy storage to meet local 
reliability needs as effectively as fossil-fueled peakers. 

Narrows Generating and Gowanus Gas 
Turbines Stations (Brooklyn and Queens) 

The Astoria Generating Company intends to halt the 
operations of  its Narrows and Gowanus facilities during 
the ozone season  to comply with the state’s new air 
pollution regulations.44 This action would result in a 900 
MW reduction of available summer generating capacity, 
on top of the 650 megawatts of other peakers that plan 

44 See Anderson, J. (April 7, 2020), “Nearly 650 MW of New York City peaking capacity will retire to comply with tighter regulations,” S&P 
Global. 

45 Ibid.

46 See E3 (2019), The Potential for Energy Storage to Repower or Replace Peaking Units in New York State, p. 39.

47 Numbers reflect costs with emissions damages.

to permanently retire statewide.45 As an alternative to 
this seasonal shutdown, Astoria Generating Company 
is considering retiring its Narrows facility only and 
repowering its Gowanus plant, which provides a total 
of 640 megawatts of nameplate capacity. As shown 
below, the Gowanus facility sits in a New York-defined 
potential environmental justice area (shown in orange), 
and over the past ten years the emissions of Gowanus’ 
32 peaking units have produced the equivalent of 
approximately $23 million in health damages.

Our results show that there is a cleaner alternative 
to the continued use of the Gowanus facility. While 
short duration energy storage can only cost-effectively 
replace the operations of a third of Gowanus’ peaking 
units,46 we found that the entire plant’s output can be 
replaced with a combination of lithium-ion batteries 
and long duration energy storage at a lower cost 
per kilowatt than repowering the facility with a more 
fuel-efficient peaker plant, averaging $400 per kilowatt 
cheaper in the low cost scenario.47

Figure 7
Gowanus Gas Turbines Station, Kings County NY

https://www.spglobal.com/platts/en/market-insights/latest-news/natural-gas/040720-nearly-650-mw-of-new-york-city-peaking-capacity-will-retire-to-comply-with-tighter-regulations?utm_source=sailthru&utm_medium=email&utm_campaign=issue:%202020-04-08%20utility%20dive%20newsletter%20%5bissue:26662%5d&utm_term=utility%20dive
https://www.ethree.com/wp-content/uploads/2019/08/E3_The_Potential_for_Energy_Storage_to_Repower_or_Replace_Peaking_Units_in_New_York_State_July_2019.pdf
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The operational reliability added by long duration 
storage plays a significant role in making it possible 
to replace the entire plant. In Figure 7, we show the 
generating profile of one of the plant’s peaking units for 
a week in July 2013, the month with the highest demand 
in the NYISO’s most recent peak demand year. We 
modeled the dispatch profiles of two storage systems 
built to replicate the peaker’s output. In both cases, we 
constrained the system’s size to 20 megawatts, the 
peaking unit’s maximum generating capacity. On the 
top, we plot the results of the first scenario, in which 
we attempted to match the peaking unit’s generating 
profile with only lithium ion batteries. In this scenario, 
the optimal system configuration consisted of a 20-hour 
battery. We imposed a penalty of $9,000/MWh for lost 
load when a storage system failed to match the peak-
er’s operating profile.48 The gray areas show several 
days in a week when a lithium ion system would fail to 

48 The value for lost load is at the lower end of system wide value of lost load (VOLL) in the Northeast U.S. as calculated by the London 
Economics International LLC in Estimating the Value of Lost Load (2013). However, generally it falls in the middle of a wide range of VOLL 
estimates. This penalty implies that if the storage system couldn’t match the peaker’s profile, the grid would have insufficient energy and 
customers would experience a blackout.

match the peaker plant’s demand profile, despite being 
more than $1,000 per kilowatt more expensive to install 
and operate than the cost of repowering the unit with a 
new, fuel-efficient turbine. 

However, as shown on the bottom of Figure 8, long 
duration energy storage can match this peaker plant’s 
profile without lost load. In this second scenario, the 
model could choose to build a storage system with  
lithium ion only, long duration storage only, or a com-
bination of the two. The optimal storage configuration 
in this case is a 150-hour duration battery. Not only 
can the long duration storage system fully match the 
peaker’s production profile over the entire ten year 
period modeled, it is also cheaper than repowering the 
unit with a more fuel efficient generator. The cost of 
installing and operating long duration storage would be 
$150 per kilowatt cheaper than replacing the unit with a 
newer peaking turbine.

Figure 8
Dispatch profile of lithium ion alone vs. long duration energy storage 
for the week of July 11, 2013

Figure 8
Dispatch profile of lithium ion alone vs. long duration energy storage 
for the week of July 11, 2013

http://www.ercot.com/content/gridinfo/resource/2015/mktanalysis/ERCOT_ValueofLostLoad_LiteratureReviewandMacroeconomic.pdf
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Conclusion: 
Completing the 
Clean Energy Puzzle  

Now that clean electricity goals are in place in states 
across the country, policymakers face the challenge of 
determining how to replace existing fossil-fuel power 
plants with zero-carbon alternatives. This is especially 
difficult in geographies where fossil-fueled power plants 
play an important role in supporting grid reliability. Past 
studies have shown that today’s commercial energy 
storage technologies can make meaningful, but limited, 
progress to support efforts to retire peaker plants. 
With New York as an example, our analysis shows that 
emerging long duration storage technologies can be 
the missing piece to the 100% clean energy puzzle: they 
have the potential to cost-effectively replace the reliabil-
ity function that the largest, longest-running reliability 
peakers fulfill today. 

Our study set conservative limits on the function of 
energy storage resources by excluding the possibilities 
of co-locating on-site renewable generation and pursu-
ing revenue from ancillary services, transmission ser-
vices, and demand response programs, all of which can 
further reduce the net cost of replacing peaker plants 
with storage systems.49 Even with these limitations, we 
found that the vast majority of New York’s peaker fleet 
could be replaced with a combination of existing and 
emerging storage technologies. The few peaking units 
that our analysis found could not be cost-effectively 
replaced with energy storage alone are located mainly 
outside of urban areas and have increased land avail-
ability. Future studies that consider the possibility of 
using on-site renewable generation as a complement to 
energy storage may find that these plants can also be 
cost-effectively replaced by a portfolio of zero-carbon 
alternatives. 

Recommendations
We hope this study will encourage an increasing 

number of utilities, regulators, and grid operators to 
consider emerging long duration storage technologies 
when they model pathways to achieve electricity 

49 See Dyson, M. et al. (2018), The Economics of Clean Energy Portfolios, Rocky Mountain Institute.

decarbonization goals. As others carry out studies to 
identify the least-cost transition to clean energy grids, 
we suggest the following:

1 Expand the technology landscape: Near-commercial 
technologies can add considerable value to the 
electric grid. We recommend that as others model the 
transition to a clean grid, they consider emerging long 
duration storage technologies  in addition to existing 
technologies. This perspective on the impact that 
medium- to-long-term technology trends can have in 
support of state and local clean energy goals will help 
inform near-term resource investment decisions.

2 Explore other geographies: We used New York as a 
case study due to the decarbonization policies, air 
pollutant standards, and environmental justice goals 
that are driving the state’s need to replace fossil-fu-
eled peakers with clean energy solutions that can 
maintain grid reliability. Future studies should  extend 
to other areas across the country to help other regions 
understand the potential value and role of long 
duration storage as a source of firm power in low 
carbon grids. 

3 Identify barriers to commercialization: Electricity 
grids and markets are currently structured around 
fossil-fueled generation. Government support has 
historically played an important role in helping emerg-
ing energy technologies achieve economies of scale 
and overcome barriers to full commercial participation 
in energy markets. Now that a consensus is emerging 
that new sources of firm, zero-carbon electricity are 
needed to achieve deep levels of decarbonization by 
replacing fossil-fueled power plants that play a critical 
role in supporting grid reliability, governments should 
focus efforts on understanding the barriers to com-
mercializing new zero-carbon energy resources like 
long duration energy storage.

4 Support demonstration and early-commercial 
projects: The most important first step to transition 
from forward-looking studies to actionable resource 
investment plans and market redesigns is to demon-
strate emerging technologies in full scale grid applica-
tions in a range of geographies and configurations. 
This experience can help regulators, utilities and grid 
operators gain valuable insights into technology 
capabilities that can clarify subsequent steps neces-
sary to overcome market and technology barriers 
necessary to achieve long-term decarbonization goals.

https://rmi.org/insight/the-economics-of-clean-energy-portfolios/
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Limitations and future 
research directions

Our study is not without its limitations. 
To fully understand the potential of emerging long 
duration storage technologies, we recommend that 
future studies expand on our methods along the 
following dimensions: 

1 Techno-economics: future studies could explore a 
wider range of considerations, including ancillary 
services and capacity market revenues, the potential 
to co-locate renewables and energy storage, the 
potential value associated with local reliability needs, 
and other market details. Additionally, it is worth 
noting that we modeled only two indicative ranges of 
technology cost and performance parameters, and 
other sets of technology parameters may also prove 
cost-effective.

2 Grid and geophysical constraints: future analyses 
should examine how grid and other geophysical 
constraints may affect the times when storage can 
charge. For example, we have not considered land 
availability in this study, but these conditions are 
clearly critical. These constraints could impact results 
in multiple ways: they might limit the ability of storage 
to replace certain urban units, but might make 
co-locating renewables and storage possible for 
certain urban or rural units. Further, future research 
should examine the impact of unit-level versus 
plant-level analysis. The unit-level approach taken in 
this study may obscure the relationships between 
units at the same plant, potentially making it more 
difficult to replace some of these plants with energy 
storage systems.

3 Future operations: future research should examine 
how peaking needs will shift as New York’s generation 
mix, grid topology, and demand patterns evolve. We 
have taken a historical view, effectively answering the 
question: “can long duration storage cost effectively 
provide reliability, if historical peaker operations 
represent reliability needs?” Diving deeper into how 
reliability needs will change as the grid evolves is 
critical to understanding the future value of storage.

4 Broader portfolio analysis: we’ve focused on a 
one-for-one replacement of the reliability function 
of today’s peakers, and, as a result, created a 
conservative upper bound on the ability to retire 

peakers. In reality, a broader portfolio analysis and 
capacity expansion plan - inclusive of renewables, 
demand response, efficiency, and other resources 
- should be performed and could elucidate paths 
to retiring the remaining portfolio.
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Technical Appendix
Data sources

We collected the hourly generation data from 2010 
to 2019 for 115 peaker power plant units from S&P 
Global’s Market Intelligence platform. We defined 
peakers as plants whose capacity factor was less than 
or equal to 10% over this period. We limited our analysis 
to gas, steam, and combined cycle turbines, all primarily 
fueled by natural gas, oil, or dual-fuel. For each peaker 
unit, we compiled hourly time series for 2010 to 2019, 
resulting in 87,648 hours of dispatch data.

Modeling tools
We ran each power plant unit’s generation profile 

through Formware™, Form Energy’s proprietary mixed 
integer linear programming optimization model. 
Formware™ captures a variety of key inputs including 
target dispatch profiles (e.g. a customer or utility load 
profile), renewable resource availability and cost, thermal 
generation technical capabilities and costs, market 
conditions and contracts, storage specifications, and 
project constraints such as transmission availability and 
connectivity. The Formware™ framework is extensible, 
optimizing assets over a full year or longer period with an 
hourly or more granular time profile. Formware™ outputs 
the asset mix, a set of chronologically specified oper-
ational decisions, and fixed and operational costs that 
meet all of the specified constraints at lowest net present 
cost or highest net present value. 

In this analysis, the model inputs included the target 
dispatch profiles (the 87,648 hour-long peaker plant oper-
ational profiles), market conditions (real-time, zonal mar-
ginal prices), storage specifications (lithium-ion and long 
duration energy storage), and a transmission constraint 
equal to the maximum capacity of the peaker in question 
(this effectively assumes that the storage system must 
use the same interconnection as the peaker). We did not 
consider co-located renewables or any ancillary services 
that storage can provide in our analysis, as our goal was 
to exclusively explore the reliability function of storage. 
Formware™ modeled the optimal storage sizing and oper-
ations for ten continuous years on an hourly basis. The 
results of the model include the optimal mix of storage 
assets, the hour by hour operational decisions, and the 
capital and operating costs of the optimal asset mix. 

Storage sizing and operating 
constraints

For each unit, we allowed Formware™ to install up 
to the maximum capacity of the generating facility 
to avoid the overbuilding of storage assets to meet 
consecutive hours of high demand. That is, if we were 
trying to replace a 10 MW peaker plant, our model 
could install up to 10MW of storage. Energy from the 
grid was priced at the real-time hourly prices for the 
relevant NYISO zone. Storage could not charge from the 
grid during the plant’s operating hours, meaning that 
no charging was allowed even when the unit was not 
generating at full capacity. We included this constraint 
on charging to ensure that the dispatched load would 
only be served by the storage system (rather than the 
market). Since we do not allow for on-site generation, 
this requires the storage facility to have enough energy 
capacity (measured in kWh) to dispatch energy during 
the longest period of production from the peaker plant 
in question, adjusted for efficiency and self-discharge. 
In reality, many of the plants might be able to accom-
modate onsite renewable generation, enabling storage 
to replace an even larger number of plants. We have 
included a list of all analyzed units and their operational 
characteristics over the ten-year period. 

Cost-effectiveness 
assessment

For each fossil-fired unit we analyzed, the economic 
viability of storage was determined by calculating the 
“break-even” storage cost (including CapEx and OpEx) 
needed to match  the cost of replacing the existing 
peaker unit with a more efficient peaker plant. If the cost 
of the storage system falls below the calculated break-
even point, we determine that the unit can be cost-effec-
tively replaced. 

 
The break-even storage cost assessment was calcu-
lated as follows: 
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The NYISO estimates that replacing the state’s 
existing peaker capacity with more efficient, but still 
polluting, alternatives would have an overnight cost of 
$1,314/kW to 1,357/kW.50 We chose $1,350/kW as the 
benchmark for cost-effective storage systems to meet. 
To note, we did not account for whether or not units 
already have pollution controls in place in our analysis. 
Additionally, we assigned operating expenditures 
to each unit based on estimates from NREL’s 2019 
Annual Technological Baseline. We used the 2025 cost 
estimates for the fuel costs ($37/MWh), the variable 
operating and maintenance expenses ($7/MWh), and 
the fixed operating and maintenance expenses ($12/
kW-yr) of a gas combustion turbine with an average 
capacity factor. 

Peaker plant operating expenditures were calculated 
with and without marginal emissions damages to 
provide a proxy for the social costs associated with 
emissions. We used the marginal damage factors 
calculated by the Climate and Energy Decision Making 

50 See New York DEC, Adopted Subpart 227-3 Revised Regulatory Impact Statement Summary.

51 See Dyson, M. et al. (2018), The Economics of Clean Energy Portfolios, Rocky Mountain Institute.

Center at Carnegie Mellon University to determine these 
costs. We used the monthly marginal emission damage 
factors at the regional level (NYISO) for CO2, NOx, SOx, 
and PM 2.5 for each month in the ten-year period. 

The table below shows the total number of units and 
the nameplate capacity that could be cost-effectively 
replaced by combinations of short and long duration 
storage under different storage cost scenarios, 
with and without accounting for emissions damages.

Previous studies have examined cost effectiveness 
using alternative measures, such as the levelized cost of 
energy from a portfolio of resources.51 These previous 
studies have the benefit of examining broader portfolios 
of resources and markets. However, some fail to model 
the direct contribution of existing fossil-fuel units to grid 
reliability by operating at specific points and in specific 
periods. Thus, while our modeling approach and defini-
tion of cost effectiveness is rather strict, we believe it 
captures certain elements not previously captured by 
other studies. 

Price Range
Number of 

Replaceable 
Units

Percent of 
Total Units

Total 
Nameplate 
Capacity 

(MW)

Percent 
of Total 

Capacity

Scenario 1:
 Low storage cost, adjusted 

for emissions damages
95 83% 4885.8 65%

Scenario 2:
 Low storage cost, not adjusted 

for emissions damages
91 79% 4750.5 63%

Scenario 3:
 High storage cost, adjusted 

for emissions damages
47 41% 1617.9 22%

Scenario 4:
 High storage cost, not adjusted 

for emissions damages
39 34% 1270.6 17%

Total Peaker Fleet 115 100% 7502.8 100%

http://www.dec.ny.gov/regulations/116180.html#2
https://rmi.org/insight/the-economics-of-clean-energy-portfolios/
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Energy storage cost 
assumptions

The following table shows energy storage technical 
specifications under low cost and high cost scenarios. 
The costs in Table 1 are based on projected future costs 
of select storage technologies capable of achieving 
ultra low cost. The long duration costs are based on 
Form Energy’s techno-economic modeling of the cost 
and performance range for two aqueous-air electro-
chemical energy storage technologies. This model 
outputs costs based on a range of parameters including 
anode capacity utilization, design duration, and other 
key performance attributes of the batteries. 

As highlighted in the main text, we also modeled a 
third set of specifications - shown in the table below - 
that we did not discuss in the text. We did not discuss 
these specifications as they did not meaningfully enable 
wide-spread peaker replacement as modeled.

The cost estimates for lithium ion are sourced from 
the NREL 2019 Annual Technology Baseline, adjusted 
for 25-year asset life at a 6% discount rate 

and replacement in the fifteenth year. The low cost 
estimates for lithium ion reflect projected costs for 
2027, while the high cost estimates reflect projected 
costs for 2025.  

The energy throughput cost refers to the cost of 
battery degradation that results when charging or 
discharging the battery. The “design duration” reflects 
the limits on duration that the model can select when 
optimizing the asset build out to match peaker output 
at the lowest cost. These ranges are meant to reflect 
the basic duration specifications of the technology in 
question. The cost parameters outlined are a function 
of the design durations. In many cases, longer durations 
would result in lower effective $/kWh costs, and shorter 
durations would result in higher effective $/kWh costs.

The high cost case represents a different chemistry 
and different design specifications from the low cost 
case, and thus shouldn’t be considered a “conservative” 
case. For example, the improvement in round trip 
efficiency in the high cost scenario is based on outputs 
from the techno-economic model, and is the result of 
tradeoffs between cost and efficiency for shorter and 
longer duration storage.

Technology 
Specifications

Low Cost Scenario High Cost Scenario High Cost Scenario 
(Results Not Shown)

Lithium ion

Long 
Duration 
Energy 
Storage

Lithium ion

Long 
Duration 
Energy 
Storage

Lithium ion

Long 
Duration 
Energy 
Storage

Energy CapEx ($/kWh) 85 3.75 95 4 95 47.5

Power Capex ($/kW) 280 330 310 1000 310 620

Energy Throughput Cost 
($/kWh)

0.0015 0.001 0.0015 0.0001 0.0015 0.0015

Power OpEx ($/kW-yr) 5 30 5 35 5 5

Energy OpEx ($/kWh) 0 0 0 0.2 0 0

Round Trip Efficiency 85% 45% 85% 50% 85% 70%

Design Duration (hours) 1+ 100-200 1+ 24-100 1+ 12+
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Additional Results
The following figures provide supplemental detail on 

the results of our analysis. As shown in Figures 9 and 
10, lithium ion storage systems are limited to cost-ef-
fectively matching peakers that operate for 8 hours or 
less on average, and never beyond 15 hours. However, 
69% of New York’s peaker fleet operate for longer than 

8 hours on average, and 76% of the fleet has operated 
for a stretch of more than 15 hours. Storage systems 
combining lithium ion batteries and long duration stor-
age make it possible to match the peaker operations of 
the majority of these plants, with the highest average 
operating time reaching up to 36 hours. The jump in 
system durations shown in Figures 9 and 10 reflects the 
100- to 200-hour duration limits placed on the low-cost 
long duration storage scenario.

Figure 9
Optimal configurations of lithium ion and long duration storage systems to economi-
cally replace peaking units, by average operating time (low storage cost scenario)

Figure 10
Optimal configurations of lithium ion and long duration storage systems to economi-
cally replace peaking units, by longest operating time (low storage cost scenario)
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Definitions
Definitions 

and Data Inputs Details

Hourly generation 
profiles (2010-2019)

Continuous Emissions Monitoring Systems (CEMS) data accessed through S&P 
Global’s Market Intelligence platform. Units that had been mothballed or retired prior to 
2019 were not included in our analysis, as were those units with duplicated generation 
data for the same hour. Cogeneration units and units with capacity factors exceeding 
10% were also removed. For units that had ten years of recorded data, we assumed 
that reported generation was reflective of total generation. For units that did not have 
recorded data for every hour of the year, zero generation was assumed for missing 
hours. A total of 115 units were analyzed.

Emissions damages 

The marginal damage factors for CO2, SO2, NOX, and P.M 2.5 were sourced from the 
Climate and Energy Decision Making Center at Carnegie Mellon University, aggregated 
at the regional level (NYISO). Total emissions damages were calculated by multiplying 
the marginal damage cost for each year by the unit’s generation for that year and 
summing costs for the 10-year period. Estimates were not available for 2011, 2012, 
2013, and 2019. The emissions damage costs from 2010 were used for 2011 and 2012, 
2014 emissions costs were used for 2013, and 2018 emissions costs were used for 
2019. For information on how damages are calculated, see: 
Azevedo IL, Donti PL, Horner NC, Schivley G, Siler-Evans K, Vaishnav PT (2019). 
Electricity Marginal Factor Estimates. Center For Climate and Energy Decision Making. 
Pittsburgh: Carnegie Mellon University. http://cedmcenter.org.

Generating capacity
Calculated as the higher value between the unit’s nameplate capacity 
and the maximum generation in megawatts.

Capacity factor
The total generation of each unit divided by the product of the total hours in the period 
(87,648) and the generating capacity.
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Plant Specific Characteristics

Power Plant Unit
Nameplate 
Capacity 

(MW)

Maximum 
Capacity 

(MW)
Total Starts 
(2010-2019)

Average 
start 

(hours)
59th Street CT 59th Street CT GT1 17.1 17.1 88 4.9

74th Street CT 74th Street CT GT1 18.5 18.5 36 4.1

74th Street CT 74th Street CT GT2 18.5 18.5 39 4.6

Arthur Kill CT Arthur Kill CT GT1 18 18 119 7.8

Astoria Gas Turbines
Astoria Gas Turbines 

CT 2-1
41.9 46 794 10.1

Astoria Gas Turbines
Astoria Gas Turbines 

CT 2-2
41.9 46 780 10.4

Astoria Gas Turbines
Astoria Gas Turbines 

CT 2-3
41.9 46 586 9.1

Astoria Gas Turbines
Astoria Gas Turbines 

CT 2-4
41.9 46 663 8.6

Astoria Gas Turbines
Astoria Gas Turbines 

CT 3-3
41.9 46 558 10.0

Astoria Gas Turbines
Astoria Gas Turbines 

CT 4-3
41.9 42 617 7.6

Astoria Gas Turbines
Astoria Gas Turbines 

CT 4-4
41.9 44 787 9.3

Astoria Generating 
Station CT

Astoria Generating 
Station CT 1

15 20 225 6.0

Batavia Power Plant 
CC

Seneca Power Part-
ners CC GEN1

47.7 58 286 66.2

Bowline Point Bowline Point ST 2 621 621 95 78.4

Carr Street 
Generating Station

Carr Street Generating 
Station CC GEN1

48.8 49 911 35.0

Carr Street 
Generating Station

Carr Street Generating 
Station CC GEN2

48.8 48.8 889 34.6

Carthage Energy 
Station

Carthage Energy CC 
GEN1

40.9 67 259 14.0
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Power Plant Unit
Nameplate 
Capacity 

(MW)

Maximum 
Capacity 

(MW)
Total Starts 
(2010-2019)

Average 
start 

(hours)
E.F. Barrett Jet E.F. Barrett CT 10 41.8 48 2128 13.9

E.F. Barrett Jet E.F. Barrett CT 11 41.8 60 2891 13.5

E.F. Barrett Jet E.F. Barrett CT 12 41.8 60 2354 13.0

E.F. Barrett Jet E.F. Barrett CT 3 18 24 2167 12.4

E.F. Barrett Jet E.F. Barrett CT 4 18 19 861 12.5

E.F. Barrett Jet E.F. Barrett CT 5 18 21 1451 11.7

E.F. Barrett Jet E.F. Barrett CT 6 18 21 1111 17.2

E.F. Barrett Jet E.F. Barrett CT 8 18 19 1044 12.1

E.F. Barrett Jet E.F. Barrett CT GT2 18 19 1477 11.5

E.F. Barrett Jet E.F. Barrett CT 9 41.8 41.8 2854 13.0

East Hampton East Hampton CT 1 21.3 23 754 10.9

Fortistar North 
Tonawanda Facility

Fortistar North 
Tonawanda CC GEN1

38.3 51 210 72.3

Freeport 2
Freeport Plant No 2 

CT5
60.5 60.5 1559 8.5

Glenwood CT
Glenwood (Nassau 

Co, NY) CT GT2
55 64 153 9.3

Glenwood CT
Glenwood (Nassau 

Co, NY) CT GT3
55 65 204 7.8

Glenwood Landing
Glenwood Landing CT 

GT1
16 16 670 5.4

Gowanus Gas 
Turbines Station

Gowanus CT GT11 20 20 37 7.1

Gowanus Gas 
Turbines Station

Gowanus CT GT12 20 20 48 7.0
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Power Plant Unit
Nameplate 
Capacity 

(MW)

Maximum 
Capacity 

(MW)
Total Starts 
(2010-2019)

Average 
start 

(hours)
Gowanus Gas 

Turbines Station
Gowanus CT GT13 20 20 39 7.3

Gowanus Gas 
Turbines Station

Gowanus CT GT14 20 20 48 6.2

Gowanus Gas 
Turbines Station

Gowanus CT GT15 20 20 36 6.8

Gowanus Gas 
Turbines Station

Gowanus CT GT16 20 20 41 5.8

Gowanus Gas 
Turbines Station

Gowanus CT GT17 20 20 41 6.9

Gowanus Gas 
Turbines Station

Gowanus CT GT18 20 20 41 6.8

Gowanus Gas 
Turbines Station

Gowanus CT GT21 20 20 166 10.7

Gowanus Gas 
Turbines Station

Gowanus CT GT22 20 20 173 9.7

Gowanus Gas 
Turbines Station

Gowanus CT GT23 20 20 155 9.7

Gowanus Gas 
Turbines Station

Gowanus CT GT24 20 20 151 9.7

Gowanus Gas 
Turbines Station

Gowanus CT GT25 20 20 147 8.8

Gowanus Gas 
Turbines Station

Gowanus CT GT26 20 20 162 8.8

Gowanus Gas 
Turbines Station

Gowanus CT GT27 20 20 169 8.1

Gowanus Gas 
Turbines Station

Gowanus CT GT28 20 20 139 7.9

Gowanus Gas 
Turbines Station

Gowanus CT GT31 20 20 153 10.0

Gowanus Gas 
Turbines Station

Gowanus CT GT32 20 20 138 10.2

Gowanus Gas 
Turbines Station

Gowanus CT GT33 20 20 148 11.8

Gowanus Gas 
Turbines Station

Gowanus CT GT34 20 20 137 11.2

Gowanus Gas 
Turbines Station

Gowanus CT GT35 20 20 175 9.7
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Power Plant Unit
Nameplate 
Capacity 

(MW)

Maximum 
Capacity 

(MW)
Total Starts 
(2010-2019)

Average 
start 

(hours)
Gowanus Gas 

Turbines Station
Gowanus CT GT36 20 20 138 10.4

Gowanus Gas 
Turbines Station

Gowanus CT GT37 20 20 146 10.0

Gowanus Gas 
Turbines Station

Gowanus CT GT38 20 20 144 10.8

Gowanus Gas 
Turbines Station

Gowanus CT GT41 20 20 46 5.1

Gowanus Gas 
Turbines Station

Gowanus CT GT42 20 20 44 5.3

Gowanus Gas 
Turbines Station

Gowanus CT GT43 20 20 40 4.5

Gowanus Gas 
Turbines Station

Gowanus CT GT44 20 20 39 5.0

Gowanus Gas 
Turbines Station

Gowanus CT GT45 20 20 36 5.5

Gowanus Gas 
Turbines Station

Gowanus CT GT46 20 20 41 4.9

Gowanus Gas 
Turbines Station

Gowanus CT GT47 20 20 33 5.3

Gowanus Gas 
Turbines Station

Gowanus CT GT48 20 20 40 5.7

Harlem River Yards Harlem River CT HR02 47 50 1116 11.6

Hawkeye Energy 
Greenport

Greenport Power CT 
U-01

54 60 734 19.1

Hell Gate Hell Gate CT HG01 47 50 1249 11.3

Hell Gate Hell Gate CT HG02 47 49 1128 14.7

Hillburn Hillburn CT GEN1 46.5 46.5 74 4.2

Holtsville Holtsville CT 1 56.7 62 366 7.5

Holtsville Holtsville CT 10 56.7 72 519 10.2

Holtsville Holtsville CT 2 56.7 60 350 7.0
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Power Plant Unit
Nameplate 
Capacity 

(MW)

Maximum 
Capacity 

(MW)
Total Starts 
(2010-2019)

Average 
start 

(hours)
Holtsville Holtsville CT 3 56.7 60 383 7.0

Holtsville Holtsville CT 4 56.7 64 424 7.6

Holtsville Holtsville CT 5 56.7 66 343 7.7

Holtsville Holtsville CT 6 56.7 72 689 8.0

Holtsville Holtsville CT 7 56.7 68 391 8.0

Holtsville Holtsville CT 8 56.7 66 513 8.1

Holtsville Holtsville CT 9 56.7 72 519 8.2

Indeck Oswego 
Energy Center

Indeck Oswego 
Energy Center CC 

GEN1
41.2 65 658 44.5

Massena Energy 
Facility

Massena Energy 
Facility CC GEN1

66.5 66.5 68 9.8

Narrows Generating 
Station

Narrows (NY) CT 
NT21

22 22 392 13.7

Narrows Generating 
Station

Narrows (NY) CT 
NT22

22 22 403 14.4

Narrows Generating 
Station

Narrows (NY) CT 
NT23

22 22 370 16.0

Narrows Generating 
Station

Narrows (NY) CT 
NT24

22 22 380 12.5

Narrows Generating 
Station

Narrows (NY) CT 
NT25

22 22 392 13.8

Narrows Generating 
Station

Narrows (NY) CT 
NT26

22 22 355 14.3

Narrows Generating 
Station

Narrows (NY) CT 
NT27

22 22 398 16.0

Narrows Generating 
Station

Narrows (NY) CT 
NT28

22 22 373 16.0

Narrows Generating 
Station

Narrows (NY) CT 
NT11

22 22 408 12.7

Narrows Generating 
Station

Narrows (NY) CT 
NT12

22 22 394 14.2
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Power Plant Unit
Nameplate 
Capacity 

(MW)

Maximum 
Capacity 

(MW)
Total Starts 
(2010-2019)

Average 
start 

(hours)
Narrows Generating 

Station
Narrows (NY) CT 

NT13
22 22 427 10.6

Narrows Generating 
Station

Narrows (NY) CT 
NT14

22 22 372 12.0

Narrows Generating 
Station

Narrows (NY) CT 
NT15

22 22 383 11.0

Narrows Generating 
Station

Narrows (NY) CT 
NT16

22 22 374 12.5

Narrows Generating 
Station

Narrows (NY) CT 
NT17

22 22 398 12.5

Oswego Harbor 
Power

Oswego ST5 901.8 901.8 38 28.5

Oswego Harbor 
Power

Oswego ST6 901.8 901.8 42 36.4

Port Jefferson Port Jefferson ST 3 188 208 168 150.1

Ravenswood CT Ravenswood CT GT1 18.6 20 135 7.1

Ravenswood CT Ravenswood CT GT10 25 25 361 7.3

Ravenswood CT Ravenswood CT GT11 25 25 434 7.6

Roseton Roseton ST 1 621 649 308 47.8

Roseton Roseton ST 2 621 641 373 46.1

Shoemaker Shoemaker CT SHOE 41.9 41.9 136 8.3

Sterling Energy 
Project

Sterling Energy CC 
GEN1

47.7 48 224 37.6

Vernon Boulevard
Vernon Boulevard CT 

VG02
47 50 1452 18.6

Vernon Boulevard
Vernon Boulevard CT 

VG03
47 48 1570 16.1
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