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Preface

This report is one in a series of NREL’s Storage Futures Study (SFS) publications. The SFS is a
multiyear research project that explores the role and impact of energy storage in the evolution
and operation of the U.S. power sector. The SFS is designed to examine the potential impact of
energy storage technology advancement on the deployment of utility-scale storage and the
adoption of distributed storage, and the implications for future power system infrastructure
investment and operations. The research findings and supporting data will be published as a
series of publications. The table on the next page lists the planned publications and specific
research topics they will examine under the SFS.

This report, the first in the SFS series, explores the roles and opportunities for new, cost-
competitive stationary energy storage with a conceptual framework based on four phases of
current and potential future storage deployment, and presents a value proposition for energy
storage that could result in substantial new cost-effective deployments. This conceptual
framework provides a broader context for consideration of the later reports in the series,
including the detailed results of the modeling and analysis of power system evolution scenarios
and their operational implications.

The SFS series provides data and analysis in support of the U.S. Department of Energy’s
Energy Storage Grand Challenge, a comprehensive program to accelerate the development,
commercialization, and utilization of next-generation energy storage technologies and sustain
American global leadership in energy storage. The Energy Storage Grand Challenge employs
a use case framework to ensure storage technologies can cost-effectively meet specific needs,
and it incorporates a broad range of technologies in several categories: electrochemical,
electromechanical, thermal, flexible generation, flexible buildings, and power electronics.

More information, any supporting data associated with this report, links to other reports in the
series, and other information about the broader study are available at
https://www.nrel.gov/analysis/storage-futures.html.
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Title®

Description

Relation to this Report

The Four Phases of
Storage Deployment:
A Framework for the
Expanding Role of
Storage in the U.S.
Power System

Explores the roles and opportunities for
new, cost-competitive stationary energy
storage with a conceptual framework
based on four phases of current and
potential future storage deployment, and
presents a value proposition for energy
storage that could result in cost-effective
deployments reaching hundreds of
gigawatts (GW) of installed capacity

Presented in this report

Energy Storage
Technology Modeling
Input Data Report

Reviews the current characteristics of a
broad range of mechanical, thermal, and
electrochemical storage technologies with
application to the power sector. Provides
current and future projections of cost,
performance characteristics, and locational
availability of specific commercial
technologies already deployed, including
lithium-ion battery systems and pumped
storage hydropower.

Provides storage technology
cost and performance
assumptions that inform
storage deployment and grid
evolution scenarios to test the
explanatory power of the
conceptual framework
presented in this report

Economic Potential of
Diurnal Storage in the
U.S. Power Sector
(Journal Article)

Assesses the economic potential for utility-
scale diurnal storage and the effects that
storage capacity additions could have on
power system evolution and operations

Analyzes utility-scale storage
deployment and grid
evolution scenarios to test the
explanatory power of the
conceptual framework
presented in this report

Distributed Storage Assesses the customer adoption of Analyzes distributed storage
Customer Adoption distributed diurnal storage for several adoption scenarios to test the
Scenarios future scenarios and the implications for explanatory power of the

the deployment of distributed generation conceptual framework

and power system evolution presented in this report
Grid Operational Assesses the operation and associated Considers the operational
Implications of value streams of energy storage for implications of storage
Widespread Storage several power system evolution scenarios  deployment and grid
Deployment and explores the implications of seasonal evolution scenarios to test the

storage on grid operations

explanatory power of the
conceptual framework
presented in this report

Storage Futures Study:

Executive Summary and

Synthesis of Findings

Synthesizes and summarizes findings from
the entire series and related analyses and
reports, and identifies topics for further
research

Includes a discussion of the
usefulness of the conceptual
framework presented in this
report in explaining the
results of the storage
deployment and grid
evolution scenario and
operational analyses
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Executive Summary

The U.S. electricity system currently has about 24 GW of stationary energy storage with the
majority of it being in the form of pumped storage hydropower (PSH). Given changing
technologies and market conditions, the deployment expected in the coming decades is likely to
include a mix of technologies. Declining costs of energy storage are increasing the likelihood
that storage will grow in importance in the U.S. power system. This work uses insights from
recent deployment trends, projections, and analyses to develop a framework that characterizes
the value proposition of storage as a way to help utilities, regulators, and developers be better
prepared for the role storage might play and to understand the need for careful analysis to ensure
cost-optimal storage deployment.

To explore the roles and opportunities for new cost-competitive stationary energy storage, we
use a conceptual framework based on four phases of current and potential future storage
deployment (see Table ES-1). The four phases, which progress from shorter to longer duration,
link the key metric of storage duration to possible future deployment opportunities, considering
how the cost and value vary as a function of duration.

Table ES-1. Summary of the Four Phases of Storage Deployment

Phase Primary Services National Deployment Potential Duration Response
(Capacity) in Each Phase Speed
Deployment Peaking capacity, 23 GW of PSH Mostly Varies
prior to energy time-shifting 8-12 hr
2010 and operating reserves
1 Operating reserves <30 GW <1 hr Milliseconds
to seconds
2 Peaking capacity 30-100 GW, strongly linked 2-6 hr Minutes
to PV deployment
3 Diurnal capacity and 100+ GW. Depends on both on 4-12 hr Minutes
energy time shifting Phase 2 and deployment of VRE
resources
4 Multiday to seasonal Zero to more than 250 GW >12 hr Minutes
capacity and energy
time-shifting

The 23 GW of PSH in the United States was built mostly before 1990 to provide peaking
capacity and energy time-shifting for large, less flexible capacity. The economics of PSH
allowed for deployment with multiple hours of capacity that allowed it to provide multiple grid
services. These plants continue to provide valuable grid services that span the four phases
framework, and their use has evolved to respond to a changing grid. However, a variety of
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factors led to a multidecade pause in new development with little storage deployment occurring
from about 1990 until 2011."

Changing market conditions, such as the introduction of wholesale electricity markets and new
technologies suggest storage deployment since 2011 may follow a somewhat different path,
diverging from the deployment of exclusively 8+hour PSH. Instead, more recent deployment of
storage has largely begun with shorter-duration storage, and we anticipate that new storage
deployment will follow a trend of increasing durations.

We characterize this trend in our four phases framework, which captures how both the cost and
value of storage changes as a function of duration. Many storage technologies have a significant
cost associated with increasing the duration, or actual energy stored per unit of power capacity.
In contrast, the value of most grid services does not necessarily increase with increasing asset
duration—it may have no increase in value beyond a certain duration, or its value may increase
at a rapidly diminishing rate. As a result, the economic performance of most storage technologies
will rapidly decline beyond a certain duration. In current U.S. electricity markets, the value of
many grid services can be captured by discrete and relatively short-duration storage (such as less
than 1 hour for most operating reserves or 4 hours for capacity).

Together, the increasing cost of storage with duration and the lack of incremental value with
increasing storage duration will likely contribute to growth of storage in the U.S. power sector
that is characterized by a progression of deployments that aligns duration with specific services
and storage technologies.

The four phases conceptual framework introduced in this work is a simplification of a more
complicated evolution of the stationary energy storage industry and the power system as a whole.
While we present four distinct phases, the boundaries between each phase will be somewhat
indistinct and transitions between phases will occur at different times in different regions as
various markets for specific services are saturated, and phases can overlap within a region.

These transitions and the total market sizes are strongly influenced by the regional deployment
of variable renewable energy (VRE) as well as hybrid deployments. However, we believe it is

a useful framework to consider the role of different storage technologies, and particularly the
importance of duration in driving adoption in each phase.

Phase 1, which began around 2011, is characterized by the deployment of storage with 1-hour or
shorter duration, and it resulted from the emergence of restructured markets and new
technologies that allow for cost-competitive provision of operating reserves, including regulating
reserves. Potential deployment of short-duration storage in Phase 1 is bounded by the overall
requirements for operating reserves, which is less than 30 GW in the United States even when
including regulating reserves, spinning contingency reserves, and frequency responsive reserves,
some of which are not yet a widely compensated service.

!'See Figure 1 in the main text.
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Phase 2 is characterized by the deployment of storage with 2—6 hours of discharge duration

to serve as peaking capacity. Phase 2 has begun in some regions, with lithium-ion batteries
becoming cost-competitive where durations of 2—6 hours are sufficient to provide reliable
peaking capacity. As prices continue to fall, batteries are expected to become cost-competitive
in more locations. These storage assets derive much of their value from the replacement of
traditional peaking resources, (primarily natural gas-fired combustion turbines), but they also
take value from time-shifting/energy arbitrage of energy supply. The potential opportunities
of Phase 2 are limited by the local or regional length of the peak demand period and have a
lower bound of about 40 GW. However, the length of peak demand is highly affected by the
deployment of VRE, specifically solar photovoltaics (PV), which narrows the peak demand
period. Phase 2 is characterized in part by the positive feedback between PV increasing the value
of storage (increasing its ability to provide capacity) and storage increasing the value of PV
(increasing its energy value by shifting it output to periods of greater demand). Thus, greater
deployment of solar PV could extend the storage potential of Phase 2 to more than 100 GW in
the United States in scenarios where 25% of the nation’s electricity is derived from solar.

Phase 3 is less distinct, but is characterized by lower costs and technology improvements that
enable storage to be cost-competitive while serving longer-duration (4—12 hour) peaks. These
longer net load peaks can result from the addition of substantial 2—6 hour storage deployed in
Phase 2. Deployment in Phase 3 could include a variety of new technologies and could also see a
reemergence of pumped storage, taking advantage of new technologies that reduce costs and
siting constraints while exploiting the 8+ hour durations typical of many pumped storage
facilities. The technology options for Phase 3 include next-generation compressed air and
various thermal or mechanical-based storage technologies. Also, storage in this phase might
provide additional sources of value, such as transmission deferral and additional time-shifting of
solar and wind generation to address diurnal mismatches of supply and demand. Our scenario
analysis identified 100 GW or more of potential opportunities for Phase 3 in the United States, in
addition to the existing PSH that provides valuable capacity in several regions. Of note for both
Phase 2 and 3 is a likely mix of configurations, with some stand-alone storage, but also a
potentially significant fraction of storage deployments associated with hybrid plants, where
storage can take advantage of tax credits, or shared capital and operating expenses. As in Phase
2, additional VRE, especially solar PV, could extend the storage potential of Phase 3, enabling
contributions of VRE exceeding 50% on an annual basis.

Phase 4 is the most uncertain of our phases. It characterizes a possible future in which storage
with durations from days to months is used to achieve very high levels of renewable energy (RE)
in the power sector, or as part of multisector decarbonization. Technologies options in this space
include production of liquid and gas fuels, which can be stored in large underground formations
that enable extremely long-duration storage with very low loss rates. This low loss rate allows
for seasonal shifting of RE supply, and generation of a carbon-free fuel for industrial processes
and feedstocks. Phase 4 technologies are generally characterized by high power-related costs
associated with fuel production and use but with very low duration-related costs. Thus,
traditional metrics such as cost per kilowatt-hour of storage capacity are less useful, and when
combined with the potential use of fuels for non-electric sector applications, makes comparison
of Phase 4 technologies with other storage technologies more difficult. The potential
opportunities for Phase 4 technologies measure in the hundreds of gigawatts in the United States,
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and these technologies could potentially address the residual demand that is very difficult or
expensive to meet with RE resources and storage deployed in Phases 1-3.

Our four phases framework is intended to describe a plausible evolution of cost-competitive
storage technologies, but more importantly, it identifies key elements needed for stakeholders
to evaluate alternative pathways for both storage and other sources of system flexibility.
Specifically, an improved characterization of various grid services needed, including capacity
and duration, could help provide a deeper understanding of the tradeoffs between various
technologies, and non-storage resources such as responsive demand. Such a characterization
would help ensure the mix of flexibility technologies deployed is robust to an evolving a
grid, which will ultimately determine the amount of storage and flexibility the power system
will need.

X
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1 Introduction

For the first century of the electric power system in the United States, electrical energy storage
provided a small fraction (less than 3%) of the total system capacity (1). But with declining costs
and the promise of new storage technologies and increased deployment of variable renewable
energy (VRE) resources, interest in the potential for large-scale deployment of energy storage is
growing.

In a competitive and highly regulated industry, storage must provide cost-effective services that
meet system needs. In this report, we describe a value proposition for energy storage that could
result in cost-effective deployments, which could reach hundreds of gigawatts (GW) of installed
capacity and result in a significant change in the nation’s electric grid. Section 2 and 3 of this
report set the stage for recent and future energy storage deployment in terms of valuation, costs
and benefits. Sections 4—7 then describe a vision of future storage deployment following four
phases:

e Phase 1: Short-Duration Storage for Providing Operating Reserves (Section 4)
e Phase 2: The Rise of Battery Peaking Power Plants (Section 5)

e Phase 3: The Age of Low-Cost Diurnal Storage (Section 6)

e Phase 4: The End Game: Multiday to Seasonal Storage (Section 7)

While we present four distinct phases, the boundaries between each phase will be somewhat
indistinct, as described in subsequent sections. Each phase is described in terms of storage
duration and the corresponding services provided. We discuss technical and market
requirements, including an estimate of the potential deployment in each phase and how transition
points might occur as market opportunities for shorter-duration storage become saturated and
storage duration costs decline.? We also demonstrate how the size of each phase (particularly
Phases 2—4) are heavily influenced by VRE deployments that impact net load shapes.

The first of our four phases—the deployment of short-duration (under 1 hour) storage capacity
for providing operating reserves—has actually been underway for nearly 10 years. The second
phase, which has more recently begun in some locations is the deployment of battery peaking
plants with 2—6 hours of duration. The third phase represents a transition to lower cost and
potentially longer-duration storage that could include a range of technologies in various stages of
commercial development. The final phase is very long duration (greater than 12 hours to
seasonal) storage that potentially becomes economic under scenarios of extremely large-scale
renewable energy (RE) deployment, including under scenarios of 100% RE grids or scenarios of
certain technology breakthroughs.

2 This concept of phases in the evolution of the power system is similar to that proposed by the International Energy
Agency for renewables deployment (2). They describe six phases that are aligned with increased levels of variable
RE deployment, and each phase requires a different set of measures to address the resulting variability and
uncertainty of net load. This is somewhat similar to how our phases vary as increased storage (and RE) deployment
create changes in net load and grid services needed.

1
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Our intention for this work is to consider the potential for large increases in energy storage
deployment in the United States so that utilities, regulators, and developers can be better
prepared for this deployment and can understand the need for careful analysis to ensure cost-
optimal deployment. This work also considers the changing role of storage as the grid evolves
and the importance of storage as a capacity resource increases.

While we identify large potential opportunities for storage technologies based on currently
monetizable services, actual deployment opportunities are highly uncertain, particularly for later
phases (primarily Phase 3 and Phase 4), which may require new technologies with uncertain cost
and performance trajectories.

2
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2 Historical (Pre-2010) Deployment of Energy Storage

Before the introduction of restructured electricity markets, which began largely in the early
2000s, the United States had about 23 GW of electrical energy storage deployed, virtually all of
it in the form of pumped storage hydropower (PSH) (1). This storage was built largely as an
alternative to conventional fossil-fueled peaking capacity under the regime of least-cost planning
by vertically integrated utilities (3). Many of these storage plants were planned and built in
response to the prospect of very low cost baseload power being provided primarily by nuclear
and coal plants but also in response to increasingly expensive sources of traditional peaking
capacity such as steam plants burning high-cost oil and natural gas. Other motivations included
restriction on the construction of gas-fired plants resulting from the Power Plant and Industrial
Fuel Use Act of 1978. Pumped storage provided a means to increase the flexibility of baseload
resources, enabling charging with off-peak energy and discharging during periods of higher
demand, thus offsetting the need for (then) higher-cost oil- and gas-fired capacity.

Between 1960 and 1985, about 20 GW of the 23 GW of electrical energy storage capacity

was built, often with long lead times that resulted in some limited deployment into the 1990s.
Figure 1 shows the cumulative historical deployment of these pumped storage plants up to 2010,
and also all other storage technologies (largely a single compressed-air energy storage facility
completed in 1992).

25,000
Pumped Hydro Storage

< 20,000 —— All Other Technologies

MW

15,000

10,000

Installed Capacity (

5,000

0
1950 1960 1970 1980 1990 2000 2010

Year

Figure 1. Cumulative electricity storage deployment, 1950-2010

The multidecade-long hiatus in significant storage deployment after the early 1990s can be
attributed to a variety of factors, including the advent of more cost-effective gas turbines, repeal
of the Power Plant and Industrial Fuel Use Act of 1978, and lower-cost natural gas. These factors
resulted in the development of natural gas-fired power plants to provide peaking capacity and
very limited storage deployment (of any type) between 1990 and 2010.

The existing PSH plants continue to provide firm capacity, energy time-shifting, and multiple
operating reserves, and they are expected to continue providing these services for the foreseeable
future, with their role adapting as the grid evolves, such as increasing use for integration of RE

3
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or grid black start capability (4, 5). Therefore, deployment of new storage in our four phases
framework supplements the services already provided by existing pumped storage. In addition,
upgrades to existing pumped storage plants are also possible, and they would improve efficiency
and response time (6). Deployment of new, next-generation pumped storage is discussed in
Section 6 (associated with Phase 3.)

4
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3 Setting the Stage for Recent and Future
Deployment: Valuation, Costs and Benefits

New storage will be deployed based on its ability to potentially provide a cost-effective
alternative or supplement to the various technologies that currently provide the host of services
needed to maintain a reliable grid. Our four phases framework connects grid services with
durations required to provide those services. The four phases reflect the evolving value
proposition and cost structures for energy storage, starting with high-value, short-duration
services, followed by storage progressively providing services that require longer durations, and
in some cases, have lower value and thus require lower costs.

Assessing the economic performance of a new storage plant—whether it is a developer
determining the plant’s stand-alone economic performance or a vertically integrated utility
comparing it to alternative resources—involves estimating the cost and benefits (or revenues)
over the life of the project and comparing the associated economic performance with those of
alternative resources or investment options. Example costs and benefits are discussed below to
demonstrate the implications of the four phases framework.

3.1 Storage Costs

The cost of traditional power plants typically includes initial fixed capital costs, ongoing fixed
costs, and a variety of variable costs, including fuel and operation and maintenance.

A major difference between the capital costs of storage and conventional plants is that storage—
unlike a conventional technology—has two components: power and energy. Because electricity
is almost always stored in another form (e.g., potential energy of water, electrochemical bonds,
or kinetic energy), power conversion equipment is required to convert electricity into this other
form and then back again using pumps, power electronics, or other technologies. This process
represents the power component of a storage plant and associated costs.

The energy component of storage is associated with the storage medium (e.g., water, chemicals,
or rotating mass) and the container that holds the medium. Figure 2 illustrates these components
(in a simplified manner) for several different storage technologies, with power-related
components shown in red and energy components shown in yellow. For some technologies, such
as hydrogen and flow batteries, there is a fairly clear distinction, with the power component
being largely a stand-alone set of equipment, while the energy component consists of a storage
tank or underground formation for the storage medium (hydrogen or electrolyte). For other
batteries, such as Li-ion batteries, the design and construction of the battery module influences
its power capacity, which somewhat reduces the absolute distinction between power and energy.

5
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Figure 2. Power versus energy components in an energy storage power plant

Power-related components are annotated in red and energy components in yellow. Images are not to scale
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