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Executive Summary
This study describes the deployment of grid-scale batteries in the U.S. using data from the DOE
Global Energy Storage Database and provides an interpretation of the patterns revealed in these
data. This technology has followed a diffusion pathway that is characteristic of rapidly-growing
industries. In the 1990s and early 2000s unique projects were undertaken, and there was no
evident trend in battery chemistry or application. 2009-2014 can be seen as a period of ferment,
in which diverse chemistries were tried out in diverse applications, often with risk-sharing
support from government agencies and incentives from regulators. The end of this period saw a
shakeout. Lithium-ion chemistry for frequency regulation ascended in prominence, and by 2015,
it had become dominant, even as the market grew exponentially. Looking forward, however,
limits to this trajectory are apparent, and another period of ferment may be required to bring
other chemistries to maturity to serve other applications.
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Key Takeaways
1. Before 2009, the cost/risk/benefit profile of grid-scale battery projects deterred all but the
most motivated buyers:
 There are only 9 projects in the database from this period.
 Early projects used well-established technologies from incumbent suppliers for
unique applications, such as
o A remote and environmentally-sensitive National Park Service installation at
Lake Powell, Utah, and
o A remote community on the Alaska Panhandle.
 Later projects all used sulfur-sodium batteries produced by NGK.
o Four projects developed by AEP sought to establish that firm’s leadership
position,
o But the cost of this technology did not decline in subsequent years, nor was its
value demonstrated as a result of these projects.
2. Public investment was an important enabler of the period of ferment from 2009 to 2014,
facilitating risk-taking by project developers.
 124 projects were commissioned in this period, employing a wide variety of
chemistries and ownership structures, across many regions and applications.
o The American Recovery and Reinvestment Act (ARRA) is the most
commonly-identified funding source for projects in this period.
o State R&D and commercialization programs, such as those in New York and
California, also supported many projects.
3. Lithium-ion chemistry emerged as a dominant design for frequency regulation and
renewables integration through a combination of regulatory innovation and cost reduction.
 In 2015, the market for grid-scale batteries was four times larger than any prior year,
lithium-ion batteries made up 95% of deployed capacity, and 80% of this capacity
was located in PJM territory.
o PJM interpreted FERC’s 2011 order to “pay for performance” for grid
services so as to create a promising market for frequency regulation.
o Lithium-ion batteries are well-suited for this short duration application.
o Price reductions for lithium-ion batteres were driven largely by R&D for other
sectors, such as electric vehicles.
o Private investors appear to have funded most of these projects.
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1. Introduction: The Tantalizing Prospect of Grid-Scale Batteries
This study describes the deployment of grid-scale batteries in the U.S. and provides an
interpretation of the patterns revealed in these data. This section sets the broad context for the
study. Grid-scale batteries hold the promise of making the difficult task of balancing electricity
supply and demand much easier and supplying ancillary services needed to stabilize the grid as
well. If batteries can perform these functions at a reasonable cost, the U.S. and other nations will
more easily be able to integrate renewables into their power systems on a large scale, which in
turn will accelerate the energy transition needed to meet the challenge of climate change. The
section concludes with a roadmap of the rest of the paper.
Electricity is an extraordinarily versatile energy carrier. It rapidly transformed daily life in
industrial societies after it was first harnessed in the 19th century, and it does so in this century as
it reaches remote villages. New uses for electricity are still emerging, notably in recent years for
transportation. If the climate policy goals set in Paris in December 2015 are to be achieved, both
trends – increasing penetration and diversification of electricity use – will need to continue, if not
accelerate.
Of course, penetration and diversification are insufficient in themselves to achieve climate policy
goals; they must be accompanied by a dramatic change in the mix of fuels used to generate
electricity. The 2 Degree Scenario of the International Energy Agency, for instance, foresees
renewables accounting for 63% of global generation in 2050.1 In the United States, the National
Renewable Energy Laboratory explores scenarios for renewable generation ranging up to 90% in
2050 in a large-scale 2012 study.2
Shifting the generation mix to this extent on this timescale presents a wide range of challenges,
ranging from the cost of new power technologies and the stranding of old assets to the
reconfiguration and modernization of the transmission and distribution system. Yet, throughout
the transition and in the long-term, low-carbon future itself, the electricity system must continue
to be reliable. The lights must go on when the switch is flipped.
Reliable power requires that supply and demand to be matched at all times; it is a physical
requirement of the power system. Yet, most renewable generation technologies are intermittent;
they produce power when the wind blows or the sun shines and not when they don’t. Their
production does not necessarily match demand, either; the customer is usually indifferent to the
weather and is often far away from the site of generation. (See Figure 1.)
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Figure 1: Supply of Wind-Generated Electricity and Electricity Demand in Denmark over
the Course of a Year3
The challenge of intermittency is deepened by the decentralization of the power system that is
accompanying the transition in the fuel mix. Many renewable systems are small-scale and
installed on customer premises, yet interconnected to the grid through net metering arrangements
which allow these small generators export power. Electricity customers (and third party energy
managers working for them) are also increasingly able to vary demand, and this flexibility will
grow as “smart” end use technology improves and diffuses. In short, balancing electricity
systems is a hard task that is likely to keep getting harder.
There are three major strategies for addressing this challenge.4 One is to expand and diversify
interconnections among grid resources. A big, diverse grid is more likely than a small,
homogeneous one to have supply and demand effects that counteract one another. Bad weather
in Boston may be balanced by a balmy day in Detroit. The second strategy is to make the grid
smarter. Sensors and analytics can predict and pinpoint real-time balancing concerns and
opportunities, while new equipment allows for more flexible responses.
“Super” grids and smart grids complement one another, and both are complementary with the
third strategy, grid-scale storage. If adopted on a widespread basis, grid-scale storage would
create new options for managing the electricity system in an era of decentralized and intermittent
supply and demand – low-carbon alternatives to the gas peaking plants that provide most of these
options today. Grid-scale storage would be able to balance changes in customer behavior and
respond to weather events that affect renewable generation and other supply disruptions. It
would also supply ancillary services that enhance grid functioning, such as frequency regulation
and provision of spinning reserves, and allow existing resources to be used more effectively,
deferring capital investment.
Some grid-scale storage technologies are already mature and have provided some of these
services for many years. Pumped hydroelectric storage and compressed air energy storage
(CAES), for instance, are excellent for providing large amounts of power over long durations.
These technologies are therefore found at the right side of figures 2 and 3 below. (They are also
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constrained by geography and geology.) Grid-scale batteries, the focus of this paper, are, in
general, more versatile and flexible than pumped hydro or CAES, as suggested by the bars of
diverse widths and locations in figure 2, but they are also generally less mature and thus appear
to the middle and left in figure 3. Some battery chemistries, such as those based on zinc,
promise to nearly match pumped hydro in scale and duration, but have not yet been deployed at
scale, appearing on the right of figure 2 and the left of figure 3. Lithium-ion batteries, by
contrast, as we describe in more detail below, have begun to be deployed on a large scale, as
suggested by their placement in the middle of figure 3. They can be dispatched much more
quickly than alternative storage technologies, but for shorter durations, as implied by their
placement at the left of figure 2.

Figure 2: Comparison of Energy Storage Technologies5
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Figure 3: Market Maturity of Grid Storage Technology6
Grid-scale batteries’ potential to provide a wide range of new options for grid management
makes them a tantalizing prospect that is attracting significant interest from utilities,
governments, and technology developers around the world. This paper assesses the progress that
has been made to date in the U.S. in putting such systems in the field. In the next section, we
describe our data. We then cover the deployment process over three time periods. Before 2009,
high costs, high risks, and modest benefits limited deployment to a few isolated cases. From
2009 to 2014, public investment and regulatory incentives helped to precipitate an “era of
ferment” in which a variety of alternative chemistries were tried out in practice in diverse
applications. This process of real-world experimentation and demonstration helped establish
lithium-ion batteries as a viable grid-scale storage option for the application of frequency
regulation. In the past year, this option has come to maturity, attracting large-scale private
investment. The paper concludes by looking forward, when new challenges will emerge as this
application is saturated and policy-makers pursue others.
2. Grid-Scale Batteries: Definition and Measurement
The data that we use in this paper are taken from the DOE Global Energy Storage Database.
This section describes why we chose this data source and how we used it. We then lay out the
big picture of deployment over time as measured by rated power and number of projects, broken
down as well by battery chemistry and location.
The DOE Global Energy Storage Database provides up-to-date information on grid-connected
energy storage projects. It is widely used for research and was recommended by the
International Renewable Energy Agency as a model for other national energy storage databases. 7
a
We filtered out non-battery technologies and non-operational systems from the database,
yielding a core dataset covering 205 operational battery projects in the U.S.8 b
The total deployed capacity of these 205 projects is about 400 MW. This figure may be
compared with approximately 21,500 MW of the more mature pumped hydro technology.9
Individual projects range in size between 4 kW and 36 MW. Figure 4 depicts the distribution of
battery projects over time based on the rated power of each project, while Figure 5 shows the
number of projects in each year. The vast majority of the capacity has been deployed in the past
five years. Between 2011 and 2014, the total deployment was approximately 186 MW. In 2015,
more than 150 MW were deployed.
HDR Engineering (“Update to Energy Storage Screening Study for Integrating Variable Energy Resources within
the PacifiCorp System,” July 2014) cautions, however, that “Data from the Energy Storage Database provides an
approximate indication of the battery industry and should not be construed as an accurate predictor of industry /
market behavior. The data collected is not all inclusive of all commercialized manufacturers, does not include all of
the projects a given manufacturer has completed, and does not include any emerging technologies that are under
final stages of research and development.”
b
We downloaded our project dataset on April 6, 2016, using only the country filter (United States) and keeping
unverified entries . This search yielded 619 entries. We dropped projects using Thermal Storage, Pumped Hydro
Storage, Compressed Air Storage, and Flywheel, ending up with 391 projects, of which 186 are not operational
(non-operational statuses include announced, contracted, de-commissioned, offline/under repair, and under
construction). DOE vets the projects through a third party verification process. Of the 205 projects in our dataset,
133 were verified and the rest were in the verification process.
a
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Operational battery projects (4-6-2016) including projects being verified
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Figure 4: All Projects in Our Database (Rated Power in kW)
[Note: 0 denotes undated projects]c

Operational battery projects (4-6-2016) including projects being verified
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Figure 5: All Projects in Our Database (Number of Projects) d
c

Of the 24 undated projects, by far the largest is the 10 MW Kaheawa Wind Power Project II, which is discussed
below.
d
The electro-chemical designation is for only two projects that are in the verification process; hence, we may
assume once verified they may be recategorized into one of the other battery chemistries.
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[Note: 0 denotes undated projects]
Figures 4 and 5 demonstrate a transformation in preferred battery chemistries over time. In
particular, lithium-ion batteries dominate the field after 2010, accounting for more than 270 MW
of the approximately 340 MW deployed in that period. In 2015, this technology’s share of the
grid-scale battery market was nearly 95%. It is worth noting that no new pumped hydro capacity
has been added in the U.S. in more than a decade. The shift in battery chemistry over time
corresponds with a shift in location and use of projects. As Figure 6 shows, over 80% of the
deployed capacity in 2015 occurred within the territory of the PJM Independent System Operator
(ISO), and the predominant use was frequency regulation.
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Figure 6: All Projects in Our Database by Deployment Location and Rated Power
[Note: 0 denotes undated projects]
These observations lead us to divide the rest of the paper into three periods with distinct patterns.
Before 2009, projects are sporadic and employ a diverse range of chemistries. 2009 marks the
first project using lithium-ion technology, and in the ensuing years, this technology emerges as
the dominant one. In addition, the 2009 American Recovery and Reinvestment (ARRA) Act
provided unprecedented availability to public financial resources, including an investment of
about $97 million in grid-scale battery storage demonstration.10 Figure 7, which uses data
assembled by Bloomberg New Energy Finance, also suggests the increasing diversification of
the energy storage market starting around 2008. 2015 tentatively marks another break point in
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our dataset, with a further sharp increase in lithium-ion batteries deployed for frequency
regulation in the PJM territory.

Figure 7: U.S. Energy Storage Market Size by Technology (2000-2014)11
3. Grid-Scale Battery Deployment Before 2009
We begin this section by describing the deployment pattern, or lack thereof, from the oldest
project in our database, which was commissioned in 1996, through 2008. There are so few
projects in this period that we can explore them individually. This exploration places them in
two groups. The earliest projects were idiosyncratic solutions to unusual problems using
established technologies; the later projects were efforts to demonstrate that untested technologies
could solve more general problems. The overall paucity of deployment in this period is
overdetermined; grid-scale batteries were high cost and high risk and offered modest benefits.
As shown in figures 5 and 6 above, the period before 2009 in our database is distinguished from
later periods by the sporadic completion of projects. Unlike the years from 2009 on, the period
before 2009 contains several years during which no projects were completed. The fallow periods
include one stretch of three years (1998-2000) and another of two years (2004-2005). In
addition, there is no obvious pattern to the time trend in total deployed capacity. It does not rise
steadily. Indeed, a single large project completed in 2003 accounts for well over half of the
capacity added in the entire period from 1996 to 2008.
With respect to battery chemistry, this period stands out in another way. There is no year before
2009 in which multiple projects were completed that used different chemistries, whereas this is
true of every year from 2009 on. As we noted above, the period is also striking due to the
complete absence of projects using lithium-ion chemistries. Figure 8 provides an overview of
the period, while Table 1 lists the nine projects that we discuss below.
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Project Name

Rated Power
(in kW)

Technology

Commissioning
Date

Dangling Rope
Marina Hybrid
Power System

250

Lead-acid
Battery

1996

Metlakatla BESS

1000

Lead-acid
Battery

1997

STMicroelectronics
UBS System

10000

Lead-acid
Battery

2001

27000

Nickel
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Battery
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Sodium
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Battery
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1000
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2008
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Battery
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2000
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Battery

2008

2000

Sodium
based
Battery

2008

GVEA Battery
Energy Storage
System (BESS)
AEP Charleston
NaS Energy
Storage Project
XCEL MinnWind
Wind-to-Battery
Project

Milton NaS Battery
Energy Storage
System

AEP Churubusco
NaS Battery
Energy Storage
System

AEP Bluffton NaS
Energy Storage
System

Service Use Case
Renewables Capacity
Firming; Onsite Renewable
Generation Shifting;
Electric Supply Capacity
Electric Supply Reserve
Capacity - Spinning;
Frequency Regulation;
Voltage Support
Grid-Connected
Commercial (Reliability &
Quality)
Electric Supply Reserve
Capacity - Spinning; GridConnected Residential
(Reliability); GridConnected Commercial
(Reliability & Quality)
Electric Energy Time Shift;
Transportable
Transmission/Distribution
Upgrade Deferral
Renewables Energy Time
Shift; Ramping; Voltage
Support; Frequency
Regulation
Transportable
Transmission/Distribution
Upgrade Deferral; Electric
Energy Time Shift; Electric
Supply Reserve Capacity Spinning; Grid-Connected
Residential (Reliability)
Transportable
Transmission/Distribution
Upgrade Deferral; Electric
Energy Time Shift; Electric
Supply Reserve Capacity Spinning
Transportable
Transmission/Distribution
Upgrade Deferral; Electric
Energy Time Shift; Electric
Supply Reserve Capacity Spinning

Table 1: Project Profiles Before 2009
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State

UT

AK

AZ

AK

WV

MN

WV

IN

OH

The first three projects in Table 1 use lead-acid batteries. This technology is the most mature of
those used for grid-scale batteries; in fact, these projects used off-the-shelf technology
manufactured by well-established companies. Each of these three projects solved a different and
unique problem. The first was paired with a PV system operated by the U.S. National Park
Service at the remote and environmentally-sensitive Lake Powell in Utah to replace a diesel
generator in 1996.12 The second, completed in 1997, also serves a remote location, the
Metlakatla community at the southern tip of the Alaska Panhandle. This battery was paired with
a diesel generator to replace rain-fed hydro units that faced recurring brown-outs, overvoltage,
and frequency fluctuation in response to demand.13 The third shields the entire semiconductor
wafer fab operation of STMicroelectronics in Phoenix, Arizona, from power disturbances.
“Producing complex computer chips is an extremely delicate process that blends
microelectronics with chemical and mechanical systems, requiring tolerances in microns. The
process can take 30 to 50 days to complete and can be totally ruined in a blink of an eye.” When
it was completed in 2001, this 10 MW unit, which uses Delco 1150 truck batteries, was the
world’s largest battery-based uninterruptible power supply operating at medium voltage.14
The fourth project in Table 1 was by far the largest of this period at 27 MW, and it was the only
one to use nickel-based batteries. Completed in 2003, it is owned by the Golden Valley Electric
Association (GVEA), a cooperative which serves about 100,000 customers in central Alaska.
The battery system’s main purpose was to improve the reliability of GVEA’s electric service,
which hit a peak load of 223 MW in December 2007.15 For remote customers of this
cooperative, one presumes that outages in the middle of the Alaskan winter present risks that
justified the system’s $35 million installation cost.
The five projects completed from 2006 to 2008 all use sodium sulfur (NaS) battery technology
and were intended to prove the viability of this technology in various applications. The 2006
American Electric Power (AEP) Charleston Project uses an NaS system developed by NGK in
collaboration with Tokyo Electric Power Company (TEPCO). This 1.2 MW system was the first
deployment of this technology at this scale outside Japan. Its primary purposes were peakshaving and transmission upgrade deferral. The system is mobile, which expands its usefulness
for deferring transmission upgrades.16 AEP’s success in Charleston led it to install three 2 MW
NaS battery systems in 2008. These later systems also provide back-up power to islanded
customers.17 The final project was a 1 MW demonstration carried out by Xcel Energy to
evaluate the effectiveness of NGK’s NaS battery technology in the grid-integration of wind
energy. The battery performed successfully in all modes tested.18
For analytical purposes, battery systems deployed before 2009 can be divided into two groups.
The first four are one-off projects that use well-established technology provided by large
incumbent providers, albeit in some cases in new configurations. The project at Lake Powell,
Utah, and the two projects in Alaska solved difficult problems in remote locations.
STMicroelectronics’ Phoenix project solved a standard industry problem by collaborating closely
with its utility partner to create a larger-scale solution than had previously been deployed.
The second group of projects, comprising the four owned by AEP and the one by Xcel, use a
more innovative technology. These projects were intended to advance the state-of-the-art and
strengthen operational knowledge. Unlike the problems solved by the first group of projects, the
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problems that this group of projects sought to solve will be increasingly common as the grid
becomes more distributed and generation more intermittent in the future. AEP’s effort was
supported in part by the U.S. Department of Energy and thus may be seen as a precursor to the
smart grid demonstration projects that were funded in later years. ““AEP realizes that
deployment of distributed energy storage is currently costing the company more than some
alternative, conventional solutions; however, AEP regards the marginally higher cost as a
“premium” that it is willing to pay to advance the company’s grid performance and enhance
AEP’s future in the electric power industry.”19
Xcel’s project was funded by the utility’s own renewable energy fund, again like many later
storage projects. All of these projects relied on NGK, suggesting that this company may have
made a marketing push in this period. However, the cost of the NaS technology did not decline
very rapidly in subsequent years, and its characteristics are not well-suited for many applications,
limiting its later diffusion.20
There were many barrier to deployment in this period. One was certainly high capital costs;
lithium-ion batteries in 2007 cost more than $1000/kWh.21 In addition, it is likely that the high
risk and unproven nature of the technology deterred interest in it. Finally, the benefits of
deployment were typically both uncertain and modest. In short, the risk/benefit/cost tradeoff was
not favorable to grid-scale batteries before 2009.

4. Grid-Scale Battery Deployment, 2009-2014
2009 marks a turning point in grid-scale battery deployment in the U.S. Although the number of
projects completed in that year was small, the passage of ARRA opened up a large new source of
financing. In addition, the diffusion process from 2009 to 2014 is characterized by greater
diversity in terms of chemistries pursued, locations served, and services provided than the years
before or after. We place 2015 into a different period because lithium-ion technology providing
frequency regulation service in the PJM territory grew so much in that year, dramatically
extending its dominance of the market.
In this section, we first describe the deployment pattern in this period by year, chemistry, and
location. We then dig deeper into the services that these projects provide, which show the
important pull of renewables integration on grid-scale battery deployment, and look at the more
limited information available on project funding, which points to the importance of public riskand cost-sharing as a facilitator of deployment. Regulatory incentives also played a crucial role
in encouraging deployment. We conclude by characterizing the period as an “era of ferment” in
which project developers sought to legitimate specific chemistries for specific applications, and
lithium-ion emerged as a “dominant design” for frequency regulation and perhaps for other
applications as well.
124 grid-scale battery projects with a rated power of about 192 MW were completed in this six
year period, compared with only 9 totalling about 46 MW in the previous 13 years. Figure 9
shows the deployment process by year and battery chemistry in terms of rated power. Lithiumion takes off in 2011, hitting its peak for the period in that year, although later years (2013-2014)
are nearly as high. However, in 2012, it is displaced from first place among battery chemistries
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by lead-acid, thanks to two very large projects, which are discussed further below. 2012 is also
the year with the largest total aggregate growth, with about 67 MW of capacity added.

Operational battery projects (4-6-2016) including projects being verified
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Figure 9: Projects by Chemistry and Year, 2009-14 (Rated Power in kW)
Figure 10 displays the number of projects in the period. The striking trend in this figure is the
steady rise of lithium-ion projects throughout the period, as contrasted with the rise and fall of
lead-acid and sodium-based batteries. No nickel-based battery projects were completed in this
period, while flow batteries, a promising but immature technology, appear for the first time in
these data in 2012. 84 of the 124 projects in this period, however, use lithium-ion technology.
29 of these projects were completed in the last year of the period, 2014, making up more than
80% of the 35 projects of all types completed in that year.
Operational battery projects (4-6-2016) including projects being
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Figure 10: Projects by Chemistry and Year, 2009-14 (Number of Projects)
Figure 11 depicts the project portfolio for the entire period broken down by RTO/ISO location
and ownership structure. The portfolio as a whole is almost evenly distributed among projects
owned by customers, utilities, and third parties. California (CAISO), where the largest number
of projects (about one-third of the total) is located, shows a similar distribution. That is not the
case in other regions. In the MISO territory, for instance, all of the projects are all utility-owned,
whereas in New York (NYISO), none of them are.
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Figure 11: Projects by RTO/ISO and Ownership, 2009-14 (Number of Projects)
Figure 12 displays the same data based on the rated power of the projects. Not surprisingly,
customer-owned projects are much smaller on average (about 376 kw) than those in the other
two categories (about 2.3 MW). Projects located in PJM territory are indicative in this regard.
The 9 third-party-owned projects in this group average 9.3 MW, while the 10 customer-owned
projects average 440 kw. In Texas (ERCOT), the 3 utility-owned projects average 14 MW,
compared to the single 300 kw customer-owned project. The large projects in these two
territories leads them to take first and second place respectively when deployment is measured
by total rated power, ahead of California, which has many more projects. California’s projects
are smaller than the national average across all three ownership categories.
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Figure 12: Projects by RTO/ISO and Ownership (Rated Power in kW)
The variation displayed in Figures 11 and 12 point to the importance of RTO/ISO rules in
explaining the size and ownership of these projects as well as their location across the four
largest groupings. PJM operates a wholesale market in which independent power producers play
the dominant role and has created a similar market for ancillary services. This market was
stimulated by FERC Order 755 (2011), which requires RTO/ISOs to “pay for performance” for
frequency regulation services. ERCOT is not subject to FERC, but created a pilot program in
2013 that created an ancillary service market for the utility-owned Notrees project discussed
below. 22
California, long the leader among the states in tackling climate and energy policy challenges, had
a more varied policy in this period, which helps to account for the diversity of project sizes and
ownership in the state. The California Public Utility Commission’s Self-Generation Incentive
Program (SGIP) began allowing stand-alone energy storage projects on customer sites to qualify
in starting in 2011. California was also the site of several major ARRA-funded projects, such as
the 8 MW Tehachapi project installed by Southern California Edison.23 Hawaii’s unique
location, encompassing isolation, high electricity costs, and a rich renewable resource, give its
policies a unique cast. Power Purchase Agreements (PPAs) provide revenue security to system
owners by guaranteeing that the system output will be purchased at a set price. PPAs helped to
drive several large storage projects associated with renewables integration in Hawaii in the 20092014 period.24
The DOE Global Energy Storage Database records the services (up to 29) that each project is
intended to provide, which provide further insight. Figure 13 depicts the frequency with which
all of the services appear in our database. The four services that appear most frequently are:




Renewables capacity firming
Electric energy time shift
Frequency regulation
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Electric bill management

It is also worth noting that four services directly related to deployment of renewable energy
systems (renewables capacity firming; onsite renewable generation shifting; renewables energy
time shift; and electric bill management with renewables) appear first, fifth, sixth and seventh in
these rankings. Other services, such as electric energy time shift, may also be tied to renewables.
Renewables are clearly important in pulling energy storage deployment in this period.
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Figure 13: Energy Storage Services by Project, 2009-2014 (Number of Appearances in
Database)
A closer look at some of the larger projects provides further insight. The largest project in all
three of the most frequently listed services is Duke Energy’s 36 MW advanced lead-acid Notrees
Wind Storage Demonstration Project in Goldsmith, Texas. As the name suggests, this project’s
main purpose is to optimize energy delivery from an adjacent 153 MW wind farm. In addition
to capacity firming and time shifting, Notrees also provides frequency regulation services to the
ERCOT market.25 The AES Laurel Mountain Project in Elkins, West Virginia is similar to
Notrees. Initially rated at 32 MW, this lithium-ion storage array is sited with a 98 MW wind
farm. It also bids into the PJM market, providing frequency regulation and ramping services.26
Although the DOE Global Energy Storage Database does not include a date for it,e the 10 MW
Kaheawa Wind II project went into operation in July, 2012, according to the developers,
e

Another relatively large project that lacks a date in the database is the NEDO Los Alamos Smart Grid
Demonstration project, which was funded by ARRA and deployed a 1.8 MW sodium-sulfur battery that went
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primarily to firm capacity from a 71 MW wind farm as well as provide ancillary services to the
grid on the island of Oahu. The database indicates that the project uses lead-acid technology,
although media reports suggest it uses a proprietary dry cell technology. The system ensures that
output remains within the parameters of the project’s PPA.27
The technology used at Kaheawa apparently did not prove to be reliable, and the vendor, Xtreme
Power, went bankrupt in 2014. The Notrees project is scheduled to be converted to lithium-ion
batteries in 2016. This conversion, of what is by far the largest lead-acid battery project in the
database, suggests that this period can be seen as one of technological experimentation, with
lithium-ion chemistry proving to be superior for this type of configuration.
The Salem (Oregon) Smart Power Center is one of the largest battery projects that provides time
shifting service that was completed between 2009 and 2014. It is owned by Pacific Gas &
Electric and rated at 5 MW. The Center was built as a component of the 5-state Battelle Pacific
Northwest Smart Grid Demonstration project. It aims to increase distribution system reliability
and decrease peak-price risk as well as aiding with integration of renewable resources.28
The largest project in the “electric bill management” service category is at the Santa Rita Jail in
Dublin, California. This project has a lithium-ion battery system rated at 2 MW that provides
power to the jail’s microgrid in island mode in case of a service disruption as well as arbitraging
time of use rates during normal operation. It is the first project of its type and scale that uses
Consortium for Electric Reliability Technology Solutions (CERTS) Microgrid protocol, which is
intended to reduce the cost and improve the functionality of microgrids.29
Both the Salem Smart Power Center and the Santa Rita Jail project, as well as the Notrees
project, were supported in part by the Department of Energy’s Smart Grid Demonstration
Program, which was funded under ARRA.f In fact, of the projects that list funding sources,
ARRA is by far the most commonly mentioned.g State R&D and commercialization programs,
especially those in California and New York, also provided funding for many projects in this
period.
Private funding appears to have been less significant in this period, especially for large projects,
although the AES Laurel Mountain project is a pioneering commercial venture.h AES Energy
Storage, wrote Klein and Maslin (2011) “has established an early-mover position as an
operational in 2012. Ucilian Wang, “Japan-U.S. Smart Grid Project Now Live in New Mexico,” GigaOm,
September 20, 2012, (https://gigaom.com/2012/09/20/japan-u-s-smart-grid-project-now-live-in-new-mexico/
accessed May 2, 2016).
f
Reports on projects funded by the energy storage projects funded by the Smart Grid Demonstration Program can be
found at
https://www.smartgrid.gov/recovery_act/program_impacts/energy_storage_technology_performance_reports.html.
g
IHS Research estimated in 2011 that about one-quarter of utility-scale battery projects, as measured by capacity,
received ARRA funding. See Alex Klein and Thomas Maslin, “US Utility-Scale Battery Storage Market Surges
Forward,” IHS Research, September 28, 2011, p. 7
h
Eric Wesoff “Slideshow: DOE Energy Storage Project Portfolio Funded by ARRA,” Greentech Media, June 4,
2012 (http://www.greentechmedia.com/articles/read/Slideshow-DOE-Energy-Storage-Project-Portfolio-Funded-byARRA accessed April 29, 2016) states that this project received support from ARRA, but it does not appear on the
project list of the Smart Grid and Energy Storage Demonstration Program. The project did receive an ARRA grantin-lieu-of-tax-credit for the wind power portion.
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independent storage services provider, tapping its global footprint for scaling a battery-focused
storage portfolio.” They also note, though, that the firm received a Federal loan guarantee for a
utility-scale lithium-ion project in Johnson City, New York.i Smaller behind-the-meter projects,
such as those provided by Stem and Green Charge and aimed at reducing electricity costs, also
seem more likely to be primarily privately funded, although in California these systems receive
subsidies through SGIP.30
To sum up, the 2009-2014 period may be seen as a “period of ferment”31 in the evolution of gridscale battery technology. The number of projects completed rose rapidly as did the diversity of
chemistries and uses. Many projects aimed at legitimating specific applications, that is, showing
to potential adopters that specific chemistries used for specific purposes would be safe and
economical. Chief among these applications are those associated with renewable electricity
generation along with ancillary services, such as frequency regulation. Public funding played an
important role in fostering this phase of technological evolution by sharing the risk of certain
projects and encouraging information about them to be widely shared.
In addition, regulatory incentives “pulled” private investment into the market, especially the PJM
frequency regulation market.j In fact, by the end of this period, lithium-ion batteries emerged as
a standard or “dominant design” for this application and possibly for others. Although
deployments at grid-scale in this period strengthened the power sector’s confidence in the
reliability and profitability of this technology for this purpose, cost reductions were “driven
largely by R&D in other sectors” (such as automobiles). The rapid price reduction that occurred
in this period and continued into 2015 can be seen in Figure 14.32

Klein and Maslin, p. 3, state that the project is 12 MW. DOE’s announcement puts the rating at 20 MW, while the
DOE Global Energy Storage Database includes it at 8 MW. See energy.gov, “DOE Completes $17 Million Loan
Guarantee for New York Energy Storage System with Recovery Act Funds,” December 23, 2010
(http://energy.gov/articles/doe-completes-17-million-loan-guarantee-new-york-energy-storage-system-recovery-actfunds, accessed April 29, 2016).
j
“The industry participants concur that frequency regulation ancillary service currently represents an economically
viable market for grid connected energy storage.” Bender et al., p. 59. See also Andy Lubershane and Alex Klein,
“2014: A Turning Point for the U.S. Grid-Connected Battery Market?” IHS Research, January 23, 2014, p. 12.
i
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Figure 14: IHS Benchmark Battery Module Price Forecast in 2015 (US$/kWh)33 k
5. Grid-Scale Battery Deployment, 2015l
We tentatively identify 2015 as the beginning of a new period in the deployment of grid-scale
batteries. This periodization will need to be confirmed as new data comes in. We have two main
reasons for making this claim. The first is the large scale of deployment. 145 MW of lithiumion projects came on line in 2015; that is about four times as much rated power from this
technology as in any prior year and more than the entire 2009-2014 period as a whole. The
second reason is the expansion of private financing. Most projects funded by ARRA were
completed before 2015. The PJM frequency regulation market was well enough established by
2015 to drive private project investment.
As in the previous section, we begin this section by describing our data in terms of capacity
installed, chemistry, location, and ownership. We then consider the services provided by the
projects, showing that renewables integration and frequency regulation continue to drive
deployment of grid-scale batteries in this period. We argue that this latter service has reached
maturity in the PJM market; it is predominantly privately funded and overwhelmingly uses
lithium-ion technology.
Figure 15 displays the rated power of projects completed in 2015, and Figure 16 depicts the
number of projects. Lithium-ion battery projects make up about 95% of the total capacity.
Although chemistries other than lithium-ion made up a larger proportion of projects than
capacity (about a quarter), these projects were roughly 1/6 the size of lithium-ion projects on
average, about 700 kw. The lithium-ion projects averaged over 4 MW, which was about four
times as large as projects using this chemistry in the three prior years.m According to Bloomberg
New Energy Finance, lithium-ion has become the technology of choice globally for projects of
all sizes and applications of up to four hours duration.34
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This forecast excludes inverter, balance of system, or installation costs.
As of April 6, 2016, only three projects had been added to the DOE Global Energy Storage Database in 2016, so
we have confined our analysis in this period to 2015.
m
The average rated power for lithium-ion projects was about the same in 2011 as in 2015, because it included the
very large (32 MW) Laurel Mountain project.
l
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Figure 15: Projects by Chemistry, 2015 (Rated Power in kW)
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Figure 16: Projects by Chemistry, 2015 (Number of Projects)
Figure 17 shows the 2015 portfolio of projects by RTO/ISO and ownership. The pattern is
similar to the previous period; for example, projects are distributed across ownership categories
fairly evenly, with just a few more customer-owned projects than utility- or third party-owned
projects. However, in terms of rated power, which is displayed in Figure 18, third-party owned
projects dominate to a much greater extent. As in the previous period, the PJM market design is
the key explanation for this pattern.
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Figure 17: Projects by RTO/ISO and Ownership, 2015 (Number of Projects)
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Figure 18: Projects by RTO/ISO and ownership, 2015 (Rated Power in kW)
Figure 19 depicts the services provided by the 2015 projects. Compared with the 2009-14 period
we see some change in this ranking. “Microgrid capability” is the second most frequently
mentioned use with 14 mentions.n In the prior period, which lasted 6 years, it was only
mentioned 25 times, ranking ninth among all services. Resiliency also climbed significantly in
the rankings, indicating greater attention to reliability-related issues in this period. However,
renewables integration and frequency regulation clearly continue to drive many projects as well;
“renewable capacity firming” and “frequency regulation” are among the top three uses in 2015,
just as they were in 2009-2014.

Omar Sadeh, “U.S. Microgrid Market Update Q2 2016,” GTM Research, May 2016, p. 9, reports that in the wake
of Superstorm Sandy and other weather-related events that northeastern states have committed almost $500 million
to microgrid projects, including several with significant storage components. However (p. 16), most microgrids in
operation today are powered by fossil fuels.
n
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Figure 19: Energy Storage Services by Project, 2015 (Number of Appearances in
Database)
As might be expected from the distribution in Figure 15, the largest projects in each of the four
most frequently mentioned service categories all used lithium-ion batteries. Two 31.5 MW
projects, at Beech Ridge, West Virginia, and Grand Ridge, Illinois, respectively, are associated
with wind farms and provide frequency regulation services to the PJM market. 35 A 6 MW
system was installed alongside a large solar farm on Kauai, Hawaii, that provides 20% of the
island’s daytime demand; the batteries primarily provide ancillary services during the day,
although they can also provide capacity after the sun goes down. 36 The largest microgrid
project, rated at 2 MW, was installed for the Kotzebue Electric Association (KEA) in Kotzebue,
Alaska. It uses a lithium-ion system designed for extreme cold environments.37
The largest non-lithium-ion project in this period is also located in Alaska. Younicos, which
acquired the assets of Xtreme Power in 2014,completed a 3 MW system in Kodiak in June 2015.
This project is likely a legacy of the prior period, rather than indicating a technological trend of
the future. According to a 2014 media report, the company’s “most recent projects use lithiumion batteries… not its own chemistry.”38
While a variety of Federal and state programs are mentioned in the database as funders for
projects completed in 2015 (including programs in the U.S. Departments of Agriculture,
Defense, and Energy), private funding is much more common than it was in prior years. Private
funders included utilities, independent power producers, vendors, and other investors. 39 The
Beech Ridge and Grand Ridge projects, which were mentioned above, for example, make up the
largest part of over 100 MW of storage owned by Invenergy to provide frequency regulation
services to the PJM market.40
These investments suggest that lithium-ion technology for the provision of frequency regulation
services and associated with renewables integration reached maturity in 2015. FERC order 755
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had created a market, and public subsidies had helped companies respond to this initially risky
opportunity before 2015. In 2015, however, both the technology and market were reliable
enough, and sufficiently remunerative, for the private sector to bear the full risk of investment.
This “dominant design” appears likely to continue to foster exponential growth in 2016. At least
360 MW of additional privately-owned storage capacity is planned to serve this market, and
vigorous competition among vendors (in part an extension of competition in the electric vehicle
market) continues.41

6. Grid-Scale Battery Deployment in 2016: Looking Back and Looking Forward
Grid-scale batteries in the U.S. have followed a diffusion pattern that is characteristic of rapidlygrowing industries. In the 1990s and early 2000s unique projects were undertaken, and there
was no evident trend in technology or application. 2009-2014 can be seen as a period of
ferment, in which diverse technologies were tried out in diverse applications, often with risksharing support from government agencies. The end of this period saw a shakeout. Lithium-ion
technology for frequency regulation associated with renewables integration ascended in
prominence, and in 2015, it established dominance, even as the market grew exponentially. A
2013 report by Sandia National Laboratories stated: “The benefits and costs of energy storage
technologies beyond pumped storage hydro are not well understood in real deployment
environments, leading to limited action promoting their further use...”42 In 2016, this statement
is no longer accurate for this particular application.
Looking forward, however, limits to this trajectory are apparent. Vertically integrated utilities
like Duke Energy, which have recently expressed enthusiasm for deploying storage systems, and
other RTO/ISOs, like MISO, which have begun to follow PJM, may provide it with some further
momentum.43 On the other hand, the PJM frequency regulation market may soon be saturated,
and in other wholesale markets, technologies other than batteries may be more cost-effective for
providing ancillary services.44 FERC recently opened a proceeding to explore barriers to greater
participation of energy storage in wholesale markets.45 But the slow pace with which its 2011
orders have been implemented suggests that its leverage may be limited.
In any case, IHS estimates the total U.S. market opportunity for storage systems that would
participate in frequency regulation markets to be only about 3% of a total potential U.S. gridscale battery market of over 100 GW in 2030. Already, less than 10% of planned or contracted
utility battery capacity is solely dedicated to regulation. Major applications in the future include
transmission and distribution services that reduce the need for other capital investment,
renewables integration, and peak shaving/demand management.46
Most of these other applications are not yet cost-effective, although specific projects in specific
locations, such as at the distribution level in dense urban areas, may be. Stacking multiple
services on a single storage system may also bring more projects within reach at today’s battery
prices.47 But the “levelized cost of storage,” to use the terms of Lazard’s recent analysis, is
generally higher than the alternative in every use case. 48 Similarly, Hittinger and Lueken argue
that falling natural gas prices have adversely affected the revenues of U.S. energy storage
projects since 2009, because they must compete with gas turbines for peak shifting purposes.49
Figure 20 displays Lazard’s comparison of various battery chemistries (blue horizontal bars,
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ranging from $221/MWh to $1247/MWh) to gas peakers (gray vertical bar, ranging from
$165/MWh to $218/MWh).

Figure 20: Unsubsidized Levelized Cost ($/MWh) of Storage Comparison (Peaker
Replacement)50
The biggest drivers of the next phase of grid-scale battery deployment are likely to be state
mandates, rather than markets. Most notably, California utilities are required to procure 1.3 GW
of storage by 2020 (none of which is yet recorded in the DOE Global Storage Database), provide
incentives for customer-sited storage resources, and include storage among preferred resources
for distributed generation and demand management. Arizona, Hawaii, Massachusetts, New
Jersey, New York, and Washington are among the other states that are mandating or subsidizing
electricity storage on a reasonably large scale.51 (See Figure 21.) Given the difficulties of siting
pumped hydro and CAES as well as the growing experience with batteries, it seems highly likely
that such mandates will led to growth in the grid-scale battery market.
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Figure 21: State Incentive Programs for Energy Storage52
Lithium-ion chemistries may well prove to be the best technological choice for applications other
than frequency regulation. The relatively rapid cost reduction of the past few years is expected
to continue, aided by massive manufacturing investments being made by vehicle manufacturers,
such as Tesla and BYD.53 Yet, as with solar photovoltaic generating systems, the cost of the
balance of the system becomes more important as the cost of the core technology (in this case
lithium-ion batteries) declines. In addition, for longer duration applications, other chemistries
that are currently less mature may prove to be more effective. Some venture investors, at least,
seem to think so, as does the International Energy Agency, which calls for continued public
support for battery R&D and demonstration projects.54 Federal investments in R&D and risksharing in demonstration projects would hasten the next era of ferment in these respects.
Coherent market development for energy storage services is probably a more important priority
for Federal and state regulators and policy-makers than technology development. As both a
generator and a load, both in front of and behind the meter, and operating at all scales, storage
does not fit easily into established regulatory and policy categories. The business case for gridscale batteries will depend heavily on regulatory designs that provide a reasonable prospect of
adequate revenue and sufficiently low market risk.55
Although the unit costs of battery systems are much cheaper on a large scale, some, perhaps
many, customers may value self-sufficiency enough to be willing to pay a premium for smaller
systems. In the extreme, distributed generation and storage systems have the potential to
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fragment the grid as loads “defect,” leaving a heavy and inequitable burden on customers who
remain on the grid. Some current policies, such as the Federal solar investment tax credit and
Hawaii self-supply tariff option, may wittingly or unwittingly incentivize load defection and thus
grid fragmentation.
If ways can be found for energy storage services to be adequately compensated, including
distributed storage resources and stacking of multiple services, the equity and efficiency benefits
to society of an unfragmented grid are more likely to be retained, even as grid-scale battery
deployment accelerates. As with renewable portfolio standards, state-level experimentation is
likely to provide the most important insights into how to solve this complex puzzle. California
and New York are furthest along in this regard. A key Federal role will be to enable such
experiments and facilitate evaluation and information sharing about them. FERC’s policies for
wholesale markets and transmission must also play a vital supporting role, along with Federal
smart grid programs. The evolution of electric vehicles and the market for them will shape the
future deployment pattern as well, both through technological spillovers to battery technology
and potentially through electricity consumption and even vehicle-based storage. A sustained and
coordinated effort that remains flexible to technological opportunities and policy learning is
required to realize the tantalizing prospect referred to at the opening of this paper.
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