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As renewable energy penetration increases, energy storage is becoming urgently needed for several
purposes, including frequency control, peak shifting, and relieving grid congestion. While battery research
often focuses on cell level energy density, other aspects of large-scale battery energy storage systems,
such as footprint, safety, and storage-duration are frequently overlooked. Here, we investigate forty-four
MWh-scale battery energy storage systems via satellite imagery and show that the building footprint of
lithium-ion battery systems is often comparable to much less energy-dense technologies such as aqueous
flow batteries. We show that due to their intrinsic safety, agueous chemistries can be built more vertically,
enabling smaller footprints, and unlocking new use cases. Transmission constraints for example have a
growing impact on energy prices and grid stability, and due to regulatory and practical challenges limiting
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the addition of more transmission capacity, storage deployed in strategic locations can play a critical role
in mitigating grid congestion. Such grid-nodes are often found near energy consumers, where land cost
and safety concerns are significant. Deployments in urban areas to locally mitigate congestion and
installations in buildings or underground thus provide compelling value propositions for aqueous battery
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The low cost of renewables and recent geopolitical events have
catalyzed a mass-scale adoption of renewable energy sources
that will further gain momentum in coming years." This shift
towards intermittent sources, however, poses unprecedented
challenges for power grids due to mismatches between supply
and demand both in time and, crucially, location. For instance,
solar power generation drops off in the evening just before peak
demand, creating the well-known “duck curve” that represents
the difference between energy demand and the amount of avail-
able solar energy throughout the day.”> Moreover, transmission
limitations result in variations of locational marginal energy
prices (LMP, see Supplementary Discussion, ESIT) of hundreds
of dollars per MWh between locations that are separated by only a
few kilometers, as shown in Fig. 1. The cost-breakdown and
overwhelming contribution of grid congestion to real-time elec-
tricity prices at several network nodes in the California power grid
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chemistries beyond direct competition with lithium-ion batteries near renewable generation sites.

is shown in Fig. $1-S3 (ESI}).> Note the maximum difference of
more than one thousand dollars per MWh at 8:50 a.m. on
November 2, 2022, between two network nodes that are separated
by only 1.5 km (Fig. S3e and f, ESIt). In Fig. S4 (ESIT) we further
show the contribution of congestion to LMP at one node in San
Diego, California, throughout 2022. The extreme variability of
congestion costs indicates that with more distributed energy
production, a similarly scaled distributed energy storage system
will be necessary to mitigate the substantial expansion of trans-
mission and distribution infrastructure. Here, large-scale battery
energy storage systems (BESS) can be attractive to grid operators
by buffering loads at strategic network nodes to alleviate conges-
tion in what has been called storage-as-transmission, or “Grid
Booster”.>”

A nexus of political and climatic factors further underscores
the urgency of deploying grid-scale storage. Historic heatwaves,
droughts, and other extreme weather events ever more regularly
threaten power grids with both demand and supply shocks that
are exacerbated by transmission limitations. The importance of
resilient power grids and the economic impact of grid failures
was tragically demonstrated by the February 2021 Texas Power
Crisis that resulted in 246 deaths® and economic losses of at
least $195 billion.">™*

In a seminal push towards green grid resiliency, the California
Independent System Operator (CAISO) has invested heavily in
MWh-scale BESS and has seen great success. During a recent
heatwave BESS provided 3.3 GW, or 6.8% of total supply, when
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Fig. 1 Real-time electricity prices in the renewable-rich power grid operated by the California Independent System Operator. (a and b) Locational
Marginal Prices in dollar per MWh in the San Diego, California region for various network nodes on November 2, 2022, at (a) 8:30 a.m. and (b) 1:30 p.m.,
the bottom of the duck curve. The two marked nodes, FRIARS_1_N009 and MRGT_6_NODE1, are separated by only 10 km. (c) Real-time Locational
Marginal Prices (LMP) and contribution of congestion to cost of electricity at those nodes in five-minute increments on November 2, 2022. Additional
examples are shown in Fig. S1-S3 and the supplementary discussion (ESIt). All data obtained from ref. 3, 8.

demand peaked on the evening of September 5, 2022, providing
grid stability and preventing blackouts.""* These BESS mainly
use lithium-ion batteries (LIB) and are commonly deployed
in rural areas where land cost is a small component of the
installations’ overall budget, and safety risks can easily be
mitigated by minimizing exposure to surrounding structures.
However, to achieve deep decarbonization of the power grid
and to relieve congestion without large-scale construction of
expensive power lines, considerable energy storage will be
necessary in densely populated areas as well. This makes safety
and footprint of a BESS installation important design consid-
erations that are often overlooked in the existing literature.

With a plethora of available BESS technologies, including
lithium-ion, sodium-sulfur and flow batteries, much attention
has been dedicated to energy density as a key metric for economic
and practical viability.'** In fact, low energy density is frequently
highlighted as the key limitation of flow batteries, with the energy
density on cell level typically being an order of magnitude lower
than for LIBs."*>"**?* As such, significant research efforts are
being dedicated to finding new active materials, ideally with high
solubility and multi-electron redox properties, translating into
higher energy storage capacity per volume of electrolyte."”*>°
This trend extends to other aqueous battery chemistries that are
envisioned for stationary applications, where tremendous efforts
are devoted to electrolyte development and overcoming cell
voltage limitations imposed by the narrow electrochemical stabi-
lity window of water.>*° This stands in contrast to the fact that
large BESS are most often found in locations with plentiful space
and it is unclear how cell level energy density translates to MWh-
scale installation footprint.

Here, we use satellite imagery to compare the building footprint
of deployed MWh-scale BESS and to determine the areal energy
density of installations with 1-900 MWh energy capacity, expressed
in kWhm ™2 We show that even demonstrator-scale flow batteries
can achieve areal energy densities comparable to many LIB systems.
Moreover, we demonstrate that aqueous batteries offer a key
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untapped advantage: their intrinsic non-flammability allows
for vertical scalability. Sufficiently tall electrolyte tanks or
container stacks enable unparalleled areal storage capacities,
and they can safely be deployed underground or in buildings,
unlocking added land value and use cases inaccessible to state-
of-the-art LIBs. Therefore, in addition to deploying flow batteries
at generation sites in wide-open spaces, directly competing
with LIB-BESS, these batteries could be an ideal solution for
installations at strategic locations near consumers in densely
developed areas.

Deployed MWh-scale BESS

Utility-scale BESS are currently seeing tremendous deployment,
with the global power capacity of BESS increasing from just 16 GW
at the end of 2021 to a projected 345-585 GW by 2030.73%
Interestingly, a concomitant change in the hydropower narrative
is observed as installations such as the recently commissioned
Nant de Drance plant in Switzerland are ever more often described
as “water batteries”.*

Using satellite imagery, we show the areal energy density
(the installation’s energy rating divided by its footprint, Fig. M1,
ESIT), of MWh-scale BESS using lithium-ion, sodium-sulfur, and
aqueous flow batteries. The combined capacity of the studied
systems considered for footprint calculations amounts to a total
of 2752 MW/7879 MWh, corresponding to 15% of the globally
installed BESS capacity at the end of 2022.*° Fig. 2 shows satellite
images for the largest lithium-ion and flow batteries deployed to
date, and an extensive list of all examined BESS, including an
additional 2505 MW/6535 MWh for which no exact footprint
could be determined, can be found in the Supplementary
Information (Fig. S7-S75, ESIY).

LIB installations, often arranged in blocks of two units,
enable areal energy densities of up to 62 kWh m™>, and over
the 21 LIB-systems studied here we observe an average of
34 kWh m™? (Table 1, Fig. 5a and Table S1, ESI¥). It is noteworthy

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Satellite images and photos of some of the largest battery energy storage systems deployed to date. (a) Lithium-ion batteries in Moss Landing,
California: Elkhorn Battery, operated by Pacific Gas & Electric Company; 182.5 MW/730 MWh, 54 kWh m~2. Map Data: Google, © 2022 AMBAG, Maxar
Technologies, Photo adapted from ref. 42. (b) Vanadium flow battery in Dalian, China, by Dalian Rongke Power Co. Ltd; 100 MW/400 MWh, 25 kWh m~2.
A second phase of equal capacity in the same building is under construction, bringing the areal energy density to 50 kWh m—2. Map Data: Google, © 2022

Maxar Technologies, Photo adapted from ref. 43.

that only two installations could be identified where LIB con-
tainers are stacked, resulting in 26-33 kWh m™>. The average
storage duration of the BESS examined here is 2.6 hours
(Fig. S6a and Table S1, ESIt). Most deployed systems to date
are based on cells using nickel manganese cobalt oxide cathode
materials, but manufacturers are shifting towards less energy-
dense lithium iron phosphate due to improved cost and safety
aspects.*®**! We point out how much space is available around
most large-scale LIB deployments, particularly near production
facilities like solar farms (Fig. S18, S24 and S26, ESIt), and how
the excellent cell level energy density of LIBs is largely rendered
irrelevant in this application.

High-temperature sodium-sulfur batteries were a leading
technology for BESS until 2010, when LIBs became generally
favored for new installations, and several containerized MWh-
scale systems have been in operation for more than a decade
now.** The primary developer, NGK Insulators Ltd, has roughly
5 GWh of installed energy capacity worldwide.*> Containers are
commonly found to be stacked and deployed systems afford an
average areal energy density of 30 kWh m 2, comparable to
most LIB-BESS (Table 1 and Fig. S5b, ESIT). They are optimized
for six hours of storage (Fig. S6b and Table S2, ESIt) and need
to be cycled regularly for maintaining the high temperature
required for operation.

Flow batteries made up only 1% of installed battery capacity
in the United States by the end of 2018, globally only 350 MWh,

Table 1 Summary of investigated MWh-scale BESS

and most installations were considered demonstrators for the
technology.** Emerging from the demonstrator-phase, deploy-
ment has more than doubled in 2019 alone, primarily via large
installations in China.”® The largest vanadium flow battery in
the world with a capacity of 100 MW/400 MWh was commis-
sioned by Dalian Rongke Power Co. Ltd, with double this
capacity planned in the same building.”® Deployed MWh-scale
vanadium flow batteries achieve an average areal energy density
of 15 kWh m™? in containerized systems (Table 1, Fig. S5¢ and
Table S3, ESIt) and are rated for approximately four hours of
storage duration (Fig. S6c, ESIT). When deployed in the classi-
cally envisioned sense, using large tanks spatially separated from
the cell stacks rather than containerized systems, flow batteries
achieve up to 50 kWh m™?, in line with manufacturers’ adver-
tisements (Fig. S53, S57-S59, S64 and S67, ESIT). Importantly,
the technology can safely be implemented in multi-purpose
buildings, as demonstrated by the 2 MW/20 MWh battery at
the Fraunhofer Institute fiir Chemische Technologie in Germany
(33 kWh m~?) or the 100 MW/400 MWh Rongke Power battery in
Dalian, China (25 kWh m™2, 50 kWh m ™2 upon completion); see
Fig. S54 and S55 (ESIt). Alternative cell chemistries such as all-
iron batteries have seen success with containerized installations
achieving areal energy densities comparable to vanadium sys-
tems (Fig. S69 and S70, ESIt) and zinc-bromine flow batteries
have been successful for smaller residential installations and
one MWh-scale deployment (Fig. S73, ESIT).

Number of Average power Average energy Average energy Average duration
Type of BESS installations rating (MW) capacity (MWh) density (kWh m™?) (hours)
Lithium-ion 21 118 £ 114 261 £ 312 34 £ 15 2.6 1.6
Sodium-sulfur 8 16 £ 16 102 £ 103 30 £ 20 6.3 = 0.6
Aqueous flow 15 10 + 25 38 £98 15 £ 12 43 £1.9

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Implications for state-of-the-art BESS

Lithium-ion batteries fulfill many of the requirements for short-
term balancing of grid supply and demand, such as frequency
control and peak shifting, thanks to excellent response times
and high output power. Accordingly, LIBs currently dominate
the BESS sector with a market share above 90%, largely thanks to
technological maturity and the low costs brought about by the
rapidly growing electric vehicle industry.>” With stretched supply
chains and growing price pressures®” it is, however, important to
discuss limitations of LIBs and to recognize where different
technologies can complement each other.

The combination of high energy-density electrode materials
and flammable electrolytes in LIBs presents a safety risk at scale.
Burning MWh-scale LIBs cannot be put out like conventional
fires and first responders are advised to allow a failed unit to
burn out while protecting surrounding exposures.*® Hence, the
National Fire Protection Association’s NFPA855 code specifies
limits for energy capacity and unit separation distances,***° and
standards such as UL1973 and UL9540°"* or thermal runaway
fire propagation testing methods such as UL9540A°* have been
developed to help manufacturers prove their compliance with
regulations and overall high industry standards make LIBs very
safe to operate. Yet, BESS failures, a recent one in Moss Landing,
California resulting in highway closures and shelter-in-place
advisories, have attracted considerable media attention leading
to reluctance in local communities to approve BESS in populated
areas.>® Even with the highest safety standards, potentially
catastrophic failures of LIBs cannot be completely excluded
due to their intrinsic flammability, which is exacerbated in
large-scale installations: Tesla Inc. alone has deployed more
than 6 GWh of BESS in the form of its Megapacks, corresponding
to about 2400 battery containers and some 350 million indivi-
dual battery cells.>>*® While the cell failure rate is astoundingly
low, at less than one in 100 million, the large number of cells per
BESS unit compounds risks. There have been two Megapack fires
and two overheating events in the past two years,””®
ponding to a BESS unit failure rate of about one per thousand.
Globally, there have been almost 50 LIB-BESS failures and
malfunctions since 2017, and more such events can be expected
over the entire lifespan of these systems.>*®°

An additional limitation of LIBs is that they are economical
only for short durations and are currently not cost-competitive
for durations longer than roughly six hours due to the fixed cost
structure of additional modules, as evidenced in Fig. Sé6a
(ESIH)."" The BESS are generally developed as containerized
systems that fully integrate battery modules, inverters, and ther-
mal, ventilation, and fire protection systems. Therefore, if twice
the amount of energy has to be stored, doubling the storage
duration at any given power rating, manufacturing costs double
and average cost does not significantly decrease with storage
duration. However, flexible resources at different duration levels
are needed for a net-zero power system, and long-duration energy
storage (LDES, typically >10 h) is increasingly recognized as an
integral part of future power grids.*"**"®* For example, the average
duration of continuous renewables curtailment in California,

corres-

1360 | Energy Adv, 2023, 2,1357-1365
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CAISO was forced to curtail more than 2.5 TWh of renewable
energy in 2023,°° enough to power 235000 average American
households for a year,®” has increased from 2.5 to 9.5 hours since
2014, with some curtailment events even spanning multiple
days.®*®® Also, more than three-quarters of New York state’s gas-
fired peaker plant fleet operates for periods longer than 15 hours
when dispatched, and it is estimated that current BESS using LIBs
rated at six hours can only cost-effectively replace 6% of these
plants.®>”° This fraction is estimated to increase to 83% when LIBs
are combined with LDES.*”® Note, that most natural gas power
plants, e.g., in California, are expected to continue operation in the
next two decades, as their role is relegated to providing standby
capacity, ensuring grid reliability when renewables fall short.”

Flow batteries as an alternative to
lithium-ion BESS

Instead of storing energy in solid electrodes, flow batteries store
energy in liquid electrolytes that are circulated through an
electrochemical cell to provide power, decoupling power and
energy elements. If the installation needs more power, addi-
tional cell stacks can be installed, and if the installation needs
to store more energy, larger electrolyte tanks can be deployed.
Such easy scalability and high safety, due to the intrinsic non-
flammability of aqueous electrolytes, make flow batteries parti-
cularly promising for LDES, a market that is estimated to reach
1.5 TW/85 TWh to 2.5 TW/140 TWh of capacity, corresponding
to up to three trillion USD, by 2040.%

As discussed above, the most often-cited drawback of flow
batteries is low electrolyte energy density. However, our analysis of
real-world MWh-scale BESS shows that this metric is relatively
unimportant to many such installations. Additionally, even if
highly soluble materials with suitable properties are identified,
realizing energy-dense flow batteries even at lab-scale has proven
very challenging. Concentrated electrolytes typically have high
viscosity, leading to decreased power performance and low energy
efficiency.”>”® Furthermore, high ionic strength can result in
osmotic imbalance across the membrane in the cell,”* and high
concentrations may negatively affect the longevity of active
materials.”>”® This is not to say that energy density is entirely
irrelevant, e.g. for indoor systems, but our analysis shows that for
the grid-scale use case, for which flow batteries are generally
considered, incremental increases of energy density are not going
to dramatically improve economic viability. Instead, more brain-
power, funding and policy support should be dedicated to
improving cost, lifetime, scalability, automated manufacturability,
supply chain security, or grid modelling to identify grid nodes
where storage-as-transmission could have the highest impact.

Flow batteries for space-restricted
energy storage

Counterintuitively, flow batteries may be excellent contenders
for commercial and industrial applications where BESS need to
be vertically scaled due to limited land availability. For instance,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The potential of vertically scaled flow batteries. (a) Areal energy density in kWh m~2 of hypothetical flow battery installations assuming 8 m tall
tanks and a range of electrolyte energy densities and site space utilizations. (b) Areal energy density as a function of tank height for different volumetric
energy densities, assuming 20% space utilization. (c) Calculated areal energy densities of deployed lithium-ion, sodium-sulfur, and flow batteries. The red
line represents the mean of each technology.

backup power supplies with excellent safety and reliability metrics ~ cialized vanadium systems range roughly from 25-35 Wh L™,
without transmission risk are required in hospitals, government  while alternative chemistries have achieved up to 95 Wh L™*
and corporate buildings, or data centers, where BESS must be laboratory settings.>®”” The stated values correspond to energy
deployed in confined spaces. In the following we discuss the density per total volume of electrolyte and systems that employ
impact of vertical scaling on the footprint of BESS. solid electrodes or capacity boosters can reach even higher values.
The achievable areal energy density depends on the volumetric  The space utilization of sites with large non-containerized storage
energy density of the electrolytes, the percentage of the site’s area  tanks was calculated using satellite images (Fig. M2, ESIt). Three
devoted to electrolyte storage, hereafter termed space utilization, of the four such sites studied here range from 10-15% (Fig. S48,
and the tank height. For volumetric energy density, commer- S52 and S72, ESIt), which can be improved with a smaller number
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Fig. 4 Schematic comparison of BESS using lithium-ion or flow batteries. (a) LIB-BESS on cell and unit level have high energy density, but due to safety
restrictions must be scaled horizontally and cannot be employed indoors. (b) Horizontally scaled LIB-BESS have much shorter construction times than
alternative power plants but cannot be deployed at scale in urban areas. Resulting transmission risks make such systems unsuitable for e.g., emergency backup
power services. (c) Flow batteries have lower energy density on unit level but can be installed in buildings due to inherent non-flammability. (d) Vertical scaling
of flow batteries translates into highly effective land-use but requires large upfront capital expenditures. (e) Vertically scaled flow batteries allow, for example,
the deployment of small footprint energy hubs in city centers for price arbitrage, storage-as-transmission, and supply security, emergency backup power for
critical infrastructure like hospitals, or on-site storage for electric vehicle charging stations that are integrated in e.g., parking infrastructure.
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of larger tanks: the 120 MWh Regenesys installation achieved 23%
space utilization (Fig. S75, ESIt).

Even with no effort to optimize space utilization or electrolyte
energy density, modestly tall tanks already allow flow batteries to
match or surpass LIB areal energy densities: Fig. 3a shows that
with 30 Wh L™ electrolytes and a space utilization of 15%, a
tank height of 8 meters is sufficient to achieve areal energy
densities on par with the average of all LIBs considered in this
study, 34 kWh m > A 40 Wh L' electrolyte and 25% space
utilization would more than double that. This tank height is
chosen as an example because the Enervault demonstrator
(Fig. S72, ESIf) had an estimated tank height of 8 m, and the
Regenesys system (Fig. S75, ESIT) had 8.3 m tall tanks.

Taller tanks can cost-effectively be manufactured: some oil
storage tanks hold around 100 million liters, with a typical
height of 20 m and a diameter of roughly 80 m.”® Another
example is a thermal storage project in Berlin, Germany, where a
45 m tall tank with a diameter of 41 m is under construction.”®
Assuming 20% space utilization and 30 Wh L™, such a tank
would translate into 270 kWh m™?, eight times the LIB-BESS
average. Fig. 3b shows the areal energy densities that can be
achieved for various tank heights with 20-40 Wh L™" chemistries
under an assumption of 20% space utilization, compared to the
values calculated in this study for lithium-ion, sodium-sulfur, and
Flow BESS (Fig. 3c). We point out that vertical scaling has been
exploited for pumped storage hydropower, which currently pro-
vides more than 90% of global electricity storage capacity,’” for
decades: the volumetric energy density of such systems is excep-
tionally low, typically below 1 Wh L™', but the areal energy
density, particularly of installations using pre-existing waterbodies
as lower reservoirs, even surpasses that of many LIB-BESS (Table
S4, ESIT). These calculations only illustrate the issue and there will
be a tradeoff between tank height and cost/feasibility. However,
they show how vertical scaling can resolve an issue that the
research community has often conceived as critical, although in
the real-world it has only been of rather low importance.

The volumetric energy densities of current flow battery electro-
lytes are entirely sufficient to enable compact and energy dense
storage solutions where needed, if vertically scaled. Such systems
could safely be deployed close to consumers, for example as energy
hubs in city centers or black start generators, or in behind-the-
meter applications near critical structures and integrated in multi-
use buildings. Recent legislation prohibiting the installation of
LIB-BESS in residential or school zones on Staten Island, New York,
highlights the need for safer alternatives in an urban
environment.** Fig. 4 compares contrasting uses of LIB-BESS and
flow batteries, and shows how vertical scaling can be exploited for
highly efficient land use in densely populated industrial and urban
areas, where distributed energy storage will be essential to alleviate
grid congestion, among other applications.

Summary

It is commonly regarded in industry that for large-scale battery
energy storage systems, cell level energy density is not a key metric.

1362 | Energy Adv., 2023, 2,1357-1365
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Nonetheless, energy density is widely discussed as the major
limitation of aqueous battery technologies such as flow batteries,
and substantial research efforts are devoted to incrementally
improving the energy density of systems inherently developed for
stationary applications. Here, we systematically study and quantify
the land area occupied by forty-four MWh-scale battery energy
storage systems and show that the areal energy density of such
installations is in many cases comparable between lithium-ion,
sodium-sulfur, and flow batteries. Even though energy densities on
cell level vary by an order of magnitude, installation footprint is
largely unlinked from cell level energy density. We argue that safety
and locality need to be considered more to unlock standalone BESS
use cases beyond placing storage next to generation sites in rural
areas. The fact that inherently non-flammable aqueous systems can
be deployed in multi-purpose buildings and in densely populated
areas unlocks added value of land and opens doors that remain
closed to state-of-the-art lithium-ion batteries. Storage solutions
that are cost-effective, scalable, recyclable, highly manufacturable,
and have long cycle life and secure supply chains are needed
sooner rather than later, and a technology-agnostic approach that
exploits electrochemical, thermal, and mechanical solutions, with-
out discarding any one candidate based on the single metric of
energy density, is critical to reach Net Zero.
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