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Executive Summary

The U.S. Department of War (DoW) requires storage technologies to enhance the energy resilience
of a wide spectrum of applications. Lithium-ion (Li-ion) batteries are the most prevalent energy
storage technology in this space, but the energy storage market is much more complex, with
different technologies serving different roles. In this report, we delve into the energy storage
market and assess each technology’s suitability for DoW applications.

After a brief introduction, we begin in Section 2 with a primer on electrochemical (batteries, fuel
cells, and supercapacitors), mechanical (pumped hydro, flywheel, compressed air, and solid
gravity) and thermal (sensible heat, latent heat, and thermochemical) energy storage technologies.
We highlight present-day energy density, technological readiness level, and cost of several
technologies.

In Section 3, we gather data from academic literature on battery capacity installation and cell price
trends for commercial Li-ion technologies from vehicle sales data to detail the cost decline curves
and manufacturing ramp rates for Li-ion technologies. This framework is useful for subsequent
analyses in Section 4 of next-generation battery technologies as they are commercialized; it
focuses on Li-ion due to its relative importance in the sector.

Finally, in Section 5, we match promising energy storage technologies to general applications and
applications specific to DoW. Storage technologies with low energy costs tend to be better suited
to long-term storage, while technologies with low power costs tend to be better suited to short-
term storage. Other factors including energy density, power density, commercial readiness, and
geographical limitations also impact technology suitability. At a high level, these were our findings
regarding storage technology suitability for DoW:

1. Li-ion, advanced Li-ion with silicon anodes, Li-metal batteries, solid-state batteries and Li-
sulfur are suited towards portable power due to high energy and power density, electronic
devices, high energy weapons, unmanned aerial vehicles, nontactical vehicles, and
satellites.

2. Flow batteries (vanadium, zinc-bromine, organic compounds, and iron-air systems) and
sodium-ion technology are best suited to long-duration storage due to low costs per unit of
energy, but Li-ion remains a popular technology with microgrids due to its rapid response
times and relative affordability.

3. Li-air and Li-CFx (fluorinated carbon) are required for tactical or heavy-duty vehicles (e.g.,
tanks) and electric flight (e.g., jets) due to high gravimetric energy density.

4. High power requirements can be met by hybridization of batteries with supercapacitors and
flywheels.

5. Thermal energy storage can be leveraged for heating, ventilating, and air-conditioning
applications and should be incorporated into long-term storage strategies.
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6. Optimal geography can enhance suitability of pumped hydro and compressed air energy
storage for microgrids applications. Solid gravity energy storage is the least attractive
storage technology with low energy density coupled with high cost.
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List of Acronyms

CFx fluorinated carbon

DoW U.S. Department of War

EV electric vehicle

EVTOL electric vertical takeoff and landing
HVAC heating, ventilation, and cooling
LCO lithium cobalt oxide

LFP lithium iron phosphate oxide

Li lithium

LMO lithium manganese oxide

LTO lithium titanate

NCA nickel cobalt aluminum oxide

NFM sodium nickel iron manganese oxide
NLR National Laboratory of the Rockies
NMC nickel manganese cobalt

PEMFC proton exchange membrane fuel cell
SOFC solid oxide fuel cell

UAV unmanned aerial vehicle

VRFB vanadium redox flow battery
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List of Definitions

C-rate

Calendar life

Cycle life

Energy

Foreign entity of concern

Gravimetric energy density

Gravimetric power density

Learning rate

Levelized cost of storage

Power

Response time

Round-trip efficiency

Storage duration

Battery charge or discharge speed relative to maximum capacity
(e.g., 4C means a battery can discharge its entire capacity in 1/4 of
an hour)

Measure of how much time the battery can rest on the shelf before
its capacity fades to a fraction (typically 80%) of its initial nominal
capacity

Measure of how many times a battery can be fully charged and
discharged before its available capacity fades to a fraction
(typically 80%) of its initial capacity

Capacity to do work, stored in a battery as chemical potential
energy and converted into electrical chemical energy when
discharged (typically expressed in watt-hours or a watt-hour
multiplier like kWh)

Foreign entity owned by, controlled by, or subject to the
jurisdiction or direction of a government of a foreign country that
is a covered nation

Energy stored by mass (typically expressed in Wh per kg)

Power a system can deliver per mass (typically expressed in W per
kg)

Tuning parameter that determines how quickly the price of a
technology declines over the course of production (typically
expressed in percentage price decline per doubling of production)

Average, discounted cost per unit of energy storage over the
lifetime of the battery (typically expressed in $/kWh)

Rate of converting potential energy into kinetic energy (typically
expressed in watts or a watt multiplier like kW)

Duration a system takes to adjust its power output or input
(typically expressed in milliseconds for batteries and other storage
technologies; sometimes referenced as ramp rate)

Amount of energy discharged (retrieved) from the battery divided
by the amount of energy charged (originally added) to the battery

Amount of time a battery can provide energy at its maximum
power rate before it is fully exhausted (typically expressed in
hours)
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Volumetric energy density  Energy stored by volume (typically expressed in Wh per liter)

Volumetric power density ~ Power a system can deliver per volume (typically expressed in W
per liter)
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1 Introduction

While batteries, especially lithium-ion (Li-ion), dominate headlines and discussions around energy
storage, the market is broad. It ranges from millennia-old technologies such as flywheels to
cutting-edge supercapacitors to the grand scale of pumped hydropower storage plants and caverns
filled with compressed air.

As Li-ion battery prices have fallen from an average of $7,328/kWh in 1991 to $104/kWh in 2025,
global battery energy storage capacity has grown at an exponential rate. Installed battery capacity
grew 206,365% between 2010 and 2023, and it is projected to grow an additional 447% by 2030
(IEA 2024). However, fuel cell market capitalization was forecasted to grow to 378% of its current
size from 2024 to 2033 (Grandview 2024), the supercapacitor market was forecasted to grow 505%
from 2023 to 2033 (Market.us 2024), mechanical storage was forecasted to grow 232% from 2024
to 2035, and thermal energy storage was forecasted to grow to 195% of its current market
capitalization (Market.us 2025).

This report explores all these storage technologies by technoeconomic feasibility, technology
readiness level (TRL), energy and power density, general application (e.g., long vs. short-term
storage) and applications specific to the Department of War (DOW) (e.g., electric flight, 14-day
base storage requirements). Special attention is given to Li-ion batteries due to their drastic growth
in production and corresponding decline in costs, with an exploration of price trends.

2 Technical Primer for Energy Storage Technologies

Energy storage technologies help to regulate differences between power supply (e.g., from the grid
or distributed generation) and power demand (e.g., from a military base, vehicle, or electronic
device). Ideal technologies would have a low levelized cost of storage and low initial capital costs,
high roundtrip efficiency, a long cycle and calendar life, and excellent safety characteristics. Other
factors such as response time, C-rate, and gravimetric (mass-based) and volumetric (volume-
based) energy and power density may be important. For example, computer servers require fast
response times to protect their circuits, and data centers tend to leverage technologies with high C-
rates. As another example, energy and power density are critical factors for electrified aviation to
reduce storage mass and volume. For the DoW, a supply chain free of foreign entities of concern
is a strategic consideration, and in all cases, long-term viability of the industry helps ensure
serviceability of equipment. A List of Definitions describes these and other metrics on page vii,
and Sections 4 and 5 explore suitability of individual technologies to specific applications.

Most storage technologies offer some combination of optimal and suboptimal characteristics, and
therefore these technologies compete for different niches. Numerous reports, website, and journal
articles have attempted to compare storage technologies at a high level (Mongird et al. 2020;
Augustine and Blair 2021; Bowen et al. 2021). Bowen et al. (2021) explores many of these
technologies and characterizes them for grid services. Applied differently, Figure 1 illustrates
which technologies are better suited for short-duration storage in the bottom left quadrant (e.g.,
uninterruptible power sources) vs. long-duration storage in the top right quadrant (e.g., 14 days of
on-site storage).

1
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Figure 1. Energy storage technologies by average duration and suitability for distribution versus
bulk power services

Source: Bowen et al. (2021)

Bowen et al. (2021) also provides a table comparing energy storage technologies for grid
applications, which is adapted in Table 1. Duration of discharge is important for determining long-
term energy storage, fast reaction times are critical for high-power requirements, and round-trip
efficiency is particularly important for high-utilization storage technologies.

2
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Category

Table 1. Comparison of Energy Storage Technologies

Technology

Source: Bowen et al. (2021)

Typical
Duration of
Discharge at
Max Power

Capacity

Reaction
Time

Round-Trip

Efficiency

Lifetime

Li-ion Mlnutﬁs toafew Subsecond to 86-88% 10 years
ours seconds
Electro- Flow Several hours Su::gggtsj to 65%-70% 15 years
Chemical ;
Batteries Lead-acid M'nUtﬁcSJut?Sa i Seconds 79-85% 12 years
Sodium-sulfur Several hours Subsecond 77%-83% 15 years
Several
Pumped storage  Several hours to seconds to 80+%* 40 years
hydropower days :
minutes
Compressed air  Several hours to ngeral 520} ** 30 years
Mechanical energy storage days Minutes
Flywheels Secorl;?su’izsa 2y Subsecond 86%-96% 20 years
: Several Insufficient Insufficient
Gravity Several hours .
minutes data data
Chemical Hydrogen Sever;ac:nr;ggrs to Subsecond 35% 30 years
Thermal Thermal energy Several hours ngeral 90+% 30 years
storage minutes

Augustine and Blair (2021) collected several of these inputs and compared them across
technologies, capturing capital costs based on energy and power as well as operations and
maintenance, round-trip efficiency, and approximate levelized cost of storage based on a set of
assumptions.! To illustrate the difference between long- and short-duration storage technologies,
Figure 2 highlights the percentage of energy costs associated with energy vs. power, and Figure 3
shows the full range of capital cost discrepancy between these technologies. Lower energy-
contingent capital costs (like those seen for pumped and compressed storage options) are generally
better suited for long-duration storage, while lower power-contingent capital costs (like those seen
for flywheels and ultra-capacitors) are generally better suited for high-power requirements.

! Some of these technologies (e.g., liquid air energy storage, pumped thermal energy storage) had not been fully
commercialized, and therefore their costs were estimated.
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Percent of Capital Costs Associated with Energy vs. Power
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Figure 2. Percentage of capital costs associated with energy versus power for energy storage
technologies from 2021 literature review

Data source: Augustine and Blair (2021)
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Figure 3. Capital costs associated with energy storage technologies from a 2021 literature review

Data source: Augustine and Blair (2021)
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The following subsections explore each grouping of energy storage technologies in more detail.

2.1 Electrochemical Energy Storage

2.1.1 Batteries

Batteries are electrochemical energy storage devices with an anode|separator|cathode design
flooded with electrolyte that allow working ions to shuttle in between to provide work (Winter and
Brodd 2004). The working phenomena is a combination of bulk ion transport and interfacial
kinetics where charge transfer occurs. Batteries are unique in the sense that they allow bulk storage
with electrochemical reactions occurring at the interface between the electrode and the electrolyte
(instead of surface storage as in capacitors with no electrochemical reactions). Batteries are like
fuel cells in terms of electrochemical reactions occurring at the interface, but they differ in another
important aspect. In batteries, all the fuel (the working ion) is generally already contained within
the electrodes; its energy gets depleted when used (discharged) as the working ion moves from the
anode to the cathode. Subsequently, the charge step fills the energy back into the battery as the
working ion shuttles from the cathode to the anode. In fuel cells, by contrast, the fuel is external
to the system stored in tanks; there is no recharging process involved. For example, in the
conventional polymer electrolyte membrane fuel cell, hydrogen is supplied to the anode and air
(oxygen) is supplied to the cathode and the electrochemical reaction can continually provide
energy if hydrogen and oxygen are available.

Figure 4 shows a distribution of battery technologies based on the phase of the electrode
(anode/cathode) materials. The most common anodes in advanced batteries today are graphite,
silicon, Li metal, and Li titanate (LTO). Typical cathodes are Li iron phosphate oxide (LFP), Li
nickel manganese cobalt oxide (NMC), Li nickel manganese cobalt aluminum oxide (NCA), Li
cobalt oxide (LCO), Li manganese oxide (LMO), sulfur, and air (carbon backbone) cathodes.
Electrolytes can be liquid or solid. We can mix and match combinations of anodes, electrolytes,
and cathodes to obtain a new chemistry. For example, if we match Gr|liquid electrolyteNMC, it is
the conventional NMC based Li-ion battery. If we match Li metal|liquid electrolyte|NMC, it is a
Li metal battery with NMC. If we replace the liquid electrolyte with a solid electrolyte, it is a solid-
state battery.

5
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Figure 4. Types of battery chemistries based on physical state of electrode

Source: https://intercalationstation.substack.com/p/a-battery-taxonomy

Current-generation battery energy storage is dominated by Li-ion batteries. Li-ion batteries pair an
intercalation anode (generally graphite) with an intercalation cathode (generally transition metal
oxides like LCO, LMO, or NMC with a flooded electrolyte separator in between that only allows
the flow of Li" ions. Intercalation refers to the reversible insertion of the Li" ions into vacant sites
of a host matrix which does not alter the physical structure of the host matrix. Graphite based Li-
ion cells are in mass production and are manufactured by all the leading battery companies like
Panasonic, LG, and CATL (Volta Foundation 2025).

Li-ion NMC and NCA batteries generally have the highest energy density of mass market batteries
(150-260 Wh/kg. However, NMC and NCA are more susceptible to thermal runaway (starting at
150°C-210°C) than LFP, and both contain cobalt. Most Cobalt is mined in the Democratic
Republic of the Congo and refined in the People’s Republic of China, leading to concerns about
supply chain and cost instability (National Laboratory of the Rockies 2026a). NMC and NCA
cycle life is good, ranging from 1,000 to more than 5,000 cycles (Harlow et al. 2019). That equates
to a Tesla Model 3 being able to operate between 180,000 and 900,000 driving miles before the
battery falls to 80% state of health, which roughly aligns with observations.

LFP batteries have better thermal stability and a longer cycle life, ranging from 2,000 to more than

10,000 cycles (Gasper et al. 2022). However, their energy density is lower (90-160 Wh/kg),
resulting in heavier and bulkier packs for the same energy capacity (Amprius 2022; Weiss 2024).
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Next generation Li-ion technology replaces the graphite anode with alloying anode like silicon.
Silicon-based anodes exhibit increased gravimetric capacity (mAh/g), up to 5-10 times that of
graphite, which would allow for smaller, lighter batteries. Furthermore, silicon can be paired with
any of the transition metal oxide cathodes. However, silicon also suffers from large volume
expansion and intrinsic chemical reactivity with the electrolyte leading to self-sustaining
hydrolytic hydrofluoric acid (HF) generation cycles that can etch the silicon. These are some of
the major challenges of making a silicon-based Li-ion battery. Companies like Enovix and
Amprius are shipping out silicon-based cells with energy densities reaching 350 Wh/kg (Volta
Foundation 2025). The Silicon Consortium Project, led by the National Laboratory of the Rockies
(NLR) and funded by the U.S. Department of Energy, aims to push the energy density to 375
Wh/kg and 900 Wh/L while reaching cycle and calendar life metrics of 1,000 cycles and 10 years
respectively (National Laboratory of the Rockies 2026b). Amprius’ silicon nanowires-based anode
technology promises to reach 500 Wh/kg energy density (Amprius 2023).

In Li metal batteries, the graphite host is completely replaced by pure Li metal and the nature of
reaction changes from intercalation to deposition. Li metal also promises ten times the capacity of
graphite, like silicon. It also suffers from large volume expansion and the formation of dendrites
(preferential needle-like deposition of lithium) during charging that can penetrate through the
separator and cause internal short circuit. Companies like SES Al are trying to scale Li metal cells
with liquid electrolyte and promise to reach 500 Wh/kg (U.S. Department of Energy 2020).

Sodium-ion batteries function similarly to Li-ion batteries with sodium replacing Li as the working
ion. Sodium is significantly more abundant and inexpensive than Li, and it has a higher threshold
for thermal runaway. However, because the atomic mass of sodium is 3 times larger than Li, these
batteries need to use different cathodes (such as layered oxides, e.g. sodium nickel iron manganese
oxide, NFM) and anodes (such as hard carbon) than the combinations described above for Li-ion
(Xiang et al. 2015). Sodium-ion batteries promise energy densities similar to LFP based Li-ion
batteries (Cui et al. 2025).

In solid-state batteries, the liquid electrolyte is replaced by a solid electrolyte (e.g., polymer,
oxides, sulfides, halides) to increase energy density and improve the safety of Li metal through the
prevention of dendrite growth. Replacing the flammable organic electrolyte used in Li-ion batteries
with a mechanically rigid solid electrolyte promises improved thermal stability with lightweight
thermal management systems as well. However, recent literature findings have demonstrated the
possibility of exacerbated thermal runaway risk from liberated oxygen at the cathode reacting with
Li metal (C.-Y. Wang et al. 2025). Companies like Quantumscape and Solid Power are trying to
scale solid-state batteries with Li metal and silicon anodes respectively (Volta Foundation 2025).
Solid-state batteries may improve gravimetric densities to 400-500+ Wh/kg and volumetric
densities to 900-1500 Wh/L, which would allow for smaller, lighter batteries. The reduction in
dendrite growth may support solid-state batteries lasting significantly longer, with forecasts
indicating 1,000 to more than 10,000 cycles and quicker charging. (Himmelstein 2024; Weiss
2024).

In flow batteries, the energy is stored in the electrolyte itself, with electrochemical reactions
happening at the electrode surface and ion exchange happening through the membrane/separator.
The electrolyte is stored in tanks and pumped through the flow stack consisting of membrane
electrode assembly (akin to in fuel cells). Simultaneous electrochemical reactions occur at both
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electrode interfaces to change oxidation states of the active ion (e.g. V°*, V4" in catholyte, and V**,
V** in anolyte for vanadium redox flow batteries), while ions (e.g. H") can pass through the
membrane to maintain electroneutrality. Examples include the vanadium redox flow battery
(VRFB), organic batteries using compounds such as quinones, iron-air battery, and zinc bromine
battery (Volta Foundation 2025). The physical separation of electrolyte tanks and electrode enables
a decoupling of energy and power, each of which can be increased by increasing the size of the
tanks and flow rate respectively. Flow batteries are often used for longer term storage of 12 hours
to several days. VRFB’s greatest advantage is its cycle life (10,000-20,000+ cycles) with no
deterioration of the vanadium electrolyte, enabling its reuse and preservation of value. The main
drawbacks are a higher upfront cost and reliance on vanadium, whose price can be volatile. Zinc-
bromine batteries use less expensive elements, but zinc dendrite proliferation can diminish cycle
longevity and operational effectiveness.

A distinct type of flow battery, iron-air batteries release electrons when the iron anode oxidizes
and form iron ions while the cathode forms hydroxide ions (Bogomolov and Ein-Eli 2025). The
reactions are reversed in the charging process. They are optimal for long-term storage. Form
Energy is the largest iron-air battery manufacturer in the United States, but Ore Energy (based in
the Netherlands) and Fraunhofer (based in Germany) are developing iron-air batteries as well.

In conversion chemistries, Li metal is paired with a conversion cathode where the reaction of Li
metal with the cathode produces a new compound (hence the name conversion cathode). For
example, in Li-sulfur, the sulfur reacts with Li to form Li,S at the cathode. In Li-air, the air reacts
with Li to form Li,O; at the cathode. Conversion chemistries offer significant advantages over
current Li-ion technology in terms of theoretical energy density because of the nature of
multielectron redox reactions of lithium with the host element, e.g., 2 Li atoms stored per S atom
in Li-sulfur, and 2 Li atoms stored per O2 molecule in Li-air. Theoretical gravimetric energy
density of the Li-sulfur battery is around 2600 Wh/kg, while Li-air promises up to 3500 Wh/kg
(Viswanathan et al. 2022). Furthermore, the use of abundant sulfur and oxygen molecules in the
cathode reduces the battery cost significantly. The realization of practical energy densities around
1000 Wh/kg can make battery-powered electric flight a reality.

Table 2 lists common battery technologies, attributes, applications, and costs. For non-mature
technologies that do not have commercial products, cost is either unreported or the expected cost
is provided.
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Table 2. Battery Technologies, Attributes, Applications, and Costs
Data sources: (Frith et al. 2023; Volta Foundation 2025)

Chemistry Energy Technology Cell
Technology (Cathode and Density  Applications  Readiness Cost
Anode) (Wh/kg) Level ($/kWh)
. . Electric
Li-ion NMC Graphite|]NMC 150-260 vehicles (EVs) 10 135
Liion LFP  Graphite|LFP ~ 90-1go CVS/stationary 10 55
storage
Li-ion NCA Graphite|NCA 200-260 EVs 10 103
2-10 wt %
- . Si: 10 135
Silicon SiINMC 300-400 EVs/drones >10 wt % Si: N/A
4-5
Drones/
Li-metal electric
liquid Li metal|NMC 400-500 vertical takeoff 4-5 N/A
electrolyte and landing
(EVTOL)
Solid-state . Drones/
batteries Li metal|[NMC 400-500 EVTOLs 4-5 N/A
Vanadium redox
flow 20-30 ) S
oy Zn-Br CORCCRN LS 8-9 N/A
batteries storage
Organic redox flow 30 4-5
batteries
Iron-air Iron|oxygen 150 Stationary 57 N/A
storage
EVs/
Na-ion Hard carbon|NFM  150-200 stationary 5-6 20-60
storage
Li-S Li metal|sulfur 300-600 EVs 4-5 N/A
Li-air Li metal|carbon 800 =volla) 3.4 N/A

electric flight

Pack

Cost
($/kWh)

205

81

132

205
N/A

N/A

N/A

350-500
15-300
N/A

20
(expected)

50-100

N/A

N/A

2.1.2 Fuel Cells

Fuel cells are electrochemical devices that convert the chemical energy of a fuel (often hydrogen
or a hydrogen-rich fuel like methanol) into electricity with higher efficiency and lower emissions
than combustion engines (www.energy.gov 2026). Types of fuel cells based on chemistry include
proton exchange membrane fuel cell (PEMFC), direct methanol fuel cell, alkaline fuel cell,
phosphoric acid fuel cell, molten carbonate fuel cell, solid oxide fuel cell (SOFC) and direct carbon
fuel cell. Of these, PEMFCs and SOFCs are most used for commercial applications like
transportation and stationary power, respectively. PEMFC companies include Ballard Power
Systems Inc. and Plug Power. Power density is the key metric for fuel cells (W/kg) as they can be
operated continuously with PEMFCs generating around 0.5-2.5 kW/kg and SOFCs generating
around 0.4—1.5 kW/kg. Costs are also reported in dollars per kilowatt, with PEMFC around 1800—
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3200 $/kW and SOFC around $2400/kW (Antunes et al. 2025; Kemperdick et al. 2025). This does
not include the cost of producing, transporting or storing hydrogen.

2.1.3 Supercapacitors

Supercapacitors (also known as ultracapacitors) store energy primarily at the surface of porous
electrodes without faradaic charge transfer and offer high power density, fast charge/discharge,
and very long cycle life, but generally more than an order of magnitude lower energy density than
batteries. They can provide up to 10-100 times the energy density of traditional capacitors
(Durvasulu et al. 2023). Therefore, supercapacitors (~10 Wh/kg) bridge the gap between
traditional capacitors (<0.1 Wh/kg) and batteries (>100 Wh/kg). While capacitors store charge
electrostatically at metal foils submerged in dielectric medium, supercapacitors use the same
storage mechanism in high surface area porous carbon/graphene electrodes, which increasestheirs
capacity. Their cycle life can exceed 1 million cycles. cycles. Supercapacitor categories include
electric double-layer capacitors and pseudocapacitors, where the former are commercially
available for uses such as grid stabilization, memory backup, and regenerative braking. Electric
double-layer capacitors give 5—10 Wh/kg and cost around $2,500-$10,000/kWh (P. Sharma and
Bhatti 2010).

2.2 Mechanical Energy Storage

2.2.1 Pumped Storage Hydropower Systems

Pumped storage hydropower systems leverage one or two water reservoirs at varied elevations that
use a hydropower turbine to generate electricity and typically pump water up to the higher reservoir
when there is excess generation and electricity is cheap. They are typically very large, at up to 3
GW at the Bath County Pumped Storage Station in Virginia. Pumped storage is well established
in the United States with 43 facilities providing 22 GW of capacity and 550 GWh as of 2018
(Rogner and Troja 2018). Most were developed between the 1960s and 1980s.

No pumped storage systems have been built in the United States in recent years, likely due in part
to the lengthy planning, permitting, and construction processes. However, there are several in
development, including the 1.2-GW Goldendale Energy Storage Project in Washington (Enerdata
2026), the 1.3-GW Eagle Mountain Pumped Storage Project (California State Water Resources
Control Board 2020), the 400-MW Swan Lake Pumped Storage Project in Oregon (Oregon
Department of Energy 2026), the 1.5-GW Carrizo Pumped Storage Project in New Mexico (F.
Wang 2024), and the 1-GW White Pine Pumped Storage Project in Nevada (rPlus Hydro 2024).

The National Laboratory of the Rockies developed a bottom-up cost model to support planning for
these and similar pumped storage hydropower systems (National Laboratory of the Rockies 2025).
Sample outputs from that model indicated that a new 1.283 GW pumped storage hydropower
system could be installed for $2.36 billion or $99/kWh, while a 116 MW pumped storage system
could be installed for $496 million or $427/kWh (Cohen et al. 2023).

2.2.2 Flywheel Energy Storage

A flywheel is a mechanical storage device that uses a rotor to convert input power into kinetic
energy and can later release that power. Flywheels date back thousands of years to the pottery
wheel and have been commonly used in industrial applications since its incorporation into the
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steam engine in the late 18" century. Flywheels are capable of high-power discharge rates, making
them useful for many applications, from uninterruptible power supplies in data centers to grid
frequency regulation to motor vehicle energy recovery. They can also have very long lives,
sometimes exceeding 1 million charging and discharging cycles. There have been improvements
in flywheels to incorporate carbon fiber rotors, vacuum chambers, and magnetic bearings, making
them up to 97% efficient (KineticCore 2025). Estimated costs range from a steel flywheel at
$1,750/kWh (Bocker et al. 2025) to an advanced flywheel at $750-900/kWh (Clegern 2025).

2.2.3 Compressed Air Energy Storage

Compressed air energy storage systems use electricity to compress air and store it, typically in
underground caverns such as salt caverns or retired oil and gas wells. The systems generate
electricity later by releasing the compressed air and passing it through turbines. They are capable
of extremely long-duration storage depending on the size of the storage cavern. Capital costs for
1 GW compressed air energy storage are estimated at $248/kWh for 4-hour storage and $15/kWh
for 100-hour storage (Pacific Northwest National Laboratory 2024). Round trip efficiency is
approximately 55%, and the systems can operate for 60 or more years (Pacific Northwest National
Laboratory 2024). Without a huge existing underground structure, like subterranean salt caverns,
exhausted gas reserves, or aquifers, compressed air energy storage systems are impractical at scale.
Diabatic systems® combust natural gas, exhibiting a round-trip efficiency ranging from 40% to
55%. Adiabatic systems> capture and recirculate heat from compression to achieve efficiencies of
up to 70% but introduce additional technical complexity. The systems exhibit slower ramp rates,
taking anywhere from 10 seconds to several minutes to reach full power, which positions them as
a more suitable option for providing consistent energy over extended periods rather than for
immediate, high-demand responses.

2.2.4 Solid Gravity Energy Storage

The mechanism for solid gravity energy storage includes lifting large masses using electrified
motors or winches to store energy. It offers very low energy densities in the range of 0.1-1 Wh/kg
(Fyke 2019). Capital costs for 100 MW gravitational energy storage are estimated at $2,232/kWh
and $1,116/kWh for 2-hour storage and $20,172/kW and $201/kWh for 100-hour storage (Pacific
Northwest National Laboratory 2022).

2.3 Thermal Energy Storage

Thermal energy storage encapsulates the storing of excess energy as heat for later use in
heating/cooling and energy generation (Vallese et al. 2026). It is a crucial solution for advancing
energy conservation and enhancing system efficiency, particularly when integrated with local
renewable energy sources It is often paired with concentrated solar power (CSP) to store solar
energy (Piemonte et al. 2011; Desai 2013). Thermal energy storage can be broadly divided into
three categories—sensible heat storage, latent heat storage and thermochemical energy storage—
outlined below. Stored thermal energy can be used to heat facilities or campuses or to generate

2 Diabatic systems are characterized by energy exchange with their surroundings, resulting in temperature alterations
through external heating or cooling mechanisms such as condensation or solar radiation.

3 In adiabatic systems, there is no heat transfer with the environment, meaning temperature shifts arise purely from
compression or expansion, as seen when rising air cools.
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electricity through an engine or turbine. Energy density is generally categorized in kWh/m? for
thermal energy storage (Marketsandmarkets 2020).

2.3.1 Sensible Heat Storage

Sensible heat storage includes raising the temperature of a medium like water, salt, concrete, or
rock and is a mature technology. It operates by causing a temperature increase or decrease in a
chosen medium without undergoing a phase change. It is already in commercial usage with energy
densities in the 100—1,000 kWh/m? range and costs around $0.11-10.7/kWh (Markets and Markets
2020). The primary advantages of sensible heat storage systems include their simplicity, maturity,
and reliability. This storage is frequently used for heating, ventilation, and cooling (HVAC)
applications and hot water supply using water or water-glycol mixtures. However, a notable
disadvantage is their relatively low energy density compared to other thermal storage technologies,
meaning they require more space to store the same amount of energy.

2.3.2 Latent Heat Storage

Latent heat storage systems function by utilizing diverse phase change materials (PCMs), such as
aqueous solutions, ice, and paraffins, which capture and release thermal energy during transitions
between solid and liquid phases. It is a mature technology. This process allows for the absorption
and release of large amounts of heat with only slight temperature variations. It is also in
commercial usage with energy densities around 200-800 kWh/m® with costs around $10.7—
53.5/kWh (Markets and Markets 2020). They are characterized by higher energy density compared
to sensible heat storage, which is advantageous in applications with limited space. Latent heat
storage is also utilized in building and HVAC systems to provide cooling. An emerging application
is battery thermal management in electric vehicles, where PCMs help maintain optimal operating
temperatures and prevent thermal runaway (Huang et al. 2018). However, a significant barrier to
widespread adoption has been their typically low thermal conductivity, although this is being
addressed with methods like incorporating metal foams and particles (Saraswat et al. 2017).

2.3.3 Thermo-Chemical Heat Storage

Thermochemical heat storage has the potential for high energy storage density and negligible
thermal losses during storage because the stored chemical potential energy is not released to the
environment (Vallese et al. 2026). Thermochemical heat storage systems store heat through
chemical reactions, involving dissociation or sorption mechanisms In a typical thermochemical
charging process, a reactant is dissociated into products by introducing heat, and the resulting
products can be stored separately. Sorption processes involve a dehydration reaction during
charging at which point heat is discharged through an exothermic hydration reaction. It is less
developed than sensible or latent heat storage, remaining largely at the laboratory investigation
stage (Vallese et al. 2026). Projected energy densities are around 500—1,500 kWh/m?> and projected
costs are around $8.56—107/kWh (Markets and Markets 2020).

3 Installed Battery Capacity and Battery Cell Prices

Due to the relative importance of Li-ion batteries in comparison to other energy storage types, the
authors completed a deeper level of analysis for these batteries. This analysis focuses on battery
technology learning rates. A learning rate is a model tuning parameter that determines how quickly
the price of a technology declines over the course of production (typically expressed in percentage
price decline per doubling of production). To develop the learning rate, this section combines data
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from several reports and journal articles to estimate the installed capacity of battery chemistries
(focused on the cathode) and the decrease in battery costs.

3.1 Data Collection and Harmonization

To construct a comprehensive dataset of EV battery deployment, we integrated vehicle registry
data with technical specifications from multiple sources. The primary dataset comprised vehicle
stock records from Experian (Experian 2025), which provided granular make, model, and series
identifiers for vehicles in operation. Note, selected publications for the installed battery capacity
and the battery cell prices are added in the Appendix A.

Data Merging Strategy
We employed a multi-stage merging process to enrich the stock data with technical
specifications (Battery Capacity and Chemistry):

1. Primary Technical Data Integration (EVHub): Experian stock data was first merged
with EVHub (Atlas EV Hub 2026) technical data using a strict hierarchical key (Model
Year + Make + Model + Series). Records unmatched at the series level were
subsequently merged using a broader key (Model Year + Make + Model) to maximize
data coverage.

2. Sales and Chemistry Data: Sales data from BloombergNEF (BNEF) (BloombergNEF
2025) was integrated to provide initial battery chemistry information. Because of dataset
limitations, this merge proved effective primarily at the model level.

3. Detailed Specification Enrichment: To address gaps in battery capacity and chemistry
metadata, we incorporated a global EV Specifications database (EVSpecifications.com
2025). This source was filtered for “North America” and “Global” market vehicles.

4. Fuzzy Matching and Imputation: A fuzzy matching algorithm (difflib) (Python
documentation 2025) was implemented to reconcile inconsistent model naming
conventions between datasets (e.g., matching “Model 3 Long Range” with “Model 3
LR”).

5. Gap Filling: Remaining missing values were addressed through a cascading imputation
strategy:

6. Efficiency-based Imputation: Missing battery capacities were calculated using the
vehicle’s Electric Range and an efficiency factor (Miles/kWh). This factor was derived
dynamically from similar vehicles of the same Model Year and Fuel Type (BEV/PHEV).

Data Standardization and Analysis

Post-integration, all battery chemistry entries were harmonized using a standardized lookup table
to group specific chemistries (e.g., “NCM 6227, “NCM 811”) into broader analytical categories
(e.g., “NMC”, “LFP”, “NCA”). The final dataset was filtered to include only Battery Electric
Vehicles (BEVs) where valid model year, battery size, and vehicle count data existed.
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Metric Calculation
Total installed battery capacity (Cyo¢q;) for each year was calculated as:

n
Ctotar = Z(Ni X Bi)
i=1

where N; is the number of vehicles of model type i, and B; is the battery capacity (kWh) of that
model.

3.2 Cumulative Installed Battery Capacity

The estimated installed capacity per year is shown in Figure 5, whereas Figure 6 shows the
installed capacity estimated and reported in different sources. As shown in Figure 5, the installed
capacities for the NMC and NCA chemistries are significantly higher than those of the LFP
batteries. This data provides insights into the growth of each chemistry for U.S. BEVs. The Li-
ion line in Figure 5 shows the uncategorized installed battery capacities. Figure 6 combines all
Li-ion chemistries and showcases estimates from different sources, most of which reported
installed capacities up to the year 2017 and for different end-use of battery technologies.

Cumulative Installed Battery Capacity by Selected Chemistries over the Years

Estimated using BEV sales only.

—e— LFP

Li-ion
1 —e— NCA
—e— NMC

5 8 &8 &8 B

Cumulative Installed Battery Capacity (GWh)
N
(=]

04 r—r—r—r— *—d *—

2000 2005 2010 2015 2020 2025

Figure 5. Estimated cumulative installed capacity for Li-ion battery chemistries (LFP, NCA, and
NMC) and unspecified Li-ion from battery electric vehicle sales in the United States
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Cumulative Installed Battery Capacity from Literature over the Years
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Figure 6. Cumulative installed battery capacity (in GWh) as reported in literature

3.3 Li-ion Battery Cell Prices

In addition to installed capacity, this section documents the battery cell prices as reported in
scholarly sources. Note, selected publications for the installed battery capacity and the battery
cell prices are added in the Appendix A. Figure 7-Figure 10 show battery cell prices (in 2025
USD). Estimated average battery cell prices for Li-ion batteries have decreased from $7,328 per
kWh to $104 per kWh a decrease of approximately $7,200, which was most aggressive in early
years but continues to trend downwards.

Trends in Li-ion Battery Cell Prices (2025 USD per kWh) from Literature
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Figure 7. Li-ion battery cell prices as reported in literature, from 1991 to 2025.
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Figure 8-Figure 10 show the battery cell prices for three battery chemistries: NMC, NCA, and
LFP, respectively. As per the literature, the battery cell prices were $542 per kWh, $1,658 per
kWh, and $646 per kWh, in 2010 for NMC, NCA and LFP battery chemistries, respectively.
The estimated average prices of NMC battery cell prices have fallen from $542/kWh to
$99/kWh. The battery cell prices, however, for NCA batteries have decreased by $1,658 per
kWh to $105 per kWh from 2010 to 2025. On the other hand, the LFP battery cell prices have
decreased to $59 per kWh in 2025 from $646 per kWh in 2010.
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Figure 8. NMC battery cell prices ($/kWh) as reported in literature, from 2010 to 2025.
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Figure 9. NCA battery cell prices ($/kWh) as reported in literature, from 2009 to 2025.
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Trends in LFP Battery Cell Prices (2025 USD per kWh) from Literature
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Figure 10. LFP battery cell prices ($/kWh) as reported in literature, from 2010 to 2025.
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4 General Applications for Energy Storage
Technologies

Three general applications dominate the energy storage market: electric ground transport, electric
flight, and stationary storage.

4.1 Electric Ground Transport

Electric ground transport (cars, two-wheelers, buses) leads the global battery market, with EV sales

rising in 2025 despite economic, trade, and policy challenges. In 2025, mobility remains the

primary driver of energy storage deployment, while stationary storage has expanded rapidly,
600

achieving a 79% compound annual growth rate (Figure 11).
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Figure 11. Annual Li-ion battery demand by application

Figure source: (Volta Foundation 2025)

Li-ion batteries dominate the electric mobility market with LFP, NMC and NCA batteries as the
major players. While LFP batteries provide a balance between range and safety and are used for
smaller/standard-range vehicles (two-wheelers and standard-range cars), the high energy density
afforded by NMC/NCA batteries are used for long range vehicles (Volta Foundation 2025).

For off-road vehicles like mining trucks, high energy density (~2,000 Wh/kg) would be required
to replace gas mining vehicles with battery mining vehicles in the same use case (e.g., no reduced
operation, weekly charge) (Mistry et al. 2025). There are additional options for electrification
using current-generation Li-ion batteries if fast charging can be leveraged. In this aspect, LTO-
NMC batteries provide beneficial characteristics of fast charge with long cycle life that can be
leveraged for mining vehicles (Pereira et al. 2024).
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4.2 Electric Flight

Electric flight includes EVTOLS, airplanes for commercial operations, and drones or unmanned
aerial vehicles (UAVs). All of these applications require advanced Li-ion batteries or next-
generation beyond Li-ion batteries. Table 2 lists the battery requirements for EVTOLSs and flights,
and Table 3 lists the prospective next-generation battery chemistries that can meet the demands.

Table 3 Battery Requirements for Aviation

Regional Narrow-Body Wide-Body
Flights Planes Planes
500 nautical ~1,000 nautical >2,000 nautical
Usage 80-km trips, 5-10 miles, 30-75 miles, 100—-200 miles, 200—400
trips per day passengers, 2-5 passengers, 1-3  passengers,1 trip
trips per day trips per day per day

Specific power

150-300 W/kg for
cruise, 500-900
W/kg for hover

20 MW for climb,
5 MW for cruise

40 MW for climb,
15 MW for cruise

110 MW for climb,
50 MW for cruise

Pack-level
gravimetric 150300 500-800 (2-5  600—1,100 (20— (11’%%%‘_1?” %%%
energy density MWh) 70 MWh) ’ MWhS
(Wh/kg)
Fast charging 2C-4C 1Cc-2C 1C 0.5C
requirements
Cycle life 1,000-2,000 1,000-3,000 800-2,000 500-1,000
Calendar life 2-5 years 3-5 years 5-10 years 10-20 years
Possible Current Li-ion, Li-air, Li-CFx, Li-  Li-air, Li-CFx, Li- Li-air, Li-CFx, Li-
chemistries advanced Li-ion Clz multivalents Cl2 multivalents Clz multivalents
(SiINMC811) (Mg, Al) (Mg, Al) (Mg, Al)

Table 4. Li-Metal and Non-Li Battery Chemistries for Electric Flight

Source: (Viswanathan et al. 2022)
Theoretical capacity Theoretical specific energy

Chemistry

(mAhl/g) (Wh/kg)
Li-metal
CF« 900 3,600
SF¢ 1,063 3,922
BF; 1,186
SO 419 1,257
SOCl; 450 1,620
SO.Cl; 397 1,548
FeF; 571 1,307
FeF3 713 1,644
S 1,675 2,567
0O 3,350 3,505
I 211 760
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Theoretical capacity Theoretical specific energy

Chemistry

(mAh/g) (Whlkg)
Br, 335 1,306
Cl; 6,294
Se 679 1,226

Non-Li
Mg/O; 3,350 3,924
Zn/O; 662 1,086

Current and advanced Li-ion batteries with SiNMC, Li metal]NMC can address EVTOL
requirements; commercial companies like Archer Aviation and Joby have EVTOL prototypes with
commercial service aims by 2026. For electric planes, a leap must be made to conversion
chemistries like Li-sulfur, Li-air, Li-CFx, moving to multivalent anodes, etc. (Viswanathan et al.
2022). Table 4 shows the possible combinations of chemistries that can satisfy the requirements
(Viswanathan et al. 2022). Of these, the PROPEL-1K program funded by the Advanced Research
Projects Agency—Energy has a heavy focus on metal-air technology with solid state (Illinois
Institute of Technology, Solid Energies, and University of Illinois) and ionic liquid (Washington
University in St. Louis) electrolytes (https://arpa-e.energy.gov/ 2026). Al-air with swappable Al is
also being pursued by Wright Electric, and a Li carbon monofluoride cathode chemistry pursued
by WH Power. The critical barrier to metal-air systems is reversibility of the conversion reactions
forming insulating discharge products at the cathode (e.g., Li2O2 in Li-air) as well as the anode
(e.g., ALO3 in Al-air).

4.3 Stationary Storage, Including Data Centers and Grid Storage

Electricity demand from data centers is rising rapidly, largely driven by the expansion of artificial
intelligence (AI) hardware. Projections suggest that by 2028, U.S. data centers could consume
between 325 and 580 TWh annually—equivalent to 6.7%—12% of total U.S. electricity use—with
total power demand reaching 74—132 GW (Shehabi et al. 2016). The role of batteries in data centers
is shaped by both the economics of energy supply and the technical requirements of delivering
power to large servers and cooling systems. Unlike EVs or consumer electronics, data centers
require instantaneous response to maintain uninterruptible power during sudden demand
fluctuations, multi-hour backup to manage grid instability or electricity price volatility, and long
cycle and calendar life (>20,000 cycles and >20 years) to align with facility lifespans (Shehabi et
al. 2016). As renewable energy penetration increases, long-duration energy storage and load
leveling become increasingly important. In some cases, full grid independence through microgrids
is also desirable for hyperscale operations (Donovan 2024).

Due to their low upfront cost, well-established chemistry, and recyclability, valve-regulated lead-
acid (VRLA) batteries currently dominate energy storage in data center applications. However,
their short cycle life, low energy density, and high maintenance requirements are driving broader
adoption of Li-ion batteries, particularly as costs continue to decline (Alapera et al. 2019). Li-ion
batteries are expected to account for approximately 40% of backup energy by 2030, though they
are not projected to fully replace VRLA (Donovan 2024). Limitations such as insufficient response
times for ultrafast (millisecond-scale) power spikes and potential supply chain risks create
opportunities for alternative battery chemistries.
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Hybrid battery—capacitor systems are especially promising for data centers because they can
manage the highly dynamic power demands associated with Al workloads and variable server
utilization. While Li-ion batteries offer high energy density, they are stressed by repeated high-
power transients. Capacitors, and especially supercapacitors, can handle short, high-current spikes
but lack long-duration energy capacity. By combining these technologies, hybrid systems can use
capacitors to absorb millisecond-to-second fluctuations, while batteries address longer-duration
imbalances. This approach reduces strain on the primary storage system and extends overall
lifetime. Literature studies highlight the benefits of hybrid electrochemical capacitors in improving
power quality and reducing peak demand in large-scale facilities, making them attractive for
hyperscale data centers experiencing growing electricity volatility (Gupta et al. 2024).

5 DoW-Specific Requirements for Energy Storage
Technologies

DoW’s growing dependence on sophisticated electronics and the escalating demand for
dependable energy have elevated energy storage to a critical strategic priority (Mittal 2019). Many
DoW requirements are similar to the general applications discussed in Section 4; however, some
DoW requirements are more extreme than those of the civilian sector. For example, while civilians
often carry laptops with 1-pound batteries, soldiers often carry 20 or more pounds of batteries for
multi-day missions. Similarly, many homeowners prepare for 24-hour power outages, but DoW
bases prepare for 14 days of mission assurance.

5.1 Portable Power for Soldiers

On average, a modern soldier carries approximately 20 pounds of batteries for a 72-hour mission.
Current military-grade Li-ion batteries provide approximately 150-250 Wh/kg, and the selection
between NMC and LFP involves balancing mission length with safety considerations. The Army
aims to boost cell-level energy density to beyond 350 Wh/kg and 700 Wh/L, with some initiatives
targeting 600-800 Wh/kg through the use of cutting-edge materials such as silicon anodes (Roblin
2024).

There are trade-offs for DoW to consider within current Li-ion chemistries. For mobile and high-
power uses, technologies that are both short-lived and portable are crucial. The higher energy
density of NMC (150-275 Wh/kg) is critical for extending mission capabilities for UAVs and
easing the 20-pound battery weight carried by soldiers. In contrast, LFP offers enhanced safety,
and a significantly extended cycle life exceeding 3,000 cycles, positioning it as a highly
dependable option for applications demanding utmost reliability. Future portable military power
solutions are expected to be revolutionized by solid-state batteries, which are expected to deliver
an improvement in energy density, ranging from 350-500+ Wh/kg, and inherent safety
characteristics through the elimination of flammable liquid electrolytes (Weiss 2024).

5.2 Long-Duration Storage Included Backup Stationary Storage

VRFBs offer advantages like modularity, site flexibility, exceptional safety, and a long cycle life,
making them suited for microgrid applications in most settings. However, vanadium is not mined
domestically, and therefore alternative chemistries may improve the flow battery supply chain.
Iron-air batteries are another compelling flow technology for affordable, long-duration storage,
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but they must be supplemented with high C-rate options for closer load-following such as Li-ion
batteries.

Thermal energy storage should be part of most DoW long-duration storage plans where bases
require heating systems and hot water. Sensible thermal storage solutions such as molten salt are
low-cost, mature solutions. Latent heat storage can provide thermal capacity in a more compact
setting.

Compressed air energy storage is a large-scale solution that can supply an entire base with backup
power for multiple days. Despite its exceptionally extended operational lifespan (40-100+ years)
and potential for significant cost-effectiveness at a large scale, its implementation is considerably
constrained by the requirement for particular geological structures (Ashcraft 2025).

5.3 Directed Energy Weapons and Other High Power/Fast Response
Requirements

Hybrid energy storage systems are commonly used for advanced applications such as directed-
energy weapons (Roblin 2024). These systems integrate high-energy Li-ion batteries with high-
power apparatus, such as flywheels or supercapacitors to provide the immediate, high-power
surges (>100 kW) required for weapon discharge. In these systems, Li-ion batteries usually serve
as the primary energy reservoir. They store the total energy for multiple shots and provide a steady
charge to high-power components between pulses (Slonopas and Roche 2024).

5.4 Unmanned Aerial Vehicles/Drones

In UAVs such as surveillance drones, Li-ion batteries with higher gravimetric energy density are
critical to maintaining low weight and increasing range. NMC (150-275 Wh/kg) is very common
in current applications, but DoW is investing in technologies designed to double flight time at
equivalent mass. Silicon anodes and Li-metal batteries both present opportunities to significantly
improve energy density. DoW contractors are working toward supplying batteries in the 400-500
Wh/kg range (Amprius 2023).

5.5 Tactical Vehicles

Tactical vehicles have similar constraints as non-tactical motor vehicles. Therefore, their
suitability is geared toward Li-ion batteries, especially with NMC cathodes. They often have both
volumetric and gravimetric (weight) constraints described for UAVs, such as in tanks where space
is at a premium. In addition to next-generation Li-ion and Li-metal batteries, DoW may need to
replace existing lead-acid starter batteries, in which case 6T form factor Li-ion batteries are a drop-
in alternative. These batteries can extend “silent watch” capabilities two to threefold, enabling
vehicles to run surveillance systems for 12 hours or longer without engine operation (Roque 2025).

5.6 Satellites

Space energy storage systems must withstand extreme radiation, vacuum pressure, and intense
temperature fluctuations while meeting strict energy density requirements (K. Sharma and
Santasalo-Aarnio 2025). Since 2000, Li-ion has become the preferred choice for satellites,
replacing older technologies like nickel-hydrogen (NiHz) due to its higher energy density, which
significantly reduces payload mass.
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Battery requirements vary by mission type: Low Earth orbit satellites demand more than 30,000
cycles across a 2—15-year lifespan, while geostationary satellites prioritize radiation resistance and
a duration exceeding 15 years. Planetary rovers face the harshest thermal conditions, operating
between -125°C and +20°C for up to 15 years or more than 1,000 solar cycles.

To further decrease weight, next-generation chemistries worth investigating are Li-sulfur and
metal-air chemistries, though these face challenges regarding cycling stability and surface
reactivity. A significant emerging frontier is in-situ Resource Utilization (ISRU), which involves
manufacturing battery materials, such as aluminum-ion systems, directly from lunar soil (Su et al.
2025). This approach leverages minerals like aluminum, calcium, and magnesium prevalent on the
moon to enable on-demand energy storage production and reduce launch payloads. NLR is
currently expanding research into these aluminum-ion technologies to address issues like
passivation and volume expansion.

6 Conclusion

Battery energy storage is the most promising technology for energy storage applications in terms
of energy density and cost. While commercial and advanced Li-ion can satisfy certain electric
mobility (e.g., cars, midsized vehicles) and electric flight application (e.g. drones) needs of DoW,
next generation technologies like Li metal solid-state batteries, and conversion chemistries (Li-air,
Li-CFx) are needed for heavy duty applications like armored vehicles, tanks, airplanes, jets.

Batteries should also be supplemented with technologies such as supercapacitors and next-
generation flywheels to provide short bursts of high energy for high power needs. Thermal energy
storage solutions (sensible and latent heat) and fuel cells (PEMFC and SOFC) are good alternatives
for supporting energy storage applications in terms of energy density and cost. Gravity-based
energy storage promises the least energy density with high cost and should only be used for niche
DoW applications. Of the different gravity energy storage technologies reviewed, pumped-hydro,
flywheel, and compressed air energy storage are promising, while solid gravity energy storage
appears the least attractive.

Military facilities requiring 14 days of energy storage can benefit from flow batteries, especially
commercial VFRBs and next generation iron-air systems. While VFRBs are expensive, iron-air
batteries have the coupled benefits of low cost and good energy density promising 100+ hours of
storage. Table 5 summarizes key applications for DoW as well as strengths and challenges
associated with many of the energy storage technologies described in this report.
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Energy
Storage

Technology

Table 5. Energy Storage Technologies and DoW Applications

Average
Duration

Key
Applications

Strengths

Challenges

Li-ion
(NMC/NCA)

Li-ion (LFP)

Solid-state
battery (future)

Flow batteries
(VRFB, Zn)

Flywheel
energy storage

Super-
capacitors

Compressed
air energy
storage

Thermal energy

storage

1-12
hours

1-12 hours

1-12+
hours

8—12+
hours

Seconds -
minutes

Seconds—
minutes

8-24+
hours

Hours—
days

Long-endurance
UAVs, soldier

power (lightweight

focus)

Soldier power
(safety focus),
tactical vehicles,
microgrids

Future soldier
power, UAVs,
tactical vehicles

Military base
resilience, long-
duration
microgrids

Directed-energy
weapons (hybrid
energy storage
systems),
railguns,
uninterruptible
power supply

Directed-energy
weapons (hybrid
energy storage
systems), pulsed
power

Large-scale base
energy storage

Cooling for high-
power electronics,
base
heating/cooling

High energy density (150-
275 Wh/kg), compact,
lightweight

Superior safety, very long
cycle life (>3,000 cycles),
no cobalt

Potentially very high
energy density (>350
Wh/kg), inherently safe,
long cycle life

Highly scalable (decoupled
power/energy), exceptional
safety, very long cycle life

Very high-power output,
rapid response, long
operational life (>100,000
cycles), high efficiency

Extremely high-power
density (>10 kW/kg),
extremely long cycle life
(>1 million cycles), fast
recharge

Very large energy capacity,
very long operational life
(40-100+ years), low cost

at massive scale

High power cooling, long-
duration heat/power
storage for resilience

Higher safety risk
(thermal runaway),
cobalt supply
chain issues

Lower energy
density (90-160
Wh/kg),
heavier/bulkier

High cost,
manufacturing
immaturity,
technical hurdles
(interfaces,
dendrites)

Low energy
density (not
portable), high
upfront cost,
electrolyte
logistics

Short duration,
mechanical
system complexity

Very low energy
density, short
duration

Geologically
dependent,
massive footprint,
slow response
time, high capital
cost

Application-
specific, can be
complex to
integrate
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