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Abstract- This paper presents a comprehensive
techno-economic assessment of energy storage
systems (ESS) for grid-tied solar photovoltaic (PV)
installations in industrial zones across the United
States. The study evaluates lithium-ion batteries,
flow  batteries, sodium-sulfur batteries, and
compressed air energy storage (CAES) based on cost-
effectiveness, reliability, performance
characteristics, and grid stability impacts. Using data
from 2022-2024 installations, we analyze capital
expenditure, operational expenditure, round-trip
efficiency, cycle life, and response time to determine
optimal storage solutions for different industrial load
profiles. Results indicate that while lithium-ion
batteries dominate current deployments due to
decreasing costs and high efficiency, vanadium flow
batteries offer compelling advantages for long-
duration storage needs in high-energy industrial
applications despite higher upfront costs. The
findings provide a decision-making framework for
industrial stakeholders considering solar-plus-
storage systems under current U.S. regulatory and
incentive structures, particularly in light of the
Inflation Reduction Act provisions.

Indexed Terms- Energy storage systems, grid-tied
solar, industrial applications, lithium-ion batteries,
flow batteries, techno-economic analysis, grid
stability

L INTRODUCTION

The integration of renewable energy sources,
particularly solar photovoltaic (PV) systems, into
industrial ~ operations represents a significant
opportunity for reducing carbon emissions and energy
costs in the United States' manufacturing sector.
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Industrial facilities account for approximately 32% of
total U.S. energy consumption, making them critical
targets for renewable energy adoption (EIA, 2024).
This sector is responsible for roughly 23% of U.S.
greenhouse gas emissions, with process heat and
motor-driven systems consuming the largest share of
industrial energy (EPA, 2023). Despite declining costs
of solar technology—with utility-scale PV costs
decreasing by over 70% in the past decade—industrial
solar adoption has lagged behind commercial and
residential sectors, with only 3.8% of U.S. industrial
electricity currently derived from on-site solar
generation (SEIA, 2024).

However, the intermittent nature of solar generation
presents challenges for grid reliability and power
quality in industrial settings where consistent, high-
quality power is essential for manufacturing processes.
Industrial operations often require precise voltage and
frequency control, with even millisecond-scale
interruptions ~ potentially  causing  significant
production losses in sensitive manufacturing processes
like semiconductor fabrication or pharmaceutical
production. Additionally, the typical industrial load
profile—characterized by high daytime demand—
often aligns imperfectly with solar generation curves,
particularly during early morning ramp-up periods and
during seasonal variations in solar output.

Energy storage systems (ESS) have emerged as a
crucial enabling technology to address the temporal
mismatch between solar generation and industrial load
profiles. By time-shifting energy production,
providing backup power, and offering grid services,
storage technologies can significantly enhance the
value proposition of industrial solar installations.
Modern storage systems can respond within
milliseconds to power fluctuations, maintain voltage
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within tight tolerances (£0.5%), and provide black-
start capabilities during grid outages—all critical
functions for manufacturing facilities with high-value
production lines. Industrial facilities with ESS-paired
solar installations have demonstrated energy cost
reductions of 15-40% compared to traditional grid-
only supply arrangements (NREL, 2023).

The selection of appropriate storage technologies,
however, requires careful consideration of technical
performance, economic factors, and specific industrial
requirements. Industrial facilities present unique
challenges for storage deployment, including:

e Space constraints within existing manufacturing
infrastructure

e Integration with sophisticated industrial control
systems and energy management platforms

e Stringent safety requirements, particularly in
hazardous manufacturing environments

e Operational needs for high-power, high-cycling
applications in some sectors

e Long service-life expectations aligned with
industrial equipment replacement cycles (typically
15-25 years)

e Complex return-on-investment  calculations
incorporating multiple value streams

The U.S. context presents unique considerations for
industrial ESS deployment:

e Policy landscape: The Inflation Reduction Act of
2022 introduced a standalone Investment Tax
Credit (ITC) for storage systems, significantly
improving project economics. This 30% credit,
available through 2032 with step-downs thereafter,
can be increased to 40% or higher when domestic
content and energy community requirements are
met. Additional production tax credits for U.S.-
manufactured batteries further enhance the
economic case for domestic industrial
applications.

e Regulatory framework: FERC Order 841 and 2222
enable storage participation in wholesale markets,
creating additional revenue streams. These
landmark regulations require regional transmission
organizations to establish market rules allowing
storage resources as small as 100kW to provide

IRE 1708737

capacity, energy, and ancillary services—enabling
industrial facilities to monetize their storage assets
beyond on-site applications. Early adopters have
reported 20-35% improvements in project returns
through these participation models (EPRI, 2023).

e Industrial electricity rates: Demand charges in
many U.S. industrial tariffs can constitute 30-70%
of electricity bills, creating strong economic cases
for peak shaving. Industrial time-of-use rate
differentials have widened in many regions,
exceeding 4:1 ratios between peak and off-peak
periods in states like California and New York. As
utilities increasingly implement real-time pricing
mechanisms for large industrial customers, the
arbitrage potential for storage systems continues to
expand.

e Resilience concerns: Increasing extreme weather
events have elevated power reliability as a priority
for manufacturing operations. Recent analyses
estimate that power outages cost U.S.
manufacturers $150 billion annually in lost
production and equipment damage (LBNL, 2023).
For industries with continuous processing
requirements or high restart costs, the resilience
value of solar-plus-storage systems often exceeds
their energy cost savings.

e Manufacturing competitiveness: Energy costs
significantly impact U.S. industrial
competitiveness, particularly in energy-intensive
sectors competing globally. Solar-plus-storage
systems offer predictable long-term energy costs,
insulating operations from volatile utility rates and
potentially creating competitive advantages in
industries where energy comprises 5-20% of
production costs.

e Corporate sustainability commitments: Over 65%
of S&P 500 companies have established science-
based emissions reduction targets, driving
industrial facilities to seek renewable solutions
compatible with 24/7 operations (RE100, 2024).
This corporate governance trend has accelerated
industrial solar-plus-storage adoption beyond pure
economic considerations.

This study addresses the critical question: Which
energy storage technologies provide the optimal
combination of cost-effectiveness, reliability, and grid
stability benefits for different types of U.S. industrial
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solar installations? By conducting a comprehensive
techno-economic assessment, we aim to provide
evidence-based guidance for industrial facility
managers, project developers, and policymakers
navigating the complex landscape of energy storage
options. Our analysis addresses both current market
conditions and projected technological advancements
over the next decade, allowing for strategic planning
aligned with industrial investment horizons.

The significance of this research extends beyond
individual facility optimization, contributing to
broader goals of industrial decarbonization, grid
modernization, and manufacturing competitiveness in
an increasingly carbon-constrained global economy.
As the U.S. pursues ambitious climate targets,
including 80% clean electricity by 2030 and economy-
wide net-zero emissions by 2050, the industrial
sector's successful integration of renewable energy
represents a crucial element of this transition.

II. LITERATURE REVIEW
2.1 Evolution of Energy Storage Technologies

Energy storage systems have evolved significantly
over the past decade, with various technologies
reaching different levels of commercial maturity.
Recent literature has documented the accelerating
deployment of grid-scale storage technologies in the
United States, with installed capacity growing at a
compound annual rate of 42% between 2018 and 2023
(DOE, 2024). This growth trajectory has outpaced
even the most optimistic projections from earlier
forecasts by Wood Mackenzie (2019), which had
predicted a 31% CAGR for the same period.

Lithium-ion batteries have dominated recent
deployments due to rapid cost declines, with average
prices falling 89% from 2010 to 2023
(BloombergNEF, 2024). Contemporary research by
Zhang and Rodriguez (2023) attributes this dramatic
cost reduction primarily to manufacturing scale
economies, advanced cathode chemistries, and supply
chain optimization. However, as Schmidt et al. (2023)
note, alternative technologies such as flow batteries
and advanced compressed air energy storage have seen
significant technological improvements making them
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increasingly competitive for specific applications. The
technology diversification trend is particularly
relevant for industrial settings, where Patel et al.
(2024) observed that duration requirements often
exceed the 4-hour threshold that typically favors
lithium-ion solutions.

Thermal energy storage has gained renewed attention
for industrial applications, with Yamamoto and Chen
(2023) demonstrating integration potential with
process heat requirements. Their case studies across
five manufacturing subsectors revealed efficiency
improvements of 15-27% when thermal storage was
paired with solar thermal and PV systems.
Additionally, Kumar and Washington (2024)
documented substantial improvements in the energy
density and round-trip efficiency of molten salt
systems, potentially expanding their applicability
beyond concentrated solar power to broader industrial
uses.

2.2 Industrial Applications of Energy Storage

Industrial facilities present unique requirements for
energy storage systems compared to residential or
commercial applications. Wilson and Harris (2023)
identify several critical characteristics for industrial
storage applications:

e High power ratings to support manufacturing
equipment

e Reliability requirements of 99.99% or higher in
many cases

e Ability to provide power quality services
(frequency regulation, voltage support)

o Integration with existing industrial control systems

e Safety  considerations in  manufacturing
environments

Dimitriou and Chang (2024) further categorize
industrial storage applications into three tiers based on
criticality, with Tier 1 applications requiring
millisecond-level response times and uninterruptible
operation for sensitive manufacturing processes. Their
framework suggests different technology matches
based on these tiers, with supercapacitors and flywheel
systems often preferred for Tier 1 applications despite
higher costs. Research by Okafor et al. (2022)
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complements this work by quantifying the production
losses associated with power quality issues across
different manufacturing sectors, establishing a clear
value proposition for storage technologies that can
mitigate these impacts.

The literature indicates significant untapped potential
for industrial-scale storage in the United States.
According to Jenkins et al. (2024), less than 8% of
U.S. industrial facilities with solar installations
currently incorporate energy storage, despite the
economic benefits identified in multiple studies. This
adoption gap is particularly pronounced in small and
medium-sized manufacturing enterprises, which
Rodgers and Thompson (2023) attribute to capital
constraints, technical knowledge limitations, and
perceived implementation complexity. However, as
documented by Menendez and Blackwell (2024), early
adopters across various industrial sectors have
achieved average payback periods of 4.2 years for
combined solar-plus-storage systems, substantially
below the 7-10 year threshold typically required for
capital-intensive industrial upgrades.

2.3 Economic Assessment Frameworks

Several frameworks have been proposed for
evaluating the economics of energy storage in
industrial applications. The most widely adopted
approach, as outlined by Lazard (2023), considers the
Levelized Cost of Storage (LCOS) as a central metric,
accounting for capital costs, operational expenses,
efficiency losses, and degradation over the system
lifetime. This approach has been refined by Ferguson
and Kapoor (2023), who incorporated probability-
weighted scenario analysis to account for market
uncertainty and policy risk in long-term industrial
storage investments.

However, as Martinez and Kang (2023) argue, LCOS
alone is insufficient for industrial applications, where
the value of specific services—such as demand charge
reduction, backup power provision, and participation
in demand response programs—must be quantified
based on specific industrial load profiles and local
market conditions. O'Donnell and Miyazaki (2024)
developed a comprehensive valuation framework
specifically for industrial contexts, introducing the
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concept of "Industrial Storage Value Stacking" that
incorporates productivity impacts, process flexibility
benefits, and energy market participation into a unified
assessment methodology. Their approach has been
validated across 14 industrial case studies, revealing
that traditional LCOS metrics underestimate the full
value proposition by 30-45% in manufacturing
settings.

Complementary work by Gagnon and Rivera (2022)
established standardized protocols for quantifying the
resilience value of storage in industrial operations,
addressing what has historically been a difficult-to-
monetize benefit. Their probabilistic approach to
outage impact modeling has been adopted by several
major manufacturers, as documented by Tran and
Morales (2024), who found that resilience benefits
alone justified storage investments in regions with grid
reliability below 99.97%.

2.4 Policy and Regulatory Landscape

The U.S. policy environment for energy storage has
evolved significantly in recent years. The Inflation
Reduction Act (IRA) established a standalone
Investment Tax Credit for storage systems, which
Nemet et al. (2023) estimate will reduce effective
capital costs by 30-40% for most projects. Subsequent
analysis by Davidson and Cruz (2024) indicates that
when combined with production tax credits for
domestic manufacturing, the effective subsidy can
reach 45-52% for systems incorporating U.S.-made
components.  Additionally, various state-level
incentives supplement federal support, with particular
strength in California, New York, and Massachusetts
(DSIRE, 2024).

FERC Orders 841 and 2222 have created pathways for
storage systems to participate in wholesale electricity
markets, creating additional value streams beyond
behind-the-meter applications. However, as Taylor
and Williams (2024) note, the implementation of these
orders  varies significantly across different
Independent System Operators (ISOs) and Regional
Transmission Organizations (RTOs), creating a
complex landscape for project developers. Lee and
Gupta (2023) quantified these regional disparities,
finding that the additional value from market

ICONIC RESEARCH AND ENGINEERING JOURNALS 954



© MAY 2025 | IRE Journals | Volume 8 Issue 11 | ISSN: 2456-8880

participation ranges from $40/kWh-year in PJM
territory to less than $15/kWh-year in MISO,
significantly affecting project economics.

Industrial-specific regulatory considerations have
been examined by Sandoval and Hughes (2023), who
documented the emergence of specialized utility
tariffs targeting manufacturing facilities with on-site
generation and storage. Their analysis of 50 utility
territories found increasing availability of rate
structures rewarding load flexibility and grid services,
though Winters and Chen (2024) caution that many of
these programs remain pilot-stage with uncertain long-
term availability. Peterson and Singh (2024) further
identified interconnection processes as a persistent
barrier, with industrial battery systems facing average
delays of 8-14 months despite recent procedural
improvements by several utilities and RTOs.

2.5 Technology Performance in Industrial
Environments

The operational performance of storage technologies
in industrial settings presents unique challenges and
opportunitiecs. Comprehensive field studies by
Harrison and Maldonado (2023) across 32
manufacturing facilities demonstrated how the harsh
operating conditions—including temperature
variations, dust, vibration, and electromagnetic
interference—significantly impact battery degradation
rates and system reliability. Their findings suggest that
industrial installations often require more robust
thermal management and filtration systems compared
to commercial or utility-scale deployments.

Research on cycling patterns by Zimmerman et al.
(2024) revealed that industrial load profiles typically
impose more demanding duty cycles on storage
systems compared to residential or commercial
applications. Their analysis of operational data from
47 industrial battery installations showed average
daily depth-of-discharge values 22% higher than
equivalent commercial systems, with corresponding
impacts on battery lifetime and performance
guarantees. These findings align with earlier work by
Lamont and Fischer (2022), who established empirical
correlations  between  manufacturing  process
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characteristics and optimal storage system
specifications.

Technology-specific performance evaluations have
been conducted for various industrial contexts.
Nishimura and Abbott (2023) assessed vanadium flow
batteries in metal processing facilities, documenting
superior performance in high-temperature
environments and  with extended duration
requirements compared to lithium-ion alternatives.
For high-power, short-duration applications, Bhargava
and Cortez (2024) demonstrated the advantages of
flywheel-supercapacitor hybrid systems in automotive
manufacturing, achieving response times under 20
milliseconds and eliminating production line
interruptions from momentary voltage sags.

1.  METHODOLOGY
3.1 Storage Technology Selection

Based on commercial availability and suitability for
industrial applications, this study evaluates four
primary storage technologies:

1. Lithium-ion batteries (LIB): Currently the
dominant technology with high efficiency and
moderate duration

2. Vanadium redox flow batteries (VRFB): Offering
longer duration and cycle life with lower energy
density

3. Sodium-sulfur batteries (NaS): High temperature
batteries suited for larger-scale applications

4. Compressed air energy storage (CAES):
Mechanical storage suitable for very large-scale,
long-duration applications

3.2 Technical Performance Assessment

We analyzed key technical parameters for each
technology based on manufacturer specifications and
validated through industry case studies. The
parameters evaluated include:

e Energy capacity (MWh)

e Power rating (MW)

e Round-trip efficiency (%)

e Cycle life (number of full discharge cycles)
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e Response time (milliseconds)

e Energy density (Wh/L)

o Self-discharge rate (%/day)

e Operating temperature range (°C)
e Expected lifetime (years)

3.3 Economic Analysis Framework

The economic assessment employed multiple
methodologies:

1. Levelized Cost of Storage (LCOS) calculated as:
LCOS =

(Capex + X Opex/(1+r)Y) / (Z Ex(1-d)Y/(1+r)Y)
Where:

Capex = Capital expenditure ($)

Opex = Annual operational expenditure ($/year)
E = Annual energy discharged (kWh/year)

r = Discount rate (%)

d = Annual degradation rate (%)

t = Year of operation

Net Present Value (NPV) analysis incorporating:
Capital costs ($/kWh)

Installation costs ($/kWh)

Balance of system costs ($/kWh)

Operations and maintenance costs ($/kWh-year)
Replacement costs where applicable

Federal ITC benefits (30% + potential adders)
State-level incentives where applicable

Revenue from energy arbitrage

Revenue from demand charge reduction
Revenue from grid services where available
Degradation effects over project lifetime
Payback period and Internal Rate of Return (IRR)
calculations for different deployment scenarios

w o O 0O O 0O O O O O O O MO O O O O O

3.4 Grid Stability Analysis
To assess grid stability impacts, we evaluated:

e Frequency regulation capabilities
e Voltage support characteristics

e Response to simulated grid disturbances
3.5 Data Sources
Primary data sources included:

e U.S. Department of Energy's Energy Storage
Database

e National Renewable Energy Laboratory's (NREL)
Annual Technology Baseline

e Lawrence Berkeley National Laboratory industrial
load profile database

e Commercial quotes from  major ESS
manufacturers and integrators (2022-2024)

o Utility tariff data from the top 20 industrial states

e C(Case studies of operational industrial storage
systems

e Energy Information Administration (EIA)
electricity market data

IV.  RESULTS AND ANALYSIS
4.1 Technical Performance Comparison
Table 1 presents the technical specifications of the
evaluated storage technologies based on commercially

available systems in the U.S. market as of 2024.

Table 1: Technical Specifications of Energy Storage
Technologies for Industrial Applications

Parameter | Lithiu | Vanadiu | Sodiu | CAES
m-ion | mFlow | m-
Sulfur

Round- 85-95 | 70-80 75-85 | 60-70
trip
Efficiency
(%)

Cycle 2,000- | 12,000- | 4,500- | 10,000
Life 4,000 | 20,000 | 6,000 |-+
(cycles)

Response | 20-100 | 100-500 | 20-40 | 1,000-

o Time (ms) 10,000
e  Ramp rate capabilities
e Black start potential
e Islanding capabilities for resilience
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Energy 200- 15-25 150- 3-6

Density 400 300

(Wh/L)

Self- 0.1-0.3 | <0.01 0.05- | <0.01
discharge 0.1

(%/day)

Operating | -20 to | 10to 40 | 300 to | Ambie
Temperat | 60 350 nt

ure (°C)

Calendar | 8-15 20-25 10-15 | 20-30
Life
(years)

Depth of | 80-90 | 100 80 100
Discharge
(%)

Key findings from the technical analysis include:

e Lithium-ion systems offer superior round-trip
efficiency (85-95%) and energy density, making
them compact and efficient for space-constrained
industrial facilities

e Vanadium flow batteries demonstrate exceptional
cycle life (12,000-20,000 cycles) and calendar life
(20-25 years), providing advantages for
applications requiring frequent cycling and long
system lifetimes

e Sodium-sulfur batteries offer a balance of energy
density and cycle life but require high operating
temperatures (300-350°C)

o CAES systems show the longest potential calendar
life (20-30 years) but require specific geological
formations and have lower round-trip efficiency
(60-70%)

4.2 Economic Analysis

Our economic analysis calculated the levelized cost of
storage (LCOS) for each technology across different
durations (2-hour, 4-hour, and 8-hour systems) in 2024
U.S. dollars, incorporating incentives available under
the Inflation Reduction Act.

Table 2: Levelized Cost of Storage (LCOS) for
Industrial Applications (2024 USD/MWh)

Storag | Lithiu | Vanadiu | Sodiu | CAES

e m-ion m Flow | m-
Durati Sulfur
on

2-hour | $135- | $210- $180- | Not
175 260 230 applicab
le

4-hour | $165- $195- $200- | $250-
215 245 250 300

8-hour | $230- | $185- $220- | $185-

290 235 270 225
12- $320- | $180- $240- | $160-
hour 380 230 290 200

The capital expenditure (CAPEX) analysis reveals
significant differences in cost structures across
technologies:

Figure 1: Capital Cost Breakdown for 4-hour Storage

Systems (2024 USD/kWh)

Capital Cost Breakdown for 4-hour Storage Systems (2024 USD/kWh)

$320/kWh

$310/kWh
$300/kWh -

e $280/kWh

i .

Lithium-ion Vanadium Flow Sodium-Sulfur CAES

Cost (USDMAN)
g

2

Source: Industry datz compiled from DOE Energy Storage Database and manufasturer specifications (2024)

Key economic findings include:

Lithium-ion systems maintain cost advantages for
shorter-duration applications (2-4 hours), with
LCOS of $135-215/MWh for such durations

Flow batteries become more economical than
lithium-ion as duration increases beyond 8 hours,
with LCOS advantages of 15-25% for 12-hour
systems
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e CAES presents the lowest LCOS for very long
durations (12+ hours) at large scales (50+ MWh),
but has significant geographical limitations

e When IRA incentives are applied, all technologies
show 25-40% improvements in LCOS depending
on domestic content and location adders

4.3 Industrial Application Suitability

Different industrial sectors present varying load
profiles and storage requirements. Our analysis
identified optimal storage technologies for major

industrial categories:

Table 3: Optimal Storage Technology by Industrial

Application Type
Industrial Typical Recommen | Seconda
Sector Requirem | ded ry
ents Primary Technol
Technolog | ogy
y
Food 4-8 hour | Lithium- Flow
Processing | duration, | ion Battery
high
reliability
Chemical 8-12+ Flow CAES
Manufactur | hour Battery
ing duration,
safety
critical
Metal High Lithium- Sodium-
Production | power, ion Sulfur
moderate
duration
Semicondu | Ultra-high | Lithium- Flow
ctor reliability, | ion + | Battery
power Flywheel
quality
Automotiv | Moderate | Lithium- Sodium-
e duration, ion Sulfur
Manufactur | frequency
ing regulation

Data
Centers

High
reliability,
rapid
response

Lithium-
ion

Flow
Battery

Pharmaceu
tical

Long
duration,
regulatory
complianc
e

Flow
Battery

Lithium-
ion

Paper &
Pulp

Long
duration,
thermal
integratio
n

Flow
Battery

CAES

Figure 2: Average Daily Load Profiles and Solar
Generation for Selected Industrial Categories

Average Daily Load Profiles and Solar Generation for Selected Industrial Categories

120%

100%

80%

a0%

0%

Load | Generation (% of Peak)

20%

0

Hour of Day

M Food P
c

M 0ata Center Load
I Metal Production Load

Solar Generation

Sourse: Analysis of industrisl load profiles from NREL and Lawrense Berkeley Wafional Labarstory data (2024)

4.4 Grid Stability Impact

Our analysis of grid stability impacts focused on key
services that energy storage can provide to support
industrial microgrids and the broader electricity

system.

Table 4: Grid Stability Services by Storage

IRE 1708737

Technology
Service Lithiu Vanadi | Sodiu CAES
m-ion um m-
Flow Sulfur
Frequenc | Excell | Good Very Limite
y ent Good d
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Regulatio
n

Voltage Very Good Very Moder

Support Good Good ate
Ramp Excell | Good Very Limite
Rate ent Good d
Control

Black Limite | Good Moder | Very
Start d ate Good
Capabilit

y

Islanding | Good Very Good Excell
Support Good ent
Response | Excell | Good Very Limite
to Grid | ent (<500m | Good d
Disturban | (<100 | s) (<100 | (secon
ces ms) ms) ds)

Figure 3: Frequency Response Comparison During
Simulated Grid Disturbance Events

Frequency Response Comparison During Simulated Grid Disturbance Events

Frequency Drep M Lithium-ion
'
Vanadium Flow
803 i M sodium-Sulfur
W caEs

Grid Fraquency
Narmsl Operating Range

Frequency (Hz)

] 1 2 3 4 5 1] T 2
Time {seconds)

Source: Simulsfed response data based on manufscursr specifizations snd fisld tesf results (2024)

Key findings regarding grid stability include:

Lithium-ion systems provide superior frequency
regulation capabilities due to their rapid response
times (<100ms) and high round-trip efficiency
Flow batteries excel in applications requiring
sustained  support during extended grid
disturbances due to their ability to independently
scale power and energy

CAES offers valuable black start capabilities for
industrial microgrids but has limited value for
short-duration grid services

e Sodium-sulfur systems provide a balance of
response capabilities suitable for industrial
applications with both short and medium-duration
requirements

4.5 Case Study Results
We analyzed five operational industrial solar-plus-
storage installations across different U.S. regions to

validate our technical and economic models.

Table 5: Summary of Case Study Results

Param | Northea | Califo | Texa | Midwe | South

eter st rnia S st cast
Manufac | Food | Che Autom | Data
turing Proce | mical | otive Cente
Facility ssor Plant r

Solar 2.4 5.2 12.8 3.5 8.5

Capaci

ty

(MW)

Storag | Li-ion Vana | Li- Li-ion | Li-ion

e dium | ion +

Techn Flow | Flow

ology Hybr

id

Storag 4.8 (2hr) 26 51.2 7 (2hr) 17

e (5hr) (4hr) (2hr)

Capaci

ty

(MWh

)

Annua | 22% 35% 43% 18% 28%

1

Energy

Cost

Saving

s

Deman 45% 60% 65%  38% 52%

d

Charge

Reduct

ion

Paybac | 5.8 7.2 6.4 7.1 4.9

k
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Period
(years)
Primar Demand Resili Dem  Peak Relia
y charge ence and + shavin  bility
Value  reductio + ancill g A
Stream n TOU ary dema
arbitr  servi nd
age ces charg
es

Figure 4: Net Present Value Sensitivity Analysis for

Industrial Storage Systems

Net Present Value Sensitivity Analysis for Industrial Storage Systems
Tarnado diagram showing impact of parameter variations on NPV (4-hour Lithium-ion system)

Electricity Price a% S e
e
Base Case Values:
Battery Capital Cost 2% _ Aejecicty: 501200
Demand: $18kEmonth
Discount Rate 2% - s Cagital Cost: 3350/Kvh
Discount Rate: 8%
Cyele Li - . Cycle Life: 3,500 cycles
yele Life - * Efciency: 0%
Round-trip Efficiency - 5% Cg;ﬂqi‘ﬂk]lw,ygal
Base NPV $162.000
ITC Benefit 205 I -
GBM Costs s - so%
0

-§225K -§150K 575K E +579K +3150K +3225K

Net Present Value Change {USD)

Source: Fi el based on industry cost =nd case study dats (2024)

V. DISCUSSION

5.1 Technology Selection Considerations

Our analysis reveals that optimal technology selection
depends critically on specific industrial characteristics

rather than following a one-size-fits-all approach.
Several key decision factors emerged:
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Duration requirements: For applications requiring
less than 4 hours of storage, lithium-ion systems
typically offer the most cost-effective solution. For
durations exceeding 8 hours, flow batteries
increasingly demonstrate economic advantages
despite higher upfront costs.

Cycling frequency: In applications with multiple
daily cycles, the superior cycle life of flow
batteries (12,000+ cycles versus 2,000-4,000 for
lithium-ion) can justify their higher initial
investment over the project lifetime.

Space constraints: Many industrial facilities face
significant space limitations. In these cases, the 10-
20x higher energy density of lithium-ion systems

compared to flow batteries often makes them the
only viable option despite potentially higher
lifetime costs.

Safety requirements: Process-intensive industries
with heightened safety concerns may favor flow
batteries due to their non-flammable electrolytes
and separation of power and energy components,
despite the thermal management systems available
for modern lithium-ion installations.

Lifetime  expectations: Industrial facilities
typically plan on decades-long operational
horizons. The 20+ year calendar life of flow
batteries aligns better with industrial planning
timeframes than the typical 10-15 year life of
lithium-ion  systems, potentially = reducing
replacement costs.

5.2 Economic Drivers

Several key economic factors influence the viability of
industrial storage deployments in the U.S. context:

Demand charge structures: In regions with high
demand charges (>$15/kW), storage systems
provide substantial value through peak demand
reduction. Our case studies demonstrated demand
charge reductions of 38-65%, constituting the
primary value stream for most industrial
deployments.

Time-of-use arbitrage: The increasing differential
between on-peak and off-peak electricity rates in
many industrial tariffs (often exceeding
$0.10/kWh in California, New York, and
Massachusetts) enhances the value of energy time-
shifting.

Incentive availability: The 30% Investment Tax
Credit established by the IRA significantly
improves  project economics across  all
technologies. Additional domestic content bonuses
(10%) and energy community adders (10%) can
further enhance returns when applicable.
Wholesale market participation: The
implementation of FERC Orders 841 and 2222 has
created pathways for behind-the-meter industrial
storage to participate in wholesale markets.
However, our analysis found this value stream
remains secondary to demand charge management
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for most industrial applications except in the PJM
and ERCOT territories.

Resilience valuation: Despite significant industry
interest in resilience benefits, quantifying the value
of outage avoidance remains challenging. Our case

CONCLUSION

This comprehensive techno-economic assessment of
energy storage systems for grid-tied solar installations
in U.S. industrial zones yields several important
conclusions:

studies revealed a wide range of implicit valuations
from $35-180/kWh of backup capacity depending
on the criticality of industrial processes.

5.3 Grid Integration Challenges

Several technical challenges persist for industrial-
scale storage integration:

e Interconnection processes remain lengthy and
complex in many utility territories, with timelines
exceeding 12 months in congested areas

e Control systems integration between storage
management systems and existing industrial
automation platforms presents technical hurdles

o Utility requirements for grid-interactive functions
vary significantly across territories, increasing
engineering complexity

e Limited availability of skilled workforce for
industrial-scale storage system design and
maintenance

e Safety standards and permitting requirements
continue to evolve, creating regulatory uncertainty

5.4 Policy Implications

Our findings suggest several policy improvements to
accelerate industrial storage adoption:

e Standardization of interconnection requirements
across utility territories would reduce engineering
costs and deployment timelines

e Development of specific industrial resilience
incentives that recognize the economic value of
manufacturing continuity

e Creation of streamlined permitting pathways for
industrial storage systems integrated with existing
electrical infrastructure

e Expansion of utility demand response programs to
better monetize industrial storage flexibility

e Investment in workforce development focused
specifically on industrial-scale storage design,
integration, and operation

. No single storage technology emerges as

universally —optimal across all industrial
applications. The appropriate technology depends
critically on facility-specific =~ requirements
including duration needs, cycling patterns, space
constraints, and safety considerations.

. Lithium-ion batteries currently dominate the

industrial storage market due to their favorable
economics for short-duration applications (2-4
hours), high efficiency, compact footprint, and
established supply chain. They excel in
applications requiring rapid response and moderate
cycling.

. Flow batteries demonstrate compelling advantages

for longer-duration applications (8+ hours) and use
cases requiring frequent cycling or extended
calendar life. Despite higher upfront costs, their
superior cycle life and duration flexibility can
provide lower lifetime costs for appropriate
industrial applications.

. The economic case for industrial storage is

strongest when multiple value streams can be
stacked, with demand charge reduction typically
providing 40-60% of total value, followed by
energy arbitrage, resilience benefits, and where
available, grid service revenues.

. The Inflation Reduction Act's standalone storage

ITC has transformed project economics, reducing
effective capital costs by 30-40% when all adders
are considered. This policy change alone has
improved typical project payback periods by 2-3
years.

. Current industrial storage deployments represent

less than 10% of the total technical potential in
U.S. manufacturing facilities.  Significant
opportunities exist, particularly in food processing,
chemical manufacturing, and data center
applications where both economic and resilience
benefits are substantial.

. Grid stability benefits of industrial storage remain

undervalued in most utility territories despite their
potential to provide local voltage support,
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frequency regulation, and congestion relief on
distribution networks.

Future research should focus on developing
standardized frameworks for wvaluing resilience
benefits, optimizing hybrid technology deployments
that combine the advantages of multiple storage types,
and exploring sector-coupling opportunities where
industrial thermal processes could provide additional
flexibility to electrical storage systems.
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