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Chartered in 1957 as a joint operating agency, Energy Northwest (EN) is a consortium
of 29 public utility districts (PUDs) and municipalities across Washington state. EN takes
advantage of economies of scale and shared services to help utilities run their operations
more efficiently and at lower costs, to benefit more than 1.5 million customers. EN
develops, owns, and operates a diverse mix of electricity generating resources, including
hydro, solar, wind, and battery energy storage projects—and the Northwest’s only nuclear
energy facility. These projects provide enough reliable and affordable energy to power
more than a million homes each year. EN continually explores new generation and
storage projects to meet its customers’ needs.

EN is targeting the future installation of a 50-200 MW Long Duration Energy Storage
(LDES) system with a minimum duration of 10 hours at the Nine Canyon (9C) site,
located in southeast Kennewick, Washington. The 9C site is characterized by hilly and
broken terrain, with an elevation gain of over 1,000 feet from bottom to top. Of the
5,120-acre lease area, only about 75 acres are in actual use by existing generation
facilities, access roads, and maintenance buildings. This provides ample space for siting
an LDES system while leveraging existing infrastructure, including a substation and a
transmission corridor with an established Interconnection Agreement with the Bonneville
Power Administration (BPA).

EN intends to charge the facility with power supplied by the electrical grid from the
BPA transmission system. The transmission line that services 9C is owned by BPA and
originates approximately 15 miles to the south at the McNary Lock and Dam on the
Columbia River. Although not specifically investigated in this report, siting the storage
facility in a location that connects to the BPA system allows the facility to store energy
generated from anywhere connected to the BPA grid.

EN is particularly interested in gravity-based mechanical rail storage technology that
uses elevation to store potential energy. Gravity storage uses no chemicals, is not
flammable, uses no water, and can take advantage of natural, locally sourced materi-
als for ballast and weight in the mass cars. In addition to gravity storage, EN seeks
to explore other promising LDES technologies and assess their techno-economic char-
acteristics and performance. To achieve this, expert support is required to perform a
comprehensive feasibility study to determine the most suitable LDES technology type,
size, duration, economic value, and location to meet the project objectives.

Building on this vision, EN has been awarded funding through the Grid Moderniza-
tion program administered by the Washington State Department of Commerce and the
Department of Energy (DOE) Office of Electricity LDES Voucher Program to develop a
feasibility study of the 9C LDES. Pacific Northwest National Laboratory (PNNL) applied
its extensive expertise in LDES review, modeling, dispatch optimization, and techno-
economic assessment (TEA) to support EN in achieving its goals.

At the core of this effort is the development of a generalized techno-economic mod-
eling framework and evaluation tool designed to assess the value proposition of LDES
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projects across a variety of contexts. The modeling tool is technology-agnostic and
accommodates user-defined parameters such as rated power, energy duration, round-
trip efficiency, capital and operational costs, and dispatch constraints. It also integrates
economic inputs including market prices, energy revenue structures, and financing pa-
rameters to evaluate performance through key metrics. The tool provides utilities with
a transparent, adaptable platform to support decision-making, investment prioritization,
and portfolio planning for various storage technologies.

To guide scenario design and interpretation, the study first surveyed the LDES tech-
nology landscape—lithium-ion batteries, flow batteries, non-hydro gravity storage, and
thermo-mechanical systems—comparing cost trajectories, technical performance, safety
and hazards, materials sourcing and recyclability, and spatial/siting considerations. This
literature-grounded review highlights technology trade-offs and reinforces the need to
align technology choice with site characteristics, use cases, and project objectives. A
companion chapter examines ownership structures (EN ownership, third-party ownership,
shared models) and offtake options (energy marketing, capacity/energy PPAs, time-of-
use PPAs, block-delivery PPAs, and tolling), where PPAs (power purchase agreements)
represent contractual arrangements for buying and selling electricity. The chapter also
highlights implications for risk allocation, capital access, operational control, and revenue
certainty.

The study also evaluates supervisory control and data acquisition (SCADA) and trans-
mission interconnection pathways, options include upgrading the existing SCADA at the
substation or deploying a dedicated LDES controller, with attention to protection schemes,
data telemetry, cybersecurity, and regulatory coordination with BPA. While sharing a ge-
ographical location and BPA interconnection agreement, the new storage asset will likely
have different offtake utilities from the existing generation facility, making a separate
SCADA system a preferred approach for coordinating operational activities. In addi-
tion, an ARES-specific geotechnical and hydrology assessment presented in appendix
screens multiple corridors for slope stability, bearing capacity, cut-and-fill magnitude,
and stormwater behavior. Most candidate corridors appear workable with conventional
geotechnical measures; however, one expansion area would require significant earthwork
and targeted drainage solutions. Follow-on stormwater design (e.g., terraced bioswales,
energy-dissipating outfalls) is recommended for steeper sections.

The TEA examines three primary dimensions: sizing options, offtake structures, and
economic/financial assumptions. To capture both broad insights and technology-specific
dynamics, the analysis is organized into two levels:

® Technology-agnostic case studies that evaluate how capital cost assumptions and
offtake structures influence financial outcomes.

® In-depth assessments of ARES that evaluate performance across multiple system
sizes and financing assumptions.

For the technology-agnostic assessment, a reference LDES system was defined with
50 MW capacity, 10-hour discharge duration, 75% round-trip efficiency, a 20-year project
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life, and annual O&M costs equal to 0.5% of CAPEX. These uniform assumptions provide
a consistent baseline for comparison across technologies, despite differences in actual
lifetimes and efficiencies. In particular, the 20-year horizon reflects a common planning
period used in project finance, with shorter-lived technologies interpreted as requiring
augmentation or replacement, and longer-lived technologies viewed as having residual
value beyond year 20. Likewise, a 75% RTE was selected as a representative midpoint
across technologies, balancing higher-efficiency batteries and lower-efficiency mechani-
cal or thermal systems. This framing ensures that results highlight the influence of cost
and offtake structures rather than becoming entangled in technology-specific details. Six
scenarios were evaluated, reflecting three capital cost assumptions—Ilow ($300/kWh),
medium ($400/kWh), and high ($500/kWh)—under two offtake structures: energy mar-
keting and tolling agreements. Energy marketing revenues were estimated using 2023
Mid-C market prices, while tolling revenues were modeled with a $30/kW-month tolling
fee and a $20/MWh throughput fee.

Table ES.1. TEA results for high-level technology-agnostic scenarios

Ann.

Ann. Ann. ) Chrg. Payback
Offtake Disch. NPV IRR . LCOS
. CAPEX Rev. Chrg. Cost BCR  Period
Option Energy (SM) (%) (¢/kWh)
($M) Hrs. (M) (years)
(GWh)

Low $14 2447 89 $5 -$34 1.8 0.75 None 19
Market Med. $14 2447 89 $5 -$85 -1.3 0.54 None 24
High $14 2447 89 $5 -$136 -3.6 0.42 None 29

Low $21 N/A 174 N/A  $108 13.1 1.78 9 7
Toling Med. $21 N/A 174 N/A  $57 84 1.31 14 10
High  $21 N/A 174 NA  $7 53 1.03 20 12

Table ES.1 summarizes TEA results for these scenarios, including annual operation
results together with net present value (NPV), benefit-cost ratio (BCR), internal rate of
return (IRR), payback period, and levelized cost of storage (LCOS). Key insights and
lessons learned are summarized as follows:

1. General Lessons Learned

® Energy marketing in current wholesale energy markets may not provide sustain-
able revenue streams for LDES, even at relatively low capital cost assumptions.

® Structured offtake agreements such as tolling can mitigate market risk by securing
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predictable revenues, as reflected in positive NPVs and IRRs across all tolling
cases, even at high CAPEX.

® The viability of LDES projects is highly sensitive to upfront capital costs, under-
scoring the importance of technology cost reductions, financing strategies, or
supportive incentives to enable deployment.

2. Impacts of Capital Cost: Tolling agreement partially buffers higher CAPEX, but via-
bility remains highly sensitive to upfront cost; a $100/kWh change shifts NPV by $50
million for both offtake options.

e With tolling agreement, raising CAPEX from $300/kWh to $500/kWh reduced
BCR by 0.75 (1.78 to 1.03), IRR by 7.8% (13.1% to 5.3%), and NPV by $101
million ($108 M to $7 M). Near break-even around $500/kWh.

® \With energy marketing, the same CAPEX increase reduced BCR by 0.33 (0.75
to 0.42), IRR by 5.4% (1.8% to -3.6%), and NPV by $101 million (-$34 M to -$136
M); NPV is negative across the assumed range.

3. Impacts of Offtake Structures: Tolling agreements provide stable revenues that sus-
tain economic viability across the assumed CAPEX range, while energy marketing
remains negative-NPV.

e At alow CAPEX of $300/kWh, tolling improved outcomes by 1.03 in BCR (0.75
to 1.78), 11.3% in IRR (1.8% to 13.1%), and $74 million in NPV ($34 M to $108
M).

e At a high CAPEX of $500/kWh, tolling remained marginally viable with a BCR of
1.03 and IRR of 5.3%, whereas energy marketing at the same cost level resulted
in a BCR of just 0.42 and IRR of -3.6%.

4. LCOS Trends: At comparable CAPEX, LCOS under energy marketing is roughly
2-2.5 times higher than under tolling.

® Fortolling agreements, LCOS increased from 7 ¢/kWh at low CAPEX to 12 ¢/kWh
at high CAPEX. Daily cycling (approximately 347 days per year) spreads fixed
costs over more energy, keeping LCOS moderate despite higher total costs.

® Forenergy marketing, LCOS increased from 19 ¢/kWh at low CAPEX to 29 ¢/kWh
at high CAPEX. Because dispatch occurs only when energy price spreads are
favorable, total discharged energy is much lower, leading to significantly higher
LCOS.

The in-depth ARES case study evaluated 30 scenarios, combining five different sys-
tem sizing candidates with three offtake structures (energy marketing, conservative tolling,
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Figure ES.1. Comparison of BCR and LCOS under different offtake options for ARES
system

and optimistic tolling) under two investment tax credit (ITC) conditions (with 0% and 30%
ITC). This framework enabled systematic comparison of how project performance varies
with storage duration, market structure, and financial incentives. Figure ES.1 summa-
rizes BCR and LCOS results in all scenarios. The figure highlights the performance
spread across offtake arrangements, clearly showing the stronger economic outcomes
of tolling agreements compared with energy marketing. Tolling payments were mod-
eled with a combination of capacity and throughput fees: conservative tolling assumes
$30/kW-month for a 10-hour system (scaled for other durations) plus $20/MWh through-
put, while optimistic tolling assumes $45/kW-month plus the same $20/MWh throughput.
Key insights and lessons learned are summarized as follows:

e Energy marketing favors shorter-duration systems: Shorter-duration systems,
such as EN 3 (30 MW / 8.1-hour), perform relatively better under energy marketing
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because their duration is sufficient to capture most of the available price spreads.
Increasing system duration beyond this provides diminishing additional revenue, while
increasing capital costs. For example, without ITC, EN 3 achieves a BCR of 0.86
and IRR of 4.0%, whereas a longer-duration system like EN 1 (50 MW / 15-hour)
shows lower financial performance (BCR = 0.80, IRR = 3.4%). Including the 30%
ITC improves all cases, with EN 3 reaching BCR = 1.27 and IRR = 6.9%, but larger
systems remain only marginally viable (EN 1: BCR = 1.17, IRR = 6.2%).

e Tolling agreements significantly improve economic performance: Tolling pay-
ments, structured with both capacity and throughput fees, yield consistently stronger
outcomes. Under conservative tolling, EN 1 (50 MW / 15-hour) without ITC achieves
a BCR of 2.03 and IRR of 11.7%, increasing to BCR = 2.94 and IRR = 17.1% with
ITC. Optimistic tolling further amplifies returns, with EN 1 reaching BCR = 4.20 and
IRR = 24.5% when paired with ITC. Longer-duration and larger-capacity systems
benefit most, as revenues scale with both power and discharge duration (e.g., EN 4,
100 MW / 13.1-hour: BCR = 4.09, IRR = 23.8% with ITC under optimistic tolling).

o Financial incentives matter: Scenarios including the 30% ITC demonstrate signif-
icant improvements in profitability across all sizes and offtake arrangements. For
example, under energy marketing, EN 1 moves from a negative NPV (-$51 million)
without ITC to a positive NPV ($30 million) with ITC. Similarly, under tolling, EN 2
(75 MW / 13-hour) increases NPV from $610 million to $718 million with ITC under
the optimistic structure. This underscores that financial support can turn marginal or
borderline projects into financially compelling investments.

o Best-performing scenario: EN 1 under optimistic tolling with ITC achieves the high-
est BCR (>4) and lowest LCOS (<5 ¢/kWh), demonstrating the compounding benefits
of favorable contract terms and financial support.

® Cross-cutting insight: No single factor—system size, CAPEX, offtake structure, or
financial incentives—alone guarantees viability. For instance, EN 3 performs well
under energy marketing due to low capital intensity, yet its BCR and IRR remain
below tolling alternatives. Similarly, tolling structures consistently outperform energy
marketing regardless of ITC, but returns are maximized when paired with financial
support. Effective project design therefore requires integrated consideration of all
three dimensions.
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CHAPTER 1

Introduction

1.1 Background and Motivation

The power grid faces growing challenges due to aging infrastructure and increasing
operational complexity. Resource limitations and transmission constraints create regional
imbalances and congestion. The rapid expansion of Al, data centers, and widespread
electrification further intensifies these challenges, making grid stability and affordability
urgent concerns (Li et al., 2023).

Energy storage is critical in enhancing grid flexibility, improving system reliability, and
supporting cost-effective electricity. By storing excess electricity during periods of low
demand and discharging it when needed, storage helps balance supply and demand
fluctuations. It can provide a broad range of grid and end-user services, such as energy
arbitrage, frequency regulation, load following, voltage support, congestion relief, critical
infrastructure upgrade deferral, and outage mitigation (Wu and Ma, 2021).

In particular, long-duration energy storage (LDES) enables sustained power availability
over extended periods, enhancing resource adequacy and grid reliability. By shifting large
amounts of energy over hours, days, and weeks, LDES alleviates stress on transmission
and generation infrastructure, reducing the need for costly and prolonged generation
and transmission investments. Its ability to store low-cost energy for extended durations
and discharge it during high-demand periods improves economic efficiency, making it a
valuable tool for stabilizing energy markets. Additionally, LDES strengthens resilience by
providing backup power during grid disruptions, ensuring continuous operation for critical
services such as hospitals, military bases, and industrial facilities. As electricity demand
grows and grid challenges intensify, LDES plays a vital role in securing an affordable,
reliable, and resilient electric grid.

Building on these opportunities, Energy Northwest (EN) is targeting the future instal-
lation of a 50-200 MW LDES system with a minimum discharge duration of 10 hours
sharing the locating with the existing Nine Canyon (9C), located in southeast Kennewick,
Washington. The site features hilly terrain with over 1,000 feet of elevation gain and
spans 5,120 acres, though only approximately 75 acres are currently in use. This leaves
ample space to host LDES while leveraging existing infrastructure, including a substation,
115 kV transmission line, and a Bonneville Power Administration (BPA) interconnection.
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1.2 Site Infrastructure and Suitability for LDES

The site’s infrastructure includes a substation, grid connection facilities, and maintenance
facilities that support the existing wind turbines. These assets provide a solid founda-
tion for deploying LDES, though upgrades or additional components may be required to
accommodate the new system.

® Substation and Transmission: The site includes an existing substation facility and
an established transmission corridor. The project has an Interconnection Agreement
with BPA, which allows for seamless integration with the grid.

® Communication and Control Systems: The current setup includes communication
equipment and Supervisory Control and Data Acquisition (SCADA) systems. These
systems may either be upgraded or replaced to ensure optimal integration with the
LDES system.

® Transportation and Accessibility: Access roads and transport routes are critical for
delivering and maintaining LDES equipment, especially bulk systems like rail-based
gravity energy storage. Existing access infrastructure will be evaluated for compati-
bility with the project’s logistical requirements.

® Maintenance and Operational Facilities: The 9C site has facilities for ongoing main-
tenance of existing generation facilities. These facilities may be able to play a role
in maintaining LDES units, and the potential for co-use of these facilities can reduce
project costs.

The 9C site offers a strong platform for LDES deployment by combining established
infrastructure with favorable site characteristics. The presence of a substation and an ex-
isting transmission corridor, supported by a formal interconnection agreement with BPA,
enables efficient integration with the regional grid and reduces the need for extensive new
transmission development. This provides not only cost savings but also helps avoid the
long lead times typically associated with permitting and constructing new transmission
assets. Communication and SCADA systems are already in place at the site, providing
a baseline for monitoring, control, and data acquisition. While these systems may re-
quire targeted upgrades or replacement, their availability offers a head start in ensuring
compatibility with an LDES system.

Beyond electrical integration, the physical attributes of the site also contribute to its
suitability. Ample land availability within the lease area creates flexibility to accommodate
a range of LDES technologies, whether bulk rail-based gravity storage that requires
significant elevation and space or modular systems such as flow batteries that can be
deployed more compactly. Established access roads and transport routes further support
construction and long-term maintenance by simplifying delivery of large equipment and
ensuring year-round accessibility. Existing maintenance facilities can also be leveraged
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for LDES, reducing the need for entirely new support infrastructure and helping lower
ongoing operational costs.

Taken together, these elements make the site not only technically viable but also
strategically advantageous. By leveraging infrastructure and facilities that are already
in place, project development risks and costs are reduced, while site characteristics
such as land availability, elevation, and accessibility provide flexibility in choosing among
candidate LDES technologies. This combination of readiness and adaptability positions
the 9C site as a practical and cost-effective location for LDES deployment.

1.3 Project Objectives and Scope

EN was awarded funding as part of the Grid Modernization program administered by the
Washington State Department of Commerce and the U.S. Department of Energy (DOE)
Office of Electricity (OE) LDES voucher program to develop a feasibility study of 9C LDES
in Benton County, Washington. The study aims to evaluate the technical and economic
feasibility of an LDES system at the site, with a focus on identifying optimal configurations
that can strengthen system reliability, improve asset utilization, and deliver cost-effective
grid services. The core objectives of the study are to:

® Assess the suitability of the 9C site for LDES deployment, leveraging existing land,
infrastructure, and interconnection capacity.

o Identify and evaluate different technology and siting/sizing candidates, and owner-
ship/offtake structures to determine economically favorable scenarios.

® Examine the technical requirements and benefits of LDES operation at the 9C site.

To support these objectives, Pacific Northwest National Laboratory (PNNL), in partnership
with EN and ARES North America, will carry out the following activities:

® Review and compare promising LDES technologies and their techno-economic char-
acteristics.

® Develop a customized framework to model LDES technical capabilities, optimize
operations, and quantify potential benefits.

® Conduct techno-economic assessment (TEA) and sensitivity analyses across a range
of scenarios, considering various sizing/siting candidates, ownership, and offtake
structures.

® Perform engineering assessments of SCADA and interconnection pathways to ensure
compatibility with existing infrastructure and identify potential upgrade needs.

® Provide site-level technical assessment, including topography, climate, and accessi-
bility, to determine location-specific feasibility and construction constraints.
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1.4 Report Organization

The remainder of this report is structured as follows: Chapter 2 provides a comprehen-
sive review and comparison of various LDES technologies, including lithium-ion batteries,
flow batteries, non-hydro gravity-based storage, and thermo-mechanical energy stor-
age. Chapter 3 discusses potential ownership models and offtake agreement structures.
Chapter 4 presents the modeling framework, mathematical formulation, scenario design,
and assessment results from multiple scenarios. Chapter 5 outlines considerations re-
lated to SCADA integration and transmission interconnection. Chapter 6 concludes the
report by summarizing key findings. Appendix A provides geotechnical and hydrological
assessments specific to the ARES technology and the project site.

Introduction 4



PNNL-ACT-10151

CHAPTER 2

Review and Comparison of LDES
Technologies

There exist various LDES technologies, including but not limited to lithium-ion batter-
ies, redox flow batteries, compressed-air energy storage, pumped storage hydro, and
emerging solutions like thermal and gravity-based storage. Each technology has unique
technical, economic, safety, and material-related characteristics, making it essential to
evaluate trade-offs based on deployment needs. Factors such as spatial constraints,
energy density requirements, urban versus rural siting, and site-specific geographic and
geological characteristics play a key role in determining the most suitable technology
for a given application. This chapter provides a comprehensive review and comparison
of LDES technologies based on updated economic performance, safety considerations,
spatial requirements, and impacts related to energy infrastructure and operations. Lever-
aging the Energy Storage Grand Challenge (ESGC) Cost and Performance Report (Pa-
cific Northwest National Laboratory, 2023), alongside other relevant studies, this chapter
offers insights into the current state of LDES technologies and provides recommendations
for stakeholders in the energy sector.

To structure the analysis, the review highlights several dimensions that collectively
determine the viability of a technology for deployment, capturing not only cost and per-
formance, but also long-term sustainability, safety, and practical feasibility in real-world
settings. The review and comparison are organized around the following key aspects:

® Economic Characteristics: Capital investment, maintenance costs, levelized cost of
storage (LCOS), and long-term economic feasibility.

® Technical Characteristics: Efficiency, energy storage capacity, response time, scala-
bility, and energy density.

o Safety and Hazards: Assessment of potential risks, including fire hazards, mechani-
cal failures, and operational stability.

e Material Sourcing and Recycling: Resource intensity, sustainability, and recyclability
considerations.

® Spatial and Siting Considerations: Space needed, land use restrictions, height and
structural constraints, geographical suitability, and scalability in deployment.
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2.1 Overview of Selected LDES Technologies

Various energy storage technologies are outlined in the DOE ESGC Roadmap (U.S.
Department of Energy, 2020), many of which hold strong potential for LDES. Additionally,
U.S. Department of Energy (2023) provides a structured framework for defining and
categorizing LDES based on discharge duration. EN identified four LDES technologies for
further exploration, and PNNL carried out a comparative review of these options: lithium-
ion batteries, flow batteries, non-hydro gravity storage, and thermo-mechanical energy
storage. For clarity, this report uses the term “gravity storage” to refer specifically to
non-hydro gravity-based technologies, excluding conventional pumped storage hydro. In
addition, the terms “efficiency” and “round-trip efficiency (RTE)” are used interchangeably,
both denoting the AC RTE measured at the point of interconnection. In this report,
technology scalability refers to the inherent ability of a storage technology to increase
power and energy ratings within a single system, whereas deployment expandability
reflects the practical ability to add capacity through modular or replicated installations.

2.1.1 Lithium-ion Batteries

Lithium-ion batteries are widely utilized in grid applications due to their technical ma-
turity, fast response times, and modular deployment capabilities. As illustrated in Fig-
ure 2.1 (EverythingPE, 2023), these batteries work by moving lithium ions from the neg-
ative electrode to the positive electrode during discharge and back when charging. The
widespread adoption of lithium-ion batteries is largely due to their high energy density and
cycling performance, which makes them suitable for a variety of applications including
consumer electronics, electric vehicles, and stationary storage for grid applications (Chen
et al., 2020). At first optimized for short-duration applications, advancements in battery
technology have enabled their use for longer discharge durations.

Presently, most commercial lithium-ion batteries consist of a graphite anode, a lithium-
containing transition metal oxide or phosphate cathode, and a non-aqueous lithium-ion-
conducting liquid electrolyte. The cells are often packaged in cylindrical, prismatic, or
pouch formats to form the basic repeating unit. Two main chemistries dominate stationary
lithium-ion energy storage projects: Lithium Iron Phosphate (LFP) and Nickel Manganese
Cobalt (NMC). LFP modules are roughly 10% less expensive on a $/kWh basis than
NMC modules, and due to safety considerations, the maximum state of charge for NMC
is typically limited to 90%, unlike LFP (Pacific Northwest National Laboratory, 2023).

Key benefits of lithium-ion batteries include high efficiency (80-95%) in temperate
climates, fast response times, modularity, and maturity, which make them suitable for
various applications where a quick response and high efficiency are needed. However,
challenges such as high initial costs, resource availability (particularly for lithium, cobalt,
and nickel), lower efficiency in intemperate climates due to thermal management, and
degradation over time remain significant considerations (Huang and Li, 2022). Addition-
ally, lithium-ion batteries pose a high fire risk due to thermal runaway, requiring robust
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safety measures, including advanced cooling systems and containment measures.
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Figure 2.1. Schematic of a lithium-ion battery technology

2.1.2 Flow Batteries

Flow batteries store energy in liquid electrolytes contained in external tanks, which flow
through a cell stack where the electrochemical reactions occur. Figure 2.2 (BE&R, 2023)
illustrates the operating principle of a vanadium redox flow battery, where the electrolyte
circulates between the tanks and the electrochemical cell stack. This design provides
scalable, long-duration storage with minimal degradation as the reactants are cycled
through the system rather than stored within the electrodes. Their ability to independently
scale power and energy capacity makes them suitable for grid support and backup power
applications (Aluko and Knight, 2023).

In solid battery designs like lithium-ion, the stored energy is directly related to the
amount of electrode material, and increasing the power capacity of these systems also
increases the energy capacity as more cells are added. In contrast, flow battery systems
can vary power and energy capacity separately. The power of the system is determined
by the size of the electrodes, the number of cells in a stack, and the number of stacks in
the battery system, whereas the energy storage capacity is determined by the concen-
tration and total volume of the electrolyte(s). This flexibility makes the flow battery an
attractive technology for a variety of grid-scale applications with a wide range of power
and energy needs (Pacific Northwest National Laboratory, 2023).

Flow batteries come in various chemistries, including vanadium redox, zinc-bromine,
and iron-chromium systems, each with unique advantages and trade-offs in terms of effi-
ciency, cost, and material availability (Soloveichik, 2015). Vanadium redox flow batteries
are among the most commercially developed, benefiting from stable electrochemistry
and long cycle life, while zinc-bromine and iron-chromium flow batteries offer alternative
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cost structures with varying degrees of efficiency and scalability (Doetsch and Burfeind,
2022). More recent advancements explore organic flow batteries to reduce reliance on
critical materials and improve cost-effectiveness (Wei et al., 2017).

Flow batteries offer advantages such as a long cycle life, high recyclability, and min-
imal operational degradation (Yuan et al., 2019). However, the initial capital costs are
presently higher than lithium-ion, necessitating careful economic consideration for de-
ployment. Some cost reduction strategies for the energy subcomponent include us-
ing cheaper low-metallurgical-grade vanadium with an ultrapurification step, electrolyte
leasing models, and vertical integration to leverage manufacturing and logistics efficien-
cies (Pacific Northwest National Laboratory, 2023).

Safety-wise, flow batteries are low-risk for fires but require precautions for handling
concentrated electrolytes (Whitehead et al., 2017). The chemical stability of the vanadium
electrolyte across a wide range of states of charge reduces the risks associated with
thermal runaway, which is a significant concern in traditional lithium-ion batteries. High
power and energy requirements can be supported economically, making flow batteries a
versatile choice for grid stabilization and support.

VANADIUM REDOX
FLOW BATTERY

FLOW OF
CURRENT

NEGATIVE
ELECTROLYTE
TANK

ANOLYTE
V2| V3
POSITIVE
ELECTROLYTE
TANK

CATHOLYTE
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Figure 2.2. Schematic of a vanadium redox flow battery technology

2.1.3 Non-Hydro Gravity Storage

Non-hydro gravity storage technologies leverage gravitational potential energy by raising
and lowering solid masses to store and release energy. Unlike traditional pumped hydro
storage, which requires large water reservoirs and specific geographic conditions, non-
hydro gravity storage systems can be deployed in a wider range of locations and offer
scalable, modular designs. These systems generally involve lifting a solid mass—such as
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concrete blocks, mass cars, or other dense materials—during charging and allowing it to
descend during discharge, converting stored potential energy back into electricity.

One approach to non-hydro gravity storage involves lifting massive blocks using elec-
tric motors during periods of excess electricity generation. Companies such as Energy
Vault have developed gravity-based storage systems where modular blocks are stacked
into a tower and later lowered to drive generators when energy is needed (Li et al.,
2024). Another approach is underground gravity storage, developed by companies such
as Grawvitricity, where masses are lifted and lowered with deep vertical shafts, leveraging
high-density materials to optimize energy storage capacity (Li et al., 2024). Lifting-type
mass storage systems share similar principles, relying on various mechanisms to raise
and lower weights efficiently to store and discharge energy.

Advanced Rail Energy Storage (ARES) represents another form of non-hydro gravity
storage system that utilizes heavy mass cars, which move up and down inclined tracks
with rails to store and release energy based on gravitational potential energy. During
periods of low electricity demand, the mass cars are driven up the incline using excess
power; during high demand, they descend, generating electricity. ARES offers an al-
ternative to pumped hydro storage without requiring large water reservoirs, making it
suitable for arid areas. The key advantages include minimal operational costs and long
asset life.

ARES system consists of several key components, also illustrated in Figure 2.3 (Trott,
2024), which are briefly discussed below:

® Motors/Generators: Stationary motor/generators installed at the top of a slope are
used to move mass cars up the slope during charging, converting electrical energy to
gravitational potential energy. The motors/generators do the reverse during discharge
by moving the mass cars down the slope, converting the gravitational potential energy
back into electrical power.

® Mass Cars and Generation Tracks/Rails: The storage media of the ARES system
are the mass cars, which during charging are elevated by the motors/generators on
inclined tracks/rails installed on the slope. These tracks leverage the natural eleva-
tion of the terrain to maximize energy storage efficiency. When energy is needed,
the mass cars are lowered, converting potential energy back into electrical energy
through motors/generators.

o Transformers and Control Houses: Transformers ensure that the generated power
is compatible with the grid’s voltage and frequency requirements. Control houses
manage the operation of the entire ARES system, ensuring coordination between
operation of the motors/generators, movement of the mass cars, and energy charg-
ing/discharging.

The non-hydro gravity storage technologies boast a high round-trip efficiency, esti-
mated in the range of 75-85%. The higher efficiency is achieved by minimizing energy
losses during the conversion between electrical and mechanical energy, including by the
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ESS being engineered so it is unnecessary for the motors/generators to have gearboxes.
Additionally, the non-hydro gravity storage is sustainable as it does not use chemicals,
water, or flammable materials, making it an attractive option for bulk energy storage.

mass cars

_ tensioner
5 chain

Figure 2.3. Major system components of an ARES technology

2.1.4 Thermo-Mechanical Energy Storage

Thermo-mechanical energy storage (TMES) technologies store energy by converting
electricity into thermal and/or mechanical energy, which can later be converted back
into electricity when needed. These systems typically rely on compressing gases, heat-
ing storage media, or leveraging phase-change materials to store energy. Among the
various TMES approaches, compressed air energy storage (CAES) and liquid air en-
ergy storage (LAES) are well-established, using high-pressure air or liquefied air to store
energy and release it through expansion to drive turbines.

A more advanced form of TMES involves supercritical carbon dioxide (sCO5)-based
energy storage, which uses sCO, as the working fluid in a closed-loop Brayton cycle.
During charging, using electricity, a compressor generates high-pressure sCO, stored in
a high-pressure tank, and a thermal energy storage (TES) system stores heat. During
periods of high demand, the stored high-pressure sCOs is released to generate electricity
using a turbine. The system also makes use of two TES units to enhance the efficiency
of energy conversion and storage by storing heat. The sCO,-TMES systems can achieve
high round-trip efficiency and extended discharge durations due to the efficient thermal
storage. A schematic representation of this technology is shown in Figure 2.4 (Pathak,
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Figure 2.4. Schematic of a sCO,-TMES technology

2.2 Comparison of LDES Technologies

This section provides a comparison of the selected LDES technologies based on key
metrics essential for ensuring grid operational flexibility, reliability, and resilience. The
analysis considers economic characteristics, technical characteristics, safety and haz-
ards, and material sourcing and recycling.

It is important to note that the data provided for some technologies may not be fully
mature as they have not been fully implemented or deployed yet. This could impact the
accuracy of the cost projections and performance data.

2.2.1 Economic Characteristics

Economic feasibility is crucial in determining the adoption of LDES technologies. Key cost
components include capital expenditure (CAPEX), operational and maintenance costs
(OPEX), LCOS, and system lifespan, as summarized in Table 2.1.

® Lithium-ion batteries: While costs have declined significantly due to advancements in
technology and economies of scale, lithium-ion batteries still have high upfront costs.
These systems require periodic replacement of the battery cells due to degradation
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over time, typically every 10-15 years. This creates a moderate LCOS that is influ-
enced by the cycle life and depth of discharge (DOD) limitations. The high resource
intensity for critical minerals like lithium, cobalt, and nickel also contributes to the
overall cost (Peters 