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Consideration on Present and Future of Battery
Energy Storage System to Unlock Battery Value

Ji-Soo Kim, Jin-Sol Song, Chul-Hwan Kim, Jean Mahseredjian, and Seung-Ho Kim

Abstract—To address environmental concerns, there has been
a rapid global surge in integrating renewable energy sources in-
to power grids. However, this transition poses challenges to grid
stability. A prominent solution to this challenge is the adoption
of battery energy storage systems (BESSs). Many countries are
actively increasing BESS deployment and developing new BESS
technologies. Nevertheless, a crucial initial step is conducting a
comprehensive analysis of BESS capabilities and subsequently
formulating policies. We analyze the current roles of BESS and
review existing BESS policies worldwide, which focuses on key
markets in Asia, Europe, and the U.S.. Using collected survey
data, we propose a comprehensive three-phase framework for
policy formulation, providing insights into future policy develop-
ment directions.

Index Terms—Battery energy storage system (BESS), policy
analysis, recycling, renewable energy, economic and subsidy sup-
port policies, long-duration energy storage, safety standard.

1. INTRODUCTION

LECTRICITY serves as a critical resource, vital for sus-

taining our modern civilization, accommodating our ev-
er-expanding population, and driving technological progress.
Nonetheless, electricity poses a significant challenge due to
its intrinsic difficulties in storage and its transient nature up-
on consumption. Indeed, the integration of renewable energy
sources with intermittent output characteristics, such as solar
and wind power, can pose challenges to the stability and reli-
ability of power grids [1]-[3]. The variability in energy gen-
eration from these sources can lead to grid instability, includ-
ing voltage fluctuations and frequency deviations. Battery en-
ergy storage systems (BESSs) play a crucial role in address-
ing these challenges. BESS units are seamlessly integrated
into the power grid to regulate frequency and are coupled
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with renewable energy sources to alleviate intermittent out-
put [4]-[10]. As a result, the adoption of BESS technology
continues to rise, necessitating the establishment of compre-
hensive policies and regulations to address this growing de-
mand.

Across the globe, nations are implementing diverse eco-
nomic policies, notably subsidies, with the intent of expedit-
ing the widespread adoption of BESS [11]. These policies
function as incentives, stimulating investments in BESS tech-
nology and thereby facilitating its pervasive incorporation.
Concurrently, substantial investments are being directed to-
wards research and development endeavors, aiming at propel-
ling advancements in high-capacity and extended-duration
BESS technologies. These investments constitute a pivotal
stride towards augmenting the efficacy and longevity of
BESS units. Moreover, meticulous efforts are underway to
formulate stringent safety regulations, particularly addressing
fire hazards, which loom as a significant concern in the de-
ployment of BESS. Ensuring the safety of BESS installa-
tions stands as an utmost priority, which is crucial for their
seamless integration into the power grid.

This paper delves into the roles and market trends associ-
ated with BESS, conducting a comprehensive analysis of cur-
rent BESS policies. It scrutinizes the unique method adopted
by leading BESS market countries to regulate BESS and ex-
plore technological developments across multiple policy cate-
gories: (D economic and subsidy support policies; 2 long-
duration BESS development policies; 3 BESS recycling pol-
icies; (@) safety policies.

The exponential rise in renewable energy integration into
the power system has engendered multifaceted challenges
within the power system. Amidst these complexities, BESS
emerges as pivotal solutions, capable of fulfilling diverse
roles [12]-[14]. Extensive research underscores the efficacy
of BESS in regulating power system frequency through its
charge and discharge capabilities, mitigating the intermitten-
cy inherent in renewable energy sources. Furthermore, BESS
facilitates peak shifting, contributing significantly to grid sta-
bility.

Although there are existing technical review papers for
various BESSs, there are only a few review papers on poli-
cy-related BESS [15]-[19]. However, policy analysis must
precede technical evaluation. Different countries have varied
regulations pertaining to BESS. Examining the BESS poli-
cies in developed nations is particularly crucial; it can guide
future policy formulations in countries entering the field.

JOURNAL OF MODERN POWER SYSTEMS
AND CLEAN ENERGY
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BESS plays a key role in enhancing grid stability and under-
standing these policies can offer insights into supporting the
integration of renewable energy into the power grid. More-
over, each region establishes specific technical standards and
safety regulations concerning energy storage systems. A com-
prehensive grasp of these policies ensures that BESS proj-
ects comply with essential standards, thereby elevating safe-
ty and reliability. Lastly, analyzing country-specific BESS
policies aids in identifying emerging markets and potential
avenues for growth.

II. GLOBAL MARKET STATUS AND FORECAST

As per the data provided by the energy research from
BloombergNEF, the global energy storage capacity witnessed
a substantial increase in 2022, with a total addition of 16
GW/35 GWh, which denotes a significant 68% surge com-
pared with the preceding year [20]. Projections indicate a
sustained annual growth rate hovering around 23%, leading
to an anticipated installation of an additional 88 GW/278
GWh of energy storage capacity by 2030. Forecasts also sug-
gest that the cumulative capacity is set to escalate to 508
GW/1432 GWh by the same year. Moreover, the global ener-
gy storage market, valued at approximately 11 billion USD
in 2021, is anticipated to expand remarkably to a valuation
of 262 billion USD by 2030 [20]. The global additional ener-
gy storage capacity [21] is presented in Fig. 1.
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Fig. 1. Global additional energy storage capacity.

The U.S. stands prominently as a key player in the energy
storage domain, boasting a robust market, particularly evi-
dent through substantial large-scale projects situated notably
in states, such as California and Texas. Presently, these
states command the most significant portion of the market
share. Projections indicate that by 2030, the America region
is anticipated to account for approximately 21% of the glob-
al total energy storage capacity. However, the recent rise in
battery costs, escalating from 141 $/kWh in 2021 to 151 $/
kWh in 2022, as depicted in Fig. 2, has posed challenges.
Moreover, China’s previous dynamic Zero-COVID policy
and the ongoing conflict between Russia and Ukraine have
resulted in project delays within the U.S. [21]. China plays a
pivotal role in the world’s most crucial global supply
chains. Nevertheless, China’s previous dynamic Zero-COV-
ID policy might potentially disrupt supply chains connected
to manufacturing components essential for the BESS project.

Furthermore, the conflict between Russia and Ukraine could
impact economic stability, potentially causing uncertainty in
investments or financing for energy projects within the U.S..
With China in the process of reforming its energy storage
targets, it is expected that China will soon surpass the U.S.
in this market, as shown in Fig. 3.
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Fig. 2. Cell and pack prices for lithium-ion battery.
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Fig. 3. Global cumulative energy storage system installation.

In China, a frontrunner in the Asian energy storage mar-
ket, the State Grid Corporation of China (SGCC) has set an
ambitious target of elevating battery storage capacity to an
impressive 100 GW by 2030. Recent reports underscore a
substantial upsurge in China’s production of lithium-ion bat-
teries designated for energy storage purposes. This surge
marked a notable 146% increase, reaching 32 GWh in 2021,
contributing to 10% of the total lithium-ion battery produc-
tion (324 GWh). This surge in production reflects an extraor-
dinary 106% rise and culminates in a market valued at 600
billion yuan (95 billion USD) [22]. Noteworthy was the ex-
ceptional growth of China’s battery energy storage market,
which expanded by over 400% in 2022, predominantly pro-
pelled by domestic companies. Leading firms in China are
actively pursuing global expansion, offering competitively
priced products. This unparalleled market evolution in China
plays a pivotal role in steering the development of the global
BESS market [22]. Additionally, Japan has recently intro-
duced subsidy policies for batteries, while Republic of Ko-
rea has established plans to secure a cumulative capacity of
25 GW/127 GWh in energy storage by 2036 [22]. In the Eu-
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rope, Middle East, and Africa (EMEA) region, projections
estimate a 24% share of the total storage capacity by 2030
[22]. Over the past year, a significant investment of 1 billion
euros has been allocated to support storage projects in coun-
tries such as Greece, Romania, and Spain. Consequently, an
additional 4.5 GW/7.1 GWh of energy storage capacity is in-
corporated in 2022. This region anticipates achieving a cu-
mulative energy storage capacity of 114 GW/285 GWh by
2030, with countries such as the U.K., Germany, Italy, and
Greece leading this advancement [23].

As the complexity of power systems escalates, the stabili-
ty of the power grid faces mounting challenges. The bur-
geoning BESS market presents a myriad of solutions for ad-
dressing grid stability issues. These solutions encompass ar-
eas such as integrating renewable energy sources, enhancing
grid resilience, balancing loads, regulating frequency, and
managing peak demands. Despite the rapid expansion of the
BESS market, policy development often lags behind this
growth trajectory. To effectively bolster the burgeoning
BESS market and ensure its sustained success, proactive pol-
icymaking is imperative. Policymakers need to introduce
novel policies and update existing ones in a timely manner.
In this paper, the comprehensive examination of current poli-
cies and its analysis of future policy requisites mark a cru-
cial stride toward regulatory frameworks with the evolving
dynamics of the market. Such alignment holds the potential
to spur innovation, attract investments, and foster sustainable
growth within the BESS industry. Moreover, it stands poised
to address emerging challenges and capitalize on forthcom-
ing opportunities.

III. POLICIES FOR ECONOMIC SUPPORT AND SUBSIDIES

Subsidy policies across various countries serve as pivotal
catalysts in expediting the widespread adoption of renewable
energy sources, particularly solar power generation, and
BESS in both industrial and residential applications. These
well-crafted policies are strategically designed to enhance
the accessibility and affordability of renewable energy and
energy storage technologies.

Numerous countries implement subsidies aimed at mitigat-
ing the installation costs of solar power generation systems
and BESS. These subsidies effectively mitigate a portion of
the initial expenses incurred in procuring and installing these
technologies, rendering them financially more appealing to
both homeowners and businesses. Additionally, tax incen-
tives, such as deductions and credits, are commonly extend-
ed to individuals and enterprises investing in renewable ener-
gy and energy storage. These tax incentives function to alle-
viate tax liabilities, thereby effectively reducing the overall
installation costs associated with solar panels and BESS.

Moreover, certain regions provide subsidies directly linked
to the performance of BESS during peak load periods. Own-
ers of BESS stand to benefit from financial incentives or re-
bates based on the quantity of energy discharged from their
systems when the grid experiences heightened demand. This
proactive method incentivizes the utilization of energy stor-
age to alleviate strain on the grid during peak periods, there-
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by promoting its advantageous role in stabilizing the power
grid.

A. Asia

1) China

China’s prominence in the global BESS market is rein-
forced by its proactive stance in introducing successive poli-
cies aimed at developing the BESS industry. Notably, in
2021, the unveiling of three pivotal documents delineated a
comprehensive blueprint with the ambitious goal of achiev-
ing full-scale marketization of new BESS by 2030 [24]-[26].
A standout example, the “Notice on Measures to Relax Elec-
tricity Rates by Time Zone,” has significantly widened the
price differential between peak and off-peak electricity de-
mand, establishing a 4:1 ratio for electricity rates. This strate-
gic measure acts as a compelling incentive, encouraging us-
ers to embark on their own BESS projects [27].

Moreover, local Chinese Governments have unveiled a
spectrum of policies aimed at reinforcing support for BESS
initiatives. Many projects have specifically sought an in-
crease in BESS capacity, particularly linked to new and re-
newable energy sources, with a targeted range between 10%-
20%. There is a strong emphasis on designing energy stor-
age systems with a minimum duration of 2 hours to ensure
efficacy and reliability. Furthermore, to expedite the develop-
ment of BESS, an operational subsidy of 0.1 ¥/kWh is being
extended for the power generated from BESS, contributing
significantly to the overall advancement of this burgeoning
sector [27]. This concerted effort signifies China’s proactive
method towards nurturing and fostering a robust landscape
for energy storage systems within its market.

2) Japan

In support of Japan’s strategic energy-mix objectives and
commitment to achieving carbon neutrality, the Japanese
Government takes a proactive step aligned with prevailing
market conditions. In its FY2021 supplementary budget, a
significant allocation of 13 billion JPY is earmarked to in-
centivize the adoption of stand-alone BESS through subsi-
dies. The inception of the initial subsidy program, designed
to offset the construction costs of stand-alone BESS, wel-
comes applications from February 16, 2022 to March 11,
2022.

To meet the eligibility criteria, a BESS has to qualify as a
stand-alone system with a minimum output capacity of 1000
kW. Specifically, a stand-alone BESS with an output capaci-
ty ranging from 1000 kW to below 10000 kW could receive
a subsidy equivalent to up to one-third of the total construc-
tion cost. Conversely, a stand-alone BESS with an output ca-
pacity of 10000 kW or higher is eligible for a subsidy of up
to half of the total construction cost. Both scenarios have a
maximum subsidy cap per application set at 2.5 billion JPY.
These details are outlined in Table I, with subsidies designat-
ed exclusively for essential costs related to design, equip-
ment supply, and/or construction, as stipulated [28]. This ini-
tiative represents a strategic investment by the Japanese Gov-
ernment to accelerate the integration of stand-alone BESS in-
to the country’s energy infrastructure, aligning with its
broader sustainability goals.
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TABLE I
SUBSIDY RATE AND THE MAXIMUM AMOUNT

Subsidy  The maximum

Category rate amount (JPY)

Design, equipment, and construction costs of
BESS: ) manufactured using new technolo-
gy and (2 assembled via the secondary use of Up to 1/2
storage battery modules used to drive electric
vehicles (EVs)

Design, equipment, and construction costs of
BESS under capacity from 1000 kW to
10000 kW

Design, equipment, and construction costs of
BESS under capacity of more than 10000 kW

2.5 billion

Up to 1/3 1.0 billion

Upto 12 2.5 billion

3) Republic of Korea
The Korean Government initiated a small-scale BESS sup-
ply support project in 2012, offering substantial assistance
covering 70% of the installation costs for BESS. This policy
extended to supporting BESS installations for wind power
starting in 2015 and for solar power from 2016. Additional-
ly, a subsidy support policy targeting buildings was imple-
mented in 2017, which led to a notable increase in BESS in-
stallations. However, a concerning trend emerged as numer-
ous fire incidents associated with BESS installations were re-
ported. Consequently, the subsidy support for BESS installa-
tion was discontinued after 2020 as a precautionary measure.
Another subsidy support policy in Republic of Korea is
linked to peak demand management. Under this policy,
when BESS is utilized to reduce peak demand power, the av-
erage peak demand power reductions (APDPRs), multiplied
by the unit price of the base rate applicable to the representa-
tive customer are deducted from the base rate [26]. This
method incentivizes the use of BESS to mitigate peak power
demands, promoting a more efficient and stable power grid
while considering safety concerns that lead to the discontinu-
ation of the installation subsidies. In Republic of Korea,
there is a designated maximum load time of 6 hours per day.
Within this timeframe, 3 hours, as specified in Table II, are
categorized as 4 hours, while the remaining hours are classi-
fied as B hours. The APDPR calculation method is as fol-
lows [29]:
dpaw+dap
3N,

week

APDPR = (1)
where d_, , and d, , are the discharge amounts with 4 and B
hours, respectively; w is a weight with w=1.23 for indoors
and w=1.1 for outdoors; and N,,, is the number of week-
days in the month.

TABLE 11
SPECIFIED DISCHARGE TIME

Season Discharge time
Summer 14:00-15:00, 15:00-16:00, 16:00-17:00
Winter 09:00-10:00, 10:00-11:00, 17:00-18:00

Spring and fall 14:00-15:00, 16:00-17:00, 17:00-18:00

If it becomes unfeasible to verify the discharge amount
due to communication breakdowns, equipment malfunctions,

remote data non-receipt or similar issues, and calculations re-
ly on the reception rate of remote meter reading. If the re-
ception rate of remote meter reading within the designated
time zone stands at 90% or above, any unconfirmed time de-
lay is computed based on the maximum load time. However,
if the reception rate falls below 90%, time-specific data of
the customer will be furnished subsequently, and settlements
will be conducted accordingly. Presently, this support
scheme is slated to remain effective until March 31,
2026 [29].

B. Europe

1) UK.

In U.K., batteries can avail a 0% value added tax (VAT)
rate when incorporated into an installation alongside a quali-
fying material, such as a solar energy system [30]. However,
it is crucial to highlight that batteries presently do not fea-
ture on the list of energy saving materials (ESMs) them-
selves. Consequently, when installed as standalone products,
batteries do not qualify for the 0% VAT rate.

Solar Energy U.K., a representative body encompassing
over 350 member companies within the U.K. energy sector
and beyond, actively advocates for the inclusion of batteries
on the list of ESMs. Their ongoing advocacy aims to under-
score the significance of this inclusion, ensuring that batter-
ies, when integrated into energy-saving installations, can ben-
efit from the same favorable VAT treatment accorded to oth-
er qualifying materials.

2) Germany

Germany stands at the forefront of renewable energy de-
velopment in Europe, steadfast in its ambition to achieve a
minimum of 80% electricity consumption sourced from re-
newables by 2050. To facilitate the seamless integration of
solar power generation into the power grid, Germany has in-
stituted a range of subsidy programs.

Firstly, homeowners in Bavaria benefit from the “Energy
Storage Photovoltaic Program™ [31]. This initiative enables
the purchase of solar power storage units starting at a capaci-
ty of 3 kWh. These units, applicable for detached or semi-de-
tached houses, receive subsidies in tandem with new photo-
voltaic systems via the “Energy Bonus Bavaria” endeavor.
The subsidy commences at 500 euros for a 3 kWh storage
unit, with an additional 100 euros for each extra kWh of
storage capacity, capped at 30 kWh.

Secondly, in Baden-Wiirttemberg, the “Grid Service Photo-
voltaic Battery Energy Storage” funding program, well-re-
ceived in 2018 and 2019, recommenced on April 1, 2021
[32]. This program encouraged the investments in electricity
storage concurrently with newly installed photovoltaic sys-
tems.

Thirdly, Berlin introduces the “EnergiespeicherPLUS” pro-
gram, extending funding for electricity storage units con-
nected to newly installed photovoltaic systems [33]. Eligible
applicants meeting program requirements may receive fund-
ing of 300 €/kWh of storage capacity, up to a maximum of
€15000. It is worth noting that the availability of funds for
this program may be limited, potentially leading to periods
where new applications cannot be submitted due to fund ex-
haustion.
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These initiatives in Germany are strategically designed to
incentivize the adoption of renewable energy technologies,
particularly solar power and energy storage systems. These
efforts play a crucial role in expediting the country’s transi-
tion towards sustainable and clean energy sources.

C. US.

The U.S. Investment Tax Credit (ITC) for energy property
stands as a pivotal tax incentive program, offering tax cred-
its for investments in diverse renewable energy projects [34].
This program extends its benefits to a wide array of renew-
able energy technologies, encompassing fuel cells, solar pan-
els, geothermal systems, small wind turbines, and notably,
energy storage systems like batteries. By providing this tax
credit, the program acts as a substantial motivator for both
individuals and businesses to channel investments into clean
and sustainable energy solutions. As a result, it significantly
encourages the widespread adoption of renewable energy
technologies and energy storage systems throughout the U.S..

Moreover, various states across the U.S., in conjunction
with federal programs, offer incentives to homeowners keen
on installing home energy storage systems and other renew-
able energy solutions. These initiatives are strategically de-
signed to stimulate the adoption of clean energy practices
while aiming to diminish reliance on conventional energy
sources. A recap of the mentioned programs is as follows.

1) California: Self-generation Incentive Program (SGIP)

California’s SGIP offers rebates to incentivize the installa-
tion of renewable energy systems, including solar panels and
energy storage, in various types of properties, including resi-
dential, commercial, and industrial properties. This program
supports self-generation and grid resilience [35].

2) New York: NY-Sun Incentive Program

New York’s NY-Sun Incentive Program provides financial
incentives for the installation of solar panels and energy stor-
age systems. It is accessible to residential, commercial, and
industrial properties, contributing to the expansion of solar
energy adoption in the state [36].

3) Hawaii: Hawaii Battery Bonus Program

Hawaii Battery Bonus Program offers substantial rebates
to encourage residents to install home energy storage sys-
tems. This initiative aligns with Hawaii’s commitment to
clean energy and grid reliability [37].

IV. DEVELOPMENT POLICIES OF LONG-DURATION BESS

The exploration of long-duration BESS stands as a global
focal point, driven by the escalating demand for dependable
and sustained energy storage solutions. Vanadium redox flow
batteries (VRFBs) have garnered substantial interest owing
to their potential for prolonged cycling capabilities and suit-
ability for long-duration energy storage (LDES) [38]-[40].
However, the realm of research extends beyond VRFB, en-
compassing ongoing investigations into alternative materials
and technologies. The primary objective is to cultivate cost-
effective and reliable BESS options that align with the de-
mands of evolving energy landscape. These demands encom-
pass seamless grid integration, bolstering renewable energy
initiatives, and fulfilling the burgeoning need for LDES solu-
tions.

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 13, NO. 2, March 2025

A. Asia
1) China

China has unveiled ambitious plans for advancing its new
energy storage capacity, setting forth a roadmap that envi-
sions transitioning from the initial commercialization phase
to expansive development by 2025. This strategic trajectory
aims to achieve an installed capacity surpassing 3 x 10" kW.
This initiative dovetails with China’s overarching commit-
ment to establishing a fully market-oriented new energy stor-
age sector by 2030. The dual impetus behind this endeavor
is twofold: to stimulate the consumption of renewable power
resources and ensure the robust and stable operation of the
power system.

The National Development and Reform Commission
(NDRC) and the National Energy Administration delineate
the spectrum of new energy storage, encompassing electrici-
ty storage methodologies, such as electrochemical, com-
pressed air, flywheel, and supercapacitor systems. Notably,
this categorization excludes pumped hydro, which is a meth-
od reliant on water stored behind dams for generating elec-
tricity as needed.

Anticipating substantial technological advancements, the
NDRC forecasts a notable evolution in electrochemical-
based new energy storage, projecting a more than 30% re-
duction in system costs by 2025 compared with end-of-2020
levels. Analysts underscore that accelerating the development
of new energy storage technologies will significantly contrib-
ute to China’s environmental objectives, namely, peaking
carbon emissions by 2030 and achieving carbon neutrality
by 2060. Moreover, this strategic push aligns seamlessly
with China’s broader vision of cultivating a clean, low-car-
bon, safe, and highly efficient energy system [41].

2) Japan

In Japan, while there is not a distinct policy exclusively
focused on the development of next-generation batteries,
there are several ongoing development initiatives. Notably,
Sumitomo Electric is set to provide an 8-hour duration
VRFB to a newly established municipal power company in
Niigata [42]. This LDES system will find its placement at
the premises of a public sewage treatment plant situated in
Kashiwazaki city within Niigata Prefecture.

3) Republic of Korea

The Korean Government is gearing up to invest a substan-
tial sum, ranging between 29 to 45 trillion won, constructing
backup facilities for renewable energy. This investment is
guided by the application of the BESS low- and high-cost
scenarios for National Renewable Energy Laboratory
(NREL) in U.S.. The comprehensive plan entails the adop-
tion of batteries utilizing diverse materials and technologies,
encompassing lithium, sodium-ion, redox flow, and magne-
sium.

Short-duration BESSs will serve the purpose of maintain-
ing grid frequency and ensuring a real-time balance between
supply and demand. Conversely, long-duration BESSs will
play a critical role in addressing situations of oversupply by
facilitating load leveling and reducing output control.

Notably, there are ambitious plans to install approximately
20.85 GW of long-duration BESSs, including VRFB, by
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2036. The projected cost for this extensive installation is esti-
mated to range between 22.8 trillion and 39.0 trillion won
[43]. The Korean Government has set clear battery capacity
objectives, as shown in Table III.

TABLE III
BATTERY CAPACITY TARGETS FROM KOREAN GOVERNMENT

Short-duration Long-duration

Year BESS BESS Pumped-storage
(GW/GWh) (GW/GWh) hydroelectricity (GW)
2023-2026 0.05/0.03 0.16/0.83 -
2027-2030 1.16/0.73 3.10/18.47 -
2031-2036 3.66/2.29 20.85/124.97 1.75
B. Europe
1) UK.

The U.K. Department for Energy Security and Net Zero
has earmarked 30 million euros in grants to support three pi-
oneering LDES projects leveraging innovative energy stor-
age technologies. Among the recipients, Synchrostor, Invini-
ty Energy Systems, and Cheesecake Energy have secured
funding for their respective initiatives.

Synchrostor and Cheesecake Energy will each receive 9.4
million euros to propel the development of their thermal en-
ergy storage systems. Meanwhile, Invinity Energy Systems
is set to receive 11 million euros to advance the progression
of a VRFB [27].

Of particular importance is the Invinity Energy System
project, which is centred on a 4-hour 30 MWh VRFB and
stands out as a remarkable undertaking. It marks the largest
deployment of the technology in the U.K. and represents the
most substantial project of Invinity Energy System to date.
Furthermore, Synchrostor, headquartered in Edinburgh, is ac-
tively advancing a pumped thermal energy storage demon-
stration project, showcasing a commendable 1 MW of power
capacity [44].

2) Germany

Fraunhofer Institute in Germany is actively engaged in the
“RedoxWind” project, generously funded by the state of
Baden-Wirttemberg and the German Federal Ministry of Ed-
ucation and Research (BMBF). The core initiative of this
project involves the development of a sizable redox flow
BESS, directly integrated into the intermediate DC circuit of
a wind turbine. This integrated unit, comprising a generator
and a BESS, is set to serve as a pivotal pilot project at
Fraunhofer-Institut fiir Chemische Technologie (ICT) in
Pfinztal [45].

The primary objective of the RedoxWind project is to
adapt wind farms for battery operation, focusing notably on
upscaling redox flow technology from laboratory-scale to in-
dustrial-scale stacks capable of producing several kilowatts.
A key emphasis lies in capitalizing on the synergies between
wind power plants and BESS. This innovative connection be-
tween wind farms and batteries holds significant potential,
poised to offer self-sustaining electricity supply solutions for
isolated applications, companies, or energy-efficient villag-
es [45].
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C. US.

The U.S. Department of Energy (DOE) launched the
Long-duration Storage Shot in July 2021, with a bold aim-
ing to achieve a levelized cost of energy storage of 0.05$%/
kWh by 2030 [46]. This ambitious target signifies an im-
mense 90% reduction from 2020 baseline costs. The primary
objective behind this cost reduction endeavor is to establish
dispatchable clean energy derived from LDES as the most
economically viable choice for electricity consumers. To real-
ize this goal, a comprehensive method is necessary, encom-
passing a wide spectrum of energy storage technologies that
surpass conventional lithium-ion batteries. This inclusive
method involves considering solutions spanning electrochem-
ical, mechanical, thermal, flexible generation, flexible build-
ings, and power electronics. LDES systems, defined as those
capable of storing energy continuously for more than 10
hours, stand poised to play a pivotal role in establishing a
low-cost, dependable, and carbon-free power grid.

The cost-effectiveness and efficiency gains realized
through improved energy storage will simplify the process
of capturing and storing clean energy for use during periods
when energy generation is insufficient, or demand exceeds
supply. For example, it would enable the utilization of solar-
generated power during nighttime, or the application of nu-
clear energy produced during low-demand periods when de-
mand surges. Notably, the state of California recently allo-
cates 31 million USD in funding for a hybrid microgrid proj-
ect featuring VRFB and zinc hybrid cathode battery technol-
ogies. This project marks the initial beneficiary of a 380 mil-
lion USD fund. Other initiatives stemming from the Biparti-
san Infrastructure Law include a 335 million USD program
supporting battery recycling and 675 million USD program
allocated for research and development of critical minerals.
In total, approximately 7 billion USD in support for EV and
stationary energy storage battery value chains will be dis-
bursed through this legislation [47].

V. BESS RECYCLING POLICIES

Many countries are indeed grappling with the challenge of
managing waste batteries as the EV industry continues to ex-
pand. While there is growing interest in recovering and recy-
cling materials like lithium and nickel from these batteries,
specific target figures for recycling rates may not be univer-
sally established outside the European Union (EU).

Nevertheless, Governments, research institutions, and busi-
nesses are actively investing in research and development ef-
forts, supporting startups, and fostering market development
in the field of battery recycling and reuse. These initiatives
aim to create more sustainable solutions for handling waste
batteries and extracting valuable resources, contributing to
environmental goals, and reducing the strain on raw materi-
als. As the battery market matures and technologies continue
to evolve, it is likely that more countries will establish con-
crete recycling targets and regulations to address this press-
ing issue. In the meantime, the emphasis remains on innova-
tion, investment, and collaboration to develop effective and
economically viable recycling methods for batteries.
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A. Asia

1) China

NDRC of China has unveiled significant goals and mea-
sures outlined in the 14" Five-year Circular Economy
Growth Plan, extending until 2025. One of the key objec-
tives highlighted in this plan is to address deficiencies in the
resource recycling system within the major industries in Chi-
na [48]-[51].

Regarding the battery, the plan outlines the intention to
create a new energy vehicle battery and waste battery histo-
ry management platform. Also, to enhance the recycling and
recovery of waste batteries, the plan emphasizes the need for
new energy vehicle production companies and waste battery
reuse companies to collaborate in standardizing the recovery
service network. This could involve self-construction of recy-
cling infrastructure, joint efforts, or delegating authority to
specific entities for managing the collection and recycling of
waste batteries. Last, the plan also highlights the importance
of improving the level of value diagnosis and safety manage-
ment technology related to batteries.

2) Japan

In Japan, the adoption of EVs has been relatively low,
with a penetration rate of only 0.6% in 2021. However, due
to this low-adoption rate, there have been various instances
of recycling used EV batteries for alternative purposes in dai-
ly life. For example, Mitsubishi Motors embark on a battery
recycling initiative where they collect used EV batteries and
repurpose them as storage batteries at their manufacturing fa-
cility. Additionally, the Forest Country Club in Shizuoka Pre-
fecture finds a creative way to reuse waste EV batteries by
utilizing them to power electric golf carts. However, as the
Japanese Government recently announces a ban on the sale
of new internal combustion engine vehicles after 2035, there
has been a growing emphasis on fostering the battery indus-
try to support the transition to electric mobility. To facilitate
this growth, the Government has committed to a significant
investment of 100 billion JPY and is providing subsidies to
advance battery-related technologies and infrastructure [52].

In Japan, a non-profit organization (Japan Portable Battery
Recycling Center) manages Japanese battery recycling. Ac-
tive programs are also being developed to reuse batteries for
home emergency power [52].

3) Republic of Korea

In September 2022, the Korean Government announced
that it would exempt batteries from used EVs from waste
regulations, establish a safety inspection system for reuse,
and establish a separate registration and management system
from EVs. Previously, the storage capacity of waste used as
recycling material was limited to 30 days or fewer of the dai-
ly processing capacity, but this has been extended to 1080
days [53].

As the EV market continues to grow, there are plans to en-
courage and nurture the reuse and recycling of waste EV bat-
teries as a new business venture. To support this initiative, a
substantial amount of 48.8 billion won has been allocated,
which will be directed towards various activities including
research and development efforts and support for startup
companies. The goal is to harness the potential of waste EV
batteries and create a robust battery cluster ecosystem by
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2025 [54].

B. Europe

The EU has established the following recycling and recov-
ery rate policies [55].

The target for collecting portable battery waste is to
achieve a rate of 63% by the end of 2027 and 73% by the
end of 2030. For waste batteries from light transport, the col-
lection rate should reach 51% by the end of 2028 and 61%
by the end of 2031. These goals are aimed at enhancing bat-
tery waste collection. Regarding lithium recovery from spent
batteries, the target of collection rate is set at 50% by the
end of 2027 and 80% by the end of 2031. These targets may
be subject to revision based on market and technological de-
velopments and the availability of lithium. The recycling re-
quirements for industrial and EV batteries specify a mini-
mum recovery of 16% cobalt, 85% lead, 6% lithium, and
6% nickel. This ensures that a significant portion of these
materials is reclaimed during recycling processes. For nickel-
cadmium batteries, the recycling efficiency target is 80% by
the end of 2025, while the target for other types of waste
batteries is 50% by the end of 2025. These targets promote
more effective recycling practices. These policies are de-
signed to promote sustainability and responsible recycling
practices within the EU, which can be summarized in the fol-
lowing Tables IV and V [55].

TABLE IV
RECYCLING TARGET FOR EACH CATEGORY

“ Recycling nd Recycling
Category ! tz;%et target for 2 t:;rfet target for
y 1* year (%) Y 2" year (%)
Battery waste for
portable battery waste 2027 63 2030 73
Battery waste for
light transport 2028 51 2031 61
Lithium from
lithium-ion battery 2027 30 2031 80
leet:-Cad.mlum 2025 30 ) )
atteries
Other batteries 2025 50 - -
TABLE V
THE MINIMUM RECYCLING REQUIREMENTS FOR INDUSTRIAL AND EV
BATTERIES
Category The minimum recycling requirement (%)
Cobalt 16
Lead 85
Lithium
Nickel

C. US.

In 2018, California enacted legislation aimed at studying
and formulating policy recommendations for the reuse and
recycling of EV lithium-ion batteries [56]. This law entrusts
the California Environmental Protection Agency (CalEPA)
with the responsibility of establishing an advisory group to
examine and provide policy guidance regarding the reuse
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and recovery of “lithium-ion batteries sold with motor vehi-
cles”. The law specifies that these policy recommendations
must, at a minimum, encompass the following aspects:

1) Considerations throughout the lifecycle of EV lithium-
ion batteries.

2) Examination of opportunities and barriers related to re-
using EV LiBs in stationary BESS.

3) Best practices for managing end-of-life EV lithium-ion
batteries.

4) Evaluation of the environmental impact of various man-
agement practices.

5) Consideration of both in-state and out-of-state options
for recycling EV lithium-ion batteries.

In November 2019, CalEPA established the lithium-ion
Car Battery Recycling Advisory Group, which was tasked
with collaboratively investigating and addressing the manage-
ment of EV lithium-ion batteries. The mandate of the group
required quarterly meetings between April 1, 2019 and April
1, 2022. It also mandated consultations with universities and
research institutions engaged in battery recycling research,
manufacturers of EV and hybrid vehicles, and representa-
tives from the recycling industry. These recommendations
aim to ensure that as many EV lithium-ion batteries in Cali-
fornia as possible are reused or recycled at the end-of-life
stage in a safe and cost-effective manner, with the goal of
achieving close to 100% recycling and reuse rates.

Also, the U.S. Environmental Protection Agency (EPA) in-
tends to introduce new regulations aimed at enhancing the
handling and recycling of end-of-life solar panels and lithi-
um batteries. Certain solar panels, upon reaching their end-of-
life stage, contain significant quantities of metals like lead,
meeting the criteria for hazardous waste under the Resource
Conservation and Recovery Act. To address this, the EPA is
proposing to incorporate solar panels into the universal waste
regulations. This initiative involves devising streamlined man-
agement protocols specifically for end-of-life solar panels.

Furthermore, the EPA is developing a distinct universal
waste standard tailored for lithium-ion batteries from the uni-
versal waste category of the existing general battery. Al-
though lithium-ion batteries are typically safe when appropri-
ately used, stored, and charged, mismanagement of post-end-
of-life can lead to potential fire hazards. By establishing a
dedicated waste category for lithium-ion batteries, the EPA
aims to heighten safety standards, minimize incidents of fires
resulting from mishandled end-of-life lithium-ion batteries,
and further encourage battery recycling efforts [57].

VI. SAFETY POLICIES

Since everything in the power system is connected to con-
sume electricity, if one component breaks, all elements can
be affected, so safety is very important, and countermeasures
must be prepared [58].

Absolutely, safety is paramount when it comes to BESSs
due to their role in storing and discharging electricity. Proper
safety rules and guidelines must be followed meticulously to
prevent any potential fire hazards. This includes adhering to
established safety standards, conducting regular inspections,
implementing effective fire prevention measures, and ensur-
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ing that the BESS components and installations are designed
and maintained to minimize the risk of fires. By prioritizing
safety, we can harness the benefits of BESS technology
while safeguarding against potential hazards.

BESS safety regulations can indeed be broadly catego-
rized into North American and European standards, with
variations and adaptations being used in different parts of
the world. In particular, Asian countries adopt or modify
these North American standards to suit their specific needs
and regulatory environments.

A. Asia
1) China

The Chinese National Standard (GB/T) has established
safety standards for lithium-ion batteries used in EVs
through GB/T 31467.3. The standard outlines requirements
for batteries to meet safety criteria, such as electrical, me-
chanical, and environmental safety. Additionally, the GB/T
cites the standards shown in Table VI [59]-[66].

TABLE VI
STANDARDS FOR A DOMESTIC BESS IN CHINA

Category Standard

Lithium-ion traction battery pack and system for EVs:

safety requirements and test methods GB/T 31467.3

Degrees of protection provided by enclosure GB 4208

Safety specifications for electrically propelled road

vehicles: on-board rechargeable energy storage system GB/T 18384.1

Safety specifications for electrically propelled road

vehicles: protection of persons against electric shock GB/T 18384.3

Terminology of EVs GB/T 19596

Road vehicles: environmental conditions and testing for

electrical and electronic equipment - (general) GB/T 28046.1

Lithium-ion traction battery pack and system for EVs: test

specification for high power applications GB/T 31467.1

Lithium-ion traction battery pack and system for EVs: test

specification for high energy applications GB/T 31467.2

2) Japan

The Japanese Industrial Standards (JIS) has established
safety standards for lithium-ion batteries used in various ap-
plications through JIS C 8714 standard. The standard out-
lines safety requirements for batteries, including electrical,
mechanical, and environmental safety. Additionally, the JIS
C 8174 cites the standards shown in Table VII [67]-[71].

TABLE VII
STANDARDS FOR A DOMESTIC BESS IN JAPAN

Category Standard
Safety tests for portable lithium-ion secondary cells and
. . . L JIS C 8714
batteries for use in portable electronic applications
Audio, video, and 51m11ar.electromc apparatus — safety JIS C 6065
requirements
Information technology equipment: safety JIS C 6950
Safety requirements for portable sealed secondary cells,
and for batteries made from them, for use in portable JIS C 8712
applications
Rubber, vulcanized or thermoplastic JIS K 6253
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3) Republic of Korea

In Republic of Korea, fires began to occur in ESS in
2017, and since then, 16 ESS fires have occurred in 2018
and 11 ESS fires have occurred in 2019. Accordingly, prepar-
ing measures to prevent fires has become a very important
topic [72]-[76].

In Republic of Korea, safety regulations for BESS are im-
plemented according to the KC 62619 standard. This stan-
dard outlines the safety and misuse environment test meth-
ods specifically designed for secondary lithium cells and bat-
teries. The standards referenced in Table VIII provide de-
tailed criteria and guidelines for conducting these tests and
ensuring the safe operation of BESS installations under vari-
ous conditions and environments [72]-[76].

TABLE VIII
STANDARDS FOR A DOMESTIC BESS IN REPUBLIC OF KOREA

Category Standard
Safety requirements for secondary lithium
cells and batteries, for use in industrial KS 62619

applications

Guidelines for including safety aspects in

. . KS A ISO/IEC Guide 51
specifications

Safety standards for portable sealed
secondary cells and batteries for portable
devices

KS C IEC 62133

Secondary lithium cells and batteries used

- . KS C IEC 62620
for industrial purposes

Performance and safety requirements SPS-C KBIA-10104-03-7312

B. Europe

1) UK.

In the U.K., all electrical installations that the public inter-
acts with as part of the daily activities must typically adhere
to the IET wiring regulations, known as BS 7671. Currently,
there is no dedicated chapter within BS 7671 specifically ad-
dressing BESS installations. Instead, the relevant require-
ments must be considered and applied from applicable sec-
tions within the regulation to ensure the safe and compliant
installation of BESS. All the requirements and the corre-
sponding standards used for compliance are typically listed,
as shown in Table IX [77]-[86].

TABLE IX
THE MINIMUM REQUIREMENTS FOR A DOMESTIC BESS IN U.K.

Category Standard
Requirements for electrical installation BS 7671
Grid connectivity requirement G98/1
Product safety regulations: general BS EN 62619

product safety directive

BS EN 62109-1, BS EN 62109-2,
BS EN 62477-1, BS EN 62368-1

BS EN 61000-6-3,
BS EN 61000-6-1

UN 38.3

Product safety regulations: low-
voltage directive

Product safety regulations: EMC
directive

Dangerous good regulations

2) Germany
European standards are to be applied in the member states
by law and are therefore also relevant in Germany. The sepa-

rate standards related to BESS in Germany are shown in Ta-
ble X [87]-[92].

TABLE X
STANDARDS FOR A DOMESTIC BESS IN GERMANY

Standard
DKE/AK 371.0.5

Category

Safety aspects of lithium-ion batteries

Planning and integration of ESSs in energy

building systems VDI 4657

Safety requirements for secondary lithium cells

and batteries for use in industrial applications DIN EN 62619

Requirements of battery systems with lead

accumulators and Nickel Cadmium batteries DINTEC 62485-1

Requirements of flow batteries DIN EN 62932-1

Safety requirements for connection between

low-voltage power grid and BESS VDE-AR E 2510-2

C. US.

In the U.S., there are various standards related to batter-
ies, among which the standards for a domestic BESS in U.S.
are shown in Table XI [93]-[96].

TABLE XI
STANDARDS FOR A DOMESTIC BESS IN U.S.

Category Standard
Safety standards for portable lithium primary cells and ANSI/NEMA
batteries C18
Standard for safety for lithium-ion batteries UL 1642
Standard for safety for household and commercial batteries UL 2054
Standard for safety for general requirements for battery UL 2595

VII. DISCUSSION AND FUTURE DIRECTION OF BESS
POLICIES

Sections III-VI present the current BESS policies of vari-
ous countries, and a summary of each policy can be found
in Table XII. When analyzing policies in this way, the fol-
lowing policy development process is necessary. Classifying
BESS policies into three distinct temporal phases offers a
comprehensive framework for understanding policy formula-
tion, as shown in Fig. 4. The 1* phase prioritizes promoting
BESS deployment, supported by robust economic incentives
and subsidies. Simultaneously, this phase ensures reliability
through the implementation of stringent safety policies.

The 2™ phase transitions towards activating BESS recy-
cling policy, addressing the challenge of waste management
associated with widespread BESS deployment. Proactive re-
cycling initiatives become pivotal during this phase to man-
age the increasing volume of retired BESS units.

In the 3" phase, attention turns towards the advancement
of more efficient BESS technologies, notably long-duration
BESS. As these technologies mature, it becomes imperative
to revisit the initial economic and safety policy development
process to align with the evolved landscape and emerging
technological advancements. This cyclical method facilitates
continual refinement and adaptation of policies to match the
evolving dynamics of BESS technologies and their deploy-
ment.
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TABLE XII
SUMMARY TABLE OF POLICIES BY COUNTRY

Asia

Europe

Category

China Japan Republic of Korea

u.s.

UK. Germany

Widening of price gap

between peak and Expansion of BESS

Increased BESS

Subsidy for

Tax exemption when Tax deduction when

. off—pe?k electncny 11.15.ta11at1on power sale amount installing BESS for . BESS installing BESS; incentive
Subsidy  demand; expansion of  subsidies (amount installation . . . .
. Lo . . to reduce peak renewable energy . provided in conjunction
operation subsidies for  varies by capacity . interconnected to .
demand connection with federal programs
power generated from of BESS) renewable energy
BESS
: . :
30% cost reduction Establishment of Grant allocation to 90% cost reduction goal of
. . large-scale VRFB Lo BESS; research on
target for new BESS; No special . . _ support LDES projects; . .
. installation plan; electrochemical, mechanical,
Long- research on country-specific . research on thermal . .
: . S . research in encom- Development of  thermal, flexible generation,
duration electrochemical, policies; VRFB will S energy storage . L
. passing lithium, redox flow BESS  flexible buildings, power
BESS compressed air, be deployed by e systems, VRFB, .
. sodium-ion, redox . electronics, and VRFB and
flywheel, and companies advancing a pumped . .
. flow, and magne- zinc hybrid cathode battery
supercapacitor systems : thermal energy storage .
sium technologies
Goal of developing a
vehicle battery and Providing Increased storage .
waste battery history subsidies to foster period of used Establishment of waste battery recycling Establl;hment of
. S o . J . Automotive Battery
BESS management platform; waste battery batteries; providing and recovery rate policy within EU; . . .
. . . . ’ Recycling Advisory Group;
recycling standardization of industry; reusing research funds for target year and recall target for each : .
. . . . . achievement of a recycling
service networks for waste batteries as  reuse and recycling ingredient were set o
. . . and reuse rate close to 100%
recycling and recovery storage batteries of waste batteries
of waste batteries
Safety Based on international standards, regulations are used to suit each country’s circumstances
The 1% phase: economic, In the domain of BESS recycling policy, many nations rec-
subsidy and safety policies ognize its significance and have made substantial invest-
ments. However, there remains ambiguity regarding the spe-
The 3" phase: long-duration The 2" phase: BESS cific materials to collect the procedural frameworks. As of
BESS policy ol o e 2023, only the EU has outlined the areas that require im-
provement [55], while other countries are endeavoring to in-
troduce similarly well-documented policies tailored to their
Fig. 4. 3Three phases related to BESS policy. unique circumstances. Consequently, the ongoing policy sta-

The policies related to investment and subsidies in BESS
typically fall into two categories: tax exemption during
BESS installation and leveraging revenue generated from
BESS electricity sales. In many developed nations, wide-
spread deployment of BESS has made tax exemption during
installation less relevant. However, distributed BESS contin-
ues to engage in electricity trade, focusing on selling electric-
ity during peak periods using the time of use (ToU) method.

Several studies have proposed alternative methods to re-
place the current ToU method [97]-[99]. These methods typi-
cally employ optimization algorithms to suggest a calcula-
tion method for determining optimal fares during flexible
time periods rather than fixed ones. Recently, probabilistic
techniques have been utilized to assess grid conditions and
establish corresponding rates. ToU relies on fixed time zones
and is casily comprehensible for consumers, which lacks
flexibility in swiftly adapting to changing power system sce-
narios. Therefore, there is a need for policy enhancements
aimed at developing a more user-friendly and adaptable inter-
face, surpassing the limitations of the existing ToU method.
These enhancements should facilitate the ease of use for con-
sumers while ensuring profitability and responsiveness to
evolving energy system dynamics.

tus across various countries, as illustrated in Fig. 4, signifies
a shift from the 1* phase to the 2™ phase. There is an imme-
diate need to craft diverse and precise policies, such as im-
posing recycling collection responsibilities on battery manu-
facturers and stimulating job creation within this sector.

In the realm of long-duration BESS policy, numerous
countries are studying solutions to overcome the limitations
of current lithium-ion batteries, with particular attention di-
rected towards VRFB research. However, at this early stage,
a notable drawback is the predominant allocation of develop-
ment costs towards VRFB research, despite its potential. As
policy development progresses beyond the 2™ phase and en-
ters the 3™ phase, there is a crucial necessity to activate in-
vestment policies that accelerate the development of various
battery technologies, encompassing VRFB among others.

Regarding safety policies, it is observable that most inter-
national standards are adhered to, with slight adjustments to
suit individual country contexts. Therefore, it is imperative
for the International Standards Committee to anticipate
trends in newly developed batteries and proactively devise
safety regulations. This proactive stance ensures seamless
policy announcements in the future, catering to the evolving
landscape of battery technologies and their safety require-
ments.
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Beyond the 1* phase, many countries have yet to establish
specific documented policies. During the initial phase, the
U.S. led the way, and subsequent advanced nations often
mirror U. S. policies. However, as we move into the 2™
phase, each country is anticipated to engage in extensive re-
search to take the lead in the BESS market.

In the Asian region, China is anticipated to outstrip the
U.S. in scale within the BESS domain. This is evident from
the planned implementation of recycling measures for BESS
in China and its concentrated research endeavors focused on
post-processing large-scale BESS. Similarly, Japan is allocat-
ing its attention towards both recycling BESS and innovat-
ing new BESS technologies, particularly for their advanced
automotive sector. Meanwhile, Republic of Korea is intensi-
fying technological research efforts in collaboration with re-
nowned battery manufacturers, emphasizing advancements in
the field.

Europe has taken a leading stance by establishing bench-
marks for BESS recycling. Extensive research in several Eu-
ropean countries has resulted in substantial investments in
developing new BESS integrated with large-scale new and
renewable energy initiatives.

In the U.S., efforts are concentrated on maintaining leader-
ship within the current BESS market. This is being pursued
through significant investments and a robust workforce, par-
ticularly notable in California, where intensive research on
new and renewable energy is underway. Additionally, policy
recommendations for BESS recycling are being formulated,
aiming to establish a pivotal role in global long-term energy
storage. This involves the advancement of technologies, such
as VRFB and zinc hybrid cathode batteries, expanding the
scope beyond the existing lithium-ion batteries.

Besides, the following is the background and future direc-
tion to the policies discussed in previous sections.

A. Policies for Economic Support and Subsidies

To stimulate the initial BESS market and support the adop-
tion of renewable energy, some countries have established
policies for economic support and subsidy. These policies
aim to make BESS more affordable for consumers and busi-
nesses, thereby promoting the integration of renewable ener-
gy into the power grid. The current policy framework, which
encourages the installation of BESS, has been instrumental
in promoting the adoption of clean energy technologies and
enhancing grid stability. However, it is essential to recognize
that the subsidy levels for BESS installations may need to
be adjusted in the future as the market matures and reaches
certain saturation levels. Key considerations for future policy
adjustments are as follows.

1) Optimal BESS Capacity

Beyond a certain point, connecting too many BESS units
to the power grid may provide diminishing returns in terms
of grid stability and overall system efficiency. It is crucial to
conduct research and analysis to determine the optimal
BESS capacity that best balances grid needs with cost-effec-
tiveness. Typically, methods involve solving a specific opti-
mization algorithm or addressing an optimal power flow
(OPF) problem. The objective function is chosen to mini-

mize both the price and capacity of the BESS, while adher-
ing to constraints that ensure the power system operates
without issues at the selected capacity.

2) Market Maturity

As the BESS market matures and technologies improve,
the cost of BESS components and installations may de-
crease. This reduced cost may warrant a reevaluation of sub-
sidy levels to ensure that they remain aligned with market
dynamics.

3) Demand and Grid Requirements

Policy adjustments should be based on the evolving de-
mand for BESS and the changing requirements of the power
grid. Periodic assessments of grid stability and the role of
BESS in meeting those needs are essential for informed poli-
cymaking.

4) Long-term Viability

Sustainability and long-term viability should be key con-
siderations in subsidy policies. Policy makers should explore
ways to encourage the adoption of BESS technologies that
provide lasting benefits and align with broader environmen-
tal and energy goals.

In summary, the future of BESS subsidy policies should
involve a strategic and data-driven method. Policymakers
should continuously assess the impact of BESS installations,
analyze grid needs, and consider evolving market conditions
to determine the most effective subsidy levels. By doing so,
countries can ensure that their policies remain efficient, sup-
portive, and responsive to the changing landscape of renew-
able energy and energy storage.

B. Development Policies of Long-duration BESS

Initially, BESS primarily serves to respond to instanta-
neous frequency changes in the power system and maintain
real-time supply and demand balance as short-duration
BESS. However, as the integration of renewable energy
sources has increased, long-duration BESS solutions have
emerged to address oversupply and load leveling. Policies
have shifted focus to support new technologies for long-dura-
tion BESS, moving beyond traditional lithium-based sys-
tems. Especially, VRFB has gained significant attention due
to their potential for LDES. Many countries are investing in
VRFB technology as part of their BESS policies.

Furthermore, the development trajectory of long-duration
BESS not only encompasses research into battery materials
but also emphasizes the critical importance of controller de-
sign. Techniques such as adjusting the output power of con-
trollable power generation devices through stochastic optimi-
zation [100] and optimizing the placement and capacity of
BESS to enhance lifespan [101] are employed. Thus, each
country should conduct a comprehensive investigation and
analysis of the technological status of BESS with long-term
viability and formulate the development policies accordingly.

For developing a long-duration BESS from an existing
short-duration BESS, the following policies must be estab-
lished.

1) Technological Advancements

Policy frameworks should remain flexible to accommo-

date advancements in BESS technology. Long-duration
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BESS development is an evolving field, and policies should
encourage research and development to improve energy den-
sity, cycle life, and safety while reducing costs.

2) Grid Services

Long-duration BESS can provide a wide range of grid ser-
vices, including frequency regulation, peak shaving, and volt-
age support. Policies should define clear market mechanisms
and compensation schemes for these services to incentivize
BESS deployment.

3) Market Access and Fair Competition

Policies should promote fair market access for long-dura-
tion BESS providers and avoid creating barriers to entry.
Competitive markets can drive innovation and lower costs.

4) Monitoring and Reporting

Monitoring and reporting requirements are implemented to
track the performance, safety, and environmental impact of
long-duration BESS installations.

By carefully considering these aspects, policymakers can
develop comprehensive and effective long-duration BESS de-
velopment policies that contribute to a more sustainable and
resilient energy system.

C. BESS Recycling Policies

The increased adoption of BESS necessitates preparations
for recycling and disposing of end-of-life batteries. Recy-
cling policies for BESS are beginning to be explored as a re-
sponse to the growing number of consumed and discarded
BESS units. However, in order to expand the BESS recy-
cling market, the following policies must be additionally es-
tablished.

1) Collection Infrastructure

Developing a robust collection infrastructure for used bat-
teries is crucial. This involves setting up collection centers
and networks for consumers, businesses, and utilities to easi-
ly return their old batteries for recycling.

2) Circular Economy Integration

BESS recycling policies are integrated into broader circu-
lar economy initiatives, aiming to minimize waste, maximize
resource efficiency, and reduce the environmental footprint
of batteries.

3) Technological Tracking

Tracking systems are implemented to trace the lifecycle of
batteries, from production to disposal, to ensure they are
properly managed and recycled.

4) Consideration of Long-duration BESS

The consideration should be given to the environmental
impact of production, operation, and disposal of long-dura-
tion BESS. Policies should encourage the use of sustainable
materials, recycling practices, and environmentally responsi-
ble disposal methods.

These considerations will likely evolve as technology and
environmental priorities change, so it is important for policy-
makers, industry stakeholders, and environmental organiza-
tions to stay informed and adapt their recycling policies ac-
cordingly to address emerging challenges and opportunities
in BESS recycling.

D. Safety Policies
Safety is a critical concern for large-scale BESS deploy-
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ments. Policies and regulations are being introduced to miti-
gate the risk of fires, which is a significant obstacle to wide-
spread BESS adoption. Investigation committees in various
countries are analyzing the factors contributing to BESS-re-
lated fires and developing safety policies to prevent such in-
cidents. As technology evolves and the use of BESS be-
comes more widespread, safety policies should continue to
adapt to address emerging challenges. Here are important
considerations for BESS safety policies in the future.

1) Standardization and Codes

Safety standards and codes specific to BESS should be de-
veloped and updated, which should include input from ex-
perts, industry stakeholders, and regulatory bodies to ensure
that safety measures are current and effective.

2) Cybersecurity

BESS systems should be protected from cybersecurity
threats and unauthorized access. Cybersecurity standards and
best practices should be developed to safeguard against po-
tential attacks that could compromise system safety [58].

3) Liability and Insurance

Liability and insurance considerations associated with
BESS should be addressed. Responsibilities and liabilities in
the event of accidents or failures should be defined to ensure
that appropriate insurance coverage is in place.

4) Data Collection and Reporting

Mechanisms for collecting and reporting safety-related da-
ta and incidents should be established. This information can
be valuable for continuous improvement in safety policies
and practices.

Safety should always be a top priority in the deployment
and operation of BESS. As technology advances and new
challenges emerge, it is essential to adapt safety policies to
ensure the continued safe and responsible use of energy stor-
age systems.

VIII. CONCLUSION

In this paper, we have summarized the roles of BESS and
the policies associated with BESS in each country. The in-
creasing integration of BESS into power system is a result
of diverse economic support policies implemented in various
countries. We have also examined policies aimed at address-
ing potential challenges arising from the growing deploy-
ment of BESS. Furthermore, based on the findings from vari-
ous policies, we have considered the directions in which pol-
icies for each category should be established in the future.
This analysis provides valuable insights into the evolving
landscape of BESS adoption and the necessary policy adjust-
ments to support its continued growth and effective integra-
tion into energy systems.

BESS technology is advancing rapidly, driven by numer-
ous research institutes and companies globally. However,
without supportive policies, these technologies may remain
theoretical and not be implemented in practice. Hence, na-
tions worldwide need to proactively anticipate the future de-
velopment of BESS technology and formulate policies that
facilitate the practical implementation of each technological
advancement.

While this paper has limitations, specifically focusing on
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BESS policies within individual countries, it can serve as a
helpful guide for many countries seeking to introduce large-
scale BESS based on its findings. Additionally, by delineat-
ing the previously unclear policy development process into
three distinct stages, it can serve as a milestone for flexible
policy development, even considering future ESS advance-
ments.

In addition, future research will investigate the gap be-
tween the development of currently developing BESS tech-
nology and current policies and examine the development di-
rection of each policy in detail.
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