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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Mark Howells This paper examines the present status and challenges associated with Battery Energy Storage Systems (BESS) as
a promising solution for accelerating energy transition, improving grid stability and reducing the greenhouse gas
emissions. Serving as a key facilitator, BESS aids in integrating and balancing variable renewable energy sources
to maintain a stable energy supply by storing excess energy and releasing it as needed. While global BESS
deployment is on the rise, it falls short of aligning with storage capacity projections for a net-zero scenario,
necessitating heightened efforts. In Malaysia, BESS is recognized as vital for system stability, prompting the
government’s plan to install 5 units of 100 MW BESS capacity by 2034. The establishment of grid codes and
regulations is critical for the safe and reliable integration of BESS. Although specific guidelines for BESS grid
integration are limited, certain sections from existing guidelines for Large Scale Solar (LSS) connections can be
adapted. To enable widespread BESS implementation, challenges such as scalability, grid integration, and cost
need to be addressed. Robust guidelines and regulations must be developed to successfully integrate BESS into
the grid and pave the way for a sustainable energy future. The motivation behind this study is to assess the
current state of research on BESS and its integration into power systems, identifying challenges and opportunities
associated with this technology. Additionally, the paper aims to shed light on the role of grid codes in governing
the connection and operation of BESS and other energy storage systems within the grid.
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According to the Intergovernmental Panel on Climate Change
(IPCC), energy industry is the largest contributor to global greenhouse

1. Introduction

Countries around the world are recognizing the need to shift towards
a low-carbon energy system, therefore undergoing energy transition
towards more sustainable and renewable energy sources. The Paris
Agreement, coordinated by the United Nations Framework Convention
on Climate Change (UNFCCC), has received commitments from many
nations, to decrease their greenhouse gas (GHG) emissions to levels that
would prevent global temperatures from rising beyond 2 °C [1,2]. To
achieve this goal, all participating countries have committed to reducing
their greenhouse gas emissions, including carbon dioxide, methane, and
nitrous oxide, which are the main contributors to climate change.

* Corresponding author.

gas emissions, accounting for approximately 75% of emissions [3]. This
includes emissions from the production, transportation, and consump-
tion of fossil fuels such as coal, oil, and gas. Therefore, to accelerate
energy transition, it is important to reduce greenhouse gas emissions
from energy industry by transitioning to cleaner energy sources such as
renewable energy and electric vehicles [4]. The adoption of cleaner
energy sources will not only help to reduce greenhouse gas emissions but
also promote sustainable development and create new employment
opportunities in the clean energy sector.

Decarbonizing energy sector is a challenging task that requires sig-
nificant effort. The existing fossil fuel-based technologies cannot achieve
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List of abbreviations

BESS Battery Energy Storage Systems
UNFCCC United Nations Framework Convention on Climate Change
GHG Greenhouse Gas

IPCC Intergovernmental Panel on Climate Change
RE Renewable Energy

GAO Government Accountability Office

IEA International Energy Agency

EERA European Energy Research Alliance

REC Renewable Energy Certificate

CAGR  Compounded Annual Growth Rate

GDP Gross Domestic Product

EC Energy Commission

GSO Grid System Operator
FiT Feed in Tariff

NEM Net Energy Metering

CGPP Corporate Green Power Programme
VPP Virtual Power Plant

TSO Transmission System Operator

NER National Electricity Rules

DMAT  Dynamic Model Acceptance Test

AEMO  Australia Energy Market Operator

PSS Power System Studies

MGC Malaysia Grid Code

TSRS Transmission System Reliability Standards
SOC State of Charge

BMS Battery Management System

decarbonization without incurring significant additional costs, such as
those associated with carbon capture, utilization, and sequestration.
Therefore, there is an urgent need to explore and invest in emerging
technologies such as renewable energy and energy storage, which can
help to reduce greenhouse gas emissions and support the transition to-
wards a low-carbon energy system [5]. These emerging technologies
present a significant opportunity to create a more sustainable and
resilient energy system that can mitigate the impacts of climate change
and reduce dependence on fossil fuels.

Energy storage plays an important role in addressing decarbon-
ization in energy sector by helping to integrate and balance variable
renewable energy (RE) sources such as wind and solar. These sources
can produce energy intermittently, depending on weather conditions, so
energy storage technologies can help to store excess energy when it is
available and release it back into the grid when it is needed [6,7]. This
helps to ensure that renewable energy is available when demand for
energy is high, without relying on fossil fuel-based energy sources to fill
in the gaps [8]. Since more renewable energy (RE) sources such as wind
and solar with intermittent nature will be connected to the grid, excess
of energy can be stored and used later. Other multiple energy storage
system functions, such as short-term balancing and operating reserves,
ancillary services for grid stability, frequency regulation in microgrid
system [9], delaying the investment in new transmission and distribu-
tion lines, long-term energy storage, and restarting the grid after a
blackout, are required.

Current research is lacking on the role of Battery Energy Storage
Systems (BESS) in the process of energy transition [10]. Energy transi-
tion typically refers to the shift from conventional, fossil fuel-based
energy sources to cleaner and more sustainable alternatives. BESS,
which involves storing energy for later use, can play a crucial role in this
transition by providing a means to store and use renewable energy when
needed. Despite the progress being made, the predicted increase in
grid-scale storage capacity is now out of step with the net-zero scenario
and calls for more work [11]. BESS is a type of electrochemical energy
storage system (ESS) that has seen the most growth in recent years out of
all other energy storage types. This is mostly because BESS has the
following benefits [12].

- Flexible in its ability to be built into different sizes and shapes as
needed for the ESS application.

- Unlike some ESS types, where special location of installation is
necessary (e.g. subterranean caverns, water dam, etc.), BESS may be
built practically everywhere.

- Along with the increase in battery demand, the technology devel-
opment has gotten more advanced. Energy and power density of
BESS is among the greatest available solutions at a reasonable cost.

Therefore, this paper aims to highlight the status, challenges, and

benefits of BESS in accelerating energy transition and emphasizes the
effort required to successfully decarbonize the energy sector. It implies
that more attention and investigation are needed in understanding how
BESS can contribute to the broader goal of transitioning to cleaner and
more sustainable energy sources. This paper provides a comprehensive
review of the current status, challenges and benefits of BESS application
in accelerating energy transition in Malaysia, taking into account the
current landscape of BESS installation globally by emphasizing the
increasing importance of BESS as a promising solution for integrating
renewable energy sources, reducing greenhouse gas emissions and
integration into the grid power system.

2. Current status of BESS around the world

According to United States of Government Accountability Office
(GAO) [13], climate change is anticipated to have extensive conse-
quences on the electricity grid that might cost billions and affect every
component of the grid, including generation, transmission, and distri-
bution as well as power demand. Energy storage would be one of the
potential solutions to mitigate these adverse effects with the advantages
it can offer.

International Energy Agency (IEA) has developed a roadmap which
outlines a comprehensive plan to achieve global net-zero emissions by
2050 [14]. The roadmap stresses the urgency of action, emphasizing
that immediate and bold steps are required to limit global warming to
1.5 °C above pre-industrial levels. It highlights that a rapid trans-
formation of energy sector is crucial, as it is responsible for the majority
of greenhouse gas emissions. Fig. 1 demonstrates the installed BESS
worldwide in the net-zero scenario target from Year 2015-2030 where it
shows that actions need to be taken to install BESS with dramatic
amount, to achieve 680 MW capacity by 2030.

Research from International Energy Agency (IEA) stated that the
deployed grid-scale battery storage (BESS) capacity should increase 44-
fold to 680 GW in the Net Zero Scenario target between 2021 and 2030
[11]. Up from 6 GW in 2021, about 140 GW of capacity is created in just
2030. Annual additions must increase dramatically, reaching an average
of over 80 GW per year over the years 2022-2030, in order to stay on
pace with the Net Zero Scenario target.

BESS integrated into the power system have different specifications
and integration methodologies. A summary of 11 demonstration pro-
jects for BESS integration from various European nations is provided in
Ref. [2]. Members of the European Energy Research Alliance (EERA)
Joint Program on Smart Grids, Sub-program 2, Storage Integration, are
responsible for carrying out these projects. To coordinate and synchro-
nise their research and carry out the European Union’s 2008 strategic
technology strategy, EERA fosters collaboration among universities and
public research centres across all of Europe [15]. One country with a
significant deployment of BESS projects is South Korea. The Korean
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Installed Grid-Scale Battery Storage to achieve Net-Zero (2015-2030)

800

700

600

500

400

300

200

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

e—Historical = Net Zero Emission (NZE)

Fig. 1. Installed grid-scale BESS in the net-zero scenario (2015-2030) (Source:IEA).

government has been using BESS for 500 MW of frequency regulation
since 2011. This is reinforced by generous multiples of issued Renewable
Energy Certificate (REC) [16].

Fig. 2 describes the historical worldwide annual grid-scale BESS
addition from Year 2015-2021. United States is the biggest contributor
to BESS deployment with 2.9 GW capacity in 2021, followed by China
1.9 GW, Europe 1 GW, South Korea 0.1 GW and the rest of the world 0.5
GW which the numbers are gradually increasing over the time period.
The BESS adoption originates from factors due to the evolving energy
landscape and the need for more sustainable and reliable power system.
The main factors that are driving its adoption includes renewable energy
integration, grid stability and reliability, peak shaving and load man-
agement, energy arbitrage, policy and regulatory support, environ-
mental concerns and resilience and emergency preparedness.

As the end of 2021, the total installed grid-scale battery storage ca-
pacity was close to 16 GW, with the majority of which had been added in
the preceding five years. In 2021, more than 6 GW (GW) of storage
capacity are built, representing a 60 percent increase over the previous
year. The United States, China, and Europe lead the market with
gigawatt-scale additions, respectively.

Another important aspect before deciding to invest in BESS is the
projection of compounded annual growth rate (CAGR) which is a crucial
metric indicating the potential of the BESS market in the coming years.
CAGR would depend on several factors such as the initial investment
cost, the cost of maintenance and operations, and the revenue generated

Asia Pacific Battery Energy Storage Market Size, 2018-2019 (USD Billion)
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Fig. 3. Asia Pacific energy storage market size (USD billion) [17].
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Fig. 2. Annual grid-scale BESS addition for 2015-2021 (source: IEA).
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from selling the stored energy.

Fig. 3 demonstrates the Asia Pacific CAGR of 16.3% over the pro-
jection period, it is expected that the global market for battery energy
storage would increase from $10.88 billion in 2022 to $31.20 billion by
2029 [17]. Therefore, it is projected that more BESS will be installed
progressively in the Asia Pacific region.

3. Current status and potential of BESS deployment in Malaysia

Malaysia, as a signatory to the Paris Agreement, is committed to
reducing its greenhouse gas emissions. The country aims to decrease the
emissions intensity of its GDP by 45% by 2030 compared to the levels in
2005. To achieve this goal, Malaysia plans to increase the proportion of
renewable energy sources, including solar, wind, hydro, and biomass, in
its energy mix [18]. By 2035, it is expected that solar energy penetration
will reach 30% of the anticipated peak demand. However, the rise in
renewables poses challenges to system stability. To address this concern,
critical technical enablers, such as the implementation of battery energy
storage systems (BESS), play a crucial role in meeting the strategic goal
[19].

In August 2023, the Malaysian government introduced the National
Energy Transition Roadmap (NETR) to expedite and guide the national
energy transition. The roadmap includes a substantial reduction in coal
usage, with a target of increasing renewable energy (RE) from 4% in
2023 to 22% in 2050. Recognizing the intermittent nature of renewable
energy, particularly in Malaysia, the development of energy storage,
especially BESS, is considered essential, and NETR identifies BESS as a
key initiative [20]. Incentives and subsidies for development and
deployment of BESS are also included NETR due to the fact that it is a
critical enabler in order to attain higher RE penetration in the country.

The country’s generation master plan outlines the deployment of
BESS, as planned by the government. The Energy Commission (EC) of
Malaysia, as reported by Ref. [21], has scheduled the installation of five
units of BESS with a capacity of 100 MW each year between 2030 and
2034. This initiative aims to address system stability issues arising from
the increasing use of RE and aligns with the country’s 2021-2039 energy
transformation plan. The Malaysian Grid System Operator (GSO) will
conduct a trial project for BESS connected to the grid before the full
implementation into the grid system begins in 2030. The global and
Malaysian transition to renewable energy heavily relies on expanding
battery usage to balance the grid, enhance the adaptability of
low-carbon power, and foster a more sustainable power ecology.

The transition to renewable energy in Malaysia and around the world
will depend heavily on expanding the usage of batteries which help to
balance the grid, enhancing low-carbon power’s adaptability, and
fostering a more sustainable power ecology [22].

Fig. 4 shows the BESS deployment plan in Malaysia which 1 unit of
100 MW BESS capacity will be installed starting from Year 2030 and
addition of 100 MW in the subsequent four years. By end of 2034, 500
MW of BESS will be installed various locations in the country to support
the renewable energy integration and the transmission grid. By 2035, it
is anticipated that Malaysia’s RE capacity mix will reach a level of 40%.
In order to support such strategic aim, the grid infrastructure would be
significantly improved and strengthen with the help of crucial technical
enablers like BESS technologies. In light of this, the Malaysian govern-
ment has put in place a number of programmes to enhance the pro-
duction of solar PV. The Feed in Tariff (FiT), Large Scale Solar (LSS), and
Net Energy Metering (NEM) and Corporate Green Power Programme
(CGPP) are examples of these programmes [23].

Presently in Malaysia, there are five units of BESS deployed as
research projects at distribution level positioned in various locations
such as research centre, education campus, commercial centre and
university which the purpose is for peak demand reduction, energy
arbitrage and grid ancillary services [24].

BESS for behind-the-meter and the virtual power plant (VPP) project
have been implemented in Malaysia as part of research initiatives.
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Fig. 4. BESS roadmap in Malaysia (2030-2034) [21], [22].

However, there has not been any deployment of utility-scale BESS which
are connected to transmission level thus far [25]. The large capital
expense is the key obstacle to implementing such initiatives. According
to Ref. [26], increased mass production of battery packs will result in a
50% drop in battery prices from 2018 levels by 2030. However, com-
mercial projects like BESS will continue to be difficult to complete
without enough government incentives and restrictions. Ref [19] stated
there will be increased deployment of RE with a 40% RE target by 2035,
when solar penetration hits 30% during peak demand. As a result,
particular actions must be taken to ensure system stability, such as the
introduction of energy storage technology and increased system flexi-
bility after 2025.

4. BESS grid interconnection

Grid interconnection for BESS is a vital component in the transition
to a more sustainable and resilient energy system. This integration al-
lows BESS to interact with the grid, providing a range of services that
contribute to grid stability, reliability, and efficiency. The following
subsections describe some considerations to guarantee the safety and
reliability of BESS grid interconnection.

4.1. Standards and guidelines

Grid codes are a set of technical and operational requirements that
govern the connection and operation of electricity generation and
storage systems to the grid. Grid codes employed for BESS ensure the
safety and reliability of the grid, while also enabling the integration of
renewable energy sources and energy storage systems. It is used to
establish the technical requirements for interconnecting BESS and other
energy storage systems to the grid, including voltage and frequency
regulation, power quality, and other technical parameters. Grid codes
play a critical role in establishing the line between the demands of safe
grid operation and obtaining the largest feasible proportion of Renew-
able Energy Sources (RES) including BESS in order to produce a cost-
effective energy mix. Table 1 describes the existing guidelines and
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Table 1
Standard and grid codes for BESS integration in power system.

Standards/Grid Codes Countries which
have implemented

the standard

Purpose

National Electricity Australia

Rules (NER) [27]

Regulations that govern the
National Electricity Market
(NEM) mainly on the market
operation, grid connection and
access, reliability and security
of power system, network
planning and investment,
market conduct and
competition.

A guideline used in the power
Acceptance Test systems domain to validate and
(DMAT) Guideline accept dynamic models used for
[28] simulations and control system.
These tests are essential to
ensure that the dynamic models
accurately represent the
behaviour of the actual systems
they are intended to simulate or
control.

Standards established by the
Malaysian Energy Commission
to regulate the operation and
planning of the electric power
system in Malaysia.
Requirements established by
system operator to ensure the
reliable and secure operation of
the electric transmission
system. The standard covers
various aspects of the
transmission network,
including planning, operation,
maintenance, and contingency
management.

A guideline which consists of
Connection to the technical standard for
Electricity Networks LSSPV plant such as design,
[31] installation, and operation. It
also includes the connection
process and details on grid code
compliance and power quality.
Standard for interconnecting
distributed energy sources to
the power system which covers
the aspects on interconnection,
safety, power quality and
testing requirements.

Safety standard for energy
storage systems including
battery. It covers safety aspects
such as thermal runaway, fire
safety and electrical safety.
International standard for the
design and integration of
communication networks
within substations. It is relevant
for the communication
infrastructure needed for smart
grid applications, including the
integration of energy storage.
Standard for grid connection of
energy system including energy
storage.

Dynamic Model Australia

Malaysia Grid Code
(MGCQ) [29]

Malaysia

Transmission System
Reliability Standards
(TSRS) [30]

Malaysia

Guidelines on LSSPV for Malaysia

IEEE 1547 [32] United States

UL 9540 [33] United States

IEC 61850 [34] International

Australia and New
Zealand

Australian Grid
Connection Standard
AS/NZS 4777 [35]

regulations for BESS interconnections to the grid.

Prior to any BESS integration to the grid, power system studies need
to be conducted to assess the capability of the BESS during various
operating conditions. In United Kingdom (UK), the grid code re-
quirements [36] have been released by Transmission System Operator
(TSO) for BESS interconnection with wind plants as discussed in
Ref. [37] which includes reactive power capability, load flow studies,
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short circuit levels, fault ride-through capability, voltage and frequency
control regulation. Grid codes differ greatly from one country to another
due to their close relationship to the type of generation characteristics
and requirements set by the network operator. For example, in contrast
to a large and strongly interconnected system, such as the French
transmission system, the frequency response requirement is typically
stricter in Great Britain and Ireland since the grid is a relatively isolated
system [38].

In Australia, any generator and customers connection applications to
the grid need to comply with the National Electricity Rules (NER) [27]
which has rigorous and thorough technical requirements on power
system studies of the overall transmission network. Other than that,
there is also a Dynamic Model Acceptance Test (DMAT) guideline [28]
which has been set by Australia Energy Market Operator (AEMO) prior
to accept any new or updated plant models from equipment manufac-
turers to use in system studies and due diligence assessments for
connection applications, registrations and plant alterations.

As of 2022, the Energy Commission (EC) of Malaysia has not issued
any guidelines for the interconnection of Battery Energy Storage Sys-
tems (BESS) to the electricity network. This absence is attributed to the
lack of immediate plans to install a BESS at the transmission level until
2030. However, it is noteworthy that in 2016, the EC released guidelines
for Large Scale Solar (LSS) connections to the electricity network [31].
These guidelines encompass the scope of Power System Studies (PSS)
and can be inferred to be applicable to various types of generation in-
terconnections, including BESS.

These guidelines entail specific requirements such as power plant
modelling, power flow and contingency analysis, short circuit analysis,
and assessment of reactive power capability when integrated with the
grid. The detailed criteria for benchmarking in Power System Studies are
outlined in the Malaysia Grid Code (MGC) [29] and the Transmission
System Reliability Standards (TSRS) [30].

4.2. Adaptation in regulatory evolution and technological advancements

As technology continues to evolve, it is crucial for interconnection
standards to adapt and keep pace with these advancements. Regulatory
bodies play a vital role in ensuring that these standards are updated to
accommodate new technologies and to promote seamless integration of
renewable energy sources into the grid [39]. These standards are
continuously evolving to keep up with the pace of technological ad-
vancements in the field of energy storage. The evolution of BESS inter-
connection standards not only reflects the advancements in technology,
but also the changing landscape of the energy industry as a whole.

There is a need for greater collaboration between stakeholders
including utilities, equipment manufacturers, and regulatory bodies to
develop comprehensive and consistent interconnection standards that
can support the reliable and efficient integration of BESS into the grid.

Standards organizations such as the International Electrotechnical
Commission (IEC) and the Institute of Electrical and Electronics Engi-
neers (IEEE) play a critical role in shaping the development of inter-
connection standards [40]. These organizations bring together experts
from various fields to establish consensus-based standards that are
essential for ensuring the reliability, safety, and interoperability of
interconnected systems.

Furthermore, the involvement of standards organizations is crucial
in addressing the technical complexities associated with the integration
of battery energy storage systems into the grid. Standardized testing
procedures developed in conjunction with these organizations can help
validate the performance and safety of BESS technologies, thereby
instilling confidence in their seamless integration with the grid [41].

In addition to technical specifications, standards organizations also
contribute to the establishment of cybersecurity measures for inter-
connected systems [42]. By providing guidelines for secure communi-
cation protocols and data protection, these organizations help fortify the
resilience of interconnected energy infrastructure against potential
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cyber threats.

The collaborative efforts of standards organizations, along with in-
dustry stakeholders and regulatory bodies, will be instrumental in
driving the continued evolution of BESS interconnection standards. By
staying abreast of technological advancements and industry best prac-
tices, these organizations can ensure that interconnection standards
remain adaptive and responsive to the dynamic landscape of grid
modernization.

5. BESS benefits, applications and recent advances

The integration of BESS in power systems brings a multitude of
benefits and applications. It has showcased its pivotal role in diverse
applications, from energy arbitrage to frequency regulation. Recent
advances include grid-forming technology and second-life batteries,
while there are various breakthroughs such as Li-lon BESS cost reduc-
tion, battery technology and innovative control systems which promises
a positive environmental impact.

5.1. BESS benefits and applications

BESS offer a myriad of advantages and find diverse applications in
power systems. They enhance the reliability, efficiency, and resilience of
power systems, simultaneously lowering costs and emissions. BESS plays
a crucial role in facilitating the integration of renewable energy sources,
aligning with grid code requirements to improve grid stability and
reduce carbon emissions. Moreover, BESS contributes ancillary services
to the grid, including frequency regulation, voltage control, and black
start capability. In instances of grid disruptions, BESS can serve as a
reliable backup power source for critical loads, expediting power
restoration. Additionally, there is the potential for reduced electricity
bills when BESS is utilized for activities such as peak shaving or
participation in time-of-use pricing programs.

On the other hand, BESS is essential to the grid resilience because of
its ability to support the renewable energy sources plant so that it
complies with grid code requirements. At the point of interconnection,
the overall power output is less variable since all dips and peaks can be
filled in and eliminated using the BESS, resulting in a perfectly flat
composite output. BESS also offers assistance during grid disruptions,
such as frequency and voltage changes. Various benefits can be attained
by utility, environment and communities with BESS installation. Utili-
ties can achieve better grid stability and resiliency, while simultaneously
releasing fewer carbon emissions into the air, preserving the environ-
ment. Table 2 summarizes the direct, indirect and intangible benefits of
BESS integration in power systems [43].

Some of the applications of BESS in power systems applications
include energy arbitrage, frequency regulation, spinning reserve and
black start [44]. These applications help utilities optimize their energy
supply and demand, provide grid support, and integrate renewable en-
ergy sources. Table 3 summarizes the categories and definition of
various BESS applications in power systems. In Ref. [45], a distributed
and mobile energy storage system is installed at the power distribution
side to reduce power output fluctuations, agreement to the output plan
at the renewable energy generation side and frequency adjustment at the
power grid.

Voltage regulation and frequency control in power systems are
inherently dependent on the pivotal role played by BESS, ensuring the
stability of the grid. Table 4 describes the its impact and the optimiza-
tion techniques that would enable BESS to efficiently manage voltage
and frequency, enhancing overall system performance.

5.2. Recent advances and development of BESS
Innovations in BESS are reshaping the energy landscape. Recent

advances such grid-forming BESS offers autonomy by independently
establishing and maintaining voltage and frequency, crucial during grid
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Table 2
Benefits of BESS integration in power systems.

Direct Benefits Indirect Benefits Intangible Benefits

Improve grid
resiliency

Less NOx, Co2
emissions

Fast deployment is possible
even on MW scale compared to
conventional power plant
Lower operation and
maintenance cost

No fuel cost as like
conventional plants

Better spinning
reserve

management

Immediate power
production without
any startup time

Grid stability can be
improved for load
variations

Reduces the power
quality issues at
PCC

Frequency support
capabilities

Steady state and
Dynamic voltage
support

Peak demand

Increase system

High reliability

efficiency and makes
system more economic

Black start is possible

Without the Grid

paralleling

Simple installation

islanded operation is

possible

Transient smoothing

Reduce transmission
and distribution losses

Increase utilization of

research

social costs

Redundancy is possible by

Technological innovation and

Avoided environmental and

Grid modernization and

reduction renewable energy future-proofing
resources
Table 3
BESS application categories and definition.

Category Description Definition References

Services for Bulk Electric Energy Energy storage that [47-50]
Energy Time-shift charges or discharges [51-57]

(Arbitrage) over a long period of
Electric Supply time and has a high
Capacity energy capacity [46].
Avoided
Renewable
Curtailment
Ancillary Services ~ Frequency The aid in keeping the [59-62]
Regulation grid’s electrical system [63-68]
Spinning, Non- reliable. Ancillary [69-72]
spinning and services ensure the right [73-76]
supplemental direction and flow of
Reserves electricity, deal with
Voltage Support supply and demand
Black Start imbalances, and aid in
the system’s recovery
following a power
system event [58].

Services for Transmission Alternatives and [78-81]
Transmission Upgrade Deferral complements to [82-85]
Infrastructure Transmission conventional

Congestion Relief transmission
infrastructure assets
[771

Services for Distribution Alternatives and [87,88]
Distribution Upgrade Deferral complements to [89-91]
Infrastructure Voltage Support conventional [92-94]

Outage Mitigation transmission
infrastructure assets at
distribution level [86]

Services for Power Quality Help end customers [96-100]
Customer Power Reliability control their energy [101-104]
Energy Retail Electric expenditures and/or [105-107]
Management Energy Time-shift supply [95]. [108-111]

Demand Charge
Management

disturbances. Second-life batteries could be used as grid storage, backup
power, and renewables integration, driven by cost advantages and
substantial capacities post-automotive use. BESS efficiency improve-
ment is crucial and addressed by advanced Battery Management Systems
(BMS) and accurate SOC estimation models.
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Table 4
BESS impacts in voltage regulation, frequency control and optimization
techniques.
BESS Impact Type Impact Description Optimization
Techniques
Voltage Voltage BESS is able to Reactive Power
Regulation Support provide voltage Control: Simulation
support by injecting tools can be used to
or absorbing reactive optimize the control
power as needed, algorithms for reactive
helping to maintain power injection or
voltage within absorption by the BESS,
acceptable limits [70, ensuring voltage
89,901]. stability.
Voltage Rapid charging or Voltage Control
Flicker discharging of BESS Setpoints: Setting
may lead to voltage appropriate voltage
flicker, impacting the control setpoints based
quality of power on grid conditions can
supply [112]. help avoid over-voltage
or under-voltage
situations.
Frequency Frequency BESS can provide fast ~ Frequency Control
Control Regulation response frequency Algorithms: Simulation
regulation by tools allow testing and
absorbing or injecting  refining control
active power to algorithms for BESS to
stabilize the grid respond effectively to
frequency [59-61]. frequency deviations
[113].
Frequency Rapid charge or Coordination with
Deviation discharge cycles of Other Resources:
BESS can lead to Optimal coordination
frequency deviations with other grid
if not properly resources, such as
controlled. [114] conventional
generators or demand
response, can enhance
frequency control.
Active Power Active BESS can inject or Predictive Control:
Injection Power absorb active power Simulation tools can
and Support to mitigate grid help develop predictive
Absorption imbalances and control strategies,
enhance overall allowing BESS to
system stability anticipate and respond
[115]. to changes in power
demand or generation.
Power Rapid changes in Smooth Power
Quality active power flow Transitions:

may impact power
quality, leading to
voltage and frequency
fluctuations.

Implementing smooth
power transitions
during charge and
discharge cycles can
minimize power quality
issues [116,117].

i) Grid-forming BESS

One of the recent advances of BESS is the grid-forming technology

where it has the capability to independently establish and maintain
voltage and frequency levels without relying on the grid. The key feature
of this technology is that it gains independence from grid and able
generate power and maintain grid stability even when disconnected
from the main grid. This is crucial for scenarios where the main grid is
unreliable or during grid disturbances. Ref [118] has proposed a
grid-forming (GFM) control strategy in order to enhance the low voltage
ride through capability by modifying the active power and reactive
power loop to achieve the reactive power support and current limiting
during the grid faults and verified by using PSCAD simulation.

The GFM-BESS technology is also used with offshore wind power
plant and the controlled interaction between the two plants modelling is
described in Ref. [119] using frequency-domain model of GFM-BESS.
The long power transmission cables in offshore wind power results in
a low short-circuit ratio (SCR) at the WT terminals and destabilize the
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system, which then GFM-BESS is able to mitigate the weak grid issue due
to the low SCR.

ii) Second-Life Batteries in Grid

Used batteries are repurposed as stationary energy storage applica-
tions such as such as grid storage, backup power, or integration with
renewable energy systems. These applications can benefit from the
lower cost of second-life batteries compared to new ones. Ref [120]
demonstrated a second-life BESS project in Liinen, Germany that had
been built from 1000 used battery modules from Smart for Two electric
vehicles. These batteries are used for second-life application is due to
battery degradation which made the traction batteries lost a certain part
of their capacity after several years of use in electric vehicles and no
longer meet the requirements for automotive applications. Due to the
high standards for battery performance, security (such as crash test), and
robustness in automotive applications, the available storage capacities
for second-life use in stationary systems are notably substantial once the
automotive usage phase ends.

Distribution grids also benefits from the of second life batteries
application, for instance Ref. [121] reviews the usage of second life
batteries which can provide auxiliary services for voltage and frequency
regulation and easier integration of RE in the grid. Since the battery life
capacity has about 80% from its primary usage, there second life usage
can be utilized for a couple of years. Manufactures would normally
declare the duration of first life. Typically, eight years warranty would
be provided by manufacturers for most battery packs. Cost, environment
and aging are the main factors that contribute to determining the time of
the first life and the point of entering the second life [122].

iii) BESS State of Charge (SOC) Efficiency

There is various research has been done to improve on the BESS SOC
efficiency. Since it is subject to frequent charging/discharging cycles,
the operational life of the battery decreases and system reliability re-
duces in the long run. Various battery management system (BMS) has
been developed to maintain system reliability and improve the battery’s
operative life. Accurate estimation of the BESS SOC is a key challenge in
the BMS due to its non-linear behaviour. Ref. [123] presents the most
recent classifications and mathematical models for SOC estimation and
future trends for SOC estimation methods.

Additionally, a modelling framework that has been validated is
proposed in Ref. [124] that can be applied during or after BESS
commissioning to identify and derive the useful parameters to charac-
terize BESS performances. Three different modelling approaches were
discussed that optimizes BESS operation, with each providing a different
balance between modelling accuracy and computational effort. These
three mathematical models were validated against a numerical simula-
tion model based on performance data on site, and then it was tested on
areference case study. It is possible the average error can be restricted in
estimating BESS efficiency, and at the same time limiting the model
computational effort by applying the method.

5.3. BESS research and development breakthroughs forecast

Breakthroughs in research and development efforts at BESS can be
expected in the next few years. These developments will not only drive
progress but also contribute to positive environmental impact on a
global scale. Some potential breakthroughs include.

i) Cost reduction in Li-Ion BESS

Significant reductions in the cost of Lithium-Ion (Li-Ion) BESS over
the past decade have made the economics of such systems viable for a
wide variety of applications [125]. This has led to increased adoption
across industries, ranging from residential and commercial use to
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large-scale utility projects and mobile electric vehicles.
ii) Advancements in Battery Technology

Advancements in battery technology, such as higher energy density
and longer lifespan, are leading to improved performance and efficiency
of BESS [126]. These advancements have the potential to revolutionize
various industries by providing more reliable and long-lasting energy
storage solutions.

iii) Frugal Engineering and Modular Design

Ref [127] proves that implementation of frugal engineering and
modular design approaches can further reduce the costs of non-battery
BESS components and significantly impact the affordability and acces-
sibility of energy storage solutions. For example, adopting standardized
interfaces for different components within a battery energy storage
system can streamline manufacturing processes and increase economies
of scale, ultimately driving down production costs. Similarly, leveraging
frugal engineering principles in the design phase by prioritizing
simplicity, durability, and cost-effectiveness can lead to innovative so-
lutions that are more accessible to a wider range of users.

iv) Innovative Software and Control Systems

The development of innovative software and control systems is
crucial for optimizing the operation and management of BESS, ulti-
mately improving their overall performance and integration with the
grid [128]. By implementing advanced algorithms and real-time moni-
toring, these systems can effectively balance supply and demand,
enhance grid stability, and support renewable energy integration.

6. Incorporation of BESS in emerging economies and developed
nations

BESS are becoming increasingly essential in global energy infra-
structure, catering to diverse needs across both emerging and developed
economies. In emerging markets, BESS addresses energy access chal-
lenge and in developed nations, it plays an important role in grid sta-
bility and renewable energy integration. From facilitating rural
electrification to supporting large-scale grid systems, BESS deployment
has proven a worldwide shift towards sustainable energy solution.

6.1. BESS incorporation in emerging economies and lessons learnt

Incorporation of BESS in developing countries is gaining momentum
as these countries strive for improved access to electricity and sustain-
able energy solutions [129]. Studying successful instances and insights
from developing economies helps us to better comprehend the impor-
tance of integrating BESS and the essential factors for its successful
implementation. Various emerging countries that have successfully
incorporated BESS into their energy infrastructure, a few listed below.

6.1.1. India

India has made significant progress in incorporating BESS into its
energy infrastructure. The government has launched various schemes to
promote distributed generation and non-conventional energy resources
in the country. These initiatives have created opportunities for the
deployment of BESS, particularly in areas such as rural electrification
and power backup for telecom towers and rooftop solar installations
[130]. Lessons learned from India’s experience with BESS incorporation
include the importance of differential tariffs and financial incentives to
drive economic viability, as well as the need for strong government
commitment and supportive policies to encourage the adoption of BESS
[131].
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6.1.2. Brazil

Brazil has been incorporating BESS into its energy infrastructure to
address challenges such as grid stability and intermittent renewable
energy sources. The country has implemented pilot projects and
demonstration sites to test the integration of BESS into the grid, with a
focus on utilizing storage systems in combination with renewable energy
sources [132]. Lessons learned from Brazil’s experience include the need
for regulatory frameworks and market mechanisms to support BESS
deployment, the importance of addressing specific consumer and com-
pany needs in the design and implementation of BESS projects, and the
potential for BESS to promote the decarbonization of the energy sector
[133].

6.1.3. Nigeria

Nigeria has successfully incorporated BESS to improve energy access
in rural areas and enhance grid reliability. This includes deploying
microgrids powered by BESS in off-grid communities to extend elec-
tricity access, along with supportive policies promoting the adoption of
BESS in rural electrification projects [134]. Nigeria’s example empha-
sizes the importance of tailoring BESS projects to address specific energy
challenges within a country and leveraging them to meet unique energy
needs, showcasing the potential for addressing sustainable development
goals effectively and sustainably [135].

The case studies of India, China, Brazil, South Africa, and Nigeria
provide valuable insights into the successful incorporation of BESS into
energy infrastructure. These experiences highlight the importance of
regulatory frameworks and market mechanisms to support BESS
deployment, collaboration between government, private sector, and
research institutions, and addressing specific local energy challenges in
the design of BESS projects.

Lessons can be learned from emerging economies on the importance
of stakeholder engagement and participation in the planning and
implementation of BESS projects. Localizing manufacturing capabilities
to boost the demand for BESS and promote domestic industries is also
important. In addition, the experiences of these emerging economies
highlight the need for supportive policies and incentives to encourage
the deployment of BESS.

6.2. BESS deployment in developed nations

Global deployment of BESS has paved the way of transformative era
in energy management. These advanced systems are crucial for creating
sustainable power grids, seamlessly integrating renewable sources while
ensuring grid stability. BESS becomes a cornerstone by efficiently stor-
ing and distributing renewable power as the world is undergoing energy
transition. Several countries that are listed here have successfully
deployed BESS for various purposes to meet the grid demand.

6.2.1. Australia

The South Australia government built the Hornsdale power reserve,
the largest Li-ion battery in the world (100 MW/129 MWh), to offer the
necessary grid support services. The BESS plant main function is to
provide premium contingency frequency control ancillary service using
its fast frequency response features [136].

A 25 MW/50 MWh BESS was installed as part of the Gannawarra
project in Victoria, Australia, in 2019 to promote the maximum inte-
gration of renewable energy sources and control frequency in the
Victorian electricity networks [137].

6.2.2. China

In Ningxia, China, the largest 200MW/400 MWh battery energy
storage system (BESS) containing lithium iron phosphate (LFP) cells
have started operating since December 2022. This BESS plant offers to
store energy so it may be released into the grid when demand is at its
highest. It will also assist in controlling grid frequency [138].

Another constructed project example is a BESS project in Golmud
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with multi-mix power station which is the first of its kind in China to
integrate wind (400 MW), photovoltaic (200 MW), concentrated solar
power (50 MW), and energy storage system (ESS) (100 MWh) into a
single integrated grid system. These three distinct renewable energy
sources, each of which fluctuates and is notably unstable, and is ex-
pected to continuously respond to shifting demand, making its batteries
and battery management system essential to the system’s dependability
[139].

6.2.3. United Kingdom

In United Kingdom, the largest BESS which has the ability to store up
to 196 MWh of electricity, has gone online, paving the door for increased
use of the technology to replace fossil fuels with renewable energy
[140].

The Pillswood BESS project in Hull by Harmony Energy Limited
hopes to offer load balancing services to the electrical system. It can
reportedly hold enough energy to supply almost 300,000 houses with
power for 2 h. Tesla battery technology was implied to makes use of the
Megapack system from the business. Each unit can store more than 3
MWh of energy and is about the size of a shipping container.

6.2.4. United States

A 200 MWh battery energy storage system (BESS) in Texas has been
made operational by energy storage developer Jupiter Power, and the
company anticipates having over 650 MWh operating by The Electric
Reliability Council of Texas (ERCOT) summer peak season [141]. Reeves
County’s Flower Valley II BESS plant with capacity of 100 MW/200
MWh BESS is one of Texas’s largest commercially running projects and
Jupiter’s first transmission-connected plant.

It will provide energy capacity and grid-firming ancillary services to
the ERCOT system. Fast frequency response (FFR), a component of the
regulatory reserve service (RRS), is the primary auxiliary service that
energy storage uses on the Texas grid. These two services combined
generate the majority of revenue for energy storage assets.

7. BESS infrastructure, operations, and grid integration
strategies

The integration of BESS into utility infrastructure becomes important
as the demand of energy storage grows. Careful planning is required to
adapt utility infrastructure and operations for BESS integration. Utilities
and grid operators has employed strategies including substation up-
grades and grid planning, to ensure efficient BESS integration while
maintaining grid stability and reliability.

7.1. BESS infrastructure and operations adaptation

The integration of BESS into existing utility infrastructure has
become important to many stakeholders as the demand of energy stor-
age grows. The adaptation of utility infrastructure for BESS integration
requires careful planning and consideration of various technical, oper-
ational, and regulatory factors. Utilities and grid operators are adapting
their infrastructure and operations in several ways to accommodate
BESS which includes.

e Upgrading and Expanding Substations

Increasing capacity and demands of BESS integration may require
upgrading and expanding of substations. The capacity of the substation
needs to be assessed to ensure it can accommodate the additional power
output from the BESS. This assessment should take into account the
BESS maximum power output and the existing power demand in the
area. The expansion involved increasing the capacity of the transformers
in the substation, adding new protection and control systems to manage
the demands of the BESS. Ref [142] highlighted that proper sizing
methods for the capacity of the substation can help reduce the cost of
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building new facilities.
e Implementing Advanced Control and Monitoring Systems

The integration of advanced control and monitoring systems with
BESS in the grid is essential for efficient and reliable operation [128].
These systems enable real-time monitoring and control of the BESS,
allowing grid operators to optimize its performance and ensure seamless
integration with the overall power system [143]. Additionally, utilities
are integrating advanced control algorithms and predictive analytics to
optimize the operation of BESS units. These algorithms can forecast
energy demand and generation patterns [144], allowing utilities to
schedule the charging and discharging of BESS units to maximize their
efficiency and grid stability while minimizing costs.

¢ Integrating BESS into Grid Planning and Operation Process

Utilities and grid operators are actively including BESS in their long-
term planning and operation processes [145]. This includes conducting
studies to assess the full potential benefits and impacts of BESS inte-
gration, such as voltage support, peak load shaving, and grid stability.
Furthermore, utilities are collaborating with battery manufacturers and
technology providers to identify suitable locations for BESS installations
and develop strategies for optimal grid integration [146].

7.2. BESS grid integration strategies and stability maintenance

Grid operators are facing challenges of integrating BESS with various
technologies, sizes, and applications while maintaining grid stability,
quality of service and mitigating grid congestion [136]. In order to
address the challenges, the following strategies in Table 5 below are
implemented by grid operators.

8. BESS modelling and impacts in power system simulation
software tools

Modelling and simulation are crucial in analyzing the integration of
BESS into power systems. Steady-state and dynamic simulations are able
to provide insights into system behaviour, and accurate modelling of
BESS components is essential for reliable assessments. Additionally,
suitable BESS modelling techniques, computational requirements, data
quality considerations and software adaptability should be considered.

8.1. BESS steady state and dynamic modelling

Steady-state and dynamic simulations serve different purposes in the
analysis of power systems, and they provide insights into different as-
pects of system behaviour. When integrating BESS into power systems,
both types of simulations are crucial for assessing the system’s stability,
reliability, and performance [153].

i) Steady-State Simulations:

Steady-state simulations provide a snapshot of the power system
under balanced and steady-state conditions. The purpose is to assess the
power flow, voltage profiles, and overall system loading at a specific
point in time. The simulation includes load flow analysis which assesses
the impact of BESS on system loading, voltage profiles, and power flows
under normal operating conditions. It is also applied in system planning
to determine the optimal configuration and operation of BESS.

ii) Dynamic Simulations:
Dynamic simulations assess the system’s response to disturbances,

capturing the transient behaviour during and after a disturbance. The
purpose is to evaluate the system’s ability to maintain stability and
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Table 5
BESS grid integration strategies.

Strategies Description

Implementing advanced control
and monitoring systems

Grid operators are investing in advanced
control and monitoring systems to
efficiently manage the integration of BESS
with different technologies and applications
[128]. These systems enable real-time
monitoring of the grid and the BESS
performance, allowing operators to make
necessary adjustments to maintain stability
and quality of service.

Coordination strategies to manage the
power flow between the grid and the BESS
are implemented by grid operators. This
includes ensuring the smooth transfer of
power during grid-connected operation and
managing the bidirectional power flow
during islanded or off-grid operation [147].
Grid operators are developing and
implementing comprehensive grid codes
and standards that outline the technical
requirements for integrating BESS with the
grid. These codes and standards a wide
range of parameters such as voltage and
frequency regulations, response to grid
disturbances, and overall system
performance [38]to ensure the safe and
efficient operation of the grid and the BESS.
Communication and coordination protocols
are established between the BESS, other
grid-connected devices, and control systems
[148]. These protocols facilitate the
exchange of information and commands
which allows for effective coordination,
response, and control of the BESS and other
grid assets to maintain stability and quality
of service [149].

Strategies to ensure the resilience of the grid
in case of disruptions or failures are
implemented by grid operator. These
include backup power systems such as
standby generators or energy storage
systems [150], establishing redundancy in
the grid infrastructure [151], and
developing contingency plans [152] to
quickly restore power in the event of a
failure or emergency.

Coordinating power flow

Establishing grid codes and
standards

Implementing proper
communication and
coordination protocols

Implementing grid resilience
strategies

recover from disturbances. Dynamic simulation includes transient sta-
bility analysis which assesses the BESS contribution to system stability
during and after disturbances, such as faults or sudden changes in load
or generation. In addition, dynamic simulations help design and opti-
mize control systems for BESS, ensuring effective responses to transient
events.

In order to assess the grid condition with BESS integration using
power system simulation tool, accurate model representing BESS char-
acteristics need to be used in power system studies. Western Electricity
Coordinating Council (WECC) has created and approved new generic
models of the plant controller and battery storage electrical control in
order to suit the growing industry needs [154].

In dynamic stability analysis, a BESS is modelled using three WECC
generic model modules focusing on grid frequency regulation and
voltage support [155,156].

The models are REGC_A, REEC_C and REPC_A which interacts with
each other to demonstrate BESS functions. The details of each module
are described as follows [154].

1) Generator/converter Module (REGC_A):

Using the feedback from terminal voltages for low voltage active
current and high voltage reactive current management systems, this
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module accepts and processes real and reactive current commands from
the electrical control module. It also dispatches real and reactive current
injections into the network model. Fig. 5 illustrates the WECC generic
generator/converter model for REGC_A [97].

2) Electrical Control Module (REEC_C):

In order to establish a prescribed reactive control response during
dynamic system events, this module operates on active and reactive
power references from the plant controller module by using a terminal
voltage feedback signal. This block additionally uses feedback from the
generator power output to monitor the BESS’s state of charge (SOC) and
establish the suitable active current limitations. Real or reactive power
control priority can be selected, which allows this module to send real
and reactive current directives to the generator/converter module.

3) Plant Controller Module (REPC_A):

In order to simulate frequency/active power regulation, this module
obtains the measurements for frequency and power and computes the
BESS’s active power output. In order to simulate volt/var control at the
plant level, it also processes the measurement of voltage and reactive
power and calculates BESS reactive power output. The electrical control
module receives references to both active and reactive power from this
module.

Figs. 5 and 6 show the WECC generic generator/converter model for
REGC_A [155]and WECC generic electrical control model REEC_C [156],
respectively.

Whilst Figs. 7 and 8 depicts the WECC generic plant controller model
REPC_A [155] and a schematic diagram that shows the main compo-
nents of typical BESS, respectively, which includes a battery and
insulated-gate bipolar transistor (IGBT) in Power Conversion System
(PCS) which inverts DC power from battery to AC power to the grid
(battery discharging) or rectifies the AC power from the grid to DC
power to charge the battery.

In the PCS, Pulse Width Modulation (PWS) is implemented which
requires the L-C filter to reduce the high frequency harmonics [157].

Several popular power system analysis software applications,
including PSS®E [158], PSLF™ [159] and PowerWorld Simulator [160]
have implemented and validated the new general plant controller and
battery energy storage electrical control models.

In [161], The steady state load flow for BESS interconnection at 415V
level in Malaysian system has been analysed using DigSILENT Power-
factory modelling software which performs over several range of oper-
ation conditions as recommended by Ref. [162].

DigSILENT Powerfactory software is also capable to demonstrate
dynamic response of BESS in a distribution network using a modelling
method proposed in Ref. [163] which directly controls the output of the
static generator by adjusting the dq axis current.

b) Data Quality in BESS Modelling

Data is crucial for accurately representing the behaviour, perfor-
mance, and interactions of BESS components within a simulation envi-
ronment. Poor data quality can lead to inaccurate predictions,
suboptimal performance, and unreliable assessments [124]. Data quality
affects BESS simulation results as described below.

i) Accuracy of Performance Predictions

Precise knowledge of BESS attributes, such as battery efficiency,
charge and discharge rates, self-discharge rates, and thermal behaviour,
enhances the accuracy of performance predictions across diverse oper-
ational scenarios. Incomplete or inaccurate data can yield unreliable
simulation results, deviating from actual system behaviour. Consistent
validation and calibration of simulation models with actual performance
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data are essential for ensuring accurate reflection of BESS behaviour
[164]. Robust validation processes must be implemented to confirm
input data accuracy, minimizing potential errors in simulation
outcomes.

ii) Reliability of System Control Strategies

Control strategies for BESS requires precision in input data for BESS
operation which includes charge and discharge algorithms, voltage
control, and frequency response. Subpar data quality can result in con-
trol strategies [113] that misrepresent actual system behaviour, jeop-
ardizing BESS reliability. By iteratively refining strategies with actual
data, simulations can faithfully capture the system’s dynamic response,
thereby boosting reliability. Rigorous evaluation of control strategies
across diverse scenarios and operating conditions, supported by
high-quality data, facilitates issue identification and performance
optimization.
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iii) Grid Interaction and Stability Analysis

Grid parameters including voltage profiles, frequency variations, and
constraints which are accurate is essential for a dependable assessment
of the BESS influence on grid stability and interactions. Misleading an-
alyses can arise from inaccurate grid data, skewing evaluations of the
BESS’s impact on grid stability. Validating simulated grid data against
real measurements guarantees an accurate representation of grid char-
acteristics. Performing sensitivity analyses on grid parameter variations
aids in pinpointing crucial factors, facilitating optimized system design
based on a comprehensive understanding of BESS performance.

Ensuring the accuracy of BESS simulations require regular validation
against actual performance data, manufacturer specifications, and in-
dustry standards. Continuous calibration, informed by actual data, en-
hances prediction accuracy and control strategies. Rigorous data
validation, continuous calibration, and scenario testing collectively
optimize BESS impact on grid parameters, aligning simulation results
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with actual performance.
8.2. BESS impacts and optimization in power system simulation software

BESS significantly impact the grid power systems parameters,
influencing stability and reliability. Optimizing their integration within
power system simulation software enhances grid performance. Simula-
tions help analyse BESS behaviour, offering insights into efficient
deployment and utilization. Table 6 below describes the BESS impact in
power system software tools and the optimization techniques.

8.3. BESS interoperability with grid assets in simulation software tool

Simulation software packages are designed for power system anal-
ysis often include features to address the interoperability of BESS with
other grid assets integration such as solar, wind farms and conventional
generators. These software packages aim to model and simulate the
interactions between various grid components that helps users to assess
the overall system performance. The interoperability are addressed by
simulation software as below.

i) The capability to model diverse grid assets

BESS Models:

Simulation software packages include detailed models for BESS
components, allowing users to represent the electrochemical charac-
teristics, control systems, and performance parameters of batteries
accurately [154,158].

Renewable Generator Models:

These software packages come with built-in models in the library for
renewable generators, such as solar photovoltaic (PV) systems and wind
turbines [165], which enables the simulation of their power generation
profiles [164].

Conventional Power Plant Models:

Models for conventional power plants, including thermal generators,
gas turbines, and their stabilizers are commonly integrated into simu-
lation software to capture the behaviour of traditional power generation
units [160,166].

Demand-Side Management Models:

Some simulation tools [158,167]incorporate models for
demand-side management systems in the library, which enables the
representation of load profiles, complex loads dynamic models and de-
mand response strategies.

ii) The capability to perform interconnection and grid integration
studies:

Voltage and Frequency Coordination:

Simulation software allows users to study the impact of BESS on
voltage and frequency coordination with other grid assets, ensuring
proper integration without compromising stability.

Grid Code Compliance:

Simulation tools can be used by users to assess whether BESS and
other grid assets comply with grid codes and regulations, ensuring
seamless interoperability.

Dynamic Response Analysis:

Dynamic simulations enable the evaluation of the dynamic response
of BESS and other grid assets to disturbances, helping to identify po-
tential issues and optimize control strategies.

iii) Communication and control systems:

Integration of Control Systems:

Simulation packages often provide tools to integrate control systems
for BESS and other grid assets, allowing users to model and analyse the
coordination of control actions.
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Table 6
BESS impact in power system simulation software.
BESS Impacts Type Description Optimization
Techniques
Grid Parameter  Grid Stability BESS can enhance Advanced
Monitoring grid stability by Monitoring

actively monitoring Systems: Simulation

and responding to tools can evaluate

grid parameters, the effectiveness of

such as voltage and  advanced

frequency [153]. monitoring systems
that enable real-
time visibility into
grid parameters
[158].

Fault Detection Real-time Fault Ride-Through
monitoring helps Capability: Ensure
detect faults or that BESS has the
anomalies in the capability to ride
grid, enabling quick  through and
responses to support the grid
maintain reliability during faults.
[158].

Grid Grid Congestion Improper Grid Planning and
Integration integration may Modelling:
Challenges contribute to grid Simulation tools

congestion, facilitate grid

especially if BESS is  planning and

not strategically modelling to

placed or identify optimal

controlled. locations for BESS
deployment and
assess its impact on
congestion.

Interference with ~ Unoptimized Coordinated

Other Resources operation may Operation:
interfere with the Coordinating BESS
operation of other operation with
grid resources, other grid resources
affecting overall ensures harmonious
grid performance. and efficient grid

performance.

Regulatory Grid Code BESS must comply Regulatory
Compliance Compliance with grid codes and ~ Compliance Checks:

regulatory Simulation tools

requirements can perform

related to voltage regulatory

and frequency compliance checks,

control ensuring that BESS
configurations and
control strategies
adhere to
established
standards.

Interconnection Meeting Interconnection

Standards interconnection studies using
standards ensures simulation tools can
seamless identify potential
integration without issues and optimize
causing disruptions.  the integration

process prior to
deployment.

Computational Large-scale BESS Simulating large- i) Simulation
Constraint models scale BESS software offers the

deployments option to use
involves modelling aggregated or
numerous equivalent models
components, for groups of

control systems,
and interactions can
increase the
numerical
complexity and
computational
requirements.

batteries,
simplifying the
representation of
large battery banks
without
compromising
accuracy
significantly [158].
ii) The models that

(continued on next page)
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Table 6 (continued)

BESS Impacts Description Optimization

Techniques

Type

capture the
essential dynamics
over a reduced time
span to be used,
especially when
focusing on specific
events or transient
responses.

iv) Scalability and Grid Planning:

System Scalability:

Simulation software allows users to assess the scalability of BESS and
other assets, considering the impact of scaling up or down the capacity
of various components.

Grid Planning Scenarios:

Different grid planning scenarios can be modelled by users, including
the addition of new renewable generators, changes in demand patterns,
and the integration of advanced control strategies for future grid
expansion.

v) Data Exchange and Standards:

Interoperability Standards:

Some simulation software packages support industry standards for
data exchange, enabling interoperability between different software
tools used for various aspects of power system analysis. PSS/E allows the
import and export of files from load flow cases (*.raw format) and dy-
namic data files (*.dyr format).

vi) User Interface and Visualization:

User-Friendly Interface: Simulation software often provides a user-
friendly interface that allows engineers and planners to visualize the
interoperability of BESS with other grid assets, making it easier to
interpret results and make informed decisions.

Graphical Representation: The graphical representation of simula-
tion results helps users understand the interactions between BESS and
other components which supports effective analysis and
communication.

Features and capabilities related to interoperability varies among
different simulation software packages such as PSS/E, PowerWorld,
DIgSILENT Powerfactory and PSCAD. A software tool that aligns with
their specific needs and the complexity of the power system to be ana-
lysed should be selected. Additionally, ongoing advancements in simu-
lation technology may lead to further improvements in addressing
interoperability challenges in power system modelling and analysis.

8.4. Computational requirements and appropriate simulations timescale

Real-time simulations involving BESS demand stringent computa-
tional requirements to ensure that simulations are performed within
appropriate timescales. Achieving a balance between model complexity
and computational efficiency while maintaining real-time responsive-
ness is the key challenge. Considerations for computational re-
quirements and methods software tools should be taken into account to
ensure real-time performance in BESS simulations are described below.

i) Computational Requirements:

e Model Complexity: Complex models that include detailed elec-
trochemical processes, thermal dynamics, and control algorithms
can strain computational resources [167]. An appropriate level of
model detail must be chosen based on the simulation objectives,
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ensuring that it strikes a balance between accuracy and compu-
tational efficiency.

Control System Dynamics: The dynamic response of BESS control
systems, especially in real-time applications, requires high-
frequency simulations to capture rapid changes [45]. The control
system models for efficiency should be optimized, potentially
using simplified representations while maintaining main dynamic
characteristics.

e Communication Delays: In real-time simulations, communication
delays between components (e.g., sensors and controllers) can
impact the overall system response time since it allows real-time
monitoring coordination [168]. Communication models that
reflect actual latencies must be implemented and optimize simu-
lation time steps to account for delays in control signals and sensor
feedback.

e Hardware Acceleration: Achieving real-time performance may
require leveraging specialized hardware, such as graphics pro-
cessing units (GPUs), for certain computational tasks. Hardware
acceleration techniques should be integrated to optimize specific
computations for faster execution.

2. Real-Time Performance in Software Tools:

e Time-Step Adaptation: Adaptive time-step techniques that auto-
matically adjust the simulation time step based on the dynamics of
the system can be implemented [169]. This ensures that the
simulation captures fast transients without unnecessary compu-
tational burden during stable periods.

Fixed-Step Solver Optimization: Fixed-step solvers can be opti-
mized to reduce computational overhead. Efficient solvers can
significantly improve simulation speed while maintaining
accuracy.

Parallel Computing: Software tools should support parallel
computing to distribute computational tasks across multiple pro-
cessors or nodes, enabling faster simulation times. It allows the
simulation to run even faster than real time, which gives future
projection capability to study possible stability problems in the
power grid [170].

Code Generation and Compilation: Some simulation platforms
offer code generation capabilities such as Python and C++ [158,
171], allowing users to generate optimized executable code.
Compiled code can often achieve higher computational efficiency
compared to interpreted code.

Real-Time Simulation Platforms: Consider using simulation plat-
forms explicitly designed for real-time applications. These plat-
forms are engineered to meet the specific computational demands
of real-time systems, including hardware-in-the-loop (HIL) and
power hardware-in-the-loop (PHIL) simulations [70,166].
Hardware Compatibility: Ensure that the simulation software is
compatible with the hardware infrastructure, including pro-
cessors, GPUs, and communication interfaces. This alignment en-
hances overall system performance.

Reduced-Order Models: For real-time applications where speed is
critical, employ reduced-order models that only capture essential
system dynamics while minimizing computational complexity.
Model Simplification Techniques: Apply model simplification
techniques, such as aggregated or reduced-order models, to
streamline computations without sacrificing critical system be-
haviours [172].

Benchmarking and Profiling: Perform benchmarking and profiling of
simulation models [173] to identify computational bottlenecks. This
allows for targeted optimization efforts to enhance real-time
performance.
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8.5. Software adaptability with evolving grid integration standards,
regulatory and policy

The ability of simulation software to adapt to evolving grid inte-
gration standards based on regulatory and policy changes depends on
the flexibility and update mechanisms built into the software. The
adaptability of simulation software to changes in grid integration stan-
dards should be considered, as described below.

1. Open Standards and Modularity:

e Simulation software that supports open standards and interoper-
ability protocols is more adaptable to changes in grid integration
standards. Open standards facilitate seamless integration of new
requirements and functionalities [171,174].

Software with a modular architecture allows users to update or
replace specific components related to grid integration standards
without overhauling the entire simulation environment. This
modularity supports adaptability to changing standards [175].

2. Frequent Updates and Releases:

e Vendor Commitment: Software vendors committed to staying
current with industry standards regularly release updates [158,
160] that incorporate changes in regulations and policies. Users
benefit from these updates to ensure compliance and accuracy in
simulation models.

Version Control: Version control features in simulation software
enable users to switch between different versions of standards,
accommodating transitional periods during the implementation of
new regulations.

3. Customization and Extension:

e Simulation tools that allow users to customize models, algorithms,
and interfaces can be adapted to specific grid integration standards
as they evolve. Extensible software architectures permit users to
add new features or adapt existing ones in response to changes in
standards [165,171]. This adaptability is crucial for staying
compliant with evolving regulatory requirements.

4. Compliance Verification Tools:

e Simulation software that includes built-in tools for verifying
compliance with grid integration [176]standards simplify the
process of ensuring that simulations adhere to the latest regulatory
and policy requirements. Automated reporting features that
highlight areas where a simulation model may not comply with
current standards aid users in identifying necessary updates.

5. Compatibility with External Tools:

e Simulation software that integrates with external platforms for
data exchange and compliance checking can streamline the pro-
cess of adapting to new grid integration standards. Application
Programming Interfaces (APIs) and standardized interfaces facili-
tate communication between simulation software and external
tools, enabling seamless updates to reflect changes in standards
[174].

6. Training and Support

e Simulation software vendors offering training programs and
documentation on updates related to evolving grid integration
standards empower users to make informed adjustments to their
models [177]. Efficient and responsive customer support services
provided by software vendors [178] assist users in addressing
challenges and updating simulation models according to the latest
standards.

The adaptability of simulation software is crucial to the evolving grid
integration standards. Users should choose simulation tools that align
with their needs for flexibility and responsiveness to changes in regu-
latory and policy frameworks affecting grid integration. Ongoing
communication and collaboration between software vendors, users, and
regulatory bodies contribute to the continued evolution and adaptability
of simulation tools in the context of changing standards.
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9. Challenges of BESS deployment in Malaysia

Regardless of the advantages and benefits that BESS can offer, there
are several key challenges to implement BESS in the existing system. Due
to a lack of digital platforms or solutions, many types of expertise and
solutions are required, which are not limited to commercial level. Below
are a few key challenges that were found during the research.

o Ensuring grid compatibility

BESS systems need to be compatible with the existing grid infra-
structure, which may require reinforcement or modifications to the grid.
Preliminary grid studies need to be conducted to foresee the potential
compatibility issues and needs to ensure seamless BESS integration.

¢ High investment costs for BESS

Since BESS new technology that yet to be implemented in Malaysia
on a large-scale, initial investments cost would be high [179] and
require financial support from government incentives.

e Clear guidelines from policy makers and grid operators

Relevant authorities in Malaysia needs to establish a dedicated
guideline for BESS connections as previously done for LSS connections
so that it can be a good reference for service providers to participate in
the electricity market.

e Access provision of the load demand data and grid data to ser-
vice providers.

Before making an investment, the BESS service provider should
research the system’s economic and technical viability. In Finland for
instance, the DSO is in charge of metering and data transmission for
other players in energy market, although this may not be the case in all
of Europe and other countries [180].

e Optimizing the management and control of the BESS operation
under uncertain situations.

The General Energy Management System (GEMS) platform must take
a number of uncertain elements, including generation, load, and elec-
tricity market price profiles, peak power, and tariffs, into account in
order to reduce the overall cost of the BESS. Day-ahead scheduling can
be challenging, particularly for managing peak demand, since the
charging and discharging of BESS are normally scheduled one day in
advance [181]. Each installation is unique and has its own set of un-
certainties that must be modelled, handled, and controlled.

o Environmental impacts associated with the BESS manufacturing
and disposal

The main environmental concerns are associated with BESS raw
materials extraction, manufacturing process and disposal of batteries. It
is important to implement and enforce regulations to minimize the
environmental impact. Additionally, developers need to have a sense of
awareness and be responsible of end-of-life practice, to attain a sus-
tainable approach while deploying BESS.

e Land acquisition for BESS plants

Other than technical and commercial constraints, BESS plants are
typically requiring large land sizes therefore specific locations will be
chosen as site. Local communities should give full support for BESS
construction in their areas to help pave the way for a clean energy
transition.
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These challenges require collaboration between industry stake-
holders, policymakers, researchers, and the public to be addressed. A
successful and sustainable deployment of BESS in diverse energy land-
scape can be attained if these obstacles are overcome.

10. Conclusion

In conclusion, as the world urgently transitioning to sustainable
energy, BESS emerge as a key driver for change. Global commitments,
exemplified by the Paris Agreement, drive nations to reduce greenhouse
gas emissions and embrace cleaner energy sources.

The contribution of the paper can be summarized as follows.

e The paper reviews the worldwide scenario of BESS installation.
Across the globe, BESS deployment is surging, particularly in coun-
tries like the United States, China, and Europe. This global perspec-
tive provides context to the discussion on BESS in Malaysia, offering
insights into how other regions are adopting or facing challenges in
integrating BESS into their energy systems.

The review covers various aspects, including the present state of
BESS implementation in Malaysia and the challenges faced in its
application. Malaysia aims to deploy 500 MW of BESS between 2030
and 2034 to support its renewable energy goals. Despite this mo-
mentum, challenges persist. High initial costs, unclear guidelines,
data access issues, uncertain operational management, and envi-
ronmental impacts making things difficult. Overcoming these chal-
lenges demands collaborative effort from policymakers, grid
operators, and industry stakeholders.

The review emphasizes the significance of grid interconnection for
BESS in advancing sustainable energy systems. Standards and
guidelines governing BESS integration globally is discussed, high-
lighting technical considerations and country-specific regulations.
Additionally, the need for regulatory evolution to accommodate
technological advancements is emphasized, advocating for collabo-
ration among stakeholders and standards organizations.

The importance of BESS in enhancing grid reliability, efficiency, and
resilience while lowering costs and emissions is included in the re-
view. Diverse applications and benefits of BESS integration,
including grid stability, ancillary services provision, and peak de-
mand reduction are discussed. Recent advances like grid-forming
technology and second-life batteries are highlighted, along with
the forecast of breakthroughs in Li-Ion BESS cost reduction, battery
technology, and innovative control systems

The review highlights the increasing importance of BESS in both
emerging and developed economies, addressing energy access, grid
stability, and renewable energy integration. Case studies from India,
Brazil, and Nigeria illustrate successful BESS incorporation in
emerging economies, emphasizing regulatory frameworks and
tailored solutions. In developed nations like Australia, China, UK,
and the US, BESS deployment supports renewable energy integration
and grid stability, driving the global energy transition.

The review includes the critical role of modelling and simulation in
integrating BESS into power systems. Simulations are able to provide
insights into system behaviour, while accurate BESS modelling en-
sures reliable assessments. Considerations include BESS modelling
techniques, computational requirements, data quality, and software
adaptability.

BESS offers a range of benefits, from improved grid resiliency to
reduced emissions and support for renewable energy integration. Ap-
plications of BESS has proven its versatility in power systems. Over-
coming challenges, establishing comprehensive guidelines, and
fostering international collaboration are crucial steps toward unlocking
the full potential of BESS in shaping a sustainable energy future.
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