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Abstract: Energy storage systems (ESS) play a central role in renewable energy integration, grid reliability, and
the transition toward low-carbon energy systems. In Malaysia, however, the indicators used to evaluate ESS remain
fragmented, limiting comparison across technologies and weakening the evidence available for investment, policy, and
sustainable supply chain decisions. This study investigates how ESS performance has been evaluated in the Malaysian
energy transition and develops a structured framework for linking engineering performance with sustainable supply
chain management (SSCM). A systematic review of 40 eligible studies was conducted using bibliometric mapping
and thematic analysis. The reported indicators were identified, coded, and classified into technical, economic,
operational, and policy/environmental dimensions. The results showed that capacity and sizing were the most
frequently reported indicators, followed by renewable energy integration and system reliability or availability.
Battery-based systems dominated the reviewed literature, particularly in photovoltaic (PV)-coupled applications,
whereas long-duration storage, grid-scale services, lifecycle assessment, and end-of-life considerations received
limited attention. Although levelized cost of energy (LCOE) and net present cost (NPC) were commonly reported,
none of the retained studies explicitly evaluated the levelized cost of storage (LCOS). The findings indicate that
current assessment practices remain concentrated on project-level technical and financial performance and provide
insufficient support for evaluating material sourcing, lifecycle impacts, regulatory conditions, and supply chain
resilience. The proposed framework connects ESS performance evaluation with technology selection, investment
appraisal, supplier assessment, environmental management, and policy planning. It provides a systematic basis for
developing national performance benchmarks and supports more consistent ESS decision-making in Malaysia and
other Association of Southeast Asian Nations (ASEAN) energy systems.

Keywords: Energy storage systems; Performance indicators; Sustainable supply chain management; Energy
transition; Systematic review; Malaysia

1 Introduction

Malaysia is navigating a critical transition towards a low-carbon energy system, supported by ambitious policy
targets that include achieving a 40% renewable energy share in installed capacity by 2035, as outlined in the
Malaysia Renewable Energy Roadmap (MyRER) [1]. This shift is reinforced by the National Energy Transition
Roadmap (NETR), which seeks to phase out coal-fired generation and accelerate cleaner alternatives to sustain
energy security [2]. Against this background, energy storage systems (ESS) are increasingly recognised as critical
enablers of renewable energy adoption, as they mitigate the intermittency of solar and wind power and ensure system
reliability as renewable penetration grows [3, 4].

Despite this growing momentum, the Malaysian discourse on ESS remains fragmented. Comparative assessments
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of electrical energy storage technologies have also highlighted the importance of lifecycle cost and technology-specific
economic indicators in evaluating storage alternatives [5]. Critical performance dimensions such as levelized cost
of storage (LCOS), round-trip efficiency (RTE), degradation rates and ancillary service contributions are seldom
reported. The absence of such indicators limits comparability across technologies and undermines evidence-based
investment and policy decision-making.

Moreover, while much of the current discussion centres on technical and economic aspects, energy storage must
also be viewed through the lens of sustainable supply chain management (SSCM). ESS technologies depend on
critical raw materials, have complex lifecycles, and pose challenges for recycling and end-of-life management [6,
7]. Integrating ESS evaluation within SSCM frameworks ensures that performance assessments address not only
efficiency and costs but also sustainability, resilience, supplier selection, lifecycle considerations, and compliance with
environmental standards. Recent engineering management studies further demonstrate that multi-criteria supplier
evaluation provides a systematic basis for balancing economic, environmental, and logistical factors throughout
sustainable supply chains [8].

This study contributes to addressing the identified gaps through a systematic review of 40 carefully screened
publications, combining bibliometric and thematic analyses to evaluate the performance indicators reported in the
literature and categorising the identified indicators into four dimensions: technical, economic, operational, and
policy/environmental.

2 Literature Review
2.1 Global Trends in Energy Storage

Energy storage has emerged as a key technology in the transition towards low-carbon power systems. The
enhanced deployment of renewable energy, particularly solar photovoltaic (PV) systems and wind, has enlarged the
urgency of integrating energy storage to balance intermittency, improve grid stability, and afford supplementary
services [9]. Global energy storage deployment has expanded rapidly alongside the increasing integration of
renewable energy, with battery-based storage playing an increasingly important role in power-system flexibility
and energy-transition strategies [10]. Battery-based systems have gained prominence due to their high efficiency,
modularity, and declining cost trajectory. Figure 1 illustrates the global installed energy storage capacity under
the Stated Policies Scenario (STEPS) and Net Zero Emissions (NZE) Scenario, highlighting the projected rapid
expansion of utility-scale battery storage and pumped hydro systems toward 2030 [10].
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Figure 1. Global installed energy storage capacity by technology under the Stated Policies Scenario (STEPS) and
Net Zero Emissions (NZE) Scenario, comparing installed capacity in 2023 with projected deployment in 2030
Source: Adapted from Ref. [10] under the Creative Commons CC BY 4.0 license.

Cost decrease has been one of the most significant global trends. The price of lithium-ion batteries has dropped
by nearly 90% since 2010, from above USD 1,200/kWh to around USD 150/kWh in 2022, making large-scale
applications economically feasible [11]. Concurrently, advancements in alternate chemistries, such as lithium iron
phosphate (LFP) and nickel manganese cobalt (NMC), have extended the operational range, safety, and lifecycle of
storage systems. Similarly, vanadium redox flow batteries (VRFBs) are gaining traction for long-term applications,
while pumped hydro storage (PHS) remains the largest contributor to installed global capacity, representing almost
70% of total storage volume [3].
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Geographically, deployment is concentrated in a few leading markets. China has rapidly scaled its storage
fleet, targeting more than 100 GW of new non-PHS capacity by 2030, supported by aggressive industrial policies
and domestic manufacturing capabilities. The United States is expanding through market-driven mechanisms,
with storage increasingly coupled to utility-scale solar and wind projects under independent system operator (ISO)
markets. The European Union promotes storage within its Green Deal framework, with emphasis on cross-border grid
integration and energy security. Meanwhile, Japan and South Korea remain pioneers in technology development and
safety standards, particularly in advanced batteries and hydrogen-based storage. Figure 2 presents selected indicators
of global battery energy storage system (BESS) deployment in 2024 [12]. Approximately 200 GWh of new BESS
capacity was added worldwide during the year, with China contributing more than 100 GWh and the United States
approximately 35 GWh. By the end of 2024, total global operational BESS capacity had reached approximately 375
GWh. These figures highlight the rapid expansion of battery storage deployment and the substantial contribution of
China and the United States to new global capacity additions.
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Figure 2. Key indicators of global battery energy storage system (BESS) deployment in 2024

Source: Authors’ reconstruction using data reported by Rystad Energy [12].

Beyond technological and economic dimensions, global scholarship highlights the importance of policy and
market design. The availability of ancillary service markets, time-of-use pricing, and capacity remuneration
mechanisms strongly influence storage adoption. In contrast, regions lacking such regulatory frameworks face
slower uptake despite falling technology costs [10]. Environmental and social concerns, particularly around lifecycle
impacts, resource extraction (lithium, cobalt, vanadium), and recycling infrastructure, are increasingly shaping
international research and industrial practices.

In summary, global energy storage trends demonstrate rapid expansion, falling costs, and diversification of
technologies, motivated by both market incentives and policy mandates. Yet, the distribution of adoption remains
uneven, concentrated in technologically advanced economies. These international developments provide valuable
benchmarks for assessing Malaysia’s progress and identifying opportunities to accelerate deployment in line with
regional and global best practices.

2.2 Renewable Energy in Malaysia

Renewable energy (RE) in Malaysia comprises solar, biomass, hydro, and wind, with solar PV positioned as the
central pillar of national energy diversification strategies. Government programmes such as the Large-Scale Solar
(LSS) initiative, the Feed-in Tariff mechanism, and the Net Energy Metering (NEM) scheme have been instrumental in
expanding solar implementation across utility-scale, commercial, and residential sectors [13]. Despite this progress,
integration of intermittent RE sources into the grid remains challenging due to variability in solar irradiation and
feedstock supply for biomass. This limitation highlights the importance of energy storage deployment. As outlined
in the Low Carbon Nation Aspiration 2040, Malaysia plans to expand the deployment of large-scale ESS during the
Fourteenth and Fifteenth Malaysia Plans (2031-2040). Table 1 lists the profiles of selected solar energy companies
in Malaysia that involve in energy storage development.

From a socio-environmental perspective, RE deployment offers several co-benefits. RE deployment can
significantly reduce carbon footprints because RE generation produces far fewer lifecycle greenhouse gas (GHG)
emissions than fossil-based generation [14]. RE also reduces reliance on fossil-based energy resources and supports
broader decarbonisation objectives [15]. Moreover, RE adoption supports broader societal objectives, particularly
by advancing the United Nations Sustainable Development Goals (SDGs), including Goal 7 (Affordable and Clean
Energy) and Goal 13 (Climate Action).
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Table 1. Profiles of selected solar energy companies in Malaysia

Company Description Source
A subsidiary of Solarvest Holdings Berhad,
Solarvest EE Sdn Bhd providing solar PV engineering, EPCC
solutions in Malaysia.
A Malaysian RE company involved in solar
Matrix Energy (M) power development, offering EPC and project  Information not publicly

https://solarvest.com/pr
oducts-services/

Sdn Bhd management services for commercial and LSS available
projects.
A clean energy solutions provider in Malaysia,
Sunsource Energy focusing on solar PV system design, https://www.sunsource.
Sdn Bhd installation, and maintenance for residential, com.my

commercial, and industrial clients.
Note: PV = photovoltaic; EPCC = engineering, procurement, construction, and commissioning; RE = renewable energy; LSS = large-scale

solar; EPC = engineering, procurement, and construction.

2.3 Energy Storage in Malaysia: Landscape and Policy

The deployment of energy storage in Malaysia is still nascent, marked by a small number of demonstration projects
and pilot-scale initiatives across grid-scale systems, commercial and industrial (C&I) applications, residential users,
microgrids, and island electrification. Early progress has been spearheaded by government-linked bodies such as
Tenaga Nasional Berhad (TNB) and the Sustainable Energy Development Authority (SEDA), supported through
frameworks outlined in the MyRER [1] and NETR [2]. These pilots are intended to test both the technical feasibility
and economic value of BESS in the Malaysian context.

At present, lithium-ion batteries, especially those using LFP chemistrie, are the foremost technology, with
lead—acid systems still deployed in rural and backup settings due to their lower upfront cost, albeit with limited
lifespans. Regional distribution of projects is concentrated in Peninsular Malaysia, while islanded systems, such as
those in Pulau Tuba and Tioman, use storage to complement PV generation and reduce dependence on diesel. A
landmark project is Malaysia’s first sodium—sulfur (NaS) BESS (1.45 MWh), commissioned at the PV Large Scale
Solar Farm in Bukit Selambau, Kedah. Although integrated with a solar facility, the system operates in grid support
mode, demonstrating the potential role of future standalone BESS in load shifting, peak shaving, grid stability, and
renewable firming [1].

Policy support for energy storage remains indirect. While Malaysia does not yet have a dedicated ESS regulatory
framework, storage is increasingly acknowledged as a critical enabler of higher RE penetration. Current support is
channelled through financial incentives such as the Green Investment Tax Allowance (GITA) and the Green Income
Tax Exemption (GITE), which can apply when storage is bundled with renewable projects. However, the absence of
explicit guidelines for interconnection, dispatch rights, cost recovery, and ancillary service markets limits large-scale
deployment. Looking ahead, Malaysia has outlined plans to install five units of BESS with 100 MW capacity each
year from 2030 to 2034 [16]. These initiatives mark an important step toward mainstreaming storage, though further
policy clarity and market reforms will be essential to accelerate adoption and position Malaysia alongside regional
leaders in the sector.

2.4 Energy Storage Systems: Classification and Technologies

ESS are increasingly recognised as indispensable enablers of RE integration, allowing surplus electricity
generated during peak production to be stored and later discharged during periods of high demand. This functionality
enhances overall grid reliability, stability, and operational flexibility [17]. Globally, a variety of storage technologies
have been developed and deployed, each with distinct advantages and constraints. Electrochemical systems,
particularly lithium-ion batteries such as LFP and NMC, dominate current markets due to their high energy density,
rapid response, and sharply declining costs. Other electrochemical options, including lead—acid and flow batteries,
remain relevant in specific contexts where cost or long-duration performance is prioritised [3]. Mechanical storage
technologies, most notably pumped hydro storage, provide large-scale and long-duration capacity but are restricted
by geographical and topographical requirements; alternatives such as compressed air and flywheels are being
explored for niche applications. Thermal storage, which includes ice-based systems and molten salt, offers additional
opportunities for balancing demand in district cooling and concentrated solar power applications. Finally, hydrogen-
based storage is gaining prominence as a flexible, long-duration option that can couple renewable generation with
industrial processes, presenting a potential pathway for future large-scale decarbonisation [18].
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2.5 Performance Indicators of Energy Storage Systems

The performance of ESS is commonly assessed through a set of technical, economic, and operational indicators
that capture their effectiveness in supporting RE integration and grid stability. Globally, the most widely cited
technical indicators include RTE, which measures the ratio of energy discharged to energy charged, cycle life and
degradation rate, which reflect the durability of storage technologies, and response time, which indicates suitability
for fast frequency regulation [3, 10]. Economic indicators such as the LCOS, capital expenditure (CAPEX), and
operating expenditure (OPEX) are central to evaluating the financial competitiveness of different technologies across
use cases [5]. On the operational side, measures such as availability, reliability, and effective capacity contribution
are important for quantifying the role of ESS in load shifting, peak shaving, and ancillary service provision [9].
Environmental indicators, particularly lifecycle greenhouse-gas emissions, are also relevant to holistic energy-system
evaluation [14]. In contrast, the present review quantitatively compares how frequently these indicators have actually
been reported across Malaysia-related ESS studies.

In the Malaysian context, however, existing studies and pilot projects provide only partial coverage of these
performance indicators. While lithium-ion systems deployed in solar-linked microgrids report efficiency and
reliability data, comprehensive evaluations of LCOS, degradation, or long-term environmental impacts remain
limited. Furthermore, policy frameworks such as the MyRER and the NETR acknowledge ESS as a strategic enabler
but do not prescribe standardised performance benchmarks. This gap highlights the need for a comparative framework
of performance indicators tailored to Malaysia’s energy transition, enabling both policymakers and industry actors
to make evidence-based decisions on technology adoption and investment.

2.6 Performance Evaluation Framework for Energy Storage Systems

The preceding review demonstrates that research on ESS has expanded considerably in response to the increasing
deployment of RE and the transition towards low-carbon power systems. Previous studies have examined a wide range
of topics, including global developments in energy storage, RE deployment in Malaysia, national policy initiatives,
storage technologies, and performance indicators. Collectively, these studies provide substantial evidence that ESS
plays an important role in improving RE integration, enhancing grid flexibility, and supporting energy security. At
the same time, the literature reflects the growing attention given to ESS within Malaysia’s energy transition agenda
through policy development, pilot projects, and increasing research activities.

Although the existing body of literature provides valuable insights into individual aspects of ESS, it remains
dispersed across different research perspectives. Some studies focus on technology characteristics, others emphasise
techno-economic feasibility, while several examine policy or RE integration. As a result, the available evidence
is difficult to compare systematically because performance is evaluated using different objectives, application
contexts, and analytical approaches. This fragmentation limits the ability of researchers, policymakers, and industry
stakeholders to identify a consistent basis for assessing alternative storage technologies within Malaysia’s evolving
energy landscape.

These observations indicate the need for a more structured approach to evaluating ESS. Rather than considering
technical, economic, operational, or policy-related aspects independently, a comprehensive evaluation should
integrate these dimensions within a common decision-support framework. Similar multi-criteria engineering
decision-making approaches have recently been applied to RE planning by integrating economic, technical, environm-
ental, and implementation criteria, demonstrating the value of structured evaluation frameworks for supporting
transparent technology selection and investment decisions [19].

To establish this framework, the present study adopts a systematic review based on the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) 2020 methodology. The reviewed evidence is synthesised to
identify, compare, and organise the performance indicators reported in previous studies into a structured evaluation
framework that is relevant to Malaysia’s energy transition. The methodology employed to achieve this objective is
described in the following section.

3 Method
3.1 Research Design

This study implements a systematic review methodology guided by the PRISMA 2020 framework [20], with
additional elements of narrative synthesis to integrate findings across technical, economic, policy, and environmental
dimensions. The primary aim is to identify and compare performance indicators of ESS relevant for Malaysia’s
energy transition.

To improve the transparency and traceability of the evidence synthesis, all retained studies were re-screened
during the revision stage. This secondary eligibility assessment ensured that each retained study either directly
contributed to the evaluation of ESS performance indicators or provided substantive contextual evidence relevant to
their interpretation within the scope of Malaysia’s energy transition.
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3.2 Data Sources and Search Strategy

Literature was retrieved from four major academic databases: Scopus (n = 64), Web of Science (n = 25), IEEE
Xplore (n = 38), and ScienceDirect (n = 33), resulting in a total of 160 records before screening. Official reports
from the Energy Commission of Malaysia, SEDA, TNB, International Renewable Energy Agency (IRENA), and
International Energy Agency (IEA) were used to support the background discussion and interpretation of findings
but were not included in the PRISMA screening process. The search covered publications from 2000 to 2025 to
capture both early developments and the most recent advances in ESS performance evaluation. The search string
was refined to focus on performance-related indicators, as follows:

(“energy storage” OR “battery energy storage system” OR “pumped hydro” OR “flow battery” OR “hydrogen
storage”) AND

(“performance” OR “efficiency” OR “round-trip efficiency” OR “LCOS” OR *“lifecycle cost” OR “reliability”
OR “degradation”) AND

(“Malaysia” OR “Association of Southeast Asian Nations (ASEAN)” OR “Southeast Asia” OR “tropical climate™)

3.3 Inclusion and Exclusion Criteria

Table 2 outlines the predefined inclusion and exclusion criteria adopted in this review. These criteria ensured a
transparent and consistent selection process. Studies directly evaluating ESS performance indicators were retained as
the core evidence base, whereas a limited number of closely related studies were retained as contextual evidence only
when they addressed energy-system planning, RE integration, ESS policy, or transition pathways with substantive
relevance to power-system ESS deployment. Studies focusing solely on electric vehicle (EV) battery management or
portable battery/charging product development without power-system ESS evaluation were excluded in accordance
with the predefined eligibility criteria. Contextual studies contributed only to the qualitative interpretation and
were excluded from the quantitative indicator-frequency analysis. Hybrid hydrogen-based studies were eligible
when battery and/or hydrogen storage constituted an explicit energy-storage component of the system and the study
evaluated extractable technical, economic, or operational ESS performance indicators. Studies focusing solely on
hydrogen production or fuel-cell performance without substantive evaluation of an energy-storage component were
excluded.

Table 2. Inclusion and exclusion criteria

Criterion Description
Studies that directly evaluate, measure, model, compare,
Study scope optimise, or systematically review ESS performance
indicators.
Battery, hydrogen, gravity, thermal, pumped hydro,
. Technology Y, hycrogen, g Y pumped hydrt
Inclusion compressed air, flywheel and other ESS technologies.
. Technical, economic, operational, environmental or
Indicators ..
asset-management performance indicators.

Context Malaysia or directly relevant to Malaysia’s energy transition.
Studies focusing only on PV, wind or renewable generation

RE only . .

without ESS performance evaluation.
. Materials science, chemistry and electrode development
Battery materials . .
without ESS performance evaluation.
EV battery Studies focusing solely on EV battery management systems
. management without evaluating ESS for power systems.
Exclusion

Portable battery products or charging devices without ESS
performance evaluation.

Studies mentioning energy storage only incidentally, without
ESS performance evaluation or substantive contextual
relevance to power-system ESS deployment.

Language Non-English publications

Note: ESS = energy storage system; RE = renewable energy; PV = photovoltaic; EV = electric vehicle.

Product development

Incidental ESS
mention

During the revision process, all initially included studies were re-evaluated against the predefined eligibility
criteria. Studies with no substantive relevance to ESS performance or its interpretation were excluded from the
final synthesis. Studies directly evaluating ESS performance indicators were retained as the core evidence base,
while a limited number of closely related studies were retained only as contextual evidence where they supported the
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interpretation of ESS development and performance. These contextual studies were excluded from all quantitative
indicator-frequency calculations.

3.4 Screening and Selection Process

The screening and selection process followed the PRISMA 2020 guidelines to ensure transparency and reproducib-
ility. Duplicate records were checked prior to screening, and no duplicate records were identified. The identified
records were screened based on their titles and abstracts against the predefined inclusion and exclusion criteria.
During this stage, 111 records were excluded because they focused primarily on RE technologies without ESS
performance evaluation, laboratory-scale battery and material research, thermal-energy studies and building heating,
ventilation, and air conditioning (HVAC) studies that did not evaluate electrical energy-storage performance within
the predefined system-level scope, building energy management, HVAC applications, hydrogen production, fuel
cells, EVs, or publications outside the predefined review scope.

Following full-text evaluation, nine studies were excluded because they did not satisfy the predefined inclusion
criteria. Consequently, 40 studies were retained in the systematic review. Of these, 34 studies reported at least
one explicitly extractable ESS performance indicator and constituted the core evidence base for the quantitative
indicator-frequency analysis, while six studies were retained as contextual evidence and contributed only to the
narrative synthesis. The study identification, screening, eligibility assessment, and final inclusion process are
summarised in Figure 3.

Identification of studies via databases

Recordsidentified from databases (n = 160)

IDENTIFICATION Websgfospgiseglc: (?142 25) Recordsremoved before screening:
IEEE Xplore (n = 38) Duplicate records removed(n = 0)
ScienceDirect(n = 33)
Recordsscreened(n = 160) _
(Title and abstract) Recordsexcluded (n = 111)
SCREENING
Fulltext articles excluded after eligibility
Full-text articles assessed for eligibility (n = 49) Reasan: Did mrteg‘srzems‘jrgsg‘tugggés performance
indicators or system-level ESS scope.
INCLUDED Studies included in the review (n = 40)

Figure 3. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 flow diagram of
the study selection process

3.5 Data Extraction

For each included study, data were systematically extracted using a structured study-by-indicator matrix. The
extracted performance indicators were organised into four dimensions:

o Technical indicators: capacity/sizing, general efficiency, RTE, degradation, lifetime/cycle life, response time,
and state of charge/state of health/depth of discharge (SOC/SOH/DoD).

e Economic indicators: LCOS, levelized cost of energy (LCOE), net present cost (NPC)/lifecycle cost, CAPEX/
OPEX/general cost analysis, and net present value (NPV)/internal rate of return (IRR)/payback period.

e Operational indicators: reliability/availability, ancillary services, peak shaving/demand reduction, load shifting/
energy arbitrage, grid stability, voltage regulation, frequency regulation, and renewable integration/firming.

e Policy/environmental indicators: emissions/lifecycle GHG, recycling/end-of-life management, and safety/thermal
management.
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Each indicator was coded as E when it was explicitly evaluated, measured, modelled, reported, or systematically
synthesised in the study; Q when it was discussed only qualitatively or contextually; and NR when it was not reported.
The study-level classification “Contextual only” is distinct from the indicator-level code NR (“not reported”). A study
was classified as “Contextual only” when it did not provide an E-coded performance indicator within the predefined
system-level power-system ESS scope of this review. Such studies may nevertheless report measurable indicators
relating to broader energy-transition, renewable-energy, policy, planning, or other system contexts; these measures
were not counted as ESS performance indicators when they fell outside the predefined extraction framework. In
contrast, NR indicates that a specific predefined ESS performance indicator was not reported in the study. The
complete study-by-indicator coding is reported in Supplementary Table S1, which served as the authoritative
extraction matrix for the quantitative analysis. Only entries coded E in this final matrix were included in the
quantitative indicator-frequency analysis.

3.6 Analytical Framework

The extracted data were analysed using a comparative framework comprising four performance dimensions:

e Technical: capacity/sizing, efficiency, RTE, degradation, lifetime/cycle life, response time, and SOC/SOH/DoD.

e Economic: LCOS, LCOE, CAPEX/OPEX, NPC/lifecycle cost, and NPV/IRR/payback period.

e Operational: reliability/availability, grid stability, renewable integration, peak shaving, load shifting, voltage
regulation, frequency regulation, and ancillary services.

e Policy/Environmental: emissions, safety/thermal management, and recycling/end-of-life management.

The framework enabled a consistent comparison of electrical energy storage technologies, including lithium-ion
batteries, BESS, PHS, hydrogen energy storage, flow batteries, gravity energy storage, and hybrid ESS based on the
extracted performance indicators.

Table 3. Engineering management coding framework

Engineering Management

Category Decision Rule

Code

Assigned when the study focused on system planning,
technology selection, storage sizing, capacity planning,
network planning, RE integration, or infrastructure
planning.

Assigned when the study assessed techno-economic
feasibility, project performance, lifecycle cost, LCOE,
NPC, feasibility analysis, or comparative project
evaluation.

Investment Assigned when the study evaluated investment Vitability
ID .. . through CAPEX, OPEX, NPV, IRR, payback period, or
Decision-making . .
economic decision support.

Assigned when the study investigated charging/discharging
control, dispatch strategy, SOC/SOH management, EMS,
grid operation, peak shaving, voltage regulation, or
operational optimisation.

Assigned when the study focused on degradation, battery
AM Asset Management lifetime, maintenance, reliability, remaining useful life,
thermal management, or lifecycle extension.
Assigned when the study addressed national policies,
long-term energy transition, technology roadmaps,
regulatory planning, institutional strategies, or national
ESS deployment.

Note: RE = renewable energy; EMS = energy management system; ESS = energy storage system; LCOE = levelized cost of energy; NPC = net

EP Engineering Planning

PE Project Evaluation

SO System Operation

SP Strategic Planning

present cost; CAPEX = capital expenditure; OPEX = operating expenditure; NPV = net present value; IRR = internal rate of return; SOC = state
of charge; SOH = state of health.

3.7 Engineering Management Coding Framework

To systematically analyse the engineering management perspective of the reviewed studies, each included study
was classified according to its primary engineering management contribution. The classification was conducted
using a predefined coding framework developed specifically for this review. Each study was assigned to one or more
engineering management categories based on its stated research objectives, methodology, and reported outcomes.
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Multiple classifications were permitted where a study addressed more than one engineering management function.
To ensure consistency, the coding was performed using the decision rules presented in Table 3.

3.8 Quality and Relevance Appraisal

A structured quality and relevance appraisal was conducted for the 40 studies retained after application of
the predefined eligibility criteria. Six criteria were assessed: (Q1) relevance to the review objective, (Q2) ESS
technology relevance, (Q3) system-level ESS relevance, (Q4) performance-indicator evidence, (Q5) contribution to
evidence synthesis, and (Q6) engineering-management relevance. Each criterion was scored on a three-point scale (2
= direct or explicit evidence, 1 = contextual or partial evidence, and O = no identifiable evidence), giving a maximum
score of 12. The appraisal was used to characterise the relevance and evidentiary contribution of the retained studies
and was not applied as an additional exclusion threshold. The same relevance-based appraisal criteria were applied
consistently across the retained source types; source type itself was not used as a scoring criterion, and each source
was assessed according to its actual evidentiary contribution to the review.

The appraisal was aligned with the study-by-indicator extraction in Supplementary Table S1 and the engineering-
management coding framework applied in Table 4. Studies containing at least one explicitly reported performance
indicator within the predefined system-level power-system ESS scope were classified as contributing to the quantitative
indicator analysis. Studies that did not provide an E-coded indicator within this predefined scope, but provided
substantive evidence relevant to ESS deployment, energy-system planning, policy, or transition pathways, were
classified as “Contextual only” and retained for narrative synthesis. This classification does not imply that such
studies contained no measurable indicators; rather, any measurable indicators they reported fell outside the predefined
ESS performance-indicator framework used for quantitative frequency analysis. Accordingly, 34 of the 40 retained
studies contributed explicit indicator evidence to the quantitative analysis, while six contributed contextual evidence
to the narrative synthesis. The complete appraisal criteria, scoring rules, and study-level results are provided in
Supplementary Table S2.

Table 4. Screened articles included in the review

Performance Indicators Engineering Indicator
No. Study Focus Technology  Application Management . Year Ref.
Extracted Extraction
Relevance
Techno-economic Corporate  Capacity/sizing; energy sharing;
1 evaluation of BESS energy CAPEX; OPEX; NPV; EP, PE, ID Yes 2025 [21]
BESS sharing carbon-emission reduction
Capacity/sizing; power capacity;
Power-system charging and discharging
5 planning and Multiple ESS Utility-scale efﬁgency; electricity store('i and EP, SO Yes 2025 [22]
..o technologies power system  discharged; CEEP reduction;
optimisation . .
import reduction;
supply—demand balance
Bibliometric Multiple Malaysian Publication trends; technology
energy- . . Contextual
3 assessment of energy trends; research themes; SP 2025 [23]
. research . only
energy research  technologies ) collaboration patterns
landscape
Techno-economic Campus Capacity/sizing; system sizing;
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. BESS management forecasting accuracy; operational
reduction
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Energy-transition erlzglrﬂn]ialfld Malaysian Technology readiness; policy Contextual
8 gr}é e i s to%')z: o energy support; transition barriers; EP, SP onl 2024 28]
view £¢ transition planning requirements y
technologies
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voltage support; peak shaving;
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integration
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Battery capacity; hydrogen
production; hydrogen-storage
capacity; system efficiency; EP, PE, SO Yes 2009 [59]
renewable contribution; energy
balance; cost performance

Hybrid renewable  Battery and
40 system hydrogen
performance storage

Hydrogen
production

Note: ESS = energy storage system; BESS = battery energy storage system; PV = photovoltaic; CAPEX = capital expenditure; OPEX
= operating expenditure; NPV = net present value; CEEP = critical excess electricity production; NPC = net present cost; LCOE =
levelized cost of energy; SOC = state of charge; RTE = round-trip efficiency; DoD = depth of discharge; IRR = internal rate of return;
EP = engineering planning; PE = project evaluation; ID = investment decision-making; SO = system operation; AM = asset
management; SP = strategic planning; EV = electric vehicle; ASEAN = Association of Southeast Asian Nations; C&I = commercial
and industrial.

3.9 Limitations

The review is constrained by the availability of public data, particularly on commercial BESS projects where
operational and financial details are often proprietary. In such cases, grey literature and triangulation across multiple
sources were used to mitigate gaps.

4 Results and Discussion
4.1 Descriptive and Bibliometric Profile of the Included Studies

This section presents the findings of the systematic literature review based on the 40 studies retained after
the PRISMA-guided screening and eligibility verification process. A descriptive analysis was first performed
to characterise the included studies in terms of publication trends, document types, source titles, authorship,
technologies, and application domains (Figure 4, Figure 5, and Table 4). Subsequently, the quantitative indicator-
frequency analysis focused on the studies that explicitly reported extractable ESS performance indicators, whereas
the remaining studies contributed to the narrative synthesis.

Table 4 provides an abbreviated descriptive summary of the retained studies and selected extracted indicators; it
is not intended to reproduce the complete study-by-indicator coding. The complete extraction matrix, including the E
(explicit), Q (qualitative/contextual), and NR (not reported) coding for each performance indicator and each retained
study, is provided in Supplementary Table S1. Supplementary Table S1 constitutes the authoritative extraction matrix
used to derive and validate all indicator-frequency counts reported in Figure 6, Figure 7, Figure 8, and Figure 9.
Only indicators coded E were included in the quantitative frequency calculations. Studies labelled “Contextual only”
did not contribute to these frequency counts. “Contextual only” denotes the study-level role in the synthesis and
should not be interpreted as equivalent to NR; NR is an indicator-level code indicating that a specific predefined ESS
performance indicator was not reported.

Figure 4 presents the distribution of publications by year, journal outlet, author productivity, and document type.
These patterns provide insights into the evolution of energy storage research relevant to Malaysia and situate the
present review within a rapidly expanding scholarly domain.

The demographic profile of the 40 included studies indicates a growing research interest in ESS relevant to
Malaysia, particularly from 2022 onwards, with the highest publication output recorded in 2024. Journal articles
constituted the dominant document type, followed by conference papers and review articles. The Journal of Energy
Storage was the most frequent publication outlet, while contributions were also distributed across several high-impact
journals and conference proceedings, reflecting the multidisciplinary nature of ESS research. Authorship analysis
demonstrates active collaboration among both Malaysian and international researchers, highlighting the increasing
research capacity and global engagement in this field. Overall, these publication trends indicate that ESS has become
an increasingly important research area supporting Malaysia’s energy transition, providing a timely foundation for
the subsequent comparative evaluation of ESS performance indicators.

Figure 5 presents the term co-occurrence network derived from the titles and abstracts of the included studies.
Five interconnected thematic clusters can be observed. The red cluster is associated with modelling and feasibility
assessment, represented by terms such as modelling, electricity, and solar energy. The green cluster reflects RE and
distribution-network integration, linking renewable energy, PV system, and distribution network. The blue cluster is
centred on battery energy storage control and effectiveness, with prominent terms including battery energy storage,
control scheme, and effectiveness. The yellow cluster is primarily associated with operational and dispatch strategies,
particularly dispatch strategy and its connections with feasibility, renewable-energy integration, and battery storage.
The purple cluster represents the broader renewable-system context, linking RE source, hybrid renewable energy
system (HRES), and viability.

The network demonstrates that the literature is strongly interconnected around renewable-energy integration,
system modelling, dispatch strategies, and BESS control. In contrast, explicit performance indicators such as LCOS,
degradation, and ancillary-service metrics do not emerge as prominent terms in the network. This observation
complements the study-level performance-indicator analysis presented in the subsequent sections and further indicates
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that the Malaysian ESS literature has concentrated more strongly on system integration and operational applications
than on comprehensive multidimensional performance assessment.
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Figure 4. Demographic profile of the screened literature (n = 40): (a) distribution of publications by year; (b) most
active source titles; (c) most productive authors (all co-authors); and (d) distribution by document type
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Figure 5. Term co-occurrence network based on titles and abstracts of the included studies
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Figure 6. Frequency of ESS performance indicators extracted from the 34 studies reporting explicit ESS
performance indicators
Note: ESS = energy storage system; SOC = state of charge; SOH = state of health; DoD = depth of discharge; NPC = net present cost; LCOS =
levelized cost of storage.
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Figure 7. Frequency of technical performance indicators extracted from the 34 studies reporting explicit ESS
performance indicators
Note: ESS = energy storage system; SOC = state of charge; SOH = state of health; DoD = depth of discharge.
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Figure 8. Frequency of economic performance indicators extracted from the 34 studies reporting explicit ESS
performance indicators
Note: ESS = energy storage system; CAPEX = capital expenditure; OPEX = operating expenditure.
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Figure 9. Frequency of operational and grid-related performance indicators extracted from the 34 studies reporting
explicit energy storage system (ESS) performance indicators

4.2 Energy Storage Systems Performance-Indicator Frequency Analysis

Assessing the performance of ESS requires clear indicators that capture their technical efficiency, economic
viability, operational reliability, and policy relevance. However, the literature addressing ESS in Malaysia and the
wider ASEAN region often applies these indicators inconsistently, limiting comparability across studies. To provide
a structured overview, the screened articles were analysed to identify the most frequently reported performance
indicators, the technologies under investigation, and the application contexts in which storage is deployed. All
frequencies reported in this section were derived from and cross-validated against the final study-by-indicator
extraction matrix in Supplementary Table S1; only indicators coded as explicitly evaluated (E) were counted.

Figure 6 summarises the frequency of ESS performance indicators reported across the 34 studies contributing to
the quantitative indicator analysis. Capacity and sizing emerged as the most frequently evaluated indicator (n = 32),
reflecting the strong emphasis on storage sizing, system configuration, and planning for RE integration, particularly
in PV-coupled, hybrid, and utility-scale applications, as demonstrated across BESS, hybrid ESS, hydrogen-storage,
and grid-integration studies [21, 24, 27, 30, 33, 38, 41, 42, 52]. Renewable integration or firming (n = 20) and
reliability or availability (n = 18) were the next most frequently reported indicators, indicating that much of the
reviewed literature focuses on the role of ESS in supporting renewable-energy integration and reliable power-system
operation [22, 24, 25, 32, 37-39, 46, 48, 53, 57, 58].

General efficiency (n = 13), SOC/SOH/DoD (n = 13), grid stability (n = 11), CAPEX/OPEX (n = 11), LCOE
(n = 10), NPC/lifecycle cost (n = 10), and emissions/lifecycle GHG (n = 10) also received considerable attention,
indicating that technical and conventional techno-economic assessments dominate existing ESS evaluation. By
contrast, degradation was explicitly evaluated in only five studies (n = 5) [16, 37, 38, 49, 51], while frequency
regulation was reported in four studies (n =4) [16, 37, 44, 56]. Response time (n = 3) [26, 37, 56], ancillary services
(n =3)[16, 32, 37], and load shifting or energy arbitrage (n = 4) [27, 37, 40, 49] were also infrequently evaluated.
RTE was explicitly evaluated in only one study [49], while recycling/end-of-life management [37] and safety/thermal
management [16] were each explicitly addressed in only one study. No retained study explicitly evaluated LCOS.

Overall, the distribution suggests that the reviewed literature remains strongly oriented toward system planning,
renewable integration, and project feasibility, while long-term operational performance, lifecycle management,
and market-oriented ESS services receive comparatively limited attention. The absence of LCOS is particularly
significant because it limits consistent economic comparison among storage technologies using a storage-specific
cost metric.

Figure 7 presents the technical performance indicators reported across the reviewed studies. Capacity or sizing
remained the most frequently evaluated technical indicator (n = 32), reflecting the strong emphasis on determining
appropriate storage capacity, battery sizing, and system configuration for ESS deployment, particularly in PV-coupled
systems, hybrid RE systems, and utility-scale applications [21, 22, 24, 25, 27, 30, 33, 38, 41, 42, 52]. This finding
indicates that the reviewed literature primarily focuses on engineering design and system planning, where appropriate
storage sizing is fundamental for achieving reliable system operation and effective energy management.

General efficiency (n = 13) was also frequently evaluated, particularly in studies assessing charging/discharging
performance, hybrid system efficiency, and energy conversion [16, 22, 30, 32, 37, 43, 45, 47, 50, 51, 53, 54,
59]. SOC/SOH/DoD was reported in 13 studies, particularly those focusing on battery control, dispatch, energy
management, and battery utilisation [16, 26, 29, 37, 44-46, 49-52, 55, 58].

Conversely, degradation was explicitly evaluated in only five studies [16, 37, 38, 49, 51], while response time
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was evaluated in three studies [26, 37, 56]. Most notably, RTE was explicitly evaluated in only one study [49].
Although degradation and RTE are internationally recognised as important technical indicators for comparing ESS
technologies, they remain underrepresented in the reviewed literature. This suggests that existing studies have
primarily concentrated on system design and operational feasibility, while comparatively limited attention has been
given to long-term battery behaviour, energy conversion efficiency, and dynamic performance evaluation.

Figure 8 summarises the economic performance indicators reported across the reviewed studies. CAPEX/OPEX
or general cost analysis represented the most frequently evaluated economic indicator (n = 11) [21, 25, 33, 37, 40,
41, 44, 45, 47, 49, 59]. LCOE (n = 10) and NPC/lifecycle cost (n = 10) were also widely reported, with both
indicators appearing in studies [24, 30, 38, 39, 42-44, 48, 54, 57]. Collectively, these findings indicate that the
reviewed literature primarily emphasises conventional project-cost evaluation and economic feasibility during the
planning stage of ESS deployment.

NPV, IRR, and payback period were reported in only six studies [21, 33, 39, 42, 44, 49], indicating that
comprehensive investment appraisal remains relatively limited despite increasing interest in ESS deployment. More
importantly, none of the reviewed studies explicitly reported the LCOS. This represents an important methodological
gap because LCOS is internationally recognised as one of the most appropriate indicators for comparing alternative
storage technologies using a common storage-specific economic metric. Its absence suggests that the reviewed
literature continues to rely on conventional renewable-energy project economics rather than storage-specific lifecycle
cost evaluation.

Figure 9 presents the frequency of operational performance indicators reported across the 34 studies contributing
to the quantitative indicator analysis. Grid stability emerged as the most frequently reported operational indicator (n
= 11), reflecting the important role of ESS in supporting secure grid operation, RE integration, operational flexibility,
and overall system reliability [16, 22, 25, 32, 37, 56]. Peak shaving or demand reduction was evaluated in eight
studies [26, 27, 32, 37, 40, 41, 49, 52], while voltage regulation was reported in seven studies [16, 27, 32, 37, 44, 52,
56]. Frequency regulation was evaluated in four studies [16, 37, 44, 56], while load shifting or energy arbitrage was
reported in four studies [27, 37, 40, 49]. Ancillary services were explicitly evaluated in only three studies [16, 32, 37].
The reviewed literature suggests that ESS research has primarily focused on RE integration and demand management,
whereas comparatively fewer studies have evaluated market-oriented operational services. From an engineering
management perspective, this imbalance limits the evidence available to support investment planning, operational
decision-making, and electricity market participation. Future studies should therefore evaluate these operational
services using standardised performance metrics to strengthen project evaluation, asset management, and long-term
ESS deployment strategies.

Overall, Figure 6, Figure 7, Figure 8, and Figure 9 demonstrate that current Malaysian ESS research is strongly
concentrated on system sizing, renewable integration, technical feasibility, and conventional techno-economic
evaluation. In contrast, internationally recognised performance indicators such as RTE, degradation, ancillary
services, recycling, and safety remain substantially underreported, while LCOS was not explicitly evaluated in any
of the retained studies.

Table 5 classifies the performance indicators into four complementary dimensions: technical, operational,
economic, and policy/environmental. Although these dimensions are presented separately for analytical clarity, the
reviewed literature suggests that they are conceptually interrelated in practical ESS evaluation. As illustrated in
Figure 10, technical performance is conceptually linked to system operation and reliability, while both technical
and operational performance may influence the economic evaluation of ESS projects. Policy and environmental
conditions, including regulatory frameworks, market mechanisms, safety standards, and recycling requirements,
may also shape how technical, operational, and economic performance is evaluated in different deployment contexts.
Therefore, the four dimensions are interpreted in this review as an integrated systems-oriented framework rather than
as independent categories, providing a structured basis for evaluating ESS within SSCM.

This conceptual interdependence is also reflected in the reviewed literature. Several techno-economic studies
evaluated technical indicators such as efficiency together with CAPEX, OPEX, and project-feasibility measures,
suggesting an association between technical and economic considerations in ESS evaluation. Similarly, studies
on battery dispatch control and energy-management systems considered operational strategies alongside technical
capabilities such as response time and capacity/sizing, while policy-oriented studies highlighted the relevance of
regulatory support and market mechanisms to ESS deployment. These patterns do not establish causal relationships
among the four dimensions; rather, they indicate that the dimensions are frequently considered together and may
interact within ESS planning, evaluation, and management. Accordingly, Figure 10 represents a conceptual synthesis
of the reviewed evidence rather than an empirically tested causal model.

Based on the integrated evaluation framework, Table 6 maps the 34 studies contributing explicit performance-
indicator evidence across broad, mutually exclusive ESS technology groups and the four performance dimensions.
For this cross-technology synthesis, the study-level technology descriptions in Table 4 were consolidated into five
broad groups to avoid overlap between technology type, storage configuration, and application context. Each study
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was assigned to one technology group only, and a study was counted within a performance dimension when at least
one indicator in that dimension was coded E in Supplementary Table S1.

Table 5. Classification of ESS performance indicators

Technical Indicators  Economic Indicators Operational Indicators Pollcy/En.Vlronmental
Indicators
Auvailability/reliability; ancillary
RTE; efficiency services/frequency regulation; peak
(general); CAPEX/OPEX; shaving/demand charge
degradation/cycle life; LCOE/LCOS; management; load Safety; recycling;
response time; NPCllifecycle cost; shifting/arbitrage; renewable emissions
capacity/sizing; NPV/IRR/payback integration/firming; curtailment
SOC/SOH/DoD reduction; grid stability; voltage
regulation

Note: ESS = energy storage system; RTE = round-trip efficiency; SOC = state of charge; SOH = state of health; DoD = depth of discharge;
CAPEX = capital expenditure; OPEX = operating expenditure; LCOE = levelized cost of energy; LCOS = levelized cost of storage; NPC = net

present cost; NPV = net present value; IRR = internal rate of return.
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Figure 10. Conceptual framework for evaluating ESS performance
Note: ESS = energy storage system; GHG = greenhouse gas.

Table 6 shows that battery-based ESS constitute the largest technology group in the quantitative evidence
base (n = 18), with all 18 studies reporting at least one technical and one operational performance indicator.
Economic indicators were explicitly evaluated in nine battery-based studies, while policy/environmental indicators
were represented in five. Hybrid and multi-technology ESS constituted the second-largest group (n = 11), with
technical and operational indicators represented across all 11 studies, economic indicators in seven studies, and
policy/environmental indicators in five. Hydrogen energy storage was represented by two studies, both covering
technical, economic, and operational dimensions but neither explicitly evaluating the policy/environmental indicators
defined in this review. Gravity energy storage was also represented by two studies, both addressing technical,
economic, and policy/environmental indicators, while one addressed operational performance. The single generic
ESS study contributed technical and operational evidence only.

Overall, the cross-technology synthesis reinforces the predominance of battery-based and hybrid/multi-technology
ESS in the reviewed evidence. It also shows that technical and operational evaluation is more consistently represented
across technology groups than policy/environmental assessment.

370



Table 6. ESS technology—performance dimension coverage

Technology Technical Economic Operational P().lle/ Colour Scale
Environment
Battery-based ESS 18 9 18 5 13-18
Hybrid/multi-technology ESS 11 7 11 5 9-12
Hydrogen energy storage 2 2 2 0 5-8
Gravity energy storage 2 2 1 2 1-4
Generic ESS 1 0 1 0 0

Note: ESS = energy storage system; E = explicitly evaluated. Values represent the number of studies within each mutually exclusive technology
group reporting at least one E-coded indicator in the corresponding performance dimension. Colour intensity represents study coverage among

the 34 studies reporting explicit ESS performance indicators and does not represent the total number of extracted indicators.

4.3 Engineering Management Perspective of the Reviewed Studies

To strengthen the engineering management perspective, the 40 retained studies were further interpreted according
to six engineering management functions, while the 34 studies reporting explicit ESS performance indicators
constituted the core evidence base for the quantitative indicator analysis. The synthesis shows that studies on energy
system modelling, technology selection, microgrid design, RE integration, and storage sizing primarily support
engineering planning, enabling systematic selection and configuration of ESS according to technical requirements
and application needs. Project evaluation and investment decision-making are predominantly informed by techno-
economic, feasibility, and profitability studies integrating CAPEX/OPEX, LCOE, NPC/lifecycle cost, NPV, IRR,
payback period, and environmental performance. However, the absence of explicit LCOS evaluation indicates that
storage-specific lifecycle economic assessment remains a major gap in the reviewed evidence. Studies focusing on
dispatch control, demand-side management, voltage regulation, and energy management systems (EMS) contribute
to system operation, highlighting the importance of availability, reliability, response time, peak shaving, and load
shifting for operational optimisation. Meanwhile, research on battery degradation, lifetime enhancement, battery
management systems, safety, and recyclability supports lifecycle and asset management by informing maintenance
planning, replacement strategies, and end-of-life management. Finally, policy reviews and national energy transition
studies emphasise strategic policy planning, demonstrating how regulatory frameworks, market mechanisms, and
sustainability requirements influence ESS deployment.

Table 7. Engineering management interpretation of the reviewed evidence

Engineering Evidence Synthesised from the Performance Engineering
Management . . . Management
. Reviewed Studies Indicators Involved . .
Function Decisions Supported
. . Studies on system sizing, energy Efficiency, RTE, Technology selection,
Engineering . . . .
lannin modelling, technology selection capacity, response system configuration,
p g and renewable integration time planning
Techno-economic, feasibility and CAPEX/OPEX, Proiect comparison and
Project evaluation environmental assessment LCOE, NPC/lifecycle ) npal
. - feasibility
studies cost, emissions
I'n\./estment' Proﬁtablhty', thonomlc' analysis, Payback, NPV, IRR Ir.lve.st.me.nt
decision-making sensitivity studies prioritisation
. Dispatch, peak shaving, voltage l.{eha.llr.nhty, Operational
System operation . availability, load o
regulation, EMS i, optimisation
shifting
Lifecycle & asset Battery degradation, BMS, Cycle life, Maintenance,
management lifetime studies degradation, safety replacement planning
Policy & strategic Environmental,

NETR, MyRER, policy reviews Strategic planning

management recycling, policy
Note: RTE = round-trip efficiency; CAPEX = capital expenditure; OPEX = operating expenditure; LCOE = levelized cost of energy; NPC = net

present cost; NPV = net present value; IRR = internal rate of return; EMS = energy management system; BMS = battery management system;
NETR = National Energy Transition Roadmap; MyRER = Malaysia Renewable Energy Roadmap.

Overall, the reviewed evidence indicates that the proposed framework extends beyond performance assessment

by providing a structured decision-support approach for engineering management. However, the literature remains
concentrated on technical performance and preliminary techno-economic assessment, with comparatively limited
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attention to LCOS, degradation, ancillary services, recycling, and long-term asset management. Addressing these
gaps is essential to support more comprehensive engineering planning and sustainable ESS deployment in Malaysia.
To better illustrate the engineering management contribution of the reviewed literature, the 40 retained studies were
further synthesised based on their engineering management relevance. As shown in Table 7, the studies were
classified into six engineering management functions according to their objectives, application context, and reported
performance indicators.

Furthermore, Table 7 indicates that the reviewed studies cover multiple engineering management functions rather
than focusing solely on technical performance. Most studies contribute to engineering planning, project evaluation,
and system operation through energy system modelling, techno-economic assessment, and operational optimisation.
In contrast, comparatively fewer studies address lifecycle asset management and long-term strategic planning,
particularly those related to degradation, recycling, end-of-life management, and policy-driven decision-making. This
finding supports the need for an integrated performance evaluation framework that incorporates technical, economic,
operational, and policy/environmental dimensions to facilitate engineering management decisions throughout the
ESS lifecycle.

The proposed framework can be applied to compare alternative energy storage technologies by integrating
technical, operational, economic, and policy or environmental indicators into a unified evaluation. It also supports
decision-making throughout the project lifecycle, from technology selection and feasibility assessment to operational
management and asset replacement. Under different policy scenarios, the framework enables stakeholders to evaluate
the implications of regulatory changes on technology selection, investment decisions, and sustainable supply chain
planning.

5 Conclusions

This systematic review included 40 eligible studies. Of these, studies reporting explicitly extractable ESS
performance indicators contributed to the quantitative indicator synthesis, while the remaining studies informed the
narrative interpretation of policy, planning, and implementation issues. The findings demonstrate that, although
ESS research has expanded considerably in recent years, the evaluation of performance indicators remains uneven.
Capacity/sizing, renewable integration/firming, and reliability/availability are the most frequently reported perfor-
mance indicators, while general efficiency and conventional techno-economic measures receive moderate attention.
In contrast, RTE, degradation, ancillary services, and lifecycle sustainability remain underreported. No retained
study explicitly reported LCOS. Battery-based ESS, particularly BESS, are the most widely investigated storage
technologies, particularly in PV-coupled applications, while long-duration energy storage technologies, including
flow batteries, pumped hydro, and hydrogen storage, remain underexplored. Compared with countries that have
more mature ESS deployment, Malaysia is still at an early stage of adopting comprehensive performance evaluation
practices, particularly for operational and market-based indicators.

These findings have important implications for policy and future research. The limited consideration of advanced
performance indicators highlights the need to establish national ESS performance benchmarks to support consistent
technology evaluation and comparison. The predominance of PV-coupled battery applications suggests that financial
incentives should be expanded to encourage broader deployment of standalone ESS technologies. Furthermore, the
limited assessment of ancillary services reflects the need for dedicated market mechanisms and clearer regulatory
frameworks to facilitate commercial ESS adoption. Future research should prioritise field-based investigations
of long-term operational indicators, including LCOS, degradation behaviour, lifecycle sustainability, and system-
level performance under Malaysia’s tropical operating conditions. Collectively, these recommendations are directly
informed by the evidence synthesised in this review and provide practical guidance for strengthening SSCM and
supporting Malaysia’s ongoing energy transition.

Overall, this review not only synthesises the current state of ESS performance evaluation in Malaysia but also
provides an evidence-based, systems-oriented framework to guide future research, policy formulation, and SSCM.
By addressing the identified research gaps, the proposed framework offers a practical foundation for strengthening
ESS deployment and accelerating Malaysia’s national energy transition.
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