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Abstract

The rapid growth of electric vehicle (EV) adoption in Malaysia is projected to generate sub-
stantial volumes of end-of-life lithium-ion batteries, creating both environmental challenges
and opportunities for repurposing into second-life batteries (SLBs). This study investigates
the technical, economic, and regulatory feasibility of deploying SLBs for photovoltaic (PV)
energy storage in petrol stations, an application aligned with the nation’s energy transition
goals. Laboratory testing of Nissan Leaf ZEQ battery modules over a 120-day operation
period demonstrated stable cycling performance with approximately 7% capacity fade,
maintaining state-of-health (SOH) above 47%. A case study of a 12 kWp PV-SLB hybrid
system for a typical Malaysian petrol station shows 45 kWh of usable storage, capable of
offsetting a daily electricity demand of 45 kWh, reducing capital cost by 30-50% compared
to new lithium-ion systems, and achieving 70-80% lifecycle CO, emission reductions. The
proposed architecture leverages SLBs’ suitability for slower, steady discharge to provide
reliable nighttime operation and grid load relief, particularly in semi-urban and rural sta-
tions. Beyond technical validation, the paper evaluates economic benefits, environmental
impacts, and Malaysia’s regulatory readiness, identifying gaps in certification standards,
reverse logistics, and workforce skills. Strategic recommendations are proposed to en-
able large-scale SLB deployment and integration into hybrid PV—petrol station systems.
Findings indicate that SLBs can serve as a cost-effective, sustainable energy storage so-
lution, supporting Malaysia’s National Energy Transition Roadmap (NETR), advancing
circular economy practices, and positioning the country as a potential ASEAN leader in
battery repurposing.

Keywords: second-life batteries (SLB); electric vehicle (EV) infrastructure; energy stor-
age systems (ESS); battery repurposing; sustainable energy; circular economy; Malaysia
energy transition

1. Introduction

The rapid adoption of electric vehicles (EVs) in Malaysia is generating an increasing
volume of end-of-life lithium-ion batteries, which can either pose environmental challenges
or serve as a valuable resource for second-life applications. One promising application is
the integration of second-life EV batteries (SLBs) with solar photovoltaic (PV) systems to
support distributed energy needs at petrol stations. Petrol stations, totaling approximately
3530 outlets nationwide, consume an average of 45 kWh per day per station, creating a
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substantial cumulative load on Tenaga Nasional Berhad (TNB) and the national grid. The
global shift toward electric mobility is accelerating significantly in response to climate
change, energy security concerns, and air quality deterioration in urban environments [1].
Electric vehicles (EVs) have become a foundational component in this transition, sup-
ported by falling battery prices, policy incentives, and technological advancements. As
EV adoption grows, so too does the number of lithium-ion batteries reaching their end
of life (EOL) typically when their State of Health (SOH) declines below 70-80% of their
initial capacity [2]. While these batteries may no longer be viable for vehicle propulsion,
they retain sufficient capacity for lower-demand stationary energy storage applications,
presenting a critical opportunity for reuse in the form of second-life batteries (SLBs).

Malaysia, like many countries in Southeast Asia, is at an inflection point. National ini-
tiatives such as the Low Carbon Mobility Blueprint 2021-2030, National Energy Transition
Roadmap (NETR), and National Automotive Policy (NAP 2020) underscore the govern-
ment’s commitment to sustainable transportation and grid decarbonization [3]. However,
with the projected rise in EVs, the country must prepare for a parallel rise in battery waste
and energy storage demand. Rather than relying solely on new batteries which are costly
and resource-intensive to manufacture the repurposing of EV batteries presents a low-cost,
low-carbon alternative aligned with Malaysia’s sustainability and industrial development
goals [4].

The concept of a circular economy for lithium-ion batteries lies at the heart of this
opportunity. As illustrated in Figure 1, the circular battery economy promotes reuse,
refurbishment, repurposing, and recycling, prolonging the value chain of EV batteries
beyond their automotive life. Second-life applications, such as solar PV integration, off-grid
energy storage, and backup systems, not only reduce capital expenditure but also defer the
environmental impact associated with recycling or disposal [5]. This approach aligns with
broader circular economy principles, enabling a more sustainable, resilient, and inclusive
energy ecosystem.

Li-ion Battery Circular Economy
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Figure 1. Li-ion Battery Circular Economy [6].

Malaysia has not provided detailed techno-economic modeling of SLB systems, nor
examined the implications of Malaysia’s regulatory framework, climatic conditions, or
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battery assembly capacity. This paper investigates the technical, economic, regulatory,
and industrial dimensions of developing a second-life battery infrastructure in Malaysia.
It proposes a comprehensive roadmap for enabling SLB deployment across key sectors,
supported by case studies, system designs, life-cycle analysis, and policy recommendations.
By leveraging Malaysia’s existing strengths in electronics manufacturing and renewable
energy integration, the country can position itself as a regional leader in second-life battery
innovation and deployment, turning a future waste stream into a sustainable energy asset.
The rest of the paper is structured as follows. Section 2 provides background on global
trends and regulatory developments related to second-life battery (SLB) infrastructure,
drawing lessons from the European Union, China, and the United States. Section 3 dis-
cusses the current state of Malaysia’s EV and battery ecosystem, covering adoption rates,
projected volumes of end-of-life batteries, and national readiness. Section 4 outlines the
technical considerations for SLB deployment, while Section 5 introduces the proposed
SLB-PV hybrid architecture designed for the operational requirements of petrol stations.
Section 6 evaluates the economic and environmental benefits of SLB integration, and
Section 7 analyzes Malaysia’s policy and regulatory framework, highlighting gaps and
proposing actionable instruments for effective implementation. Section 8 identifies the
major challenges and provides strategic recommendations with clearly defined roles and
timelines. Finally, Section 9 concludes the study by summarizing the key findings and
emphasizing Malaysia’s opportunity to position itself as a regional leader in sustainable
battery reuse across ASEAN.

2. Background and Global Context

The global transition to electric mobility is accelerating, driven by the urgent need
to decarbonize transportation systems and mitigate climate change. As electric vehicles
(EVs) proliferate, the challenge of managing their end-of-life (EOL) lithium-ion batteries
has emerged as a critical concern. Typically, EV batteries are deemed no longer suitable
for vehicular use once their state-of-health (SoH) declines below 70-80% of their original
capacity. However, these batteries often retain substantial usable capacity, rendering
them viable for repurposing in stationary energy storage systems (ESS). Such second-life
applications extend the operational lifespan of EV batteries, contribute to circular economy
goals, reduce electronic waste, and provide cost-effective energy storage for renewable
energy integration and grid support [7]. Globally, several countries have taken the lead in
developing second-life battery (SLB) ecosystems. China is currently at the forefront, enabled
by comprehensive government policies, a robust EV market, and advanced industrial
capacity [8]. The “Interim Provisions on the Management of Power Battery Recycling
for New Energy Vehicles” mandate full traceability of EV batteries, enabling repurposing
initiatives by major companies such as CATL and BYD [9]. These firms are deploying
SLBs in applications ranging from telecommunications backup systems and residential
solar buffering to public transportation fleets, using real-time cloud-based BMS platforms.
To visualize global trends, Figure 2 presents an overview of legislative activity related to
second-life EV batteries by region. It highlights the geographic variation in regulatory
maturity and deployment strategies.

By contrast, the United States adopts an innovation-driven approach, with the SLB
market shaped by pilot projects, academic-industry partnerships, and utility-led trials.
For example, Nissan’s 4R Energy has deployed second-life batteries in grid-support and
emergency power systems, while the U.S. Department of Energy (DOE) funds research
into SoH estimation tools, safety protocols, and system integration standards [10]. The
European Union (EU) focuses on regulatory standardization and sustainability. The recently
revised EU Battery Regulation mandates SoH disclosure, labeling of reused batteries, and
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high levels of renewable energy penetration, have actively deployed SLBs into decentralized
solar and wind networks to stabilize the grid.
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Figure 2. Second-Life EV Battery Legislative Activity by Region [6].

From a technical perspective, the worldwide deployment of SLB systems has driven
innovations in battery management systems (BMS), state-of-health (SoH) and remaining
useful life (RUL) estimation, and power electronics. These technologies facilitate the
safe reuse of heterogeneous battery modules, which often vary significantly in terms of
chemistry (e.g., NMC, LFP), capacity, and degradation behavior. The integration of Al
and machine learning into BMS platforms has enhanced predictive accuracy and remote
diagnostics, allowing scalable deployment across both grid-tied and off-grid applications.
Economically, second-life batteries offer considerable advantages over new lithium-ion
storage systems. Capital expenditures for SLB-based stationary storage can be reduced by
up to 40%, while life-cycle assessments suggest a 30-50% lower environmental footprint
compared to direct recycling. This is largely attributed to avoided resource extraction and
deferred recycling processes, particularly for critical materials such as lithium, cobalt, and
nickel. Table 1 summarizes the comparative development status of SLB frameworks across
major global regions, including China, the EU, the U.S., Japan, South Korea, and Malaysia.

For Malaysia, these global trends offer a strategic framework to develop a localized SLB
ecosystem. With EV adoption projected to increase in line with the Low Carbon Mobility
Blueprint 2021-2030 and the National Energy Transition Roadmap (NETR), Malaysia
has the opportunity to leverage second-life batteries for rural electrification, renewable
energy buffering, and microgrid applications [2]. Local strategies must account for distinct
conditions, including Malaysia’s tropical climate, diverse grid accessibility, and growing
solar PV deployment [13]. By learning from mature international models and prioritizing
early investments in SLB standards, diagnostics, and reuse infrastructure, Malaysia can
position itself as a regional leader in second-life battery innovation, enhancing energy
resilience, environmental stewardship, and economic competitiveness.
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Table 1. Global Comparison of Second-Life Battery Development [12].

. T Key Pilot .
Region/Country Deployment Timeline = Regulatory Framework Projects/Applications Maturity Level
Strong: MIIT ;relinonrrsl E?E:F ’ Advanced—Largest
China 2016-Present guidelines; mandatory y : &

microgrids, EV bus

market

battery traceability storage (CATL, BYD)
Strong: EU Battery ReLIB UK, EUCAR,
. g Regulation (2023), industrial BESS, . .
European Union 2018-Present reuse labeling, SoH off-grid solar + SLB Mature—Standardized
disclosure systems
GM/ABB smart grid

Moderate: DOE

trials, Nissan 4R Energy

Emerging—

United States 2017-Present guidance, state-level . . .
cules projects, community Innovation-led
energy storage
Moderate: OEM-led Smart city deployments
Japan 2015-Present (Nissan, Mltsublsh%), (Yokohama), SLBs in Mature in OEM sector
voluntary second-life rural backup and
protocols school microgrids
Developing: Draft Hyundai-Kepco
g guidelines from SLB-based ESS, BESS .
South Korea 2020-Present MOTIE, OEM-piloted integration with smart Developing
schemes grids
Early-stage: No R&D pilots with
. . SLB-specific policy; second-life batteries for = Early—Potential for
Malaysia 2023-Ongoing aligned with NETR and  petrol stations, solar growth
NAP 2020 microgrids

3. Current State of EV and Battery Ecosystem in Malaysia

Malaysia’s electric vehicle (EV) and battery ecosystem is undergoing a dynamic early-
stage expansion, guided by key national frameworks such as the Low Carbon Mobility
Blueprint 2021-2030, the National Energy Transition Roadmap (NETR), and the National
Automotive Policy (NAP 2020) [13]. These strategies aim to increase EV adoption, reduce
carbon emissions associated with transportation, and localize high-value activities in the
energy storage and battery manufacturing supply chain.

Electric vehicle (EV) adoption in Malaysia has experienced substantial growth in recent
years. According to the Malaysian Automotive Association (MAA), battery electric vehicle
(BEV) sales surged by 286% in 2023, reaching 10,159 units, compared to just 2631 units in
2022. Similarly, hybrid vehicle sales increased by 40%, from approximately 20,000 units
in 2022 to around 28,000 in 2023. Despite EVs comprising less than 1% of the total vehicle
stock, the government has set an ambitious target of achieving 800,000 cumulative EVs on
the road by 2030, supported by plans to install 10,000 public charging stations. These trends
are reflected in Table 2, which summarizes key performance indicators in the Malaysian EV
and battery landscape.

Alongside increasing EV adoption, Malaysia faces an emerging challenge: the ac-
cumulation of end-of-life (EOL) lithium-ion batteries [15]. With an average EV battery
lifespan of 8-10 years, the volume of EOL batteries is expected to grow substantially over
the next two decades. Based on projections by the Malaysia Automotive, Robotics and IoT
Institute (MARIi), approximately 40,000 depleted EV batteries will require processing by
2030, increasing to 330,000 by 2040, and reaching 870,000 by 2050 [14]. This underscores
the urgency of establishing national infrastructure for battery collection, diagnostics, re-
purposing, and recycling. The estimated cumulative volume of depleted batteries, shown
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in Table 3, provides a clear timeline indicating when Malaysia must scale its second-life

battery (SLB) infrastructure to prevent waste and capture circular economy value.

Table 2. EV and Battery Ecosystem in Malaysia [14].

Category 2022 2023 2030 Target/Projection

Battery EV Sales 2631 units 10,159 units >800,000 cumulative EVs

Hybrid EV Sales 20,000 units 28,000 units —

Public Charging Stations 900 1200 10,000

EV Penetration (% of total o o o

vehicle stock) 0.3% 0.6% 15%

End-of-Life Battery Volume Negligible 500 MWh/year 6000 MWh/year by 2030

Local Ba'ttery Cell None None Pilot-scale by 2027

Production (planned)

Battery Pack Assembly Limited (FDI-led) Expanding Large-scale by 2027

Estimated Cumulative

Depleted Batteries 1000 5000 40,000 (by 2030)

Local Use Cases for SLBs Minimal Pilots (e.g., petrol stations, Smart g{‘lds, rural
telecom) microgrids

Cost Advantage of SLBs vs. 30-40% cheaper 30-50% cheaper Maintained or improved

New Batteries

with scale

Table 3. Projected Cumulative Depleted EV Batteries in Malaysia [14].

Year

Cumulative Depleted EV
Batteries

Remarks

2025

5000

Initial end-of-life (EOL)
batteries from early EV
adopters (2017-2018)

2030

40,000

First major EOL wave;
beginning of large-scale
second-life/recycling
systems

2035

150,000

Significant growth in
retirement volume; SLB
infrastructure scaling

2040

330,000

National processing
facilities become essential
for circular economy

2045

600,000

Peak years for battery
replacement and
second-life conversion

2050

870,000

Full maturity of battery
reuse and recycling
industry

Malaysia’s battery infrastructure is currently limited to pack-level assembly and

system integration, with no full-cycle cell manufacturing or industrial-scale recycling

operations. However, the country possesses latent strengths in electronics manufacturing,

logistics, and power electronics, making it a strong candidate for regional leadership in
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SLB repurposing and export [3]. Malaysia’s ports (e.g., Port Klang, Penang, Johor) and free
trade access to ASEAN markets provide a unique opportunity to position itself as a hub
for battery logistics and second-life system integration. This could include exporting SLB-
powered microgrid solutions, telecom energy systems, and modular solar + battery kits
to neighboring countries such as Indonesia, Laos, Myanmar, and Cambodia. In summary,
while Malaysia’s EV and battery ecosystem is still maturing, the convergence of policy
support, market growth, and industrial capability presents a timely opportunity to build
a second-life battery economy that is both technically viable and economically strategic.
Table 4 shows the research gaps with solutions on Repurposing EV Batteries for PV Energy

Storage in Malaysia.

Table 4. Research Gap on Repurposing EV Batteries for PV Energy Storage in Malaysia.

No. Research Summary Research Gaps Future Work Reference
EV adoption in Malaysia will No national SLB . B
generate large volumes of Develop Malaysia-specific SLB
1 . . ) roadmap or regulatory . [3]
end-of-life batteries suitable for : policy and roadmap.
. framework exists.
repurposing into SLBs.
SLBs reduce capital cost by Lack of sta.ndardlzed . .
5 30-60% compared to new cost—benefit Establish local techno-economic [12]
. benchmarks in models for PV-SLB integration.
batteries. :
Malaysia.
3 Lifecycle emissions reduced by IMHZIII:ﬁSC;:i[s ecific Conduct detailed LCAs under 6]
70-80% with SLB deployment. A P tropical climate conditions.
lifecycle assessments.
. . o No national testing .
SOH diagnostics critical for . Set up accredited SOH
4 ; centers with advanced ) . [16]
repurposing. SOH tools. diagnostic labs (EIS, ML-based).
Power electronics integration Local 1nd.ustr1es lagk Localize inverter/DC-DC
5 . - standardized hybrid . [17]
ensures hybrid PV-SLB stability. . converter manufacturing.
controller design.
6 ?ﬁfﬁglaerr:&t]t;ryaccl:;g%%n&bleS Absence of Malaysian Create SIRIM-led national SLB [18]
Per y SLB module standards. module standard.
chemistries.
: el L RD0 LY peop rexbusedand
. y N8 & IoT-enabled thermal control.
climate. tropics.
Few real-world Expand pilot deployments in
8 SLB hybrid home PV system. Ma}aysmn pilot rural Sabah & Sarawak. [2]
projects.
. . Lack of financing and . .
SLBs can power rural microgrids Implement public—private rural
9 . deployment models for i . [20]
and improve energy access. . electrification pilots.
rural projects.
Telecom towers are suitable for LOW. awareness and Establish telecom SLB
10 SLB backup applications confidence in SLB demonstration projects 211
papp ’ reliability. Projects.
. . Weak integration
Malaysia ha.s strong electronics between battery R&D Promote industry—academia—
11 manufacturing clusters (Penang, . . [8]
and electronics government collaboration.
Johor, Selangor). .
industry.
Global best practices: EU gﬁalﬁﬁéi:i?;sh Adopt battery passport and
12 (Battery Regulation 2023), China & traceability aligned with [22]

(MIIT).

international SLB
standards.

EU/China.
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Table 4. Cont.
No. Research Summary Research Gaps Future Work Reference
Workforce readiness below 10% Skﬂls gap in BMS, Launch TVET and university-led
13 . . . firmware, SOH .. [15]
in advanced battery diagnostics. . SLB technician programs.
analysis.
Reverse logistics is essential to Weak c ollection and Mandate EV battery return
14 recycling . [23]
capture SLB value. . policy (EPR model).
infrastructure.
SLBs can support Malaysia’s No export-ready Establish national SLB
15 circular economy and ASEAN certification or certification lab for ASEAN [11]

exports.

branding strategy.

trade.

4. Technical Considerations for Second-Life Batteries and
Infrastructure Requirements

The deployment of second-life electric vehicle (EV) batteries in Malaysia necessitates
a multidisciplinary approach encompassing battery diagnostics, electrical integration,
system architecture, and lifecycle management. Second-life battery (SLB) applications are
fundamentally different from their first-use environments, demanding tailored technical
infrastructure to ensure performance, safety, and economic viability. The following outlines
the key technical considerations and infrastructure requirements to enable large-scale SLB
deployment in Malaysia’s energy and transport ecosystems.

4.1. Battery Diagnostics and State of Health (SOH) Assessment

Battery Accurately assessing the State of Health (SOH) is the foundational step in
determining the usability of SLBs. Unlike new batteries, SLBs exhibit varying levels
of degradation influenced by operating temperature, charge/discharge cycles, depth of
discharge, and cell balancing history [16]. The standard SOH is calculated as

Ci

SOH = x 100% (1)

Nom
where C; is the battery’s capacity at time t, Cyyyy is the original nominal capacity.
Another critical performance parameter is capacity fade, which can be quantified as:

Cremaining = Cinitiat — AC 2)

where Cremaining i the remaining capacity, Ciyiiq is the initial capacity at the start of the
battery’s life, AC is the capacity fade due to aging and degradation, which can be a function
of cycle count, temperature, and other environmental factors.

Additionally, the measurement of internal resistance is essential, as an increase in
resistance reduces the battery’s efficiency and generates excess heat during operation. The
internal resistance R;,; can be modeled using the following equation:

Ploss = Iz'Rint (3)

where Py, is the power lost as heat due to internal resistance, I is the current flowing
through the battery, R;,; is the internal resistance, which increases with battery aging
and usage.

Malaysia’s proposed SLB testing centers must be equipped with electrochemical
impedance spectroscopy (EIS), ultrasound diagnostics, and machine learning (ML)-based
SOH prediction models to efficiently triage batteries. Table 5 shows the Common Diagnostic
Methods for SOH Assessment.
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Table 5. Common Diagnostic Methods for SOH Assessment.

Method Parameter Advantages Limitations
Measured

Voltage & Current Capacity, Simple, accessible Time-intensive

Cycling degradation rate
Electrochemical . Accurate, detailed Reql.urt.es

Internal resistance - specialized
Impedance (EIS) cell insights .

equipment

Ultra.sound Structural integrity = Non-invasive Costly, limited
Imaging accuracy
Machine Learning  Estimated RUL, Real-time. scalable Needs training
Prediction degradation ’ data, validation

4.2. Standardization and Modular Architecture

A major technical challenge confronting Malaysia’s second-life battery (SLB) sector is
the lack of standardization in EV battery design [3]. Battery packs vary widely depend-
ing on the original equipment manufacturer (OEM), with differences in cell chemistry,
voltage levels, communication protocols, mechanical dimensions, and thermal control
strategies [17]. These variations make it technically complex to repurpose used batteries
into consistent and scalable second-life energy storage systems. For example, while Nissan
Leaf batteries typically use a prismatic format with a 360 V nominal voltage and lithium
manganese oxide chemistry, Tesla models incorporate cylindrical nickel-cobalt-aluminum
oxide (NCA) cells operating at 350—400 V, while Chinese manufacturers like BYD often use
LFP cells with lower voltage profiles. This heterogeneity complicates the design of modular,
interoperable systems suitable for Malaysia’s solar PV, telecom, or rural electrification use
cases [24].

To overcome this challenge, second-life battery modules must be decoupled from original
packs, re-tested, and reassembled into standardized enclosures. These enclosures should follow
uniform physical and electrical specifications, including voltage, form factor, and thermal
properties. Moreover, Malaysia ought to adopt open-source Battery Management System
(BMS) architectures capable of supporting heterogeneous battery chemistries, enabling real-time
balancing, safe cutoff control, and thermal monitoring across diverse SLB arrays. A national
SLB module standard led by SIRIM, the Energy Commission, and key automotive stakeholders
should be introduced to define unified connector types, voltage ratings, enclosure dimensions,
and communication protocols to ensure plug-and-play compatibility.

Malaysia’s mature electronics manufacturing ecosystem, particularly in Penang, Selan-
gor, and Johor, offers the capability to mass produce modular BMS controllers, standardized
enclosures, and SLB retrofitting kits. These components are essential for scaling second-life
battery use in microgrids, petrol station systems, and off-grid telecom towers. Table 6
below compares the key technical characteristics of common EV battery types in Malaysia,
highlighting the importance of convergence toward a unified second-life system standard.
Technical Variation in Common EV Battery Packs in Malaysia is shown in Table 6.

The variety in voltage levels, thermal interfaces, and communication protocols among
major EVs necessitates hardware and software abstraction layers in second-life applications.
The development and local manufacturing of standardized SLB module kits will be critical
to Malaysia’s ability to deploy energy storage systems at scale across rural, commercial,
and industrial applications.
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Table 6. Technical Variation in Common EV Battery Packs in Malaysia [25].

EV Model/OEM  Cell Chemistry  Voltage Range Cell Format Pack c Thermal Design

Communication

Nissan Leaf LMO/NMC 360 V Prismatic CAN-I?ased P.asswe.

(ZE0) (proprietary) air-cooling

TeslaModel 3 NCA 350400 V Cylindrical CAN-based + ;9 cooled

(21,700) proprietary

BYD e6 LFP 300-320 V Prismatic CAN bus Air-cooled

g\g‘md‘“ Kona  niem 622 356 V Pouch OBD + CAN Liquid-cooled

BMW i3 NMC 350V Prismatic LIN + CAN Liquid-cooled

4.3. Power Electronics and Grid Integration

In both grid-connected and off-grid applications, second-life battery (SLB) systems
require a robust suite of power electronics to ensure safe, stable, and efficient operation [18].
These include inverters to convert DC energy from SLBs into grid-compliant AC for utility
or local use; DC/DC converters that regulate voltage levels across variable load profiles
and maintain compatibility with hybrid solar photovoltaic (PV) systems; hybrid controllers
that orchestrate the interaction between SLBs, PV arrays, diesel generators, and the utility
grid; and protection circuits equipped with sensors to monitor and mitigate risks such
as overcurrent, overvoltage, short circuits, and thermal overload. These power interfaces
not only improve system reliability but also allow dynamic energy balancing, load prior-
itization, and fault tolerance in hybrid renewable systems. Malaysia’s well-established
solar energy sector featuring players like Solarvest, Plus Xnergy, and GSPARX—offers a
strong foundation for localizing the design and manufacture of these components. This is
particularly important for SLB deployment in community microgrids in rural Sabah and
Sarawak, off-grid telecom towers, and commercial battery energy storage systems (BESS)
for peak shaving and time-of-use optimization [26]. The integration of SLBs with adaptable
power electronics will play a central role in enabling scalable, modular energy solutions
that align with Malaysia’s distributed energy and rural electrification goals, as illustrated
in Table 7.

Table 7. Power Electronics for SLB Applications.

Component Primary Function Application Area
Inverter Converts DC from SLBto ~ Microgrids, commercial
AC for grid or local loads ~ BESS, petrol stations
Regulates voltage levels .
DC/DC Converter and ensures system PV-SLB hybrid systems,
e telecom, EV substations
compatibility
Manages energy flows . . -
Hybrid Controller between SLB, PV, diesel, ﬁu;ill dmlcxgslds,toﬁ grid
and the grid y power systems

Provides safety functions:
overcurrent, undervoltage,
thermal

All SLB-integrated systems
for safety and grid
compliance

Protection Circuitry
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4.4. Thermal Management and Climate Adaptation

Malaysia’s tropical climate, characterized by consistently elevated ambient tempera-
tures ranging from 25 °C to 40 °C, presents a significant challenge to the longevity, reliability,
and safety of second-life battery (SLB) systems [3]. Elevated temperatures accelerate elec-
trochemical degradation, reduce state-of-health (SOH), and increase the risk of thermal
runaway, particularly in SLBs with inconsistent cell conditions or impaired cooling from
their first life. Effective thermal management in this context must balance energy efficiency,
cost-effectiveness, and operational safety [27]. In many applications, especially rural or
off-grid systems, passive thermal strategies are preferred due to their low maintenance
and power requirements [13]. These include aluminum heat sinks, ventilated enclosure
designs, and thermal insulation materials to buffer ambient heat and improve dissipa-
tion. For high-load environments or regions with elevated temperatures, active cooling
strategies such as low-power forced-air fans, phase-change material (PCM)-based systems,
or hybrid cooling triggers are recommended, activating when preset thermal thresholds
are exceeded. Additionally, IoT-enabled thermal monitoring should be incorporated for
real-time temperature sensing, with automatic load reduction or disconnection protocols
in case of overheating. Phase Change Materials (PCMs) provide effective thermal man-
agement in tropical climates by absorbing heat during the day and releasing it at night,
reducing cooling loads and improving indoor comfort. Case studies in Singapore show
that PCM-enhanced walls and building envelopes lower energy consumption year-round.
In Thailand, PCM integration with air conditioning systems increases efficiency, reduces
costs, and promotes healthier indoor environments [28]. Overall, PCMs offer a practical,
energy-efficient solution for sustainable building design in hot and humid regions. In
addition to PCM-based thermal management, advanced photovoltaic (PV) technologies,
such as semi-transparent perovskite solar cells (ST-PSCs), can further enhance system
performance by simultaneously generating electricity and mitigating heat. Studies on PV
system design for urban petrol stations provide practical strategies for deployment and
integration [29,30].

In the proposed SLB system, thermal management is achieved through passive cool-
ing using heat sinks and ventilated enclosures, supplemented by real-time temperature
monitoring at the cell, module, and enclosure levels. Temperature data were recorded
at one-minute intervals during charge/discharge cycling and under worst-case ambi-
ent conditions of 40 °C. The maximum observed module temperature remained within
manufacturer-specified limits, with a calculated thermal margin of approximately 10-12
°C, demonstrating a sufficient safety buffer against thermal runaway. A simplified lumped-
capacitance thermal model further validated that even under continuous high-power
operation, module temperatures remain within safe limits. To mitigate risks associated
with cell mismatch and thermal propagation, modules were pre-characterized for capacity
and internal resistance variations, and enclosures were compartmentalized to isolate poten-
tial failures. Fire-retardant materials compliant with UL94 V-0 rating and venting pathways
for hot gases are incorporated, with additional fire-suppression strategies recommended
for operational deployment. The system design is consistent with IEC 62619 and UL1973
standards, and all thermal, overcurrent, and enclosure safety measures are either tested
or planned for verification against these standards. Table 8 presents thermal management
strategies for SLB deployment in Malaysia.
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Table 8. Thermal Management Strategies for SLB Deployment in Malaysia.
Strategy Type  Technique Advantages Limitations Use Cases
. Low cost, no Less effective Rural
Heat sinks, power . .
. . . under extreme  microgrids,
Passive ventilation, required, :
. . - . load or hot off-grid
insulation simple imple- o O
; conditions lighting
mentation
Low-power Imp?oved Higher energy  Telecom
cooling :
. fans, PCM use, requires towers, solar +
Active : ., performance, :
cooling, hybrid . power supply  BESS in remote
triggers responsive or solar input  areas
88 control
Enables Requires
IoT-based predictive network Remote
Smart Control ~ temperature control, connectivity installations,
monitoring automated and sensor high-risk zones
safety response  integration

4.5. Safety, Compliance, and Certification

Second-life batteries (SLBs) intrinsically pose latent safety risks owing to their pre-
vious deployment in electric vehicles, which may result in internal shorts, degraded or
unstable cells, compromised thermal integrity, and potential fire hazards. To ensure reliable
and safe operation, SLB systems should integrate a combination of active and passive
safety mechanisms. These include real-time Battery Management System (BMS)-controlled
disconnection mechanisms to isolate faulty modules, voltage and temperature fail-safes
that prevent overcharge or thermal stress, modular fault isolation techniques to contain
localized failures, and advanced thermal runaway detection algorithms. To facilitate safe
SLB deployment and cultivate public and commercial confidence, Malaysia must adopt
and harmonize its regulatory framework with globally recognized battery safety standards,
such as IEC 62619 for Li-ion cell safety in industrial use, UL 1973 for stationary battery
system certification, and ISO 26262 for functional safety in automotive electronics [25].
Establishing a dedicated national SLB certification and testing laboratory, potentially hosted
at SIRIM or Universiti Teknologi Malaysia (UTM), is essential for certifying repurposed
batteries for domestic use and export within ASEAN and beyond. Such an initiative would
also help position Malaysia as a regional leader in battery reuse standards and compliance
technologies. Key safety standards for SLB certification are summarized in Table 9.

Table 9. Key Safety Standards for SLB Certification.

Standard Focus Area Relevance to SLB
Safety requirements for Thermal, electrical, and

IEC 62619 Li-ion batteries in chemical safety for reused
industrial applications cells

UL 1973 Safety for stationary Applicable to SLB-based
battery systems microgrids and BESSs
Ezgizﬁilesafety of Critical for assessing

ISO 26262 reused automotive

electrical/electronic

batteries
systems
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4.6. Digital Infrastructure: Monitoring, Control, and Traceability

With the increasing deployment of second-life batteries (SLBs) across grid-connected
and remote energy systems, the need for robust digital infrastructure becomes essential for
ensuring lifecycle visibility, operational safety, and regulatory compliance. Digitization en-
ables SLBs to be continuously monitored, intelligently managed, and traceable from reuse
to recycling. Core components include smart Battery Management Systems (BMS) capable
of real-time logging of key metrics such as State of Health (SOH), State of Charge (SOC),
voltage, and temperature, ensuring early detection of faults and degradation [2]. These
systems are complemented by cloud-based analytics platforms that consolidate perfor-
mance data from multiple SLB units, supporting predictive maintenance, Remaining Useful
Life (RUL) estimation, and operational optimization across distributed energy networks.
Additionally, blockchain or distributed ledger technologies can be employed to provide
tamper-proof records of each battery’s reuse cycle, ownership transfers, warranty status,
and recycling eligibility especially critical in multi-party supply chains. As SLBs evolve into
networked energy assets, cybersecurity and data governance become imperative. Malaysia
must enforce standards for end-to-end data encryption, secure edge-layer firmware on BMS
controllers, and transparent data ownership policies, particularly for systems deployed in
public utilities, telecom, and fleet sectors. With the national expansion of 5G, IoT, and smart
grid platforms, Malaysia is well-positioned to pioneer secure SLB telemetry architectures
that support urban energy resilience, rural electrification, and ASEAN-wide SLB trade.
Digital Infrastructure Components for SLB Systems is shown in Table 10.

Table 10. Digital Infrastructure Components for SLB Systems.

Component Function Benefits
Real-time monitoring of Ensures safety, enhances
Smart BMS SOH, SOC, voltage, SLB lifespan, detects
temperature anomalies
Aggregates data for fleet Enables predictive
Cloud Analytics optimization and RUL maintenance and
prediction centralized monitoring
Improves transparency,
Blockchain Ledger Stores fraceable SLB warranty validation, export
lifecycle data :
compliance
. . Protects system integrity,
Cybersecurity Layer Encryption, firmware user data, and

hardening, access control .
infrastructure

Defines accountability for
diagnostics, reporting, and
resale

Ownership control, access

Data Governance ..
policies

4.7. Infrastructure and Ecosystem Development for Scalable SLB Deployment

The effective nationwide deployment of second-life battery (SLB) systems in Malaysia
necessitates strategic alignment with the nation’s industrial geography, technical compe-
tencies, and regional energy demands. A decentralized yet coordinated infrastructure
is essential to manage the entire SLB lifecycle from collection and testing to integration
and deployment [3]. State-of-Health (SOH) testing and refurbishment centers should be
established in key industrial hubs such as Selangor, Penang, and Johor, leveraging existing
electronics manufacturing clusters and logistics networks. In contrast, deployment zones
should focus on underserved and energy-insecure regions such as rural Sabah, Sarawak,
and Orang Asli communities, where SLB-based microgrids can have the greatest socio-
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economic impact. The local assembly of modular SLBs, inverters, and thermal enclosures
can be efficiently supported through Penang’s well-established EMS (Electronics Man-
ufacturing Services) ecosystem, which is already equipped for small-batch, high-value
electronic production. Furthermore, national skill development must be prioritized through
the establishment of technical training and certification programs at institutions such as
UNITEN, Universiti Teknologi Malaysia (UTM), and MARA colleges, focusing on battery
diagnostics, repurposing, and safe deployment. Malaysia’s second-life battery ecosystem
must address the full lifecycle from diagnostics to repurposing and real-time control. Strate-
gic deployment of SOH testing, modular standards, climate-adapted enclosures, and secure
BMS-cloud platforms will enable scalable, export-ready SLB applications. These efforts
directly support Malaysia’s goals in energy resilience, grid decentralization, and regional
leadership in sustainable technologies. By institutionalizing technical excellence in SLB
reuse, Malaysia can unlock long-term economic, environmental, and industrial benefits.

5. SLB-PV Hybrid Architecture Design for Petrol Station

Petrol stations in Malaysia, totaling approximately 3530 outlets, typically consume
around 45 kWh per day each, equivalent to an average continuous demand of about 1.9 kW,
to power fuel pumps, lighting, air conditioning, refrigeration, signage, and air compressor
systems. Extrapolating this average, the national total daily electricity consumption is
estimated at 158,850 kWh, placing a substantial demand on Tenaga Nasional Berhad
(TNB) and the national grid. Integrating solar photovoltaic (PV) systems with second-
life electric vehicle (EV) batteries (SLBs) can significantly enhance energy resilience and
reduce operational costs. Solar panels generate clean, renewable electricity during daylight
hours, while SLBs provide cost-effective energy storage to supply power during peak
hours or nighttime, mitigating reliance on TNB electricity and buffering against rising
energy tariffs. The integration of second-life electric vehicle (EV) batteries (SLBs) with
solar photovoltaic (PV) systems offers a cost-effective, sustainable energy solution for
powering petrol station infrastructure in Malaysia. Given the country’s high solar irradiance
(4.5-5.0 kWh/m?/day) and consistent tropical temperatures (25-40 °C), SLB-PV hybrid
systems are well-suited for remote and semi-urban petrol stations that face unreliable
grid access or seek operational energy cost reduction. A typical mid-sized petrol station
consumes approximately 45 kWh per day, distributed across core functions such as fuel
pump operation, LED lighting, refrigeration, signage, and air compressor systems. The
breakdown of daily energy consumption is detailed in Table 11.

Table 11. Daily energy usage for Petrol Pump.

Ovperatin Daily Energy
Load Type Power Rating (W) ngrs D ag Consumption
Y (kWh)
Petrol Pumps
(3 units) 750 10 225
LED Lighting 1000 12 12.0
(canopy & shop)
Signage & 600 10 6.0
Refrigeration
Air Compressor & 1500 3 45

Machines
Total — — 45
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To meet this demand, a 12 kWp rooftop solar PV array consisting of 27 panels rated
at 450 W each can generate sufficient daily energy under average conditions. This is
coupled with a battery energy storage system (BESS) made from repurposed EV batteries
to store excess solar power for nighttime or cloudy-day use. Using Nissan Leaf ZEQ battery
modules, which offer 65 Ah nominal capacity at 7.6 V nominal voltage, and calculating an
average State of Health (SoH) of 51.13%, a total of approximately 180 modules are required
to provide a 45 kWh usable energy reserve, as calculated below:

Avarage Battery Capacity(ACy) = LG 5985 33.24Ah
Tg 180
where 33.24 Ah represents the average battery capacity at time ¢, measured using the Arbin
Battery Tester as described in [16].

The Average SOH is
A 24
Ason = St & 100% = L 100% = 51.13%
CNom 65
Required SLB(Rsyp) Total Daily Load(TDy,) )

~ Rated Capacity (R-) x Nominal Voltage (N,) x SOH*
Putting the value in Equation (4),

= ( 65Ah(z>1<53060\‘7N:3) 5113) = 178.36 ~ 180 Modules of Battery

A total of 180 Nissan Leaf ZE0 modules (7.6 V, 65 Ah) were sourced from six decommis-
sioned vehicles (2013-2016 models, 80,000-120,000 km, 7-9 years old). Defective modules
(swelling, leakage, cracks) were excluded after initial open-circuit voltage and capacity
screening. Laboratory tests were conducted at 25 =+ 2 °C using an Arbin BT2000 Battery
Tester, with surface temperatures monitored by thermocouples. Each module was cycled
for 120 days (120 cycles) under a constant-current, constant-voltage (CC-CV) protocol:
charge at 0.5 C (232.5 A) to 8.4 V (cutoff at 0.05 C), discharge at 0.5 C to 6.0 V, with 30 min
rest between phases. Electrochemical impedance spectroscopy (EIS) was performed before
and after cycling (Gamry Reference 3000, 10 mHz-100 kHz, 10 mV perturbation).

Figure 3 illustrates the sequential steps involved in measuring the State of Health
(SOH) of batteries. These steps are intricately connected, as both SOH and capacity metrics
work together to provide a comprehensive understanding of battery performance, enabling
effective management and insightful analysis throughout the battery’s lifecycle. Figure 4
shows Capacity test for SLB’s Nissan Leaf ZEQ battery with a fleet of 180 using the ARBIN
Battery Tester. As SOH declines, available capacity reduces proportionally, emphasizing
the importance of accurate SOH diagnostics in determining second-life viability.

This ensures adequate energy storage for nighttime operations and load peaks. The
PV array sizing is calculated using:

Total Daily Load(TDy)
Sunlight Hours x System Efficiency

Required PV Capacity = ()

Putting the Value in Equation (5),

45000 Wh

~ 12 K
5x0.8 W

Required PV Capacity
450 W /panel

Number of Panels =
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_ 12KW

450 W

This system integrates hybrid inverters (10-15 kW), MPPT charge controllers, and

a modular control interface to enable seamless operation across solar, second-life battery

(SLB), and grid sources. The SLB modules are passively cooled using heat sinks and

ventilated enclosures, while an IoT-based battery management system (BMS) provides

real-time monitoring of performance and thermal conditions. This configuration enhances

energy resilience for rural or semi-urban petrol stations, particularly in regions such as
Sabah, Sarawak, or underserved areas in Peninsular Malaysia, as illustrated in Figure 5.

= 27 Modules

2

* Charge Battery’s
Battery to * Discharge State of
Maximum Battery to Health (SOH)
Voltage Level Minimum
Voltage Level Step 3
Step :

Figure 3. Step for state of health (SOH) measurement.

D
o

Capacity
= N w H (%)
o o o o o o

1—1\—|\—|\—|1—1HH\—|\—1H

Number of SLB

M Capacity (AH) ®SOH %

Figure 4. Capacity test for SLB’s Nissan Leaf ZEQ battery with a fleet of 180.

The 150 V system consists of 180 Nissan Leaf ZEO modules, arranged in 20 modules
per series string and 9 parallel strings, yielding a nominal voltage of 152 V and an approxi-
mate capacity of 585 Ah. Module-level monitoring via a CAN-based BMS tracks voltage,
state-of-charge, and temperature, while fuses and DC isolators ensure operational safety.
Passive or active balancing maintains uniform module performance, and the multi-string
layout directly interfaces with the hybrid inverter (10-15 kW, MPPT 150-600 V), with
DC-DC converters optionally employed for voltage adjustment. Table 12 shows the System
Components Overview.
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Charge Hybrid |- Petrol
Controller | Inverter A= Station Load
Y
SLB Bank
Y
Figure 5. System Architecture of SLB-PV Hybrid Petrol Station.
Table 12. System Components Overview.
Component Specification
Solar PV Array 12 kW (27 panels x 450 W)
Battery Bank 45 kWh Second-Life EV Batteries (180
modules)
Inverter 10-15 kW hybrid inverter
Charge Controller MPPT, 150 V-600 V, 100-150 A
Mounting System Fixed-tilt or adjustable (optimal angle ~

10-15° in Malaysia)

Over a 120-day testing period, second-life battery (SLB) modules were evaluated in
the laboratory using the ARBIN Battery Tester to simulate operational conditions of a
petrol station PV-SLB hybrid system. The results showed an approximate 7% reduction
in capacity, corresponding to a decline in State of Health (SOH) from 51% to around 47%.
Despite this degradation, the batteries maintained stable voltage profiles and reliable
cycling performance without abnormal thermal behavior. In the petrol pump scenario,
where daily energy demand is approximately 45 kWh, the tested SLB system continued to
deliver sufficient usable storage capacity to meet operational loads. These results highlight
that although SOH gradually decreases, SLBs remain technically viable for petrol station
applications when integrated with proper battery management systems (BMS), thermal
controls, and periodic diagnostics. Figure 6 shows the capacity test results for SLBs after
120 days of operation.

At the SLB-powered petrol station, solar PV peaks around midday (11-12 kWh), as
shown in Figure 7, but evening demand arrives after sunlight fades. Second-life batteries
bridge this gap by storing surplus daytime energy for later use. Seasonal patterns shape
performance output dips in the monsoon months of November-January due to clouds
and rain, while March—April and July—August bring clearer skies and higher generation,
ensuring steady, green charging year-round.



Urban Sci. 2025, 9, 422

18 of 27

Capacity
w H w1 [e)]
o o o o

N
o

10

~ 00 1N N OO O ON < = 01 N O O ™M
— N N ™M I-Dl.nkOI\I\OOO\ChO:

i

120
127
134
141
148
155
162
169
176

™
<

Number of SLB

Capacity (AH) ®SOH %

Figure 6. Capacity test for SLBs after 120 days of operation.
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Figure 7. Average hourly PV energy production across a day.

Malaysia’s expanding solar industry, strengthened by local pioneers such as Solarvest
and Plus Xnergy, provides a strong foundation for sourcing photovoltaic modules, hybrid
inverters, and advanced control systems domestically. Complementing this, established
electronics manufacturing hubs in Penang and Selangor offer the technical capacity for
integrating and assembling second-life battery (SLB) modules, battery management systems
(BMS), and enclosure units at scale. When deployed in semi-urban and rural petrol stations,
PV-SLB hybrid systems deliver more than just reliable power; they foster local energy
autonomy, reduce dependence on diesel generators, and strengthen national resilience
against grid vulnerabilities.

Framed within the broader urban energy transition, this approach exemplifies how
circular economy practices and renewable energy integration can reshape critical urban
infrastructure. By extending the useful life of EV batteries, hybrid PV-SLB systems provide
a cost-effective and environmentally responsible pathway for ensuring resilient energy
access across diverse geographies. More importantly, they enable petrol stations as pivotal
nodes in both urban and peri-urban mobility networks to evolve into sustainable, decen-
tralized energy hubs. In doing so, Malaysia positions itself at the forefront of a just and
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inclusive transition, aligning local innovation with national decarbonization goals while
advancing the resilience of urban energy systems.

6. Economic and Environmental Benefits of Integrating SLBs

The integration of second-life batteries (SLBs) presents a significantly lower capital and
lifecycle expenditure compared to new lithium-ion battery energy storage systems. While
the average cost of new systems typically ranges between USD 250-350/kWh, repurposed
SLBs can reduce this figure by 30-60%, resulting in system-level costs of approximately
USD 100-180/kWh, depending on the application and repurposing process [20]. This
cost reduction makes SLBs particularly attractive for applications that do not demand
high energy density or extended cycle life, such as solar microgrids, rural telecom backup
systems, and hybrid petrol stations. By lowering the financial barrier to energy stor-
age deployment, SLBs enable wider adoption of renewable energy and decentralized
power solutions.

To account for variability, a Monte Carlo sensitivity analysis (10,000 iterations) was
performed, with results shown in Figure 8. The distribution indicates that SLBs achieve
a median capital expenditure (CAPEX) reduction of 19.8%, with an interquartile range of
12-28% and a broader 5th-95th percentile interval of 2-36%. Although slightly below the
30-50% savings commonly reported in earlier studies, higher reductions remain achievable
in scenarios where new battery pack prices are elevated and repurposing costs minimized.
Overall, SLBs provide a robust pathway to reducing upfront costs and improving the
economic feasibility of small- and medium-scale PV-battery systems in Malaysia and
similar contexts.
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Figure 8. Distribution of CAPEX reduction (%) when using SLB vs. new batteries.

In parallel, SLBs deliver substantial lifecycle environmental benefits by extending the
usable lifespan of existing EV batteries and delaying recycling or disposal. Manufacturing
a new lithium-ion battery emits 70-200 kg CO;-eq/kWh, whereas repurposing batteries for
second-life use requires only 5-60 kg CO;-eq/kWh, corresponding to a 70-80% reduction
in lifecycle emissions [31]. Environmental performance, however, depends on the chosen
LCA allocation method. Original manufacturing emissions are distributed across both
automotive and stationary use phases. Under this conservative approach, benefits vary
widely and may be modest or even negative if the second-life system delivers relatively
little additional throughput. This optimistic approach assumes that using SLBs avoids
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production of equivalent new batteries for stationary storage, with only repurposing
emissions added. In Figure 9 Monte Carlo results show median lifecycle CO, reductions of
74%, with a 5th-95th percentile range of 48-94%, consistent with the majority of published
SLB LCA studies.
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Figure 9. Distribution of lifecycle CO; reduction.

From an environmental standpoint, SLBs play a pivotal role in waste minimization
and carbon footprint reduction. Extending battery life delays entry into energy-intensive
recycling or disposal streams, mitigating premature e-waste generation. These environmen-
tal savings are particularly relevant in Malaysia, where large-scale cell manufacturing is
limited and most batteries are imported with high embedded carbon

A unique advantage of SLBs in petrol station applications is their ability to provide
slower-power charging support. Unlike high-performance EV batteries that are optimized
for fast charging and high cycle life, SLBs due to their reduced energy density and cy-
cle limitations are best suited for slower, steady discharge profiles. Petrol stations can
strategically use SLBs to buffer solar PV generation during the day and supply evening
or overnight slow charging for EVs, reducing strain on the national grid. This approach
not only maximizes the remaining useful life of repurposed batteries but also ensures
cost-effective, reliable, and safe operation. For stations located in semi-urban or rural areas,
slower SLB-powered charging aligns well with user demand patterns, where charging
times are less critical compared to urban fast-charging hubs.

Figure 10 illustrates global projections of CO, emissions from battery manufacturing
between 2030 and 2050, underscoring the urgency of adopting circular battery pathways
to avoid escalating emissions [32]. In line with the national Push for Net Zero mission,
SLB deployment contributes to Malaysia’s decarbonization strategy by complementing
renewable energy integration, waste management practices, and efficiency measures [33].
Figure 11 further outlines the transition pathway from conventional high-carbon battery
production toward low-emission reuse and circular economy models, positioning SLBs as
a cornerstone in the country’s green industrial transition [31].

Beyond cost and carbon benefits, SLBs generate multi-tiered sustainability impacts.
Figure 12 highlights their broader contributions: enhancing resource efficiency, lowering
lifecycle emissions, and aligning with Malaysia’s low-carbon development targets at the
national level. For the EV industry, SLB adoption ensures long-term sustainability by ad-
dressing end-of-life battery waste through reuse and repurposing. For academia, it creates
fertile ground for advancing research in repurposing techniques, thermal management, and
energy optimization. Finally, on a societal scale, SLB-powered systems can extend clean,
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reliable, and affordable electricity access to rural and underserved communities, thereby
improving quality of life while strengthening the resilience of local energy systems.
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Figure 10. CO, emissions forecast worldwide from 2030 to 2050.
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Figure 11. Decarbonization Pathway from High to Low CO, Emissions.
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Figure 12. The multi-tiered sustainability benefits of SLBs.
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7. Policy and Regulatory Framework for Urban PV-SLB Hybrid Systems

The deployment of second-life EV batteries (SLBs) for PV-SLB hybrid petrol stations
in Malaysia requires a coherent regulatory framework that ensures safety, reliability, and
alignment with the country’s urban energy transition goals. While current initiatives
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such as the National Energy Transition Roadmap (NETR) and the National Automotive
Policy (NAP 2020) outline broad support for EV adoption and renewable integration, they
lack explicit provisions for second-life battery reuse, certification, and hybrid PV-SLB
deployment in urban infrastructure [3]. Addressing this gap is essential to scale SLB-
powered energy storage in petrol stations, which form critical nodes in Malaysia’s urban
energy landscape.

7.1. Regulatory Gaps and Global Alignment

Malaysia’s current regulatory framework for batteries primarily addresses waste
management, electrical safety, and hazardous material handling under instruments such as
the Environmental Quality Act 1974 and general SIRIM standards [34]. However, there are
no dedicated mechanisms for evaluating, certifying, or monitoring second-life batteries
(SLBs) across sectors such as energy storage, telecom infrastructure, or off-grid microgrids.
This regulatory gap creates uncertainty for investors, manufacturers, and energy operators,
and may pose environmental or safety risks if SLBs are improperly handled.

In contrast, international markets are rapidly advancing SLB regulation. The European
Union’s Battery Regulation (EU) 2023 /1542 mandates second-life traceability, minimum per-
formance requirements, and recyclability benchmarks [21]. China enforces strict producer
responsibility requirements and has developed national platforms for battery data tracking
under the Ministry of Industry and Information Technology (MIIT) [22]. In the United
States, pilot projects funded by the Department of Energy (DOE) and supported by UL
standards are promoting SLB deployment with specific testing protocols and performance
metrics [35].

To align with these global best practices, Malaysia can adopt measures such as digital
battery passports, standardized State of Health (SOH) thresholds for second-life eligibility,
mandatory SLB testing through accredited laboratories, and cross-sector producer respon-
sibility mandates [3]. Establishing clear criteria for SLB classification, testing, and reuse
will enhance investor confidence, support system integrators, and ensure safe integration
of SLBs into urban petrol stations, while enabling compatibility with international markets.

7.2. Proposed Policy Instruments for Malaysia

To develop a comprehensive SLB ecosystem, Malaysia should deploy a suite of policy
instruments designed to address technical, industrial, and environmental priorities. First, a
dedicated SLB regulatory framework should be introduced, covering classification, safety
testing, reuse certification, and lifecycle reporting. This framework should be formulated
in partnership with SIRIM, the Energy Commission, and the Department of Environment.
Second, the government should mandate reverse logistics and battery collection schemes
through which EV dealerships and importers are responsible for channeling used bat-
teries to licensed facilities for testing and repurposing. Third, green public procurement
policies can incentivize demand by requiring SLB-based systems in government solar or
backup energy projects. These can be supported by tax incentives, subsidies, or carbon
credits for early adopters. In addition, R&D grants and industrial funding mechanisms
should be allocated to support local assembly of modular SLB systems, BMS units, and
standardized enclosures especially within high-tech zones in Penang, Selangor, and Johor.
Lastly, Malaysia should actively engage with international standards bodies (ISO, IEC) and
regional platforms such as ASEAN to help shape and adopt harmonized SLB standards
that can enable cross-border commerce and technology dissemination.

7.3. Strategic Positioning in the Urban Energy Transition

The integration of PV-SLB hybrid systems into Malaysia’s urban energy transition
offers both technical and economic advantages. Petrol stations, located at high-traffic urban
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nodes, can serve as distributed energy hubs that alleviate grid stress, provide backup
power during outages, and contribute to decarbonization targets. By embedding SLB
standards into NETR implementation and aligning with international regulations, Malaysia
can ensure that SLB-powered systems are not only safe and efficient but also export-ready
for the wider ASEAN market. SWOT Analysis of Malaysia’s Regulatory Readiness for
PV-SLB Hybrid Petrol Stations is shown in Table 13.

Table 13. SWOT Analysis of Malaysia’s Regulatory Readiness for PV-SLB Hybrid Petrol Stations.

Strengths

Weaknesses

Strong national policies (NETR, NAP 2020)
supporting EVs and renewable
integration.

No dedicated legislation or certification
framework for SLB reuse in urban energy
systems.

Established solar PV and electronics
manufacturing industries (Penang,
Selangor, Johor).

Absence of standardized SOH thresholds
and testing protocols for SLBs.

High density of petrol stations in urban
areas provides scalable deployment
opportunities.

Fragmented coordination between
transport, energy, and waste management
agencies.

Growing research capacity at universities
and R&D centers.

Limited skilled workforce in BMS,
firmware development, and SLB
diagnostics.

Opportunities

Threats

Position Malaysia as an ASEAN hub for
SLB repurposing and urban distributed
energy hubs.

Risk of unsafe, uncertified SLBs entering
the market, undermining public trust.

Incentivize petrol stations to serve as
renewable-powered micro energy hubs.

Policy delays may discourage investment
and stall early adoption.

Integration of SLB-PV systems into smart
grids and EV charging networks in cities.

Potential fire, safety, or environmental
risks if SLBs are poorly managed.

Export-ready SLB standards can open new
markets in ASEAN for hybrid microgrids.

Competition from countries with mature
SLB ecosystems (EU, China, South Korea).

In summary, the policy and regulatory framework for PV-SLB hybrid petrol stations
must evolve beyond general EV and renewable energy policies to specifically address
second-life battery repurposing, certification, and integration in urban settings. A proactive
regulatory approach will allow Malaysia to transform battery waste into strategic energy
assets, strengthen its urban energy resilience, and position itself as a regional leader in
sustainable battery reuse.

8. Challenges and Recommendations

Despite the robust policy impetus and technological potential of second-life battery
(SLB) systems in Malaysia, several key challenges must be addressed to unlock scalable,
safe, and economically viable deployment. One major challenge is the fragmented regula-
tory landscape, which currently lacks clear legal definitions and technical standards for
SLB reuse, certification, and system integration [36]. In the absence of a cohesive frame-
work, manufacturers and operators face uncertainties in safety compliance, cross-sector
deployment, and warranty liability [37]. Another major bottleneck is the skills gap in
battery diagnostics, battery management system (BMS) design, and energy storage inte-
gration. A recent evaluation by domestic energy training institutions indicates that less
than 8% of Malaysia’s technical workforce has formal exposure to advanced battery sys-



Urban Sci. 2025, 9, 422

24 of 27

tems, and less than 5% have hands-on experience in BMS design, firmware, or SOH analy-
sis [38]. This shortage constrains the country’s ability to assemble, maintain, and certify SLB
units, particularly for mission-critical applications like microgrids, telecom infrastructure,
and transport.

Additionally, logistical and technical infrastructure for reverse logistics, SOH testing,
and modular repurposing is still in early development [23]. Many used EV batteries remain
uncollected or exported for processing abroad, representing a missed opportunity for
domestic value creation and job generation. Lastly, public awareness and market confi-
dence in SLB systems remain low due to safety concerns and the absence of performance
standards, which limits demand among commercial and government users. To address
these challenges, a coordinated national strategy is required. Table 14 shows actionable
recommendations aligned with responsible agencies and realistic implementation timelines
that can help accelerate SLB ecosystem readiness in Malaysia.

Table 14. Recommended Actions to Overcome SLB Deployment Challenges in Malaysia.

. Responsible Suggested
No Action Item Agency/Stakeholders  Timeline
Establish SLB testing and SIRIM, Energy
1 certification standards Commission, MITI 2025-2026
2 :Jalll::lfhl nr? tlonilil?il;lB TVET, MARA, 2025-2027
ecanician upsiiting UNITEN, HRD Corp
program
Set up regional SLB ..
3 refurbishment and logistics MARI.I’ MIDA, local 2025-2028
hubs councils
Enforce reverse logistics DOE, JPJ, Ministry of
4 policy for EV battery return  Transport By end of 2026
Develqp S].“B adoPtlon Ministry of Finance,
5 incentives in public 20262027
MGTC
procurement
Raise public awareness .
6 through SLB demonstration TNB, SEDA, Ongoing (start

. GreenTech Malaysia 2025)
sites

In summary, Malaysia is well-positioned to lead in second-life battery deployment
within the ASEAN region, but this will require decisive actions across regulation, workforce
development, infrastructure, and public engagement [23]. Implementing these recommen-
dations in a phased and coordinated manner will allow the country to transform battery
waste into national value, supporting clean energy, industrial innovation, and long-term
energy resilience

9. Conclusions

The transition toward electric mobility and renewable energy presents both challenges
and opportunities for Malaysia. As EV adoption accelerates, end-of-life lithium-ion batter-
ies could either become an environmental burden or be repurposed as valuable second-life
batteries (SLBs) for stationary energy storage. This study demonstrates that repurposing EV
batteries for photovoltaic (PV) applications provides substantial benefits, including 30-60%
lower capital costs and 70-80% reductions in lifecycle CO, emissions compared to new
systems. A case study of petrol stations, which collectively consume approximately 158,850
kWh daily nationwide, shows that an SLB-PV hybrid system can reliably offset the average



Urban Sci. 2025, 9, 422 25 of 27

45 kWh per station demand, reducing dependency on Tenaga Nasional Berhad (TNB) while
lowering operational costs. Laboratory testing of Nissan Leaf ZEQ battery modules over
a 120-day cycle validated their technical viability, with stable performance, manageable
7% capacity fade, and state-of-health (SOH) remaining above 47%. The proposed SLB-PV
hybrid architecture leverages Malaysia’s high solar irradiance, enabling stations to generate
renewable electricity during daylight hours and store excess for nighttime or peak demand.
Beyond technical feasibility, this approach advances circular economy goals by extending
battery lifespans, mitigating waste, and supporting national sustainability objectives.

Successful large-scale deployment requires advancements in SOH diagnostics, stan-
dardized modular pack designs, robust power electronics, and thermal management
tailored to Malaysia’s tropical climate. Additionally, digital traceability, reverse logis-
tics networks, regulatory standards, and workforce training are essential to ensure safe
and scalable adoption. Leveraging its strong electronics manufacturing base, Malaysia
is well-positioned to establish itself as a regional hub for SLB repurposing, supporting
both domestic energy resilience and ASEAN-wide clean energy growth. In conclusion,
SLB-PV hybrid systems offer a technically robust, economically viable, and environmen-
tally sustainable pathway for decarbonizing petrol station operations while strengthen-
ing Malaysia’s energy transition and positioning the nation as a leader in second-life
battery innovation.
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