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Abstract

As solar energy adoption accelerates in Malaysia, the need for a robust photovoltaic (PV) waste
management framework becomes increasingly critical. This paper investigates the economic and
technological viability of high-value recycling systems for PV waste, alongside strategies for integrating
PV waste management into existing e-waste policies. Drawing on international practices, such as
Japan’s EOL roadmap and the European WEEE Directive, the study highlights the importance of
proactive measures to mitigate environmental risks and harness economic opportunities. Findings reveal
that without proper management, Malaysia risks significant environmental and economic losses from
unrecycled PV waste. However, adopting circular economy principles, fostering public-private
collaborations, and leveraging lessons from global pioneers can pave the way for a sustainable and
resilient PV waste management system. Recommendations emphasize the urgent need for policy
alignment, R&D investment, and awareness campaigns to establish Malaysia as a leader in renewable
energy sustainability.

Keywords: photovoltaic waste, recycling, circular economy, Malaysia, WEEE Directive, EOL roadmap,
renewable energy sustainability, e-waste management

Introduction

Solar photovoltaic (PV) systems are heralded as a cornerstone of global decarbonization efforts,
facilitating sustainable energy transitions. Their rapid adoption has been driven by declining production
costs, enhanced efficiencies, and robust policy support. However, the lifecycle sustainability of PV
systems is undermined by the challenges of managing their end-of-life (EOL) modules. It is projected
that by 2050, PV waste could exceed 60 million tons worldwide, posing significant environmental and
resource management challenges (Yu et al., 2023). In Malaysia, where solar PV capacity has grown by
300-500 MW annually between 2018 and 2021, addressing PV waste management is critical to ensuring
the long-term sustainability of the sector (Yu et al., 2023).

While current treatment methods, such as landfill disposal and bulk recycling, are prevalent, these
approaches are inadequate to mitigate the environmental risks posed by toxic material leakage and
resource wastage. This article aims to examine the challenges and propose solutions for sustainable solar
PV waste management in Malaysia, leveraging global best practices and the principles of the circular
economy.

Literature review

Global Trends in Solar PV Waste Management

The rapid expansion of solar photovoltaic (PV) systems has generated significant interest in their
end-of-life (EOL) management. By 2050, PV waste is projected to reach over 60 million tons globally,
driven by increasing solar energy adoption (Yu et al., 2023). Developed nations, including Germany and
Japan, have adopted robust waste management frameworks incorporating Extended Producer
Responsibility (EPR) and circular economy principles (Jain et al., 2021). These frameworks mandate
manufacturers to take responsibility for recycling their products, fostering technological innovation and
reducing landfill dependency in the future.

Research underscores that bulk recycling, the most common practice, primarily targets easily
recoverable materials such as glass and aluminium, which constitute up to 84% of a PV module's weight
(Sodhi et al., 2022). However, high-value components like silicon, silver, and copper, which are crucial
for sustainability, are often lost during the process due to technical challenges and cost constraints (Yu
et al., 2023). Advanced recycling techniques such as closed-loop systems are emerging as a solution to
retain these valuable resources, though their adoption remains limited to select markets in Europe.
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Environmental and Economic Implications of PV Waste

Improper disposal of EOL PV modules poses significant environmental risks, including soil and
water contamination from hazardous substances like cadmium and lead (Jain et al., 2021). Additionally,
the loss of recyclable materials exacerbates resource scarcity challenges. Studies estimate that efficient
recycling could recover up to 90% of PV module materials, contributing to resource sustainability and
economic viability (Yu et al., 2022).

Economic analyses have highlighted the trade-offs between the high upfront costs of advanced
recycling technologies and their long-term benefits. For instance, a cost-benefit analysis by Sodhi et al.
(2022) demonstrated that transitioning to high-value recycling systems could offset costs through the
recovery of rare metals, which are increasingly critical for PV manufacturing.

Solar PV Waste Management in Developing Countries

Developing countries, including Malaysia, face unique challenges in managing PV waste. Despite
Malaysia’s solar sector has grown significantly, the country lacks a dedicated regulatory framework for
PV waste. Current practices treat PV waste as general e-waste, relying on outdated infrastructure
incapable of handling the complexities of PV module recycling.

A study by Hui et al. (2023) highlighted that the absence of classification for PV waste as hazardous
under Malaysian law significantly hampers recycling efforts. Furthermore, the limited volume of PV
waste discourages investment in specialized facilities, perpetuating reliance on landfills and low-value
recycling methods.

Lessons from International Frameworks

Globally, the European Union's Waste Electrical and Electronic Equipment (WEEE) Directive
serves as a benchmark for PV waste management. The directive mandates comprehensive recycling
targets, emphasizing resource efficiency and circularity (Jain et al., 2021). Similarly, Japan's roadmap
for PV waste management includes guidelines for recycling and technological innovation, showcasing
the role of policy in driving sustainable practices. These frameworks provide valuable insights for
Malaysia, where the integration of EPR and government-industry partnerships could catalyze progress.

Research Questions
These literature reveals critical gaps in understanding the feasibility of adapting global best practices
to Malaysia’s context. Key areas requiring further exploration include:
1. What is the economic and technological viability of implementing high-value recycling systems
for photovoltaic (PV) waste in Malaysia?
2. What strategies can be developed to integrate photovoltaic (PV) waste management into existing
e-waste management policies in Malaysia?

Research Purpose

The purpose of this study is to explore how Malaysia can manage the growing issue of end-of-life
(EOL) solar photovoltaic (PV) waste sustainably. It aims to understand the current situation by
examining Malaysia’s existing practices for handling PV waste and their impact on the environment and
economy, identify key challenges and highlight problems such as weak regulations, lack of recycling
infrastructure, and economic constraints, as well as proposing solutions, which include suggesting
practical strategies like better recycling technologies, new policies, and lessons from successful
countries like Germany and Japan. The goal is to help create a sustainable plan for managing PV waste
in Malaysia that supports both the environment and the country’s growing renewable energy sector.

Research Methodology
This study employs secondary data and comparative analysis to explore sustainable strategies for
managing end-of-life (EOL) solar photovoltaic (PV) waste in Malaysia. The methodology is particularly
suitable for this research as it allows the synthesis of existing research on PV waste management to
establish a theoretical foundation for the study.

Data Collection

This article utilises 13 published secondary data to evaluate Malaysia’s PV waste management
landscape, including PV waste projections for Malaysia and global benchmarks; recycling technologies,
their adoption levels, and associated costs; as well as environmental and economic impacts of existing
PV waste disposal practices. These publications also shed light onto the environmental, economic, and
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technological challenges associated with PV waste; while also exploring policies and frameworks
implemented in other countries, such as the EU WEEE Directive and Japan’s EOL roadmap.

The data analysis also identifies best practices and lessons from countries with established PV waste
management frameworks. The analysis compares regulatory frameworks and policy interventions, such
as EPR models; as well as recycling technologies and infrastructure capabilities.

Analysis and Findings

Malaysia’s Existing Practices for Handling PV Waste and Their Impacts

Though Malaysia has extensively created policies and programmes to promote solat PV in Malaysia,
the country’s approach to managing photovoltaic (PV) waste is still in its nascent stages, as current
practices primarily treat PV waste as general e-waste under Malaysia's broader waste management
framework. This framework lacks specific regulations or infrastructure to address the unique challenges
associated with PV waste, including hazardous material leakage and the loss of valuable resources (Yu
et al., 2022). Figure 1 shows the policies and programmes related to promoting solar PV in Malaysia.
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Figure 1. Policies and programmes related to pfomoting solar PV in Malaysia‘(SEDA,2021)

The Malaysia Renewable Energy Roadmap (MyRER) emphasizes the need for sustainable end-
of-life (EOL) management solutions, projecting significant growth in PV installations and the
consequent rise in waste volumes. By 2035, solar penetration is expected to reach 30% of peak demand,
further necessitating the development of tailored strategies for PV recycling and waste handling (SEDA,
2021).

Current practices, such as landfill disposal or incineration, contribute to environmental degradation
and the release of toxic substances, including cadmium and lead. Additionally, valuable materials remain
unrecovered, representing a lost economic opportunity (Yu et al., 2022).

Economic Viability High-Value Recycling Systems and Potential Losses

High-value recycling systems offer significant potential to transform the economic and
environmental landscape of PV waste management in Malaysia. Such systems focus on recovering
critical materials like silicon, silver, and aluminium. According to global estimates, high-value recycling
could cumulatively yield materials worth up to USD 15 billion by 2050 (Yu et al., 2022).

Innovation in PV recycling technologies can also improve material recovery rates and economic
feasibility, as it reduces the demand for virgin materials, decrease energy consumption, and mitigate
environmental impacts associated with raw material extraction and processing. (Curtis et al., 2021).
Adding to this, Goh et al., (2024) mentions that recycling up to 90 percent of silicon and 95 percent of
glass from end-of-life solar panels presents a significant opportunity to reduce waste and recover
valuable materials for reuse in various industries, especially for construction purposes.

In Malaysia, implementing these systems aligns with MyRER's strategic goals of fostering
sustainable energy practices while enhancing economic outcomes. High-value recycling could mitigate
environmental risks and create local economic opportunities by reducing reliance on raw material
imports and generating new industries focused on waste processing (SEDA, 2021).

However, the upfront costs associated with establishing advanced recycling technologies remain a
key barrier. Lessons from global leaders, such as Japan, demonstrate the importance of public-private
partnerships and governmental incentives in overcoming these challenges. Komoto (2018) explains that

456



Bin Jeffri 9th International Students Science Congress

Japan’s phased approach, including technology development and environmental guidelines, highlights
the value of coordinated efforts in achieving economically viable recycling systems.

To better organize the data found related to the projected economic PV waste landscape in Malaysia,
the paper has modelled scenarios to investigate varied timescales and quantities of PV waste generation
into fixed-loss (FL), early- loss (EL), and regular-loss (RL); while three different projection scenarios
for future PV installations in Malaysia until 2050 were formulated, namely the Business-as-Usual
(BAU), New Capacity Target (NCT) and Further Capacity Growth (FCG) scenarios, as done and
explained in more detail by Yu et al. (2024). Table 1 shows the cumulative waste mass, economic
values, and carbon emissions avoided from PV waste generated by 2050 in Malaysia based on these
scenarios.

Table 1. Cumulative waste mass, economic values, and carbon emissions avoided from PV waste
generated by 2050 in Malaysia. (Yu et al., 2024)

PV Waste Economic Value Generated  Carbon Emissions
Scenarios Generated by 2050 By 2050 (RM in billions) Avoided by 2050
(tons) (equivalent USD in brackets) (tons CO 2 eq)
FL-BAU 379,214.09 1.70 (0.36) 645,413.68
FL-NCT/ FL-FCG 469,632.09 2.11 (0.44) 785,712.93
EL-BAU 243,632.46 1.09 (0.23) 417,860.39
EL-NCT 370,171.53 1.68 (0.35) 597,024.22
EL-FCG 481,137.12 2.21(0.46) 741,982.90
RL-BAU 229,009.17 1.02 (0.21) 398,858.41
RL-NCT 285,852.81 1.28 (0.27) 483,936.50
RL-FCG 311,659.14 1.40 (0.29) 519,819.68

Technological Viability of High-Value Recycling Systems

Photovoltaic (PV) technologies can be categorized into several major types, based on their material
and design (Vadmin, 2024). In Malaysia, the main types include silicon-based (Si-Modules), including
Monocrystalline silicon (Mono-Si) panels, made from a single crystal structure, offer the highest
efficiency and durability, making them ideal for space-limited installations and Polycrystalline silicon
(Poly-Si) panels, produced from multiple silicon crystals, are more cost-effective but slightly less
efficient, commonly used in large-scale solar farms. The second type would be Thin-film
photovoltaics, made by depositing thin layers of materials like cadmium telluride or amorphous silicon,
are lightweight and flexible, performing well in low-light conditions despite lower efficiency.

Though the compact structure of the panels allows for optimised efficiency, another key challenge
arises as separation and recycling of composite materials from PV waste becomes particularly due to
the complex structure of solar panels, which typically consist of multiple layers, including glass, silicon,
plastic, and metals like silver, aluminium, and copper. These materials are tightly bonded to enhance
panel durability, making disassembly and separation labour-intensive and technologically demanding.

In the current, technological advancement are under pilot. This includes the FRELP project focuses
on the full recovery of materials from end-of-life photovoltaic (PV) panels, emphasizing sustainability
and resource efficiency. The process involves a combination of mechanical, thermal, and chemical
treatments to extract materials such as glass, silicon, aluminium, and silver. Figure 2 illustrates the
recycling process of solar PV panels
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Figure 2. FRELP Solar Panel recycling process

Existing initiatives addressing this include ReProSolar, a five-year project launched in 2021,
exploring methods to recover all solar panel elements at an industrial scale and Photorama, a project
investigating technologies to improve the recycling of PVs and the recovery of secondary raw materials;
and Icarus, which is working towards achieving higher rates of silicon recycling from solar PVs (EEA,
2024).

Komoto (2018) also complied Japan in PV recycling strategies, implementing innovative
technologies such as the hot-knife separation method, which efficiently removes encapsulant materials
to recover silicon and other valuable components, which could be a technological viability for Malaysia
to take lesson from.

Integrating PV Waste Management into Existing E-Waste Policies

The analysis also identifies policy considerations for managing end-of-life PV materials, Curtis et
al (2021) states that existing regulatory frameworks for electronic waste (e-waste) could be adapted to
include PV system materials. They further suggest that harmonizing PV waste management with e-waste
regulations can streamline processes and reduce compliance costs.

Adding to this point, policy integration is crucial to provide a structured framework for collection,
recycling, and disposal, ensuring environmental safety and resource recovery. Developing specific
guidelines and standards for PV waste within the broader e-waste management policies can facilitate
effective implementation and compliance (Rathore & Panwar, 2021). These points indicate that
integrating PV waste management into Malaysia's existing e-waste policies could be a strategic approach
to address the growing volume of PV waste.

On the other hand, observing the EOL PV recycling policies and frameworks from other countries
such as, as explained by Komoto (2018) the EOL Management roadmap for PV recycling in Japan, is
outlined in three phases and offers valuable lessons for Malaysia in developing its photovoltaic waste
management system. Japan’s phased approach begins with establishing recycling frameworks and
promoting environmentally friendly designs through R&D and public awareness campaigns led by their
Ministry of Economy, Trade and Industry in collaboration with their Ministry of the Environment since
2015. As systems mature, operationalization and scaling are prioritized, with follow-ups ensuring
effectiveness. Malaysia can adapt this strategy by building a robust collection and recycling system
while emphasizing public engagement and industry collaboration. By investing in R&D and phased
implementation, Malaysia could align its efforts with a circular economy model and address its growing
PV waste challenge effectively.

Another example, The Waste Electrical and Electronic Equipment (WEEE) Directive, established
by the European Union, provides a comprehensive framework for managing electronic waste, including
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photovoltaic (PV) modules, with the aim of reducing environmental harm and promoting sustainable
resource use (Weckend et al., 2016). Under this directive, producers of electronic and electrical
equipment are made responsible for the collection, recycling, and disposal of their products at the end
of their lifecycle. For PV modules, the WEEE Directive mandates that manufacturers and importers
finance and establish mechanisms for recovering valuable materials and ensuring proper recycling of
the waste, thus fostering a circular economy approach.

Malaysia can draw valuable lessons from the WEEE Directive. First, implementing extended
producer responsibility (EPR) policies for PV modules can ensure that manufacturers are held
accountable for their products' end-of-life management. This could motivate companies to design PV
panels with recyclability in mind. Second, Malaysia could establish a formalized collection, recycling,
and monitoring system, as exemplified in Europe, to avoid improper disposal and mitigate
environmental risks. Lastly, adopting a similar regulatory framework tailored to the local context would
help align Malaysia with international best practices in electronic waste management, contributing to
environmental sustainability and economic growth through resource recovery.

Discussions and Conclusion

Discussions

The findings from this analysis highlight that while Malaysia has made notable strides in solar
energy adoption, the issue of solar panel waste management is yet to receive adequate attention. Solar
photovoltaic (PV) technology, being a critical component of renewable energy infrastructure, poses an
emerging challenge due to its end-of-life (EOL) stage. Currently, Malaysia’s waste management policies
and strategies lack specific provisions addressing the disposal or recycling of decommissioned solar
panels. This regulatory gap is concerning given the projected increase in PV waste over the coming
decades.

Globally, countries such as Japan, the European Union (EU), and the United States have
implemented more comprehensive frameworks to address solar waste, integrating EOL management
into their renewable energy strategies. For instance, the EU’s Waste Electrical and Electronic Equipment
(WEEE) Directive mandates solar panel manufacturers to take responsibility for the recycling and
proper disposal of their products. Japan has pioneered technological innovations to extract valuable
materials from used panels, showcasing a profitable and sustainable approach. These global examples
serve as benchmarks for Malaysia to model its solar waste management framework.

The challenges in Malaysia’s context are multifaceted. First, the lack of public awareness and
governmental prioritization of solar waste management contributes to the slow pace of policy
development. Second, the absence of established recycling infrastructure poses logistical and economic
barriers. Additionally, solar panel manufacturers operating in Malaysia have yet to embrace the
principles of extended producer responsibility (EPR), which would ensure accountability in managing
EOL products. Addressing these issues requires a coordinated effort among policymakers, industry
stakeholders, and researchers to develop a cohesive strategy tailored to Malaysia’s specific needs and
capacities.

Despite these challenges, Malaysia has opportunities to advance in this area. Leveraging its existing
expertise in renewable energy technologies, Malaysia can position itself as a leader in solar waste
management within the Southeast Asian region. Furthermore, partnerships with international
organizations and collaborations with countries that have established frameworks can accelerate
knowledge transfer and capacity-building initiatives.

Conclusion

In conclusion, the growth of solar energy adoption in Malaysia underscores the urgency of
developing a robust solar waste management framework. While the country has excelled in renewable
energy deployment, the absence of a focused strategy for handling solar PV waste represents a critical
gap in its sustainability agenda. Drawing from successful global practices, Malaysia can design policies
that integrate EOL management into its broader energy transition goals. This will require regulatory
innovation, investments in recycling technologies, and a commitment to raising awareness about the
importance of sustainable solar waste management. Ultimately, addressing solar PV waste is not merely
a matter of environmental responsibility but also an opportunity to create economic value and affirm
Malaysia’s leadership in the renewable energy sector.
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