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EXECUTIVE SUMMARY

An accelerated deployment of solar photovoltaic (PV) capacity remains key for the energy transition. Although
critical for a successful transition, this deployment may also have undesirable effects, including intensified
material demand and environmental impacts associated with retired solar PV panels. These impacts can be
prevented or managed successfully if appropriate policies and regulatory frameworks are put in place in a
co-ordinated and timely manner.

Solar PV is one of the most widely deployed renewable energy technologies worldwide. It contributes almost
half of the global total installed renewable capacity and is expected to play a major role in meeting the
renewable deployment needed for the energy transition. In its rise to prominence in the energy transition,
the solar PV industry's demand for materials has gradually increased its share of total industrial demand. This
material demand is expected to increase further, requiring more than 31 million tonnes (Mt) of materials for
solar module production in 2030, a fourfold increase compared to the 2020 level.

Solar PV’s increasing material demand has triggered concerns about potential supply chain pressure, the
availability of critical materials, the environmental impacts associated with mining activities, and local
community impacts. From a global perspective, demand for major energy transition technologies, including
solar panels, will not face supply shortages in the near or medium term. However, supply chains can be
disrupted by trade barriers and geopolitical tensions. Furthermore, mining activities linked with the solar PV
supply chain can have a wide range of adverse effects on local environments and communities. Addressing
these environmental impacts requires policies and measures to minimise virgin material demand and the
adoption of vigorous mitigation measures. Measures are also needed to share benefits with local communities,
improve environmental regulations and leverage third-party sustainability frameworks.

Other concerns revolve around the waste generated by solar PV panels that have reached the end of their
useful lifecycles. These end-of-life panels will generate a significant amount of waste stream in the future.
By 2050, the global cumulative weight of end-of-life solar PV panels is expected to surpass 200 Mt in the
1.5°C Scenario. Meanwhile, the global annual volume of end-of-life solar PV panels is projected to surge to
over 25 Mt by 2050. While most of the currently deployed solar PV capacity has not yet reached the end of
its service time, several markets, including China, the European Union, India and the United States, will likely
need to handle over a million tonnes of solar PV waste annually as of 2043. Furthermore, solar PV waste is
projected to contribute over 21% to the global total weight of electronic waste (e-waste) by 2050, rising from
less than 1% now. These are all indicators of an urgent need to invest in infrastructure for the transport and
treatment of this e-waste stream.

The collection and treatment of existing end-of-life solar panels vary significantly across regions and
countries, depending on their existing regulatory frameworks. Even though most markets do not have
specific regulations for the end-of-life management of solar PV panels, an increasing number of markets are
establishing policy frameworks and infrastructure dedicated to the collection and treatment of end-of-life
solar panels, with efforts observed in some countries and subnational governments. However, most solar
PV waste ends up in landfills, along with other e-waste, except in China, the European Union and several
developed markets.

In many developing markets, a significant share of waste streams are from off-grid solar PV appliances.
Sub-Saharan Africa has an estimated 10 000-12 000 tonnes (t) of end-of-life off-grid solar products. In a
region that may lack local technical expertise or have limited access to maintenance services, off-grid solar
equipment that cannot be repaired is often disposed of in open dumpsites or landfills, causing significant
environmental and public health impacts. In response, countries such as Kenya, Nigeria and Rwanda have
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taken proactive measures, promoting partnerships and business models to support the formal recycling of
end-of-life off-grid solar appliances. However, investments and international development support are still
needed to bridge financial and capacity gaps and further support the expansion of these sustainable practices.
Circular economy principles, such as “reduce”, “reuse” and “recycle”, play a key role in promoting the
sustainable management of end-of-life solar PV and preventing most unwanted environmental and social
impacts. “Reduce” involves measures to minimise waste generation from the design and production phases
and to make solar PV easier to reuse and recycle without compromising performance. “Reuse” aims to extend
the service life of decommissioned solar PV panels and components based on repairing, refurbishment, testing
and certification. “Recycle” focuses on the recovery of metals and materials through mechanical, chemical
and thermal treatment processes. The recovered materials can then be purified and used to manufacture
new products, avoiding the need for virgin materials. Promoting the circular economy for end-of-life solar
PV requires the engagement of stakeholders from government, industry, non-governmental organisations
(NGOs), communities, and formal and informal e-waste recyclers.

“Reduce”, “reuse” and “recycle” approaches have received uneven attention from industries. While solar
PV producers in China and the European Union - guided by regional and national policies - are integrating
circularity into new solar PV technologies, elsewhere, high costs and a lack of technology and quality
infrastructure remain barriers to reusing solar PV components. The industrial sector has invested more in
recycling than reuse, and commercialised, circularity-aligned solar PV recycling projects have been established
in major markets. However, in the medium and long term, more efforts will be needed to prioritise the “reduce”
and “reuse” approaches.

In addition to their sustainability credentials, circular economy practices can also bring economic
benefits. Recycled and recovered PV materials include glass, silicon, aluminium, and valuable metals like
silver and copper. By 2050, the market value of these recovered materials could exceed USD 20 billion
(United States dollars).

Despite its economic and environmental advantages, the circular economy faces many barriers that impede
the adoption and expansion of end-of-life solar PV management. These barriers relate to unregulated e-waste
recycling; limited information, financial resources, infrastructure capacity and feedstock; the absence of
market demand and standardisation; and low technological readiness.

A holistic policy framework is needed to overcome these barriers and enable the circular economy for
end-of-life solar PV panels. Key policies include strategies, targets and road maps, as well as appropriate
environmental regulations to prevent unsustainable, unregulated collection and treatment of solar PV panels.
Extended producer responsibility (EPR) and similar policies are proven and effective measures for defining
the financial and implementation responsibilities for the takeback and treatment of end-of-life solar PV panels.
Some markets have taken other routes, such as banning solar PV waste landfilling and providing incentives for
voluntary takeback and treatment programmes led by industrial players.

The reuse market can be further enabled by independent testing and certification schemes. Innovations
in technology and business models, as well as an integrated digital platform for data collection, reporting
and monitoring, also play important roles. Financial and fiscal incentives can support research, development
and the demonstration of new solutions. Finally, international co-operation and stakeholder engagement,
including with vulnerable groups and informal recyclers, remain key to ensuring an inclusive and just transition
of the sector.

8 | END-OF-LIFE MANAGEMENT FOR A CIRCULAR ECONOMY



INTRODUCTION

Solar photovoltaic (PV) remains one of the most promising technologies to tackle global climate change
by providing sustainable and affordable electricity. In 2024, the global weighted-average levelised cost of
electricity (LCOE) for utility-scale solar PV was 41% lower than the cheapest fossil fuel-fired alternative (IRENA,
2025a). In addition, the solar PV industry offers various socio-economic benefits. It provided 7.2 million jobs
globally in 2024 in sectors including manufacturing, construction, operation and maintenance (O&M), and
decommissioning (IRENA and ILO, 2026). Solar PV can improve agricultural resilience in developing markets
by powering irrigation systems, as well as processing and refrigeration in the agri-food value chain. Further,
solar energy can strengthen energy security due to the widespread availability of solar resources across
markets, and the modular nature of solar PV increases its reliability.

Solar PV deployment has been increasing rapidly worldwide. By the end of 2025, global solar PV capacity
accounted for 46% of global total installed renewable capacity and 74% of new additions (IRENA, 2026a). The
majority (over 90%) of this capacity was installed in the last ten years, indicating that many of the existing
solar PV plants will operate for another twenty years or so before reaching the end of their service life. Markets
with the largest installations include China, the European Union, India, Japan and the United States. In the
International Renewable Energy Agency’s (IRENA’s) 1.5°C Scenario, global installed solar PV capacity will need
to increase from 2 383 gigawatts (GW) in 2025 to over 5 terawatts (TW) by 2030 and more than 18 TW by
2050, providing half of the needed renewable capacity by mid-century (IRENA, 2024a).

The rapid expansion of solar PV projects impacts the local environment. This occurs across the entire
supply chain and project life cycle, including the mining and processing of raw materials, manufacturing and
transportation, deployment, O&M, and the decommissioning of power plants and treatment of panels. To
examine some of these impacts, in 2016, IRENA and the International Energy Agency Photovoltaic Power
Systems Programme (IEA-PVPS) jointly published the report End-of-life management: Solar photovoltaic
panels (IRENA and IEA-PVPS, 2016). That report was the first-ever projection of PV panel waste volumes
to 2050 at the global level. This report constitutes the second edition of IRENA’s analysis of the end-of-life
management of renewable technologies, examining future waste streams from solar PV plants under the
1.5°C Scenario. While the 2016 report focused on technical discussion and waste modelling methodology,
this report involves more policy perspective and recommendations. It aims to present a forward-looking
picture of end-of-life solar PV panels through 2050 and the potential impacts on local environments and raw
material demand. To address these potential impacts linked to future waste streams, this analysis provides a
comprehensive and in-depth policy analysis on promoting the circular economy for solar PV technologies, as
well as the co-benefits they may bring to society and communities.

The structure of the report is as follows:

Chapter 1 provides an overall estimate of the material demand for solar PV, as well as possible environmental
impacts associated with that demand.

Chapter 2 estimates the volume of end-of-life solar panels from 2030 to 2050 based on IRENA’s 1.5°C Scenario
at the global level and in selected markets.

Chapter 3 outlines the current status of end-of-life solar PV treatment and its negative impacts on the
environment and local communities.

Chapter 4 examines circular economy approaches and implications for solar PV panels.
Chapter 5 proposes a policy framework that aligns with a circular economy for the solar PV industry.

Chapter 6 discusses key considerations for the way forward.
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CHAPTER 1

SOLAR PV IN THE ENERGY
TRANSITION: CAPACITY AND
MATERIAL DEMAND

1.1 SOLAR PV DEPLOYMENT IN THE ENERGY TRANSITION
CURRENT STATUS

Solar PV is one of the most widely deployed renewable energy technologies worldwide. From 2016 to 2025,
global deployment increased from 293 GW to 2383 GW, indicating a 26% average year-on-year increase
or eightfold capacity increase in the last decade (see Figure 1). By the end of 2025, solar PV contributed
47% of global total installed renewable power capacity and 74% of new additions (IRENA, 2026a). In 2023,
solar PV electricity provided 5% of global total electricity generation and 18% of renewable electricity
generation (IRENA, 2025b). Within total renewable energy investment in 2024, around 69% of the total, or
USD 554 billion (United States dollars) out of the USD 807 billion for all renewables went to solar PV (IRENA
and CPI, 2025). The global average total installed cost of solar PV projects declined by 87% in 2024 compared
to the 2010 level. Concurrently, the LCOE for utility-scale solar PV also fell by 90% from USD 0.417 per kilowatt
hour (kWh) to USD 0.043/kWh, making it 41% cheaper than the cheapest fossil fuel-fired alternatives (IRENA,
2025a). Furthermore, the solar PV industry has provided over 7.2 million jobs globally, accounting for more
than 43% of total renewable energy jobs in 2024 (IRENA et al., 2026).

Figure 1  Solar PV installed capacity, share in fotal renewable capacity
and electricity generation globally, 2016-2025

Cumulative installed capacity (GW) Share in total renewables (%)
3000 50 Cumulative solar
PV capacity
45
== Share in total
2500 40 renewable capacity
35 == Share in total
2000 renewable
30 generation
1500 25
20
1000 / 15
500 / 10
5
2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Source: (IRENA, 2026a).

Regional deployment has been uneven, with Asia leading the global expansion. By the end of 2025, Asia
had installed 1528 GW of solar PV projects, accounting for 62% of global installed capacity and 54% of new
additions. Within the Asia region, China, India, Japan, the Republic of Korea and Viet Nam are leading the
expansion. Outside of Asia, Europe and North America are other major markets, where total installed solar
PV reached 405 GW and 229 GW, respectively. Together, these three regions accounted for more than 90% of
the global installed capacity and 91% of new additions in 2025 (see Figure 2). In the rest of the world, several
markets emerged with rapid expansion in their regions. For example, in Latin America, Brazil deployed more
than 11 GW of new solar PV capacity in 2025, representing a 22% year-on-year increase. In the Middle East,
Saudi Arabia added more than 5.7 GW of solar PV capacity in 2025. In Africa, South Africa added more than
2.2 GW of new solar PV capacity, making this country host to half of the total deployed solar PV capacity in
Africa (IRENA, 2026a).
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Figure 2
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Source: (IRENA, 2026b).

It is estimated that utility-scale solar PV projects (larger than 1 megawatt [MW] of capacity) accounted
for the majority of solar PV deployment, in particular for markets with larger installations of solar PV
projects. When deployed on land, these utility-scale projects can cover an average of 2-4 hectares per MW
(IRENA, 2026b). In many cases, utility-scale solar PV projects are deployed away from energy consumption
centres (e.g. urban areas, industrial areas), requiring long-distance grid infrastructure for transmission and
distribution. In particular, an increasing number of GW-level solar PV projects have been installed in Brazil,
China, Egypt, India, Saudi Arabia, Turkiye and the United Arab Emirates (Egyptian Presidency, 2018; Global
Energy Monitor, 2026; Neris, 2025). Some of these projects are deployed on degraded land, indicating potential
co-benefits for restoring degraded land during the O&M stage if proper measures and solutions are adopted
(IRENA, 2026Db).

Off-grid solar PV applications play a crucial role in providing electricity access, particularly in developing
countries. These applications encompass solar lights, solar home systems, solar mini-grids, solar pumps for
water supply and agriculture, and various other off-grid solar PV systems. According to IRENA data, the
global total installed capacity of these off-grid solar PV systems reached approximately 4.1 GW by the end of
2024. Half of these reported off-grid solar applications are used for agriculture and mini-grids. India installed
about 90% of all solar pumps for agriculture, supported by national programmes such as the PM-KUSUM
scheme. Indonesia installed two-thirds of the global total of solar mini-grids, many supporting rural livelihoods
(IRENA, 2025¢).

FUTURE DEVELOPMENT TO 2050

Solar PV remains one of the most promising renewable technologies in the global energy transition, aligning
with the Paris climate targets. This is not only because of the more affordable electricity solar PV can provide,
but also because of the employment and economic opportunities it can create along the whole value chain.
Meanwhile, solar radiation is geographically widespread, and solar energy is among the most readily accessible
renewable energy technologies. It can contribute to improved energy security and prosperity (IRENA, 2025d).

According to IRENA’s 1.5°C Scenario, global installed solar PV capacity needs to increase from 2383 GW in
2025 to over 5 TW by 2030 and more than 18 TW by 2050 (IRENA, 2024a). Achieving these targets would
require doubling solar capacity over the next four years and increasing it by more than sevenfold by 2050
compared to the 2025 level. It is estimated that Group of 20 (G20) members will lead the needed deployment
due to their greater financial resources and more advanced policy frameworks (see Figure 3).
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Figure 3 Cumulative solar PV installations in selected markets by the end of 2025
and estimates for 2030 and 2050 in IRENA's 1.5°C Scenario
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1.2 MATERIAL DEMAND OF SOLAR PV DEPLOYMENT

While solar PV deployment is expanding rapidly, the industry has placed a strong emphasis on technological
innovations to reduce material consumption, achieving notable progress through advances in wafer thinning,
kerf loss reduction and overall process optimisation (IRENA, 2025a). However, overall material demand for
manufacturing solar PV will likely continue to increase, given the large-scale deployment needed to replace
fossil fuels and improve access to electricity. This section aims to provide an estimate of current and future
material demand for solar PV panels, as well as the potential competition between material use in solar PV
and broader economic uses. It intends to provide policy makers with an overview of the material sufficiency
needed for solar PV deployment in the energy transition. The assessment is focused on the dominant
technology, crystalline silicon (c-Si) solar panels.

MATERIALS NEEDED FOR SOLAR PV PANELS

Currently, the dominant solar PV panels are c-Si panels due to their higher energy efficiency, better durability
and longer service life. In 2024, c-Si accounted for approximately 98% of global PV cell and module production,
while other technologies (e.g. thin-film) accounted for only around 2% (VDMA, 2025). The c-Si solar panels
include monocrystalline (mono-Si) and multicrystalline silicon (multi-Si) technologies. Over the past decade,
the market has undergone a significant shift from multi-Si to mono-Si. Multi-Si accounted for around 70% of
global PV production in 2014, but by 2024 it had almost disappeared from new deployments, and the market
has been dominated by mono-Si (Fraunhofer ISE, 2025).
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A typical solar PV system’s key components include solar PV panels (including junction boxes), mounting
structures, inverters and cables.! These components require different raw materials and have different
lifespans. For example, inverters typically last only 10-15 years, whereas solar panels can last over 25 years. In
practice, after reaching the end of their service life, components of solar PV systems need to be classified and
processed accordingly. Mounting structures are usually made of steel, aluminium or concrete and are defined
as non-hazardous solid waste when disposed of. Solar panels and inverters may be collected and processed
as separate electronic waste (e-waste) streams, indicating the need for tailored policies and measures for their
treatment (see Chapter 5).

Solar PV modules typically include several layers, such as an aluminium frame, glass cover, encapsulant, solar
cells and a backsheet (see Figure 4). Despite their relatively simple configuration, manufacturing these panels
involves the use of a variety of materials. Aluminium is the dominant frame material, with a 94% market share
in 2024 (VDMA, 2025). Glass is used as front-side cover in standard modules and as both front- and back-side
covers in glass-glass modules. Polysilicon (poly-Si) is the major and also the most expensive material in c-Si
solar cells. Silver and aluminium are used in metallisation pastes for electrical conductivity. Copper is used for
cables and connectors. Multiple metals and materials are used for coating and solder alloy. Organic materials
are also used for encapsulation and backsheets. Some of these materials, even at low concentrations, are
needed for semiconductors, coating alloys or solder alloys. Notably, some elements (e.g. fluorine-based
backsheets) play critical roles in improving the performance and durability of solar PV panels, but can be
hazardous? to human health and the local environment if they are not treated properly. Therefore, solar PV
technology development must consider the possible trade-off between performance and environmental
impacts. Future technology innovations should strive to enhance energy performance without increasing the
environmental burden (see Chapter 1, Section 4).

Figure 4  Structure and materials used for a solar panel

Aluminium frame Aluminium frame: Supports the structure and protects PV cells.

Glass cover: Protects PV cells and allows maximum sunlight
Tempered glass to pass through.

Encapsulant material Encapsulant: Provides insulation and protection.

Silicon solar cell Solar cell: Converts sunlight to electricity.

Encapsulant material

Backsheet Backsheet: Provides insulation and protection,

Junction box Junction box: Connects with cable.

Source: (Shafie et al., 2025; Taylor et al., 2025).

Note: The figure illustrates the structure of standard glass-backsheet solar panels. In double-glass solar panels, the backsheet is r
replaced with a glass cover.

7 This study focused on solar PV panels. Other components, such as inverters, cables or mounting structure, will be analysed separately in the
future.

According to the United Nations Environment Programme, hazardous waste is waste with properties capable of having a harmful effect on human
health or the environment and is regulated and controlled by law. Hazardous waste may come in many forms, including liquids, solids, gases and
sludge (UNEP, 2026). Waste listed in Annex VIl of the Basel Convention is presumed to be hazardous.
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ESTIMATE OF MATERIAL QUANTITY FOR SOLAR PV PANELS

The quantities of materials used in solar panels can vary significantly, making it important to understand
their material composition. In general, material inputs can be estimated based on the bill of materials, which
provides a comprehensive list of all module components and the associated quantities of materials used in
their production. However, in practice, detailed bill of materials information is generally not publicly available
for consumers or recyclers. Even when data are available, the material composition of modules manufactured
by different companies can vary due to factors such as costs, durability and local industrial regulations.
Moreover, as solar PV technologies continue to evolve, material compositions also change over time.

Material efficiency has been increasing along with solar PV technology development. Solar PV technologies
are now more energy efficient and consume fewer materials to achieve the same performance as previous
solar PV technology. For example, silicon solar PV generation efficiency in commercial projects increased
from around 16% in 2014 to over 24% in 2024 (Fraunhofer ISE, 2025). In the same period, silicon wafers and
protection glasses have become much thinner than they were ten years ago. The current design of solar PV
panels requires less material to generate the same level of solar electricity. In 2024, each megawatt peak
(MWp) of solar PV panels contained approximately 60 t of materials, about 27% lower than in 2014, - reflecting
improvements in module efficiency and technological innovation (Fraunhofer ISE, 2025; VDMA, 2022, 2025).
It is estimated that this downward trend will continue in the near future, but at a slower rate due to the
efficiency constraints of silicon-based solar PV technologies. Nevertheless, the weight of solar modules per
MWp is expected to decline by around 12% by 2035 compared to the 2024 level (see Figure 5).

Figure 5 Estimated weight of materials for c-Si-based solar modules, 2014, 2024,
2030 and 2035

Weight of material (kg/kWp)
90 Il Backsheet

80 - M Encapsulant
M Junction box

70 Aluminium alloy
60 _ Glass
50 [ — I Copper
Silver
40 M Polysilicon
30
20
10
o— DS 0 sssssses

2014 2024 2030 2035

Silicon is one of the most important materials for solar modules because it is the main material used to
produce solar cells that convert sunlight to electricity. Solar cells account for less than 3% of the total weight
of solar modules, but represent more than half (around 55-60%) of total module manufacturing costs
(CPIA, 2024; VDMA, 2025). Most of the global poly-Si used in solar panels is produced in China (Bhambhani,
2025). The main feedstock (and majority of costs) for manufacturing c-Si solar cells is ultra-high purity level
poly-Si (above 99.9999% [6N] to 99.999999% [8N1]). Achieving such purity requires a highly energy-intensive
process. Producing each kilogramme (kg) of poly-Si* consumed around 40 kWh of electricity in 2025

3 Around 1.9 kg of poly-Si is needed to produce solar cells for a solar module with 66 cells and 430 watts of capacity. This considers 35% of material

loss (Tongwei, 2023).
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(IRENA, 2026¢; Taylor et al., 2025). Along with technological advancements, poly-Si consumption per kW
of solar panel declined by 46% in 2024 (2.2 kg per kilowatt [kg/kW1) compared to the 2014 level (around
4 kg/kW) (VDMA, 2025). In 2024, solar PV was estimated to account for 35% of the global total demand of
silicon metal.

Silver is usually used as a conductive paste for cell metallisation to conduct the generated electricity. In
2024, the weight of silver (Ag) used for solar panels was around 13 grammes (g) per kW, less than half the
consumption level in 2014. In 2024, the solar PV industry accounted for 29% of global total industrial demand
for silver, up from 11% in 2014 (Silver Institute and Oxford Economics, 2025). When compared with silver
demand by the electric and electronics sector, solar PV contributed around 43%, which is much larger than
silver demand for brazing alloys, solders and other industries (The Silver Institute, n.d.). Given the high cost
of silver compared to other materials used for solar PV modules, the solar PV industry has made efforts to
reduce silver consumption per solar panel, driven by technological improvements in metallisation pastes and
screen-printing.

Glass and antimony are important materials for solar module covers. In 2024, glass contributed around 75%
of the total weight of a solar PV module. Along with technology development, the thickness of the glass cover
for solar panels has decreased by around 37% from 2015 (around 3.2 millimetre thickness) to 2025 (around
2 millimetre thickness). However, with the increasing adoption of double-glass modules, the glass share in the
total weight will remain stable or become even higher (VDMA, 2025). Antimony is an element needed for the
production of the solar PV glass cover to enhance its transmittance and durability. It usually accounts for less
than 0.1-0.3% of the total weight of glass. However, given the large amount of glass used for solar PV panels,
antimony consumption for solar PV accounted for over 31% of global total production in 2024 (National
Minerals Information Center, 2026a).

Lead is often used for solders due to its reliable and cost-efficient interconnection of c-Si solar cells and for
string interconnections during module manufacturing. Currently, around 50 g of lead is used for each kW of
solar panel, mainly as lead-based solder for interconnections (Fraunhofer ISE, 2025). Although the quantity
is relatively small, lead is widely recognised as a toxic substance that can pose risks to public health and the
environment.

Aluminium and copper are two other important materials used for solar PV panels and many other electrical
and electronic applications. The aluminium frame holds the second largest share (around 10%) in the total
weight of solar modules. In 2024, aluminium consumption for solar PV accounted for 4% of global aluminium
demand. The majority of aluminium demand came from other sectors, including transport, construction,
packaging and other electric sectors. Copper is used for cell interconnection and wiring. Copper consumption
by the solar PV industry accounted for less than 1% of global total demand in 2024, with the majority of
demand coming from building construction, electronics and power grids. It is estimated that, by 2030, the
share of copper consumption for solar PV (0.4%) in global total demand will be double that in 2020 (lAl, 2026;
ICA, 2022; National Minerals Information Center, 2025). Since aluminium and copper are widely used in the
electrical and electronics industry, their recycling technologies are advanced, and their secondary markets
are mature globally.

Encapsulants and backsheets in solar PV modules are typically made of polymeric materials. In 2024 and
2025, the most widely used encapsulation materials were ethylene vinyl acetate (EVA), polyolefin elastomers
and mixed materials. Most of these organic materials have high durability. Similarly, backsheets are typically
multilayer polymer laminates designed to provide protection and electrical insulation for solar cells. Currently,
the majority of backsheet used for solar PV panels contains fluoropolymer (see Figure 6). Fluoropolymer
can pose health and environmental risks and generates toxic gas in high temperatures. Improper disposal or
treatment of end-of-life backsheet causes significant environmental pollution and is a threat to public health.
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Figure 6 Market share of backsheet by material, 2024
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Source: (Chunduri and Schmela, 2025).

Other materials account for a small share of the total weight of solar PV panels. However, they play an
important role in manufacturing solar panels. Boron and gallium are used as p-type* dopants and phosphorus
as an n-type dopant. They are present only at the parts-per-million level in solar cells, but they create the
p-n junctions that make silicon conductive. Similarly, small quantities of indium are utilised in certain PV
technologies to create transparent and conductive coatings. As mentioned earlier, silver, lead and antimony
are also present in small quantities but have specific functions. Looking beyond the module level, the broader
PV systems also rely on materials including iron, nickel, zinc and tin. Despite their small quantities, some of
the materials, especially lead and antimony, are toxic to humans and wildlife and therefore require proper
treatment.

Figure 7 Material consumption for solar module production, 2014, 2024 and 2030
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The overall demand for materials for solar PV installations has been growing. In 2024, the overall weight
of materials used for solar modules increased by more than sevenfold compared to the 2014 level (see
Figure 7). Even though recent solar PV technologies require less material to generate more electricity, the
rapid expansion of solar PV deployment in the coming decade will still drive an increase in material demand.
IRENA’s 1.5°C Scenario estimates that, in a single year, the newly deployed solar PV panels will consume
more than 31 Mt of materials by 2030, indicating an 18% increase compared to the material weight needed
in 2024. By 2030, solar PV panels will require at least 24 Mt of glass, 2.8 Mt of aluminium, 0.3 Mt of copper,
0.9 Mt of silicon, 6 200 t of silver, and more than 2 Mt of encapsulant and backsheet per year (IRENA, 20243;
VDMA, 2025).

4 P-type and n-type are two different types of solar panel that use different doping materials. P-type solar panels are doped with boron or gallium
and n-type with phosphorus.
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The share of material demand for solar panels in total industrial demand has increased for some materials.
For example, antimony demand for the solar industry accounted for 31% of global total industrial demand in
2024, rising from 5% in 2014. During the same period, silver and silicon accounted for 29% and 35% of global
total industrial demand, rising from 11% and 15%, respectively, in 2014 (see Figure 8) (Chunduri et al., 2025;
IAl, 2026; IRENA, 20244a; National Minerals Information Center, 2026a, 2026b; Silver Institute et al., 2025;
VDMA, 2025). Even though these shares are not dominant, when combined with the material demand from all
other industries and other energy transition technologies, the overall material demand in the future will need
to be properly assessed to address concerns and inform policy makers.

Figure 8 Share of solar PV material demand in global total industrial demand,
2014 and 2024
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1.3 CRITICAL MATERIALS AND THE SOLAR PV INDUSTRY

The expected increase in solar PV deployment has raised questions about the sufficiency of raw materials and
the resilience of global supply chains. The critical materials used in solar PV have therefore been the subject
of significant attention and discussion.

Currently, no widely agreed definition of critical materials exists. This is because the extent to which a material
can be sufficient or critical mainly depends on a country’s context, which can be further complicated by
geopolitical dynamics (IRENA, 2023). Many countries define critical materials as materials used for fossil
fuel extraction or military, medical or electronics uses or other purposes. These uses are easily influenced by
geopolitical dynamics and changes of policies and markets (IRENA and NUPI, 2024).

Several markets define materials as critical when they are direct inputs to important industrial activities but
are not available domestically, and therefore are dependent on importation. For example, European countries,
Japan and the United States have focused on concerns about the vulnerability of international supply chains
and risks associated with imported materials. Meanwhile, countries with abundant mineral reserves or high
production capacities see a strategic interest in playing key producer roles for global mineral supply chains,
aiming to capture market value and local industrial development (11SD, 2023).

In the energy transition context, critical materials are the resources needed to produce renewables and
other key energy transition technologies, such as wind turbines, solar panels, batteries, electric vehicles and
electrolysers for green hydrogen production. They may include lithium, nickel, cobalt, copper and rare earth
elements. Since aligning the global energy transition with Paris Agreement climate targets requires significant
amounts of critical minerals, it is crucial to ensure their availability and affordability for a successful transition
(IRENA, 2023). In terms of solar PV, many minerals can be crucial, including nickel, indium, gallium, copper,
silver, aluminium, silicon, tin, zinc, iron and lead (see Figure 9). An increasing number of countries and markets
have included some of these materials into national policies related to critical materials. For example, India has
identified silicon, indium and gallium as critical for the solar PV industry (Ministry of Mines, 2025).
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Figure 9 Solar PV-related materials defined as critical by number of countries
or organisations, 2023
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An assessment of global material demand and supply related to solar PV panels estimated that the materials
supply for the solar PV industry is unlikely to face shortages in the near and medium term (IRENA, 2023).
However, the progress of the energy transition in markets that rely on importing solar PV technologies may
be impacted when supply chains are disrupted and global trade flows of renewable energy technologies are
obstructed (IRENA, 2023). Furthermore, the disruption of critical mineral supplies can increase consumer
prices. For example, a sustained supply shock for battery metals could increase global average battery pack
prices by around 40-50% (IEA, 2025). Given the intensified geopolitics, trade conflicts and price fluctuation
trends of key materials, more measures are needed to strengthen resilience and mitigate impacts.

While resource-rich countries are considering expanding their mineral supplies in the global market, more
emerging and developing economies have also taken action to build up their local PV capacity (IRENA, 2024b).
The expansion of mining activities can benefit from improved environmental and social governance and best
practices found in countries with strong PV manufacturing capacity. Therefore, international collaboration
remains key to addressing these challenges and improving the resilience of solar PV supply chains.

1.4 ENVIRONMENTAL IMPACTS RELATED TO RISING MATERIAL DEMAND

The solar PV industry’s demand for materials may drive the expansion of new mining activities and significantly
impact local environments and biodiversity. Currently, environmental impacts linked with solar PV industry’s
material demand contribute a small share to the overall environmental impacts linked with the mining sector.
However, given the capacity needed in the near future and the overall increase of material demand for the
energy transition, solar PV’s demand for minerals may further intensify the environmental impacts associated
with the expansion of mining activities.

ENVIRONMENTAL IMPACTS LINKED WITH MINING ACTIVITIES

Mining activities can have a wide range of adverse effects on local environments and communities. Over the
past two decades, metal mining has expanded into ecosystems with high biodiversity and has contributed
directly and indirectly to deforestation. Other environmental impacts linked with mining activities include
land degradation; water, air and soil pollution; land-use conflicts; and loss of wildlife habitat and biodiversity
(Riedl et al., 2026). While the current impacts of solar PV-related mining activities may be limited compared
to other industries, the solar PV industry could further intensify the environmental footprints of expanded
mining if new material demands come mainly from virgin minerals.

18 | END-OF-LIFE MANAGEMENT FOR A CIRCULAR ECONOMY



The possible environmental impacts linked with solar PV are most pronounced in the extraction of minerals,
where they contribute a large share of demand. For example, solar PV accounted for over 30% of industrial
demand for silver and antimony in 2024. Therefore, it may have a stronger link to the environmental impacts
of mining activities for these two minerals. Similar to other mining activities, the mining of silver and antimony
often involves the removal of forestry and wildlife habitat, causing soil erosion, soil and water pollution, habitat
loss, and the endangerment of wildlife. Further, mining activities can lead to land-use conflicts between
mining companies and local communities. Without proper mitigation and recovery measures, these activities
can cause permanent damage to local nature.

Figure 10 Environmental impacts of mining activities
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Mining waste can significantly impact the local environment because it often contains large quantities of
toxic substances, including heavy metals, acidic materials and alkaline drainage (see Figure 10) (European
Commission, 2026a). Heavy metal pollution can further affect nearby agricultural land, food productivity
and public health. For example, silver and copper mining usually involves heavy metals (e.g. arsenic, lead and
cadmium), sulphur dioxide and acid mine drainage. Wastewater generated by the antimony mining process
can be highly hazardous. Similarly, mining for aluminium and its processing can generate toxic dust and
wastewater, as well as hazardous solid waste, such as aluminium dross. If not properly treated, dust pollution
and water containing these toxic substances can threaten wildlife habitat and public health.

Water stress can be further exacerbated if mining activities overlap with areas designated as high water-
stress areas. The metals and mining sector, including silver and antimony mining, is heavily reliant on water
for various essential procedures, including mineral processing, dust control, slurry transportation and storage,
extraction processes, and general site use. Ore mining and processing can consume substantial amounts of
water and therefore can compete with water demand in other sectors, including agriculture. Meanwhile, the
disposal of mining waste and tailings can pollute local freshwater systems and therefore further intensify
water stress, leading to potential conflicts with agricultural communities.

It is estimated that over 16% of the world’s land-based critical minerals are located in areas that have already
faced high levels of water stress (Lakshman, 2024). Regions including the Andes, Australia, Central Asia,
the Middle East, the western part of North America, South Asia and southern Africa have been identified as
both mining hotspots and regions with high water stress (IRENA, 2023). Further increasing mining activities
in these regions will pose significant risks to the local freshwater system and the agriculture sector (see
Figure 11). For example, Chile is the world’s largest copper production country, but some 80% of its copper
production is located in extremely water-scarce areas. Similarly, about 40% of the Russia Federation’s iron ore
production is located in areas of high water stress (UNEP, 2024a).
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Figure 11 Regions and areas with high water stress and infense mining activities
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While global material demand for solar PV will grow rapidly in the coming years, scaling up supply must be
done in a way that considers impacts on the local environment and communities and minimises unwanted
risks. Mitigating the unwanted impacts of mining activities requires the continuous engagement of local
communities and leveraging third-party sustainability frameworks (Riedl et al., 2026). Another key approach
involves promoting the use of the circular economy to reduce the demand for virgin minerals, thereby partially
avoiding the environmental impacts of new mining activities. The circular economy can strengthen the
resilience of the critical material supply chain in the most affordable and sustainable way, along with its other
social and economic benefits (see Chapter 4).
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CHAPTER 2

PROJECTION OF END-OF-LIFE
SOLAR PV IN THE ENERGY
TRANSITION

Accelerated solar PV deployment requires more raw materials and will result in large amounts of solar PV
panels that will be decommissioned in the future. This chapter provides an overview of potential waste
streams associated with current and future solar PV panels in the energy transition. It examines global-level
and selected markets that have deployed a large amount of solar PV capacity.

2.1 PROJECTION OF GLOBAL END-OF-LIFE SOLAR PV PANELS®

In 2016, IRENA and IEA-PVPS jointly developed the first projection of solar PV waste in the report End of life
management: Solar photovoltaic panels. This analysis assessed the global cumulative weight of end-of-life
solar PV panels for the first time (IRENA et al., 2016). In 2026, IRENA updated the projection based on the
1.5°C Scenario. The projection assumes a 25- to 30-year lifespan for solar PV panels, with some projects failing
or being decommissioned before reaching the end of their lifespan. It also considers the possibility that old
solar panels may be replaced by new, more efficient solar PV technologies before they have reached the end
of their lifespan.

Based on the solar PV capacity needed in the IRENA 1.5°C Scenario, the global cumulative amount of end-of-
life solar PV panels is projected to exceed 12 Mt by 2035, with G20 member countries and regions accounting
for over 90% of this future waste stream. Because the European Union deployed large amounts of solar PV
capacity during the 2000s, this region can anticipate having the highest volume of retired solar PV panels in
the next decade. Other major markets with substantial amounts of end-of-life solar PV panels by 2035 include
China, Japan and the United States, with each surpassing 1 Mt of cumulative end-of-life PV panels by 2035.
Australia, India, the Republic of Korea and the United Kingdom will also have to manage a large number of
end-of-life solar PV panels at the same time.

The 1.5°C Scenario projects that the cumulative weight of end-of-life solar PV panels will surpass
200 Mt globally by 2050. This is linked to the rapid expansion of solar PV capacity in the last decade
(see Chapter 1). Based on IRENA’s estimate, the cumulative weight of end-of-life solar PV panels will increase
16 times from 2035 to 2050 in the 1.5°C Scenario. China is projected to contribute the largest share (29%) to
the global cumulative end-of-life solar PV panels. This aligns with the fact that this country has been driving
global solar PV deployment over the last decade. Apart from China, the European Union (12%), the United
States (11%) and India (9%) are expected to contribute major shares to the global cumulative amount of end-
of-life solar PV panels by 2050 (see Figure 12). Collectively, these markets will account for over 60% of the
total global cumulative end-of-life solar PV panels by mid-century. Other countries, such as Australia and
Japan, will also face a significant number of end-of-life solar PV panels.

5 The projection of end-of-life solar PV panels is based on Weibull functions. Weibull functions are frequently applied in the modelling of life data
and failure analysis of solar PV module materials. The modelling of this study is based on shape factor(a) = 5.38, and average lifetime (T) =
25 years. Input data is based on IRENA’s 1.5°C Scenario.
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Notably, more than 80% of solar PV panels that reach end-of-life status by 2050 will have been generated
between 2040 and 2050. The solar PV waste stream generated in the five years from 2045 to 2050 will be
larger than that generated before 2045. The uneven pace of the solar panel waste stream in the future poses
challenges for industrial players and policy makers. In China and the European Union, tens of thousands of
tonnes of end-of-life solar PV panels are reported. Outside of these two markets, end-of-life solar PV panels
have just emerged. However, the waste stream in some markets, such as in many G20 member countries,
will likely increase by almost tenfold by 2040 compared to the 2030 level, posing significant challenges for
these markets' regulatory frameworks and industrial capacity. To prepare for foreseen solar panel waste
streams, countries and regions must establish proper policy frameworks to guide industries and investors (see
Chapter 4). They also need to invest in necessary infrastructure for the collection, transportation and storage
of end-of-life solar PV panels.

Figure 12 Cumulative end-of-life solar PV panels in selected markets and the rest of world,
1.5°C Scenario, 2030-2050
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The annual volume of end-of-life solar PV panels globally is projected to exceed 3 Mt by 2035. It will further
increase to over 7.8 Mt by 2040, and surge to over 25 Mt by 2050 (see Figure 13). Countries with substantial
amounts of installed solar PV capacity in the last few decades will likely need to be ready to embrace waste
streams in the 2040s. For example, China, the European Union, India and the United States will need to handle
over 1 Mt of decommissioned solar PV panels in a single year starting in 2043. The weight of the annual solar
PV waste stream in each of these markets will surpass 2 Mt by 2048. Other markets, even though not yet at the
million-tonne level, will also have to manage a large number of end-of-life solar panels during the same period
(see Figure 14). For example, Japan will contend with over 500 000 tonnes of end-of-life solar PV panels by
20471; this will further increase to more than 740 000 t annually by 2050.
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Solar PV panel waste streams require transport infrastructure and dedicated treatment capacity. For example,
by 2035, annual solar panel waste will require around 120 000 trips by heavy-duty trucks to transport it from
solar plants to treatment facilities. In addition, at least 150 fully operational, medium-sized solar PV recycling
facilities will be necessary. These facilities will need to have the capacity to treat and recycle 20000t of
end-of-life solar panels per year. They will also need to promote innovation on technologies and business
models to improve efficiency and reduce related costs.

Beyond the markets mentioned above, some developing markets are also poised to face a surge in end-of-life
solar PV panels. By 2040, the annual waste stream from solar PV panels in Brazil, South Africa and Tirkiye
will range from 92000 t to 106 000 t. The waste stream will further increase to between 370 000 t/year to
440000 t/year in these countries by 2050.

Figure 13 Global annual end-of-life solar PV panels, 1.5°C Scenario, 2030-2050
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Figure 14 Annual end-of-life solar PV panels in selected markets, 1.5°C Scenario, 2030-2050
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With the surging amount of solar PV waste, its share in total global e-waste will also increase. Currently,
the estimated weight of end-of-life solar PV contributes a negligible share (<1%) of the global total
weight of e-waste.® It will remain around 1% through 2030. However, the weight of end-of-life solar PV is
projected to contribute over 21% to the global total weight of e-waste by 2050 (120 Mt annually by 2050)
(see Figure 15) (ITU and UNITAR, 2024; UNEP, 2023). By 2050, waste streams from solar PV panels will be
much larger than current e-waste from large equipment worldwide. This necessitates adaptive measures by
policy makers and the e-waste collection and transportation industry to accommodate changes in the e-waste
stream in the future (see chapters 4 and 5).

Figure 15 Share of end-of-life PV compared fo total e-waste globally, 2030 and 2050
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Although the increase in solar PV waste is unavoidable, technological improvements have made positive
contributions, including solar panels’ increased efficiency and reduced material consumption (as shown in
Chapter 1, Section 2). The increase in module efficiency means that the weight per MW of solar PV capacity in
the future will be lower than that of the technology used in the past. For example, the efficiency of commercial
mono-Si modules increased from about 16% to over 24% during 2014-2024, and silicon usage for cells declined
significantly during the last two decades from around 16 g/watt peak (Wp) (in 2004) to about 2.0 g/Wp in
2024 (Fraunhofer ISE, 2025). Moreover, efforts are also being made to replace the valuable or hazardous
materials in solar panels. For example, lead-free soldering for cell interconnections gained 5% of the market in
2024 and is expected to achieve 31% in 2035 (VDMA, 2025). If these advancements continue and accelerate,
it will not only help reduce the weight of end-of-life PV panels required to generate the same amount of
electricity, but also mitigate their negative environmental impacts and facilitate the circular management of
PV waste.

2.2 PROJECTION OF END-OF-LIFE SOLAR PV PANELS
IN SELECTED MARKETS

In the 1.5°C Scenario, several markets are expected to play a more active role than others in promoting solar
PV deployment. These markets are likely to encounter a much larger volume of end-of-life solar PV panels
in the future. This section will look at selected markets that may face a large number of end-of-life solar PV
panels by 2050, including the G20, China, the European Union, India, Japan and the United States.

6 E-waste includes temperature exchange equipment (e.g. air conditioning, refrigerators and heat pumps), screen and monitors (e.g. televisions,

laptops), lamps, solar PV panels, other large equipment excluding solar PV panels (e.g. washing machines, dishwashers, large printers), small
equipment (e.g. microwave ovens, radios, toys and others), and small information technology and telecommunications equipment (e.g. cell
phones, global positioning systems, devices, routers) (ITU and UNITAR, 2024).
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G20

G20 members accounted for over 80% of global installed solar PV capacity and more than 90% of new
additions in 2025 (IRENA, 2026a). In all, G20 members accounted for more than 80% of global energy
consumption and hosted more financial resources and industrial capacity than other countries and states.
They are expected to take a leading role in driving the needed renewable energy capacity by 2030 and 2050
(IRENA, 2025e). According to IRENA’s World energy transitions outlook, total installed solar PV capacity in
G20 member markets would need to increase by about threefold to reach 4 500 GW by 2030, compared to
the 2024 level, and almost ninefold by 2050(IRENA, 2024a). Achieving these targets requires an average
annual capacity addition of around 450 GW from 2025 to 2050.

The cumulative volume of end-of-life solar PV panels across G20 members is estimated to reach 3 Mt by 2030,
accounting for 95% of the global total. This figure will further increase tenfold within a decade and exceed
33 Mt by 2040. It will surpass 166 Mt by 2050 (see Figure 16). Meanwhile, the annual solar PV waste stream
of G20 member markets will increase from about 1 Mt in 2030 to 6.6 Mt by 2040 and surpass 19 Mt by 2050.

Figure 16 Cumulative and annual end-of-life solar PV panels in G20 member markets,
1.5°C Scenario, 2030-2050
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China has deployed the largest solar PV capacity in the world. This country accounted for half of the global
total installed solar PV capacity by the end of 2025 and around 62% of newly added solar PV capacity in
the same year. From 2020 to 2025, China installed an average of 189 GW of solar PV capacity annually
(IRENA, 2026a). By the end of 2025, China had added an additional 317 GW of solar PV capacity. Solar PV
accounted for over 70% of newly added renewable capacity and 29% of total renewable electricity generation
in 2025 (NEA, 2026).

In the 1.5°C Scenario, China will need to handle over 3 Mt (cumulative) of end-of-life solar PV panels
by 2035. This will rise to 11 Mt by 2040 and exceed 58 Mt by 2050 (see Figure 17). The annual
amount of end-of-life solar PV panels is anticipated to reach half a million tonnes by 2033 and
cross the 1 Mt/year mark by 2036. This means at least 50 medium-size solar PV panel recycling and
treatment facilities will be needed to treat these waste streams. It is estimated that China has around
20 dedicated solar PV recycling facilities with a total of 300 000 t of annual treatment capacity. The end-of-
life solar PV panels in this country will further increase to over 2.5 Mt/year by 2040 and 6.4 Mt/year by 2050.
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Figure 17 Cumulative and annual end-of-life solar PV panels in China, 1.5°C Scenario,
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European Union

By the end of 2025, the European Union had installed over 364 GW of solar PV capacity, accounting for 47%
of total installed renewable capacity in the bloc. In 2023, the European Union generated 247 319 GW hours
of electricity from solar PV, accounting for 20% of all renewable electricity generation. From 2020 to 2025,
an average of 46 GW of solar PV capacity was added annually in the European Union (IRENA, 2026a). The
drive behind this achievement stems from renewable energy targets and an overarching policy framework
supported by renewable energy directives and various policies and incentives.

In the 1.5°C Scenario, cumulative end-of-life solar PV panels in this region will reach 1.5 Mt by 2030. This
number will surge to over 4 Mt by 2035 and exceed 8 Mt by 2040. By 2050, the European Union is projected
to face over 25 Mt of cumulative end-of-life solar PV panels. Annual end-of-life solar PV panels are expected
to reach over 700 000 t by 2035, surpassing 1Mt by 2040, and rising to over 2.2 Mt by 2050 (see Figure 18). In
the next decade, it is estimated that around 40 medium-sized solar PV recycling and treatment facilities will
be needed for the expected annual end-of-life solar PV panels in the European Union.

Figure 18 Cumulative and annual end-of-life solar PV panels in the European Union,
1.5°C Scenario, 2030-2050
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The European Union stands out as one of the few jurisdictions with available data on the collection and
treatment of end-of-life solar PV panels. The systematic collection of these materials in the region started
in early 2010s, following the release of the Waste Electrical and Electronic Equipment (WEEE) guidelines in
2012. Based on the latest data, in 2023, European Union member countries collected 58 474 t of end-of-life
solar PV panels, reflecting a tripling compared to the reported amount in 2019 (18 986 t). Countries with a
significant amount of collected and disclosed end-of-life solar PV panels include Belgium, Czechia, France,
Germany, Italy, the Netherlands, Poland and Spain (see Figure 19). Germany and Italy, in particular, accounted
for 41% and 35% of the total number of end-of-life solar PV panels collected from 2019 to 2023, respectively.
According to the reporting platform, over 86% of the total collected end-of-life solar PV panels during the
same period were either recycled or prepared for reuse (Eurostat, 2025).

Figure 19 Reported collection of end-of-life solar PV panels in the European Union, 2019-2023
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India has achieved significant growth in its total installed solar PV capacity, reaching 135 GW by the end
of 2025. This marks a notable 3.4 times increase over five years compared to 2020 levels. Solar PV is now
India’s primary renewable power source, contributing more than half of the country's total renewable energy
capacity by 2025 and 29% of total renewable electricity generation in 2023. In 2025, the annual installed solar
PV capacity reached 37 GW, with an average of 19 GW installed annually from 2020 to 2025 (IRENA, 2025b,
2026a).

In the 1.5°C Scenario, India will encounter more than half a million tonnes of cumulative end-of-life solar
PV panels by 2035. This figure is expected to rise to over 1 Mt by 2037 and to surpass 2.3 Mt by 2040.
By 2050, India will likely face the fourth-largest number of end-of-life solar PV panels globally, following
China, the European Union and the United States. However, around 85% of the total cumulative
end-of-life solar PV panels by 2050 will be generated between 2041and 2050.

The amount of annual end-of-life solar PV panels in India will reach half a million tonnes by 2039. It will then
surpass 1 Mt by 2043 and reach over 2.6 Mt by 2050. From 2035 to 2050, India is expected to handle an
average of 1.2 Mt of end-of-life solar PV panels every year, requiring around 60 medium-sized solar PV panel
waste treatment facilities to be ready and operational during this period (see Figure 20). The waste stream in
India will likely show a stronger surge in the 2040s compared to other markets. For example, the amount of
India's annual end-of-life solar PV panels is estimated to be only one-third of Japan's level in 2030. A decade
later, by 2040, solar panel waste in India will be 1.3 times higher than Japan's in 2040. By 2050, it will exceed
Japan’s waste stream by 3.6 times.
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Figure 20 Cumulative and annual end-of-life solar PV panels in India,
1.5°C Scenario, 2030-2050
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Japan

By the end of 2025, Japan had installed over 92 GW of solar PV capacity, accounting for more than 69%
of the country's total installed renewable capacity. Solar PV provided 43% of Japan’s renewable electricity
generation in 2023. Currently, Japan has installed the third-largest solar PV capacity in Asia, following China
and India, contributing 6% to Asia's overall installed solar PV capacity, which stood at 1528 GW by the end
of 2025. The annual added solar PV capacity for 2025 in Japan was 2.6 GW. Japan maintained an average of
approximately 4 GW of solar PV additions from 2020 to 2025 (IRENA, 2025b, 2026a).

In the 1.5°C Scenario, Japan is expected to encounter 1 Mt of cumulative end-of-life solar PV panels in 2034.
The number will reach 3 Mt by 2040, and further expand to 9.5 Mt by 2050. In the single year of 2034, the
amount of end-of-life solar PV panels in Japan is projected to exceed 200 000 t. The annual waste stream will
reach over 500 000 t by 2041 and surpass 748 000 t by 2050 (see Figure 21).

Figure 21 Cumulative and annual end-of-life solar PV panels in Japan,
1.5°C Scenario, 2030-2050
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United States

By the end of 2025, the United States had installed 210 GW of solar PV capacity, accounting for 45% of the
overall installed renewable energy capacity. Solar PV provided 22% of total renewable electricity generation
in this country in 2023. Between 2020 and 2025, an average of 27 GW of solar PV capacity per year was
installed in the United States. Even though political changes indicate a slowing of renewable installations in
this country, the solar industry still deployed 34 GW of solar PV capacity in 2025 (IRENA, 2025b, 2026a).

In the 1.5°C Scenario, the cumulative amount of end-of-life solar PV panels in the United States will surpass
1Mt by 2034. It will further exceed 5 Mt by 2041, and reach 23 Mt by 2050. On an annual basis, the country's
end-of-life solar PV panels are projected to reach half a million tonnes by 2038. This amount will then double
to 1 Mt within three years by 2041, and surpass 3 Mt by 2050 (see Figure 22).

Figure 22 Cumulative and annual end-of-life solar PV panels in the United States,
1.5°C Scenario, 2030-2050
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In addition to the countries mentioned above, other markets will also face an increasing amount of waste
streams from decommissioned solar PV projects. Policy makers and industrial players are urged to plan
accordingly to improve policy frameworks to address future waste streams and invest in needed treatment
facilities and infrastructure. To understand the scale of future waste streams and bridge the gap, countries
must understand the current practices in different contexts as well as existing barriers and issues
(see Chapter 3).

Meanwhile, taking into consideration the substantial scale of both existing and anticipated global solar PV
installations, policy makers and industrial players should bear in mind that solar PV panel waste streams
can also serve as important sources of raw materials to meet future material demand. This can be enabled
by implementing a holistic framework supported by effective systems for collection, reduction, reuse and
recycling. Such a framework is particularly important for countries with significant installations, which will
likely face a surge in waste streams in the next decade (see chapters 4 and 5).
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CHAPTER 3

CURRENT STATUS OF
END-OF-LIFE SOLAR PV
TREATMENT

While the amount of end-of-life solar PV panels will rise significantly in the near future, the current scale of
decommissioned solar plants and the treatment of those panels remain unclear. Few regions and countries
report end-of-life solar panel data in their markets, and most countries have not established systematic
reporting and monitoring systems for end-of-life solar PV. Meanwhile, how these end-of-life solar PV panels
are transported and treated varies significantly across markets, depending on local regulations and policies,
as well as infrastructure readiness and industrial capacity. This chapter provides an overview of the current
status of end-of-life solar panels in selected markets, how they are being collected and treated, and the
potential environmental and public health impacts based on current practices.

3.1 CURRENT STATUS OF END-OF-LIFE SOLAR PANELS GLOBALLY
AND IN SELECTED MARKETS

Scale of the waste stream

Currently, the amount of solar panels at the end of their service time is rarely reported at a global level. IRENA
estimated that cumulative solar PV waste was around 700 000 t to 1Mt by the end of 2025, with the majority
of waste streams originating in Australia, China, the European Union, Japan and the United States (CRRA,
2026; Eurostat, 2025; Taylor et al., 2025). Globally, the annual waste stream from solar PV panels generated
in 2025 was around 400 000 t, accounting for nearly half of the cumulative weight.

Most deployed solar PV projects have not reached the end of their service time. It is estimated that solar
PV panels deployed in the 2000s will be decommissioned soon, but the number of those panels is modest
compared to current capacity. The majority (around 90%) of total installed solar PV panels globally were
deployed within just ten years, from 2016 to 2025, and have not yet reached the end of their service time
(25 to 30 years). However, solar PV waste will still be generated during the transporting and operation phases.
For example, some solar panel components can be damaged during transportation and installation, and
therefore would be considered to be waste streams. More frequent extreme weather can also cause solar
panels to fail. In some cases, solar PV projects can be decommissioned (even though they have not reached
the end of their service life) and replaced by more advanced solar PV technologies, a switch that is mainly
driven by the desire for higher economic returns for investors. When solar radiation and land-use costs are
both high, replacing old technologies with more efficient solar PV panels can maximise investors’ economic
return.

Overall, estimating the current waste stream from solar PV panels can be difficult due to limited high-quality
data. The European Union is the only region with continuous reporting of solar PV waste collected from
member states. Outside the European Union, the reporting methodology and data quality may not be
aligned, even though multiple industrial organisations have reported estimates of solar PV waste streams
in different markets. An enhanced data reporting platform and standardised methodology are urgently
needed to inform the policy-making process (see Chapter 5, Section 3). Some international stakeholders
have started to promote such efforts. For example, Global Energy Monitor, a US-based non-governmental
organisation (NGO), has included trackers on solar PV projects in different regions. Even though this platform
is not specifically designed for tracking PV waste, it recorded 536 MW of decommissioned and 755 MW of
mothballed (disused but not dismantled) utility-scale solar PV plants as of February 2026. Most of these
plants are in North America, Eastern Asia and Western Europe (Global Energy Monitor, 2026).
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Current practices on collection and treatment in selected markets

Globally, current practices for the collection and treatment of end-of-life solar panels vary significantly,
depending on regional or national regulatory frameworks (see Figure 23). In major solar markets, end-of-life
management for solar PV can be separated into several patterns. In markets such as the European Union, India
and the Republic of Korea, waste PV modules are categorised as e-waste and regulated by existing e-waste
policies. Countries including China and Japan utilise their existing industrial waste management frameworks
to regulate utility-scale end-of-life solar PV. In Australia and the United States, subnational-level governments
have announced more dedicated policies and measures, although national policies and guidelines exist.
However, in some developing markets, national efforts or capacity are limited and the collection and treatment
of solar PV waste mainly rely on the informal sector. Notably, industries can play an active role in solar PV
waste management, especially before governments announce formal regulations. In reality, a mix of different
practices can be seen in the same market.

Figure 23 Different end-of-life management routes for solar PV panels
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Some markets have initiated systems to encourage the collection and proper disposal of end-of-life
solar panels, with efforts observed in Australia, China, Céte d'lvoire, the European Union, Ghana, India,
Japan, Kenya, the Republic of Korea, Rwanda and South Africa, as well as subnational jurisdictions in the
United States (see Chapter 5). In the rest of the world, end-of-life solar panels make up a small amount of
waste and likely follow common local e-waste treatment practices.

The European Union has been systematically disclosing data on the collection and treatment of end-of-
life solar panels in its member states. This practice is based on the inclusion of solar PV into the regional
WEEE regulation announced in 2012 (European Union, 2012). In the European Union, approximately
58500 t of end-of-life solar panels were reported as collected in 2023. Over 84% of the collected solar
PV panel waste (49 200 t) was either recycled or prepared for reuse within the region. A small share of
the waste stream is treated in other ways or transported outside the European Union (Eurostat, 2025).
The progress in collecting and treating solar panel waste in this region is also linked to the development
of dedicated solar panel recycling facilities, with a capacity of approximately 170 000 t/year by 2024
(Espinosa et al., 2026; Taylor et al., 2025).
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China is in the process of establishing its national framework for end-of-life solar PV. In China, many utility-
scale solar PV projects are deployed and operated by state-owned companies. These developers are required
to treat end-of-life solar PV panels in a timely way, mainly by contracting with certified waste treatment
companies in accordance with national regulations. Due to the country’s strong solar PV industry capacity,
recycling facilities and pilot projects have been launched in recent years. It is estimated that dozens of facilities
dedicated to the recycling of solar PV waste have been established, most of which are located in the Yangtze
Delta area, where solar PV manufacturing capacity is concentrated and the local government has announced
policy incentives (Jiang, 2023). In 2024, China established the state-owned China Resources Recycling Group,
aiming to promote the research and application of recycling technologies for renewables. However, most
large-scale solar PV plants are deployed in northwestern China, far from many recycling facilities, posing
challenges with regard to transport costs and the economic viability of recycling.

In Japan, the collection and treatment of end-of-life solar panels are regulated by general waste management
practices. Therefore, solar panel waste is not collected or reported separately. This country has strict
regulations on e-waste treatment and widely established facilities for its treatment (JPEA, 2022). It is estimated
that Japan generates tens of thousands of tonnes of solar panel waste each year (Jiji Press, 2025). A survey
reported that more than 60% of solar power operators in Japan do not consider recycling decommissioned
PV panels. Most waste panels end up in landfills due to the significant cost difference between landfill disposal
and recycling (METI and MOE, 2026).

In India, solar PV waste is categorised as e-waste and regulated under the E-Waste (Management) Rules
announced in 2022. While this rule mandates recycling obligations for electric and electronic equipment
producers, solar PV modules are exempt from mandatory recycling targets. Instead, the regulation requires
solar PV producers to safely store the generated PV waste until 2034, in accordance with the guidelines
set by the Central Pollution Control Board (CPCB) (MoEFCC, 2022; CPCB, 2026). At the same time, PV
recycling facilities are beginning to be planned and built in India. For example, Indian solar PV manufacturer
Jakson Engineers Limited contracted with a European technology provider in December 2025 to establish
a PV module recycling plant with the capacity to recycle 300 MW (or 13500 t) of solar panels per year
(Jakson, 2025).

In Australia, some subnational governments, including Victoria, South Australia, the Australian Capital Territory
and Queensland, have announced dedicated regulations to prevent solar PV waste from being sent to landfill
(see Chapter 5). At the national level, Australia has been developing a regulatory product stewardship scheme
dedicated to solar PV systems and small equipment since 2022. However, the scheme has not yet been
established. In January 2026, the Australian government announced AUD 24.7 million (Australian dollars;
USD 16.5 million) to support a national solar panel recycling pilot project. The pilot is expected to start in mid-
2026 and aims to collect up to 250 000 panels from 100 sites (DCCEEW, 2026).

In Canada, solar PV panels deployed in the 2000s may reach the end of their service life soon. Solar PV waste
streams in Canada are not differentiated from other e-waste and are collected and treated as general e-waste
streams. This means that most end-of-life solar panels are disposed of in landfills, with some reportedly
exported for treatment at specialised PV recycling facilities in the United States (Lila, 2024).

In Brazil, solar panel recycling is in an early stage, with only 10% of panels currently being recycled
(Amorim, 2025). Most recycling steps, including dismantling, recovery of aluminium and glass, and disposal of
plastic and metal fractions, are handled through regular e-waste recyclers. Even though large-scale facilities
dedicated to the treatment of end-of-life solar PV have not yet been established, some specialised companies
have emerged with a focus on solar panel recycling, particularly in reverse logistics, collection and mechanical
dismantling. The National Solid Waste Policy, Brazil’s overall regulatory framework for waste management,
requires the reverse logistics of electrical and electronic equipment, including solar PV (Neves, 2021).
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In Sub-Saharan Africa, some countries have national schemes relevant to e-waste. These include Cameroon,
Céte d’lvoire, Ghana, Kenya, Madagascar, Mauritius, Nigeria, Rwanda, South Africa, the United Republic of
Tanzania, Uganda and Zambia (GESP, n.d.). Kenya and South Africa have been moving forward with dedicated
requirements (e.g. financial responsibilities for collection and treatment) for solar PV panel waste within
existing regulations. In Africa, off-grid solar appliances play an important role in increasing electricity access,
but the large stream of off-grid waste will also pose challenges in the near future (see Chapter 3, Section 2).

In the majority of countries, most end-of-life solar PV panels end up in landfills along with other e-waste. The
European Union, China and major developed economies are the exceptions to this rule. In countries where
unregulated e-waste recycling exists, a significant portion of end-of-life solar panels and other e-waste is
likely to be directed to small-scale, unregulated facilities and recycled through methods that are polluting and
threaten public health (see Chapter 3, Section 3). In least-developed countries, such as Sub-Saharan African
countries, dysfunctional off-grid solar home appliances are usually repaired and reused in different ways, but
these countries also face a shortage of technicians. Meanwhile, in countries where solar PV waste streams are
regulated by existing policies, infrastructure such as collection channels and recycling facilities may still face
challenges and need to be established.

The cross-border transport of decommissioned solar PV panels has been reported in many countries. For
example, in the European Union, a study indicates that large amounts of solar panel waste are exported
outside the European Union, with PV module export rates up to 90% for certain countries. High recycling
costs (usually EUR 100-200/t [euros], equivalent to around USD 114-228/t of PV waste) are the main reason
for this; in addition, multiple organisations offer to buy and export PV waste (Rayner, 2024). In Australia,
until 2024, around 80% of decommissioned solar panels were exported to other markets for reuse
(SEC, 2025). Solar PV waste can also be shipped to other markets where modern recycling facilities have
been established.

Similar to other e-waste, the cross-border movement of decommissioned PV panels often moves from
developed markets to developing countries. According to Global E-waste Monitor, 5.1 Mt of e-waste were
shipped across borders in 2022, among which 3.3 Mt were estimated to flow from high-income to middle- and
low-income countries in an uncontrolled and undocumented way (ITU et al., 2024). It has been reported that
many decommissioned solar panels in Australia, the European Union and the United States ended up overseas
as donations to lower-income countries (Dias, 2024). For instance, a solar installation firm in Australia shipped
containers of modules to rural areas in West Africa. The modules were replaced during an upgrade of solar
power systems and were reported to be in working condition (Bloch, 2022). In regions such as Sub-Saharan
Africa, used solar modules and other electrical and electronic equipment are more affordable than new
equipment and are used to power local communities.

However, even though they are declared to be usable or repairable, these cross-border streams of
decommissioned solar PV panels are likely to become defective within several years. They may also be
unable to function properly because of a lack of technicians with the necessary technical skills. For example,
there is evidence that a significant portion of used electrical and electronic equipment shipped from
developed markets to Kenyan beneficiaries was not able to be used properly (Lebbie et al., 2021). These
imported second-hand solar PV panels will likely contribute significantly to e-waste in the near future,
raising concerns about local capacity for collection and treatment. This also undermines public confidence
in PV adoption due to a lack of transparency regarding the origin, quality and history of the hardware. In
response, countries like Senegal are introducing rigorous quality standards and incentive schemes to curb the
import of substandard equipment and elevate the general quality of solar technology deployed nationwide
(GOGLA, 2024).
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3.2 WASTE STREAMS FROM OFF-GRID SOLAR APPLIANCES

In most developing markets in Sub-Saharan Africa and Asia, the bulk of solar PV products are off-grid
solar home appliances. The lifespans of these off-grid solar appliance vary: modern and quality-verified
products can last more than eight years, while some low-quality products tend to have shorter lifespans
(two to three years) than quality-verified products. Because these regions' financial capacity, knowledge and
socio-economic context differ from those of developed markets, there are significant differences in how
dysfunctional off-grid solar equipment is treated. This section aims to outline the current status of off-grid
solar appliances in selected markets and the practices used to handle the waste streams.

Global status of off-grid solar equipment

Solar panel-based off-grid systems are usually used to power electrical and electronic equipment such as
lights, televisions, radios, fans and refrigerators, as well as solar water pumps. They can be categorised into
different types, including solar lights (<11 W), solar home systems (>11 W), solar mini-grids (>1kW), solar
pumps (around 0.4 kW or more), as well as others (IRENA, 2025c¢). These off-grid solar PV systems play a vital
role in providing electricity access in developing regions and countries in Africa and Asia, with smaller-scale
deployment in Latin America. For example, solar energy kits, including solar lanterns and small-scale solar
home systems used to power lights and small electrical devices for individual families, have experienced a
significant boom in Sub-Saharan Africa over the past decade.

A large number of off-grid solar PV systems have been deployed globally. In 2024, It was estimated that the
total weight of solar panels used for off-grid solar lights and solar home systems was more than 22700 t,
excluding the electric appliances or cables attached to the panels. Some 77% (by weight) of these off-grid
solar PV panels are deployed in Africa, and an additional 15% are in developing Asia. Moreover, solar mini-
grids are estimated to involve over 52000 t of PV panels, with 64% of these panels deployed in Indonesia.
Additionally, over 92 000 t of solar PV panels are being deployed as solar pumps, with 92% of these in India
(IRENA, 2025¢).

Estimate of the waste stream from off-grid solar PV panels

Quality-verified off-grid solar PV usually have professional maintenance and 25 to 30 years of service time.
Companies distributing these high-quality products often have reverse logistics, warranty and repair offerings
for customers. In the off-grid context, most customers tend to have broken products repaired, rather than
discard them, to get a longer service time. A Solar Aid study in 2024 found that 90% of companies surveyed
offered some type of repair and refurbishment service for their customers (Keane et al., 2024). However,
off-grid solar products without verified quality can have relatively short working lives, ranging from two to
three years.

In Sub-Saharan Africa, data show that over 110 million small solar PV off-grid appliances are likely no
longer functional. In 2020, an estimated 10 000-12000 t of end-of-life off-grid solar products were
generated in Sub-Saharan Africa, primarily due to a lack of local technical expertise or limited access to
maintenance services (SESA, 2024). In Kenya, it is estimated that thousands of tonnes of off-grid solar waste
may have been generated in the early 2020s, with 65% of these unfunctional items being kept at home
(Hansen et al., 2022; Kinally et al., 2022).
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In most cases, off-grid solar appliances are not collected or treated by formal and centralised treatment
facilities. This is linked to the local context and practices of e-waste management. It is estimated that, in
Sub-Saharan Africa, less than 1% of these non-functioning solar products are being covered and collected by
formal recycling practices (Munro et al., 2023). When these off-grid solar appliances are no longer functional
and are cleared from households, they are usually collected and dismantled by informal e-waste recyclers.
After dismantling the metals in the appliances, the remaining components with minimal market value are
usually disposed of in open dumpsites or landfills. They are also sometimes incinerated without taking proper
health and safety measures, causing significant environmental and public health impacts.

Ghana, Kenya and Rwanda are in the process of developing formal regulatory frameworks for end-of-life
management of off-grid solar appliances (Hansen et al., 2022). An increasing number of formal recyclers have
also developed partnerships with quality-verified off-grid solar companies to further explore solutions and
business models to address the challenges linked with handling off-grid solar waste streams. Despite these
positive developments, if sustainable practices are to be promoted, significant barriers need to be addressed.
For example, more investment and international development funds are needed to support the development
of a sustainable reuse and recycling ecosystem in Sub-Saharan Africa. Another barrier is related to the cost
of recycling. The high recycling cost adds to other challenges related to high financing costs in this region.

3.3 ENVIRONMENTAL IMPACTS RELATED TO LANDFILLING AND
UNREGULATED RECYCLING

The unsustainable disposal and treatment of end-of-life solar panels, such as direct landfilling or open-air
burning, can result in unwanted environmental impacts, polluting water, soil and air and threatening public
health. Some heavy metals contained in solar PV panels, such as lead and cadmium, can contaminate soil
and groundwater. When landfills are regulated properly with the best available measures, contamination
risks can be controlled and monitored in many cases (Sinha et al., 2020). However, environmental regulations
can be less stringent in developing regions, such as South Asia and Sub-Saharan Africa. In these regions,
environmental impacts can be high, and additional measures and solutions are required.

E-waste landfilling can cause significant contamination of soil and water. For example, lead and brominated
flame retardants have been commonly used for solar PV panels as solders and junction boxes, respectively.
These two materials are among the most hazardous substances in solar PV panel waste. An analysis of
Sub-Saharan African countries showed that lead concentrations in soils near e-waste dumping sites
can reach 14 000 milligrammes/kg, which is 35 times above the level considered safe, which is less than
400 milligrammes/kg (Ssebugere et al., 2025). Such a high level of lead pollution threatens public health.
Exposure to lead can affect multiple body systems and is particularly harmful to young children and women
of childbearing age (WHO, 2024a).

Informal treatment or recycling of end-of-life solar PV panels is common in most of developing markets.
Informal recycling practices are usually not equipped with skilled workers or professional machines that can
properly handle the solar panels in alignment with the requirements for environmental and human safety. In
Nigeria, more than 30 000 individuals are involved in informal e-waste recycling. Informal recycling plays a
significant role in the livelihoods of these families, as it provides the majority of their income. In Ghana, the
Agbogbloshie e-waste dumpsite is estimated to have provided income for over 15000 informal e-waste
workers (Adetuyi and Williams, 2022). However, this informal process leads to pollution and poses health risks
to the informal workers and individuals living nearby (UNEP, 2021).
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In most cases, informal recycling aims to recover the metals with the highest market value, with minimal or
no measures taken to ensure workers’ safety or environmental compliance. Usually, informal recycling of
e-waste, including solar PV panels, does not involve large recycling equipment. The focus is solely on recycling
aluminium and copper, which are easy to dismantle with simple tools. The rest of the components, including
hazardous solder and plastic components, are likely to be burned directly at the dumpsite. This open burning
of e-waste can cause significant air pollution (e.g. airborne dust, nitrogen oxide). It can also release polycyclic
aromatic hydrocarbons and dioxins, both of which are highly toxic (Finn et al., 2025; Greenpeace and ACEF,
2022; ITU et al., 2024; Tyagi and Kuldeep, 2021; WHO, 2024b). Currently, most deployed solar PV panels use
fluorine-based backsheet materials to improve performance and outdoor durability. Burning these backsheets
generates highly toxic hydrogen fluoride (HF) gas, which is extremely dangerous to human and animal health.
This pollution can cause significant environmental impacts and negatively affect health in communities near
informal recycling sites (Ssebugere et al., 2025).

Unregulated recycling by small-scale facilities usually involves directly discarding the process waste and
residues in the nearby environment without proper treatment. This can also pose significant environmental
risks. Similar to informal recyclers, these unregulated recycling facilities usually involve unsustainable recycling
practices, such as open burning, or the use of strong acids to recover metals with a high market value, such
as silver and copper. Liquid waste generated from such unregulated recycling processes can have significant
impacts on soil and fresh water if it is not treated properly.

Solar PV waste is emerging in more markets and is expected to surge in the coming decades. It is critically
important to prevent and minimise unwanted impacts on the environment and local communities. Addressing
these potential threats requires the urgent adoption of circular economy approaches in solar PV waste
management practices, which are introduced in Chapter 4.
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CHAPTER 4

A CIRCULAR ECONOMY FOR
END-OF-LIFE MANAGEMENT OF
SOLAR PV PANELS

4.1 DEFINITION OF A CIRCULAR ECONOMY

The current economic system is often described as a “linear economy”, built on constantly extracting raw
materials, turning them into products and then discarding them as waste. This linear model poses threats
to finite resources and causes damage to the environment. A transition to a different system, a “circular
economy”, is increasingly being promoted and pursued globally. A circular economy aims to use resources and
conduct economic activities in a more responsible and sustainable way by increasing resource use efficiency,
minimising waste generation and related pollution, and circulating products and materials (at their highest
value), as well as regenerating nature (Ellen MacArthur Foundation, n.d.; UNDP, 2023).

A circular economy is based on three simple principles: reduce, reuse and recycle. The ultimate goal of
a circular economy is to prevent, minimise and reutilise waste streams as much as possible. The circular
economy principles extend to waste management across all economic sectors, including the electric and
electronic equipment industry (EUR-Lex, n.d.; UNEP, 2024b). This makes it an important and foundational
approach to manage end-of-life solar PV panels sustainably.

In 2016, IRENA and IEA-PVPS published End-of life management: Solar photovoltaic panels, a report
highlighting the significance of circular economy approaches in addressing future waste streams from
end-of-life solar PV panels (see Box 1). Meanwhile, a number of research institutions from different markets,
including Germany’s Fraunhofer Institute for Solar Energy Systems, Australia's University of Technology
Sydney, China’s Chinese Academy of Sciences and the US National Laboratory of the Rockies, have also
addressed this topic. Indeed, an increasing number of research institutes are investigating the concept of
the circular economy as it pertains to solar PV panels, including looking at technology innovations, concept
development, and sustainable practices and policy analysis.

Box 1 IRENA and IEA-PVPS joint report: End-of-life management: Solar photovoltaic
panels (2016)

In 2016, IRENA and IEA-PVPS jointly published the first projection of solar PV panel waste volumes
up to 2050. The initial projections for end-of-life solar panels were based on two scenarios: a regular-
loss scenario (assuming a 30-year panel lifespan with no early attrition) and an early-loss scenario
(considering some percentage of solar panel failures before reaching the 30-year lifespan). The report
highlights that the circular economy, including recycling and repurposing end-of-life solar PV panels,
can unlock a growing reservoir of raw materials and valuable components for the needs of the energy
transition. Circularity-based end-of-life management of solar PV panels can unlock the potential to

spawn new industry opportunities, generate substantial economic value from recovered materials, and
further move towards aligned and sustainable development goals.

This report further explains key principles for end-of-life management of solar PV panels and the policy
actions needed to promote their adoption. To fully realise the benefits of the circular economy for end-
of-life solar PV management, countries should establish the necessary institutional frameworks and
manage the anticipated surge in solar panel waste. Policy actions are needed to address upcoming
challenges, but they must be tailored to each region or country's circumstances.

Source: (IRENA and IEA-PVPS, 2016).
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Building on the previous analysis from 2016 and taking into account the latest discussions and industrial
practices on the circular economy for solar PV panels,’ this chapter aims to offer a comprehensive analysis
and provide practicable options for policy makers and industrial players. It aims to support stakeholders in
better understanding the various aspects of the circular economy for the solar PV industry and the available
and feasible actions associated with each circular economy principle.

4.2 CIRCULAR ECONOMY FOR SOLAR PV DEVELOPMENT:
PRINCIPLES AND MEASURES

Reduce

The “reduce” principle involves all measures taken to prevent waste generation and reduce the use of
virgin and hazardous input materials in production (IRENA and IEA-PVPS, 2016). Adoption of the “reduce”
principle should start as early as the product design and manufacturing phases. Producers should design and
manufacture their solar PV panels by:

¢ Improving the design of industrial processes. This works to reduce material inputs and make disassembly
and recycling easier (MIIT et al., 2026).

e Extending the lifespan of solar PV panels. Increasing their lifespan is critical for minimising waste
generation and related environmental impacts (CISL et al., 2025; Pa¢ and Gok, 2024).

e Reducing virgin material use. Minimising the use of virgin materials is key for a circular economy,
including for the solar PV industry. Alternatively, industrial players should gradually increase the share
of recycled materials in the manufacturing of solar panels. Such a transition should not compromise
safety, efficiency or performance.

¢ Minimising hazardous material use. Design considerations should focus on reducing the use of hazardous
materials, such as lead in solders, and limiting the use of fluorine in backsheets. In this way, the
recyclability and resource recovery potential are improved (Ali, Islam et al., 2024; SEIA, 2025).

Adoption of these "reduce"” options from the product design phase can avoid environmental costs efficiently
(Ellen MacArthur Foundation, 2022). However, a circular product design usually means higher manufacturing
costs, which in turn means that companies may lack the willingness to transition to a circular product design.
Governments should therefore make relevant policies to encourage or mandate companies to adopt the
circular economy principles during production. An example is the European Union’s Ecodesign policies, which
set a series of “ecodesign requirements” for products that are to be placed on the EU market (see Box 2)
(European Commission, 2026b).

7 The discussion of “reduce”, "reuse” and "recycle” in this section is based on (Curtis et al., 2021; Ellen MacArthur Foundation, 2022; Greenpeace and
ACEF, 2022; Heath et al., 2022; IEA-PVPS, 2022; IRENA and IEA-PVPS, 2016; Kirchherr et al., 2017; Tao et al., 2020; UNEP, 2023).
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Figure 24 "Reduce” options and related stakeholders
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One challenge in implementing the “reduce” principle could be the trade-off between manufacturing products
that are easy to disassemble as a “reduce” measure and their durability (Bilbao et al., 2021). For example, a
circularity-based design for solar PV panels would require making solar panel systems easy to dismantle for
repair and recycling, in which case durability might be compromised. However, solar PV plants are commonly
faced with harsh weather conditions and require robust designs to make disassembly difficult without
breaking components. Furthermore, solar cells usually use the strong adherence of EVA to ensure durability.
When end-of-life solar PV panels are processed for reuse and recycling, it can be challenging to remove EVA
without breaking the silicon cells, a high-value component that has the potential to be reused with promising
economic returns for recycling facilities. Similarly, the use of fluorine-based backsheet materials can protect
solar cells and improve a product’s durability throughout its lifespan. However, highly toxic HF gas can be
generated if fluorine-based backsheet materials are burned during the recycling process. If this occurs, it may
also increase recycling costs because treatment facilities may need to invest in additional toxic gas capture
and treatment equipment (Wei et al., 2025).
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Box 2 The European Union’s Ecodesign policies

In July 2024, the Ecodesign for Sustainable Products Regulation entered into force in the European
Union. It is an EU-wide legal framework that sets ecodesign requirements to ensure the sustainability
and circularity of products. Under the Ecodesign framework, requirements include:

improving product durability, reusability, upgradability and reparability
enhancing the possibility of product maintenance and refurbishment
making products more energy and resource efficient

addressing the presence of substances that inhibit circularity
increasing recycled content

making products easier to remanufacture and recycle

setting rules on carbon and environmental footprints

limiting the generation of waste

improving the availability of information on product sustainability.

The regulation sets two horizontal requirements: 1) repairability (including scoring) and 2) recycled
content and recyclability. These are mainly intended for electrical and electronic equipment.

It also introduces the Digital Product Passport, a digital identity card for products, components and
materials, aiming to promote the traceability of products.

To improve the circularity-aligned product design and technology advancement, solar PV manufacturing
companies, universities, technology research institutes, industrial associations, governments and other
stakeholders all have critical roles to play. While efficiency improvement remains a common interest for
industries, further targets, regulations and incentives will be needed to further drive the change in industrial
practices by reducing hazardous materials and increasing the use of recycled raw materials (see Chapter 5).

Reuse

The “reuse” principle aims to extend the operational life of decommissioned solar PV panels and components
(Basnet et al., 2025). In the context of the end-of-life management of solar PV panels, the options to reuse
include actions on:

e Reusing decommissioned solar panels. After decommissioning, some solar panels may have
compromised performance but can still generate electricity. Reusing these decommissioned solar PV
panels can prevent them from entering the waste stream (Bellini, 2026).

¢ Reusing components that are not damaged and can function properly. Many solar panel components,
such as solar cells and junction boxes, remain in good working condition when solar PV panels are
decommissioned. Based on a professional testing process, these components can be reused for second-
hand products or other appliances.

¢ Repairing failed components or panels for second use. Some damaged or failed solar PV panels can be
repaired and reused after undergoing a proper testing and certification process to ensure safety and
continued service life.
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Figure 25 “Reuse” options and related stakeholders
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Decommissioned solar PV panels are not necessarily at the end of their service life because they often can still
generate electricity. In many cases, project investors replace the older solar panels with newer, higher-power
production models on the same site to improve profitability. Such replacements can result in a remarkable
50% increase in electricity production compared to older solar PV technologies and, therefore, be more
attractive to investors (Greenpeace et al., 2022). In this example, most of the decommissioned solar PV panels
have not reached the end of their service time and can be reused for other purposes and sites.

The “reuse” approach offers huge potential for solar panels that have been decommissioned early, for which
the remaining repairable and reusable solar PV capabilities represent a significant, but untapped, second-
hand market. Studies indicate that c-Si solar PV panels typically experience power degradation rates ranging
from 0.5% to 2.96% per year, depending on the local climate in which they are deployed. In that case, after
two decades of service, these solar PV panels may still retain around 70% to 80% of their original nameplate
capacity (Aboagye et al., 2021; Atia et al., 2023; Theristis et al., 2023). However, the “reuse” approach should
be underpinned by necessary testing and certification processes to enable a market for second-hand solar PV.

Reusing silicon cells offers significant economic potential. Silicon cells are estimated to account for
more than half of total module manufacturing costs and a large share of total energy consumption in the
entire solar PV value chain (VDMA, 2025). Theoretically, most solar cells in decommissioned solar projects
remain undamaged and can be reused. Along with the technology advancement, since solar cells can deliver
much higher profitability than recycled materials, they can play a vital role in enabling second-hand solar PV
markets.

Currently, it is difficult to ensure that silicon cells remain undamaged during an industrial-scale recycling
process. However, pilot projects have demonstrated that, through chemical etching and thermal processing
or a mixed solution, recycling facilities can obtain solar cells with minimal damage. In China, a pilot facility - a
collaboration among a PV company, a university and an institute - has developed a recycling process that can
separate glass and cells without damaging them (CRRA, 2026). Research has shown that a significant share
of separated solar cells from decommissioned solar panels showed excellent characteristics, efficiency and
stability compared to newly produced cells. In other words, reusing silicon cells to produce solar panels may
have comparable efficiency to using virgin materials (Dum et al., 2023; Shin et al., 2017).
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Reusing components and panels from decommissioned solar panels can provide affordable options for
markets with limited financial capacity. As a key part of ensuring quality infrastructure for these markets,
proper testing and quality assurance are crucial to ensure market confidence in reused solar PV panels and
their components. They are also necessary to determine the market value of second-hand solar PV panels
and reused components. However, professional testing and certification processes require significant labour
investment and proper training (Fong, 2023). Bridging these capacity gaps would require rigorous policy
support and collaboration with industries.

Recycle

The “recycle” principle is a more commonly discussed topic for end-of-life management of solar PV than
the other two principles. However, it is essential to remember that, in the waste management hierarchy,
preventing waste streams by circularity-aligned design and reusing products and components should be the
preferred priorities. Recycling end-of-life solar PV panels and recovering the materials should always be the
last step after “reducing” and “reusing” (US EPA, 2025; Yazdi et al., 2024).

Box 3  Current solutions and technologies for solar panel recycling

Currently, there are three major technology pathways for recycling end-of-life solar PV panels:
mechanical treatment, chemical treatment and thermal treatment. Each of the solutions has specific
advantages and disadvantages.

During mechanical treatment, end-of-life solar PV panels are treated through a process of crushing,
shredding and/or pulverisation into smaller pieces or cullets. This involves machinery such as hammer
mills, crushers and sorting equipment. During this process, glass, ferro and non-ferro metals, plastics,
and other materials are separated. These separated materials can be sold to the secondary materials
market for new production. Mechanical treatment usually has a lower cost compared to other waste
treatment processes. However, this process cannot achieve 100% purity within the recovered materials,
which may also affect the market value of recovered materials (Ali, Shahid et al., 2024).

Chemical treatment involves treating the waste with chemicals. This includes hydrometallurgy, which
is often used for the separation and recovery of valuable metals. During the leaching process, metals
in the panels or cells are dissolved and transferred into the leaching solutions, from which high-purity
metals can be further extracted. Chemical treatment can result in a higher purity of the recovered metals
compared to other treatment methods. However, it is more expensive and has a higher environmental
impact than e.g. mechanical treatment, because of the toxicity of chemical waste (Han et al., 2023).

Through thermal treatment, solar PV panels are processed in a furnace to delaminate the materials of
the waste. The remaining components can then be further processed through mechanical and chemical
treatment. One of the thermal treatment options is a fluidised bed reactor that uses fine sand to burn
EVA and the backsheet (serving the same role as the furnace). An additional thermal treatment process
uses high temperatures (500°C or higher) to evaporate small plastic components and allow solar cells
to be separated (Calero et al., 2026; Kwon et al., 2025).

In reality, mechanical, chemical and thermal treatments are usually mixed in the recycling process to
maximise the recycling rate and economic returns. The materials recovered during these treatments will
usually be sent to dedicated facilities for further purifying or cleaning to obtain a higher grade of purity,
ranging from 80% to 100%.
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Recycling plays an important role in preventing landfilling and its relevant environmental impacts. It is
estimated that more than one-third of the life-cycle emissions of solar PV panels can be avoided by using
thermal decomposition recycling processes for end-of-life PV panels rather than sending them to landfills.
Given the widespread deployment of solar PV plants, this approach has the potential to reduce carbon dioxide
emissions by millions of tonnes per year (An and Sun, 2024).

Currently, the majority of reported efforts to recycle solar panels in line with circular economy principles
rely on mechanical processes or a combination of mechanical and thermal treatment methods involving
removal of the aluminium frame, the copper wires and the junction box manually or by using machinery (see
Figure 26). Recycling facilities then carry out delamination and separation treatments according to different
technical routes, sort the treated materials, and finally complete further material separation and extraction.
This combination of technologies aims to reduce costs and recover purer components and materials.

Figure 26 Key steps for a mechanical treatment solution for end-of-life solar PV panels
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Despite their availability, many of these solutions and processes remain in the early development and
demonstration phases. Most solar PV panel recycling facilities are demonstrated in pilot facilities but not
yet fully commercialised, except in China and the European Union. Technically, several existing technologies
and processes can achieve recycling rates exceeding 90% of the overall weight of solar panels. For example,
pilot projects combining thermal decomposition and chemical treatment can recycle around 90.2% of
the total weight of end-of-life solar panels, according to data provided by the China National Resources
Recycling Association. Metal recovery rates can reach 93.76% for silver, 96.27% for silicon and 99% for copper
(CRRA, 2026). However, the economic returns of these pathways depend on the market prices of recovered
metals. Additional regulations, incentives and infrastructure are necessary to enhance business profits, reduce
costs and minimise energy consumption in the recycling process (see Chapter 5).

Treatment facilities and infrastructure

Dedicated end-of-life solar PV treatment facilities play an important role in promoting circular economy
practices and exploring feasible business models. Currently, some dedicated facilities have realised commercial
operations in various markets.

In the European Union, several specialised organisations have been in operation. PV CYCLE is a non-profit
organisation that focuses on organising the collection and recycling of end-of-life solar PV. It mainly operates
in the European Union and the United Kingdom, setting up legal entities in its target markets. By collaborating
with waste treatment and recycling companies dedicated to recovering and recycling the materials from PV
panels, PV CYCLE is able to organise the treatment of several thousands of tonnes of end-of-life solar PV
panels annually. It is also represented in Japan (PV CYCLE Japan) and other regions through its partners in
Brazil and Mauritius (PV CYCLE, 2026).
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An increasing number of Chinese solar PV companies, including State Power Investment Corporation,
Longi and Jinko, are currently developing and demonstrating advanced solar panel recycling processes
(Greenpeace et al., 2022; Jiang, 2023). For instance, State Power Investment Corporation has adopted a
recycling system that includes a mechanical disassembly process, a thermal cutting process, a selective
separation process, a pyrolysis process and a hydrometallurgical purification process. It can realise almost
100% recovery of module junction boxes, aluminium frames and intact glass. After EVA removal by pyrolysis,
the comprehensive recovery rate can reach more than 92.5%. The silicon recovery rate can reach 99.99%
(CRRA, 2026).

In Japan, solar PV recycling technologies are in a pilot phase, based on mixed mechanical and thermal
technologies. Theoretically, this recycling solution can recover more than 99% of silicon cells, copper wires,
aluminium and glass, or 82% of the overall weight of treated solar PV panels. This high recovery rate is
achieved by burning EVA in a furnace for heat recovery, where the heat is utilised for EVA removal processes
(Okinaga, 2023; Shinryo, 2022). In the Republic of Korea, the Korea Institute of Energy Research has developed
a process based on thermal and chemical methods that can recycle the entire solar cell and extract high-purity
metals. Currently, it has reached the commercialisation process (Lee and Jang, 2023).

In Southeast Asia, countries are at an early stage of addressing end-of-life management of solar PV
systems. Indonesia is exploring research partnerships and pilot initiatives designed to develop scalable
recycling solutions, while Viet Nam is advancing through the adoption of recycling technologies to build
domestic processing capacity. In Malaysia, a dedicated solar panel recycler has started to collect and recycle
decommissioned solar panels, aiming to recover materials for reuse. As solar deployment continues to expand
rapidly across Southeast Asia, demand for effective and sustainable PV recycling solutions is expected to
rise. This represents opportunities to foster industrial innovation, strengthen circular economy value chains,
and establish policy and regulatory frameworks to ensure the environmentally sound management of solar
module waste.

The minimum feedstock threshold for recycling facilities remains a key factor in determining profitability.
Similar to other industrial plants, solar PV recycling facilities may incur high operating costs when treatment
volumes fall below the threshold, typically set between 5000 t and 10 000 t, depending on market context.
In New South Wales, Australia, a recycling facility using advanced technology is estimated to need to treat
4500 t of feedstock per year to cover capital costs and achieve a return on investment within 2.5 years.
Similarly, a Canadian study estimated that an annual volume of 10 000 t of end-of-life solar panels is needed
to establish a dedicated solar recycling facility (SPI, 2021a). In many markets, existing solar PV projects
have not reached their end-of-service life and therefore feedstock can be limited. Recycling facilities
may have insufficient information on decommissioned projects, or face incomplete transport or storage
infrastructure. In some cases, a large number of end-of-life solar PV panels are directed to unregulated
recycling facilities, while dedicated, environmentally aligned facilities do not have enough feedstock
(see Chapter 4, Section 5).

4.3 POTENTIAL ECONOMIC BENEFITS FROM RECOVERED MATERIALS

A significant share of recovered materials from end-of-life solar PV panels can bring economic benefits.
Recovered copper, aluminium, silicon, silver, glass and others can be traded in existing material markets and
used to manufacture new industrial products.

Current technology can achieve recovery rates of over 90% for c-Si panels. Available technologies in Europe
and China can recover 100% (in weight) of insulated cable, 99% of aluminium, 98% of glass, over 96% of
silicon and copper, and 93% of silver (CRRA, 2026; EPRI, 2021; IEA, 2022). With technological advancements,
it is estimated that nearly 100% of these valuable materials technically can be recovered, but some of the
processes can be costly. Therefore, cost-effectiveness at commercialised operations has become one of the
major barriers.
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Based on IRENA’s 1.5°C Scenario, technically, it is estimated that over 920 000 t of materials (e.g. glass,
aluminium, silicon, copper and silver) can be recovered annually by 2030 through recycling end-of-life solar
PV panels. The annual potential of material recovery will increase to 7.6 Mt by 2040 and 24 Mt by 2050 (see
Figure 27). The majority of recovered materials include glass (64% of the total weight of recovered materials),
polymer (13%) and aluminium (9%). Other materials, including silicon, copper and silver, will contribute to less
than 4% of the total weight of recovered materials. For instance, the recovery potential of silver from end-of-
life solar PV panels is estimated to be around 390 t (@annually) in 2030. It will increase to 2500 t by 2040 and
exceed 8 200 t by 2050. Notably, China, the European Union and the United States are expected to account
for almost half of the global total material recovery potential by 2050 (see Figure 28).

Figure 27 Global annual material recovery potentials from end-of-life solar PV panels,
1.5°C Scenario, 2030, 2040 and 2050
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Notes: 1) The estimate is based on the technical recycling potential, assuming an overall recycling rate of approximately 97% of the PV
module weight. 2) The weight of the polymer represents the combined amount of the encapsulant and backsheet.

Figure 28 Annual material recovery potential from end-of-life solar PV in China,
the European Union and the United States, 1.5°C Scenario, 2030, 2040, and 2050
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Recovered materials from end-of-life solar PV panels can provide additional raw materials to meet the
growing demand for solar PV manufacturing. After a purifying process, most recovered materials and metals
can provide additional feedstock for solar PV production. It is estimated that recovered materials from
systematically collected end-of-life solar panels could meet 70% of the silver demand and 20% of the demand
for aluminium, copper, glass and silicon needed by the solar PV industry (IEA, 2022). In Australia, recovered
materials could meet 50% of silver and aluminium demand for solar PV deployment by 2038. The supply
rate could even increase to 100% by 2045, which would signal a significant reduction in demand for virgin
materials and associated environmental impacts (Tan et al., 2024).

Trade in recovered materials can create market value and generate economic returns. Based on IRENA’s
1.5°C Scenario, the market value of annually recovered materials from end-of-life solar PV panels is projected
to surpass USD 810 million by 2030, reach USD 6 billion by 2040 and exceed USD 20 billion by 2050 (see
Figure 29). The majority of this market value will be contributed by valuable metals. By 2050, nearly half of
the value will be derived from recovered aluminium, followed by silver (33%), silicon (11%) and copper (7%).
However, glass and polymer represent the largest share of the weight of globally recovered materials from
end-of-life solar PV panels (over 75%). Their market value is relatively lower than that of metals, contributing
a minimal share of the total market value of recovered materials. Even though the prices of secondary
raw materials are influenced by various factors, future prices of recovered metals will likely increase when
geopolitical dynamics and reduced natural reserves are taken into consideration.

Figure 29 Estimate of the market value of annual recovered materials, 1.5°C Scenario,
2030, 2040 and 2050
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4.4 ENABLING THE SECOND-HAND MARKET

Among all circular economy principles for solar PV panels, the “reuse” principle has been the most challenging.
This is due to missing enablers, such as technologies, testing and certification systems; market confidence;
and demand for second-hand solar PV panels (CISL et al., 2025). Even though a few online marketplaces that
test, repair and refurbish PV systems can be found in Europe and North America, they are far from a mature
business or industry. In Europe, it is estimated that around 300 MW of solar PV panels are traded for reuse
per year. In Australia, there are around 15 companies active in the reuse of solar PV panels (Salim et al., 2023).
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Any market for reusing solar PV panels and components urgently requires the establishment of standards,
as well as testing and certification systems. Without these preconditions, a second-hand market for solar PV
panels would not exist. Currently, there is no agreed-upon definition of or criteria for reusable PV systems.
New solar PV modules must be tested against international certification standards (IEC 61215 and IEC 61730)
to ensure quality and safety. Similar standards and certification systems need to be improved for second-
hand solar PV panels and reusable components. These standards can be either promoted by governments or
established as voluntary industry standards by industrial associations (Basnet et al., 2025).

Figure 30 Key steps for reusing solar PV panels
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Source: (Basnet et al., 2025).

In Europe, an EU-funded project called Circusol has published guidelines for testing decommissioned
modules for reuse. The guidelines suggest that reused PV modules can have lower safety and performance
requirements, which may not meet the expectations of potential buyers. In Japan, similar guidelines have
highlighted the need for an inspection and testing framework to promote the reuse of decommissioned solar
PV panels, aiming to export second-hand solar PV modules to overseas markets (Basnet et al., 2025). In most
other markets, established standards for the quality and credibility of second-hand solar PV components and
panels are still missing. A robust quality infrastructure system across markets is urgently required to bridge
the gap.

Figure 31 Key enablers for reusing solar PV panels and components
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Technical guidelines can provide industries with detailed procedures to assess and maximise reusability. The
reusability of PV modules should account for factors such as panel age, geographic location, panel technology
and the specific test protocols used. However, many of these factors are not accessible for industrial players,
discouraging potential buyers and damaging market confidence. Therefore, standardised criteria and
procedures to assess and certify the reusability of second-hand solar PV modules need to be established.
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Certification of reusable solar PV modules and components remains a cornerstone for the development of a
second-hand market. Currently, there are no widely accepted certification standards specific to reused solar
PV panels, nor are there dedicated certification organisations or professional experts. To improve market
acceptance, industrial players and policy makers need to collaborate to establish standardised labelling
schemes showing certified performance characteristics and testing results, together with limited warranties
for second-hand panel customers (Basnet et al., 2025; SolarPower Europe, 2024).

In addition to standardised guidelines, testing and certification systems, and quality warranties for second-
hand solar PV panels, the engagement of key stakeholders across all these segments is crucial. Key stakeholder
engagement can foster business models that demonstrate the profitability of the market and ensure it will
be sustainable in the medium and long term. Further, quality infrastructure needs to be included in policies
and technical regulations to ensure market players are required to comply with international best practices.

The reused solar PV panel market remains niche. Currently, the cost of reused solar PV products tends to
be much higher than that of new solar PV products. Achieving a preferential business model for reusable
components will be challenging. Finally, further training and investment will be needed to enhance workers'
knowledge and skills in this industry.

4.5 EXISTING BARRIERS TO PROMOTING THE CIRCULAR ECONOMY

Even though circular economy approaches, including reduce, reuse and recycle, can tap into significant
potential to promote solar PV deployment with minimised material demand and environmental impacts,
their adoption and implementation remain staggered in most markets due to existing barriers. Many of these
barriers are relevant to limited financial resources, high costs, lack of infrastructure, a lack of reliable and
commercialised technology, a lack of standards and information, and other market or institutional barriers
(see Figure 32).

Figure 32 Main barriers to the adoption of the circular economy for solar PV panels
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High transportation costs constitute a major economic barrier for recyclers and the potential reuse market
(CISL et al., 2025; IEA-PVPS, 2022). In many cases, utility-scale solar PV plants are located in remote regions,
far from formal waste treatment facilities. The transportation of end-of-life panels to treatment facilities
can be much higher than the economic return from recovered material or landfilling costs. In Australia and
Canada, the collection and takeback of end-of-life panels from power plants to treatment facilities can
be expensive due to geographic dispersion (SPI, 2021a; Tan et al., 2024). In China, many large-scale solar
PV panels (in the northeast) are located over 1000 kilometres from large-scale recycling facilities (close
to the Yangtze Delta area). It is estimated that solar PV recycling is considered economically viable only
when the transport distance is within a radius of 200 kilometres. Transport costs will add to operation costs.
For example, recycling companies in China usually need to pay an additional transportation cost of about
CNY 25 (Chinese Yuan; USD 3.5) for each panel they are collecting, which adds to the recycling cost of
CNY 55 (USD 7.6) per end-of-life solar panel (Jiang, 2023). Similarly, in many other developing countries,
recycling solar PV panels is challenging because of high logistical costs and a lack of infrastructure
(Munro et al., 2022).

Processing costs for end-of-life solar PV panels can exceed expected economic returns and therefore
discourage industrial players. This is especially the case for countries with high labour costs and stringent
environmental requirements for treatment facilities. For example, in New South Wales, Australia, the value
of the recovered materials from PV panels is lower than the treatment costs. It is estimated that, in Australia,
establishing facilities with high material recovery capabilities (e.g. 90% or more recovery rate) requires a
capital cost of AUD 7 million (@around USD 4.9 million) for a small- to medium-scale treatment facility that can
treat 4 500t of solar PV panels every year. Operational costs can be around AUD 1120/t (around USD 790/t).
This means that the treatment facility still needs AUD 14-17 (around USD 10-12) to achieve profitability for
each unit of solar PV panel it treats (Florin et al., 2020). In Victoria, Australia, the treatment cost of end-of-
life solar panels ranges from AUD 10-20 (around USD 7-14) per panel. This is much higher than the value of
the recovered materials from each panel and therefore a disincentive for the waste treatment and recycling
businesses (Thou, 2024).

A lack of feedstock is a major barrier to the development of dedicated and circularity-aligned solar PV
recycling facilities. Reports from China, Europe and Japan show that existing solar PV treatment facilities face
difficulties in receiving a stable and sufficient quantity of solar PV panel waste streams, leading to operational
costs that are significantly higher than their full treatment capacity (IEA-PVPS, 2022). For example, in China,
a well-established formal solar PV recycling facility can process 20 000 t of end-of-life PV panels annually, but
it only collected 5000t of feedstock in 2023 (Jiang, 2023).

Market distortion caused by unregulated recycling practices further exacerbates this challenge. While
formal treatment and recycling facilities charge a fee to project owners, the informal sector may offer to
buy those end-of-life solar PV panels. They compete for feedstocks with formal treatment facilities and have
collected a large share of decommissioned solar panels. However, unregulated recyclers usually break down
the equipment into marketable components, which can involve burning, leaching and melting techniques
without proper treatment standards (ITU et al., 2024; Jiang, 2023). These unregulated recycling practices are
inefficient and lead to high environmental pollution and social impacts (see Box 4).
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Box 4 Unregulated recycling facilities and their impact on the circular economy

Unlike circular economy-aligned recycling practices, unregulated waste treatment typically involves
simple processes performed in small plants that recover only a portion (specifically, the aluminium
frame and the cables) of the materials from end-of-life PV panels. These facilities usually burn these
panels and then employ a leaching process to recover high-value metals. These practices release
significant amounts of hazardous gases or liquids into the environment and threaten the health of nearby
communities, especially in rural areas. This issue is a common and complex challenge for the e-waste
industry in most developing countries.

When burning solar PV panels without proper treatment, the process generates toxic waste containing
pollutants hydrogen fluoride, volatile organic compounds, and heavy metal particulates. Exposure to
these gases can pose severe health risks, including poisoning, cancer, and damage to the liver and heart
(Greenpeace et al., 2022). Chemical processes to recover silver can generate highly toxic liquid residues
that can contaminate soil and groundwater if not properly treated. In other words, while unregulated
recyclers receive economic returns, the negative environmental and social externalities are borne by
vulnerable groups and the general public.

These unregulated recycling facilities and practices can significantly undermine the circular economy
market. While these facilities focus only on economic returns, their material recovery rates can be very
low. Meanwhile, these facilities usually offer higher prices for collecting end-of-life solar panels from
power plants. They still profit from the unregulated recycling business because they invest neither
in pollution-control equipment nor in high-efficiency technologies. Consequently, circularity-aligned
recycling facilities face challenges associated with a distorted market.

The cross-border trade of second-hand solar PV may also face challenges. Usually such trade flows
from developed markets to developing countries, which likely have limited financial resources and less
restrictive environmental regulations (Gebremariam and Beall, 2022). After several years of operation,
these second-hand solar PV panels will enter the waste stream in importing countries. These developing
countries are unlikely to have the needed local industry capacity, knowledge or technologies to treat end-
of-life solar PV panels. This can pose environmental and social risks to developing countries (ESMAP, 2024;
Kinally et al., 2022).

Additional barriers include those related to repair and reuse, transport, a lack of data and co-ordination, and
low public awareness of e-waste impacts. Local technicians in developing markets may lack access to repair
manuals, spare parts and tools, while customers have limited access to trustworthy, trained repair technicians.
In Kenya, a lack of waste transport infrastructure has been identified as a major barrier, compounded by the
dispersed locations of off-grid solar product users. In Nigeria, a major challenge faced by stakeholders is the
lack of data on the total number of solar products currently in use in the country and the scale of e-waste
generated. Other challenges include the lack of co-ordination between different sectoral stakeholders and
low public awareness of the environmental and health impact of e-waste (ACE TAF and NESREA, 2021; EEP
Africa et al., 2020).

There are many other barriers, such as a lack of clear information on materials and a lack of tracking platforms.
For example, the reporting mechanism (often linked to a registration system) is the foundation for the solar
waste (and e-waste) management system. Industrial players need such a platform for monitoring and sharing
data with recyclers, forecasting the decommissioning of solar PV panels, and connecting potential buyers and
providers for the second-hand market. However, in most markets, platforms for data and information are not
available. Addressing these barriers requires the presence of regulations, policies and incentives, as well as
international collaboration between markets.
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CHAPTER 5

ENABLING A CIRCULAR
ECONOMY FRAMEWORK
FOR SOLAR PV

Integrating circular economy strategies into end-of-life management of solar PV panels helps to secure
the potential of the long-term energy transition and benefits for the environment and local communities.
Enabling systemic changes in the sector requires the adoption of different measures and tools. It necessitates
a comprehensive and integrated policy framework to provide clear signals to the market (UNEN, 2023). This
chapter outlines a holistic policy framework for integrating the circular economy into end-of-life management
of solar PV, highlighting key policies and measures to enable infrastructure and encourage sustainable
practices.

5.1 A POLICY FRAMEWORK FOR END-OF-LIFE SOLAR PV PANELS

A policy framework for enabling and integrating the circular economy for end-of-life management of solar PV
panels in the energy transition should include the following key components:

¢ Clear environmental regulations to prevent unsustainable and unregulated collection and treatment
of end-of-life solar PV panels. These regulations may include measures to prevent the landfilling of end-
of-life solar PV panels, treatment by unregulated facilities, or shipment to developing markets without
appropriate environmental and safety measures.

¢ Mandatory and clearly defined financial and implementing responsibilities for the collection,
treatment and reporting/monitoring of end-of-life solar PV panels. An example is the extended producer
responsibility (EPR) or similar schemes. These schemes should clearly define who should collect and
treat end-of-life solar PV panels and who should pay for the costs.

¢ A harmonised mechanism and platform for data collection, reporting and verification. Data and
information are the basis for circular economy policy-making and industrial actions. They should be
traceable, consistent, transparent and accessible to all stakeholders.

¢ Standardisation and certification systems supported by labelling schemes. This includes the
standardised criteria and certification systems for circularity-aligned design, reusable panels and
components, and treatment facilities and workers. These requirements should also be included in solar
PV-related industrial policies and technical mandates.

¢ Industrial guidelines should be developed and disseminated to support sustainable practices along
the whole value chain. These voluntary guidelines can be combined with training, capacity building and
technical assistance to bridge knowledge and skill gaps in developing markets.

¢ Financial support and fiscal incentives for research and development (R&D) and market participation.
Since circular economy-aligned businesses for end-of-life solar PV panels are at an early development
stage, financial support and fiscal incentives are needed to foster advanced technology development.
Public finance can play an active role in accelerating technological advancement and supporting
innovative business model development.

¢ International co-operation for aligned actions, an integrated reporting system and harmonised
standards. The nature of global solar PV supply chains requires international collaboration between
manufacturing countries and consumers to harmonise data and standards, and to align circular economy
strategic priorities and policy directions. Additional support should also be directed to emerging and
developing markets to improve their participation.
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¢ A just and inclusive framework based on the engagement of vulnerable groups and impacted
communities. The process of integrating a circular economy must take into consideration the impacts
on youth, women, local communities and informal recyclers to ensure an inclusive transition process
(see Figure 33).

Figure 33 Overall policy framework of a circular economy for solar PV, stakeholders
and policy measures
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5.2 KEY STAKEHOLDERS AND THEIR ROLES

Enabling the circular economy for end-of-life management of solar PV panels must include the engagement
of various stakeholders across sectors. Stakeholders have unique roles and responsibilities to carry out for the
successful establishment of the framework and the effective implementation of policy schemes (see Figure 34).

Industrial manufacturers, including both upstream and downstream, should be involved and encouraged to
gradually increase the share of recycled materials used in manufacturing when technically feasible (“reduce”).
They should also be guided to improve the design of solar panel products so that reuse, dismantling, treatment
and recycling are easier, under the condition that solar panels’ energy performance and durability are not
compromised. Further, differentiated compliance approaches should also be offered to industrial players to
ensure the participation of stakeholders operating in different contexts and with different capacities.

Figure 34 Key stakeholders and their roles in promoting the circular economy for solar PV panels
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Owners and operators of solar PV systems and projects usually and ultimately determine how, when and
where PV panels will be decommissioned. If qualified products are available and the necessary testing and
certification infrastructure is in position, these owners and operators become potential consumers in the
second-hand solar PV panel market. In some contexts, the operators of solar power plants, as the waste
generators/emitters, have a responsibility to ensure their decommissioned panels receive proper treatment.

Governments have critical roles to play in enabling the circular economy and preventing unsustainable
practices. Through a range of policy measures, governments can internalise environmental costs and enable
circularity-aligned practices. Governments can develop new policies and adjust existing ones to integrate the
circular economy for solar PV panels (CISL et al., 2025; Ellen MacArthur Foundation, 2021). Governments can
also direct data collection and information sharing, enable quality infrastructure, set targets and mandates,
and facilitate public financing opportunities.

The lack of professional treatment and recycling facilities for end-of-life solar PV panels may impede the
adoption of circular economy strategies. In Australia, current waste treatment and recycling providers
can only recycle approximately 17% of a panel’s weight, primarily the aluminium frame and junction box.
The majority of a solar panel’s materials, including glass, silicon and polymer backsheet, are currently not
recycled in the country due to a lack of professional recycling facilities (Baumgurtel and Merwe, 2024). In
Canada, some end-of-life solar panels are collected voluntarily and shipped to specialised recycling facilities
in the United States. For example, the non-profit Alberta Recycling Management Authority collected around
1900 solar panels during a pilot project begun in 2020, during which around 1200 were transported to Ohio,
United States for recycling (Ma, 2023; SPI, 2021b). In Kenya, a substantial number of the solar panels collected
are reportedly shipped to the Middle East for further processing (Munro et al., 2022).

Under the EPR framework, producer responsibility organisations can fulfil responsibilities on behalf of solar
PV producers. Such organisations have been established to promote sustainable practices. In the European
Union, producer responsibility organisations (e.g. PV CYCLE) have been established to offer EPR-compliance
services, including the organisation of collection, treatment and recycling of end-of-life solar PV panels. In
South Africa, producer responsibility organisations have also been established to help companies comply
with EPR obligations (South Africa, 2020). In Japan, the PV Reborn Association was established in 2022,
comprising approximately 120 member businesses and individuals dedicated to solar panel recycling and
renewable research. It aims to recycle all materials from end-of-life panels to produce new solar panels and
bring the products to market by 2028 (Ozawa, 2023).

Industrial associations can establish voluntary programmes and complement them with government policies.
In China, the Photovoltaics Committee of China Green Supply Chain Alliance (China ECOPV Alliance) was
established in 2020. This platform brings together over 150 solar PV manufacturers, developers and institutes,
including industry leaders such as Jinko Solar, Trina Solar, the State Power Investment Corporation and the
Chinese Academy of Sciences. The alliance primarily focuses on organising events related to the solar PV
recycling industry and facilitating information exchange among its members (ECOPV, 2020). Another national
association, China National Resources Recycling Association has a dedicated team (Committee for Wind
and Solar Equipment Recycling, CRRA-CWSER) for promoting a circular economy for wind and solar. Such
national and regional-level industrial associations have unique roles in disseminating best practices and
sharing existing experience.

Various stakeholders have positive roles to play in promoting circular economy practices in the solar PV
industry and further ensuring the realisation of socio-economic benefits. Collaborating with governments
and industrial players, civil society organisations (CSOs), NGOs, think tanks, universities and institutes can be
involved in knowledge generation and technical support for communities and developing markets. Financial
institutions and investors can enable sustainable finance practices. International collaboration is key to
driving technology innovation. For example, a solar PV manufacturer from the Republic of Korea, Qcells,
has partnered with a US-based solar panel recycler to recycle all of its products in the US market
(SOLARCYCLE, 2024).
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5.3 POLICIES AND MEASURES FOR ENABLING SUSTAINABLE PRACTICES

To enable the circular economy for end-of-life solar PV panels, policies and measures are needed to incentivise
sustainable practices and scale up innovative business models (see Figure 35). They can inform industries,
enable the market, address persistent barriers, minimise negative social and environmental impacts, and
ensure a just and inclusive transition. Clearly defined strategies and targets are essential to guide appropriate
investments in technology and infrastructure development, which may take decades to reach the necessary
level of maturity. While many technologies are not yet commercialised or profitable, mandates and regulations
are urgently needed to level the playing field and secure a healthy and sustainable market.

Figure 35 Examples of policy tools and measures for promoting the circular economy
for solar PV panels
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EPR and similar schemes

EPR is the most common policy tool for enabling the circular economy for e-waste management, including
solar PV panels (ITU et al., 2024). EPR is an environmental policy approach in which a producer’s responsibility
for a product is extended to the post-consumer stage of its life cycle (see Figure 36). This specially designed
environmental policy approach shifts the burden of managing certain end-of-life products from municipalities
and taxpayers to producers who place them on the market. Beyond the end-of-life management stage, EPR
also has the capacity to stimulate greater producer engagement in the overall redesign of products, with the
ultimate aim of reducing waste and mitigating environmental and health impacts (UNEP, 2024c¢).

Figure 36 Key pillars of the EPR scheme
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EPR has been adopted and implemented by many markets for end-of-life management of solar PV panels.
The European Union has included solar PV for the EPR scheme since 2012 (IRENA et al., 2016). In the United
States, EPR has been adopted by several state-level programmes, such as Washington State’'s PV module
Stewardship and Takeback Program, to regulate end-of-life solar PV management (Gangwar et al., 2025).
Other countries, such as India, the Republic of Korea, Singapore and South Africa, have adopted the same
policy direction based on the EPR scheme.

According to the experience of the European Union, EPR can comprise several key components for
effective implementation. These include establishing clear legal definitions for the waste of regulated and
hazardous components, enforcing producers’ responsibility to finance end-of-life management and relevant
implementation, setting mandatory requirements for standardised waste treatment facilities, prohibiting
landfilling and open dumping, as well as establishing a national monitoring system for data collection,
reporting and tracking (European Union, 2012; IRENA and IEA-PVPS, 2016; SolarPower Europe, 2024).

Financial responsibility for the collection, transport and treatment of end-of-life solar panels is a key
component of EPR and similar policies. Specific players in the solar PV segment need to cover the costs
of collection and takeback of decommissioned panels. In the European Union, solar panel producers
(manufacturers or importers) bear the costs of collecting and transporting decommissioned panels from the
site to recycling or treatment facilities. In Japan, end-of-life solar panels are regulated under the general waste
management framework. Since 2022, under the feed-in tariff (FIT) scheme, PV system and plant owners
(excluding residential projects under 10 kW) have been required to set aside money as a decommissioning
reserve fund to cover related costs (IEA-PVPS, 2022). In China, end-of-life solar PV panels are managed as
industrial waste, and solar PV plant owners are responsible for managing the waste. A policy announced by
the national government in August 2023 also stated that owners of utility-scale solar PV plants must take
responsibility for the treatment of decommissioned panels (NDRC et al., 2023).

In India, the EPR policy involves three key stakeholders: manufacturers and producers, recyclers, and a
public organisation, CPCB. In 2022, the Ministry of Environment, Forest and Climate Change of India updated
the national e-waste management rules to include solar PV waste. According to its national policy, solar
PV manufacturers and producers are required to register on a designated portal, store PV waste, submit
annual reports online, maintain a PV inventory, and adhere to standard operating procedures and guidelines
(MoEFCC, 2022). Recyclers are required to recover materials in accordance with the rules, and the CPCB is
responsible for developing an online system to support policy implementation and for establishing guidelines
for PV waste storage and recycling requirements.

The Republic of Korea began implementing an updated EPR policy in early 2023 that includes end-of-life
solar PV. The policy mandates solar panel manufacturers and importers to achieve the annual recycling
target published by the government every year. The targets for solar panels are calculated and published
separately from those for general e-waste. In 2026, 2 382 t of the total amount of solar PV panels are targeted
to be recycled under this policy (MCEE, 2026a). Producers are required to provide funding for the needed
infrastructure, as well as collection and treatment services. Fees are charged based on the weight of the solar
panels, around KRW 1200/kg (Republic of Korea won; USD 1/kg) .

In South Africa, the national EPR regulation began to cover solar panels in May 2021. The policy allows
producers to establish non-profit “producer responsibility organisations” to fulfil their EPR responsibilities.
These organisations handle EPR fees; register members; conduct audits; upload information; and
collect, record, and submit data to the South African Waste Information System, known as SAWIS
(Adetuyi et al., 2022). Similarly, in 2022, Kenya incorporated EPR into its national Sustainable Waste
Management Act, with specified measures and responsibilities for end-of-life management of solar panels
(ACE TAF et al., 2021; Lighting Global/ESMAP et al., 2022).
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In 2021, Singapore unveiled its national e-waste management system, with solar PV panels covered. This EPR-
based framework requires all producers supplying solar panel products exceeding a specified threshold to
consumers to participate in and fund the EPR scheme. The national environmental agency has licensed four
producer responsibility scheme operators, including ALBA E-waste Smart Recycling, a German company, to
oversee the collection and proper treatment of solar panels on the behalf of producers. Additionally, certain
retailers of a specific scale are obligated to establish in-store collection services. Producers are also required
to offer free takeback services to customers, including picking up old products on the delivery of new ones,
irrespective of the brand or purchase location (MSE, 2022; NEA, 2021).

Similar to EPR, banning solar PV from landfills is another mandatory policy that can be used for enabling
circular economy practices. In Australia, several governments have adopted bans on solar panels in landfills.
For instance, Victoria State, Australia, banned all e-waste from landfills in July 2019, and Queensland,
Australia, implemented a similar ban in 2023 (WA Government, 2025). South Africa banned e-waste from
landfills in 2021. Through these landfill bans, options for collection, treatment, recycling and repair need to be
provided to consumers and industries. The capacity for these services must be established, although policy
enforcement or implementation may take months or even years.

Long-term strategies and road maps

Strategies and action plans play a crucial role in aligning the efforts of policy makers and stakeholders at
various levels. They can guide business investments and boost market confidence by sending clear signals.

In March 2022, the US Department of Energy announced an action plan aiming to facilitate the safe and
responsible handling of end-of-life materials from solar PV panels. It focuses on outreach activities with
stakeholders, data collection, research and analysis. It also seeks to support research on hardware to reduce
environmental impacts and reduce half of the module recycling costs by 2030 (US DOE, 2022).

In China, the state government unveiled strategies for circular economy practices in solar PV and other
renewable technologies in 2023. This strategy prioritises technology advancements in the recycling of
decommissioned solar PV panels, the establishment of industrial standards, and outlines a timeline for policies
to regulate collection responsibilities (NDRC et al., 2023). This strategy has been seen as a key enabler of the
renewable recycling market in China. More action plans and dedicated policies are expected in the coming
years to provide detailed guidance and incentives.

To ensure effectiveness, strategies and road maps need to consider the local context and capacity to identify
the most suitable measures. For example, in Australia, the majority of solar panels are installed on residential
rooftops, which may affect service time and collection factors (Thou, 2024). Such conditions require
producer responsibility organisations to design proper business solutions. Strategies and targets may also
be complemented by additional financial support for technology or value chain development to increase
feasibility and drive market momentum.

56 | END-OF-LIFE MANAGEMENT FOR A CIRCULAR ECONOMY



Data platform for collecting, reporting and monitoring

A harmonised data and information platform can provide the information necessary for industrial stakeholders
to fulfil their responsibilities and transform them into action. Currently, a lack of information is a major
barrier to circular economy practices. The necessary data and information include the components and
materials used for solar panel products, the location and owner of solar PV projects that are expected to
reach their end-of-service life, available producer responsibility organisations, circularity-aligned treatment
facilities and their locations, and other information related to the circular economy of solar PV. These data
and information are usually needed from different industrial stakeholders, such as PV manufacturers, plant
developers and operators, recyclers, and industrial associations. In most cases, solar panel owners or installers
do not know where the solar panels can be treated in line with circular economy principles, even though
solar recycling facilities are available in several countries (Nain and Kumar, 2023). In Western Australia, a
study found a shortage of information on when solar PV systems will reach end-of-life status (Shrestha and
Zaman, 2024).

Creating an accessible database for both upstream and downstream stakeholders is essential. Such a database
would allow reuse and recycling companies to access information about PV plants that are either planned
for decommissioning or approaching it. Companies can gather details on the location, timing, quantity
and technical specifications of PV panels slated for collection. Stakeholders can also obtain information on
associated costs and discover suppliers offering relevant technologies or services.

This data platform should include: 1) product information, material composition, risk factors (e.g. lead
content, fluorinated layers), dismantlability and maintenance manuals; 2) asset and life cycle information,
including installation date, capacity, geographic location, owner, failure or retirement reason, and projected
decommissioning timeline; and 3) flow and performance information, covering collected volumes and end
destinations (reuse, refurbishment, recycling, disposal), qualifications of processing facilities, recovery rates,
pollution control metrics, and compliance records. This information can be integrated into a digital product
passport to ensure traceability (Bern University of Applied Sciences, 2025; CISL et al., 2025). In the United
States, experts at Arizona State University are developing a similar digital tool based on quick-response (QR)
codes and radio frequency identification (RFID) tags. The tool aims to help establish standardised information
to assist recyclers in tracking and treating end-of-life solar panels (Triolo, 2024).

In the Republic of Korea, an online waste disposal verification system was implemented in 2022 to monitor and
manage all waste-related processes and data, including end-of-life solar PV. This system, involving national
and local environmental government departments and agencies, utilises RFID to cover and monitor most of
the waste generated in the Republic of Korea. Annual analyses based on statistics from this platform provide
valuable insights to the government for its policy making (K-eco, 2024; Lee et al., 2023; OECD, 2017). In Japan,
the Japan Photovoltaic Energy Association hosts and regularly updates a list of companies that can provide
services for the removal and disposal of PV panels (JPEA, 2022). South Africa’s EPR requires all producers and
producer responsibility organisations to register with the SAWIC platform, which aims to ensure compliance
with waste management regulations and facilitates the monitoring of waste-related activities (DFFE, 20271,
SAWIC, 2026).
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Industrial guidelines and standards

Clearly defined standards and guidelines for end-of-life solar PV products are necessary to guide industry
players (SolarPower Europe, 2024). For example, an internationally standardised practice for the use of toxic
materials in module components is urgently needed. In the context of solar panel repair and reuse, standards
are needed regarding performance, safety and lifetime that second-hand components or products must meet
before they are allowed to go to market. Those standards would be a significant enabler for a second-hand
solar PV market (Chhillar et al., 2025). In the recycling stage, solar panel recyclers would benefit from handling
standards for different processes and for the emission of gases, wastewater, or solid waste.

In the European Union, SolarPower Europe, an industrial association, released guidelines for end-of-life
management of solar PV in 2024. The guidelines analyse the regional legal framework and provide examples
of and recommendations for enhancing the circularity of solar PV within the European Union (see Figure 37)
(SolarPower Europe, 2024).

Figure 37 Industrial guidelines and key steps for end-of-life solar PV in the European Union
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In China, the China Photovoltaic Industry Association, which represents over 95% of China’s manufacturing
capacity in silicon wafers, panels and backsheet, has established a dedicated working group focused on PV
module recycling. It has issued several industrial standards and guidelines for the recycling and reuse of c-Si
solar PV panels since 2017 (CPIA, 2017). In India, the Ministry of New and Renewable Energy and CPCB are
developing guidelines to guide solar PV recycling standards and procedures for local industrial stakeholders.
In Japan, the Agency for Natural Resources and Energy, a public agency, released guidelines on business
planning for the solar industry that cover proper dismantling and treatment of PV panels, including reuse and
recycling. The guidelines have been updated annually since 2017 (METI, 2026).

In the Republic of Korea, the Ministry of Industry, Trade and Energy approved a solar panel recycling
programme. This programme aims to establish a standardised collection system in major regions, seeking
to recycle or reuse over 80% of end-of-life solar panels. It also plans to introduce a certification under the
framework in the near future (MCEE, 2026b). In emerging and developing markets, the global association for
off-grid solar industry, GOGLA, has also developed guidelines and standards, such as an e-waste toolkit and
circularity blueprints. It aims to provide standardised guidance and tools to companies for the sustainable
end-of-life management of off-grid solar PV products in developing countries.
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Quality assurance is one of the potential tools that can be adapted to assist in creating a sustainable solar panel
market. Quality assurance is relevant to three factors, including quality standards, operating facilities and
technicians, and the cost of testing and/or certification for the used solar panels. For example, a certification
scheme called VeraSol has been supported by the World Bank and operated by CLASP since 2020. This
scheme provides services, such as testing, certification, quality standards and product data sharing. It has
been adopted by an increasing number of developing countries (Verasol, n.d.).

Box 5 Quality infrastructure and the reuse of solar panels

The reuse and sale of repaired solar PV panels are integral components of the circular economy for solar
PV. However, the lack of market confidence poses a significant obstacle to the creation of a second-hand
solar PV market. Currently, there is not yet a globally standardised process for testing second-hand
(reused, refurbished) solar PV panels, leading to inadequate quality checks of their functionality and
safety.

The establishment of quality infrastructure can play a pivotal role in benefiting solar PV systems by
reducing risks and enhancing market confidence. This is particularly crucial for the reuse of repaired or
refurbished solar PV panels. Quality infrastructure in the context of solar PV entails a mechanism that
ensures the quality of solar PV products and services, thereby mitigating technical risks and establishing
market trust. Implementing this mechanism necessitates the development of quality infrastructure as
the initial step.

At the national level, a comprehensive quality infrastructure typically encompasses standards (defining
methods and specifications), certification (ensuring compliance with standards), testing processes
(verifying conformity through testing), accreditation (evaluating conformity-assessment bodies),
inspection (ensuring conformance with requirements), metrology (determining conformance through
measurement), and market surveillance (monitoring market status). While quality assurance measures
may incur short-term costs and effort, the long-term benefits, including reduced costs enabled by
quality infrastructure services, outweigh the initial development and implementation costs.

Financial and fiscal incentives for technology development

Financial and fiscal incentives provided by governments are key to fostering technology development and
research in the early development stage. In the solar PV industry, business-driven technology initiatives
usually focus on enhancing the durability and energy efficiency of solar panels. These initiatives may not
prioritise circularity in product design. Further, the limited scale of reuse and recycling of end-of-life solar
PV panels indicates a scenario of high upfront investments and low economic returns. Technologies for
circularity-aligned treatment and recycling remain at an early stage of development and need further support
to enable their commercialisation and scale-up. Financial and fiscal incentives can provide additional support
to accelerate the development of technologies and business models.

In 2023, the European Union and Switzerland allocated approximately EUR 18 million (USD 20.5 million) to
support a three-year project, PILATUS. This project aims to foster technology innovations developed and
owned by the European Union, while also establishing a solar PV supply chain in this region. One of the
primary objectives of the project is to promote eco-designed, high-circularity solar PV technology. This
includes incorporating bio-sourced and recycled encapsulant layers, reducing the use of silver, enhancing the
panels’ durability for a longer (more than 40-year) lifetime, and increasing their power production capacity
(PILATUS, 2024).
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In 2023, the US government allocated USD 9.8 million to eight projects focused on reducing costs and
increasing the efficiency of panel recycling processes (US DOE, 2023a). An additional USD 20 million was
added to support reducing material use in solar energy systems. This funding aims to enhance installation
quality, improve the resilience of PV systems, and streamline the reuse and recyclability of solar panels. For
instance, a US-based PV recycling centre received a USD 1.5 million research grant from the Department
of Energy to develop processes for recovering higher-quality metals and materials from end-of-life solar
panels (US DOE, 2023b). It also aims to set up an industrial partnership with the purpose of promoting the
development of circular economy technologies for solar panels. However, these funds were awarded before
2025, under a previous administration, and the current status of these funds is unclear.

In 2023, the Australian government announced funding of AUD 11 million (USD 7.6 million) to an Australian
solar technology company. This company had developed a solar cell metallisation technology that utilises
copper instead of silver in manufacturing. The government funding aims to support the company in scaling up
its production line to manufacture copper-metallised solar panels for approximately 15000 household solar
systems each year (DCCEEW, 2023).

In China, the Ministry of Finance and other entities released the 2021 national Catalogue of Income Tax
Preferences for Enterprises Comprehensive Utilisation of Resources, which includes tax benefits for eligible
PV recycling companies (MOF et al., 2021). In 2024, the National Development and Reform Commission issued
a funding programme to support energy transition and climate actions, which includes solar PV module
recycling and utilisation projects. Projects for solar PV recycling and related technological development are
eligible to receive funding of up to 15% of the total project investment (NDRC, 2024).

Government funds and grants may be provided to promote innovation from the laboratory stage to pilot
plant implementation. In 2022, the Australian government allocated a fund of AUD 10 million (USD 7.1 million)
to reduce the landfilling of solar panels and batteries. This funding included AUD Tmillion (USD 0.7 million)
for the University of New South Wales, with the aim of developing a highly efficient, mobile and flexible solar
panel recycling technology to recover metals, glass and silicon. The expected outcomes include lab-scale
prototypes capable of recycling 95% of silver, copper, silicon and glass, with energy consumption of less than
30 kWh for recycling each kW of solar panels (NSW EPA, 2023).

Decent jobs for solar PV recycling and reusing

Circular economy strategies, such as reducing, reusing and recycling, have the potential to deliver social and
economic benefits, including the creation of new employment opportunities (Heath et al., 2022). In France,
a producer responsibility organisation called Soren announced a tendering process in 2022. It shows that a
waste treatment plant can employ 25 staff members and process 4 000t of end-of-life PV panels annually
(Deboutte, 2022). In Europe, with proper workforce training, it is estimated that the reuse of e-waste could
generate 60 to 140 jobs per 1000 t of materials collected (RREUSE, 2021).

The involvement of the informal economy in circular economy practices for solar PV is also noteworthy.
The International Labour Organization's (ILO's) analysis indicates that circular economy practices, including
waste collection, repair, reuse and recycling, largely operate in the informal economy for developing markets
(ILO et al., 2023). In Nigeria, the ILO estimates that over 100 000 people work in the informal sector for
e-waste collection and treatment. In India, a study suggests that 76% of end-of-life solar PV panels are not
recycled in a regulated and formal manner, and the waste is often passed on to the informal sector. Formalising
and involving the informal sector in managing end-of-life PV module materials could effectively leverage the
sector's capabilities for waste collection and recycling, leading to various social benefits and an improved
quality of life for informal workers (Tyagi et al., 2021). Meanwhile, it is crucial to consider potential impacts on
human health, especially in informal waste collection and treatment practices in developing countries, within
the policy framework for circular economy practices for solar PV.
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A just and inclusive framework for the circular economy in solar PV should include labour policies, safety
standards and environmental protection measures to ensure workers’ health and safety. In addition to
infrastructure, regulations, incentives, policies and processes, and specialised equipment and procedures can
help mitigate risks. Information campaigns can raise awareness among workers about the hazards they face.
Learning and training tools and methodologies designed for e-waste workers can be adapted for workers in
the PV sector, including those in the informal economy (Goel and ILO, 2019).

Enhanced awareness of circular economy approaches and solutions

In many cases, awareness regarding the management of end-of-life solar panels and their potential
environmental, biodiversity and public health impacts may be lacking among policy makers, industry
stakeholders and solar power system owners. Policy makers may not be fully aware of the current and future
challenges posed by end-of-life solar panels, nor of the potential solutions and policy measures needed
to address them. Additionally, the public may hold misconceptions about the safety and performance of
second-hand solar panels and therefore lack confidence in the market. Public awareness activities, such as
training sessions and public campaigns, may be necessary to educate the general public and targeted groups
(Vijayakumar Nair et al., 2024).

The limited presence of end-of-life solar panels in most markets can lead to insufficient awareness of the
importance and urgency of addressing this issue. An example from Queensland, Australia, highlights this
awareness gap. End-of-life solar PV and battery systems only accounted for less than 1% of reported e-waste
by weight in the past. However, half of the electronic products (by weight) entering the state currently are
solar PV and battery storage equipment, totalling around 114 000 t (DES, 2023). The dominance of solar PV
and related equipment indicates its significant share in future e-waste streams.

A lack of consumer and manufacturer awareness of circular economy principles for solar PV remains one of
the barriers to the mainstreaming of circular economy practices. A survey covering over 300 customers and
manufacturers from China, Europe, India and the United States revealed that while over half of the survey
respondents had considered selling used panels, over 80% had never considered the fate of end-of-life solar
panels (Nain et al., 2023). To address this barrier, some countries have announced programmes to improve
public awareness. In South Africa, the government has launched public campaigns as initial steps to raise
public awareness and ease implementation. This approach is seen as crucial for the effective implementation
of policies in both developed and developing markets.
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CHAPTER 6

THE WAY FORWARD

Understanding the urgency and adopting contextualised solutions

The transition to renewable energy has emerged as a crucial pillar in combating climate change and fostering
socio-economic advancement, with solar PV playing a central role. The management of end-of-life solar
panels, aligned with the Paris climate targets, anticipates a cumulative volume of over 200 Mt by 2050. This
projected volume has raised concerns about how these panels should be handled and the potential costs and
benefits of doing so.

The first wave of end-of-life solar PV panels is coming in the near future, and governments need to prepare by
developing and implementing appropriate policies for their management. However, each country must identify
the most suitable policies and measures for its market based on a clear assessment of its context, institutional
capabilities and financial resources. For instance, EPR and similar policies are increasingly adopted by markets
with extensive solar PV deployment, including Australia, Canada, China, the European Union, India, Japan,
the Republic of Korea, South Africa and the United States. Financial support for technology development
and recycling process innovations remains the focus for regions and countries that intend to take advantage
of local value chains. For many developing markets, properly addressing the issues related to unregulated
recycling and informal recyclers may be the most complex topic to address.

Policy designs vary among these markets. For example, financial responsibility for collection and treatment
is a key aspect of end-of-life solar PV policies. While the European Union and South Africa require PV
manufacturers and producers to assume this responsibility, Japan earmarks funds from its FIT scheme for the
same purpose. In China, the responsibility is allocated to solar power plant owners, reflecting the country's
economic structure. However, EPR and similar policies underscore the importance of digital-based reporting
and data collection portals to ensure consistent recordkeeping by industry players.

An urgently needed step is creating demand from the solar PV industry and manufacturers for recovered
materials and components. While research and technology development are progressing, the largest
bottleneck might be the reality that the industry has no motivation to buy recycled or reusable products, even
when they are tested and properly certified. Newer solar PV technologies will likely offer better economic
returns for investors. Creating market demand through public procurement, mandates or industrial initiatives
is an important step to set the cornerstone of such a market.

In the least-developed countries, such as those in Sub-Saharan Africa, solar panels mainly serve off-grid solar
appliances, with reuse as the dominant principle. However, these countries face challenges due to a lack of
financial and training support for local value chains and technicians. Investment has a central role to play
in the development of a circular economy value chain in developing markets. For least-developed markets
and in the off-grid solar context, international development funding can provide additional support for local
stakeholders and circular economy business practitioners. It can also enhance their capacity before their
business model becomes profitable and self-sustaining.

Adopting a holistic policy framework based on regulations and guidelines

Essentially, there is an urgent need for a comprehensive policy framework to guide the management of end-
of-life solar panels and promote circular economy practices. This framework should inform policy makers,
advocate for circular economy principles, and ensure the sustainable development of the solar PV component
reuse and recycling market.

A robust circular economy framework for solar PV should encompass regulations that divert end-of-life solar
panels away from landfills and towards circular economy practices, while also enhancing the economic viability
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of these practices. While EPR has received the majority of attention as the main policy tool to promote a
circular economy for e-waste management, a mix of targets, strategies, regulations and guidelines can bridge
the policy gaps and complement existing environmental regulations or e-waste frameworks. Where policies
are not in place, industrial guidelines and voluntary initiatives can always play a proactive role in fostering
sustainable practices.

National strategies and long-term targets are essential policy measures that provide clear signals to
institutions, investors and industry stakeholders. Aligning these stakeholders’ efforts can effectively address
significant barriers. Once policy signals are established, markets for the reuse of second-hand panels and their
components, as well as recycling markets, need to be enabled. This can be achieved by providing information
and data related to products within these markets; sharing standards and guidelines to assist recyclers,
technicians, producers and manufacturers; engaging key industrial players to participate in recycling and
reuse activities and promoting their profitability; and mandating policies to ensure the sustainability of the
market.

Establishing a circular economy framework for end-of-life solar PV should be just and inclusive. Governments
should adopt measures to secure occupational health and safety, skills training, and regulatory governance to
prevent externalised pollution and health risks from being shifted onto vulnerable groups, ensuring a safe and
equitable transition in PV recycling practices. Meanwhile, the transition process should integrate with prudent
consideration for communities that rely on the informal collection and recycling of e-waste, particularly in
developing markets.

Intensified geopolitical dynamics and discussions on critical minerals have further made the policy making for
end-of-life solar PV panels more complex in some markets. While it is sensible for countries to take necessary
measures for improved resilience and maximised domestic benefits, international collaboration should always
be prioritised to support the transitioning of developing markets. Collaboration is the most effective way to
address existing barriers that impede the establishment of infrastructure.

Maximising benefits to developing markets

In the near and medium term, some developing and least-developed countries may lack the necessary
financial capacity to purchase new solar PV panels and instead begin to rely on second-hand PV panels
received through donations, trade or illegal transportation. These second-hand solar PV panels may be the
only affordable option for developing communities to access renewable electricity. These refurbished PV
panels have the potential to bring numerous benefits to populations in Sub-Saharan Africa, Central Asia,
Southern Asia and Southeastern Asia (IEA et al., 2023).

However, additional measures are required to ensure equity when second-hand products are transported
from developed markets to developing countries, a practice that is often linked with a potential risk of e-waste
dumping. International agreements and collaborations between developed and developing countries could
potentially prevent improper exports of PV panels that may bring unwanted negative impacts due to limited
financial or institutional capacity.

In developing markets, such as Sub-Saharan Africa and developing Asia, off-grid solar appliances account
for a large segment of the market. The end-of-life management of solar PV panels in these markets may
follow a different process because, due to financial considerations, most defective second-hand off-grid
solar appliances are repaired and reused by households. In this context, additional financial investment
and technical support are necessary to establish local value chains and train more technicians. Small-scale
businesses and innovative business models for the solar PV circular economy may further provide industrial
development opportunities for developing markets. Stakeholders such as NGOs, institutes and universities
can also share knowledge, expertise and best practices globally to address these technical, economic and
regulatory challenges.
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