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Abstract: End-of-life (EoL) management of solar panel waste has emerged as an important issue
related to first-generation solar panels in South Korea, which have already entered their retirement
stage. In this study, the sustainability impacts of three scenarios for recycling EoL solar panels,
namely, mechanical recycling (MR), chemical recycling (CR), and thermal recycling (TR) were
investigated and their environmental and economic benefits were evaluated using the life cycle
sustainability assessment (LCSA) method, with landfilling as the reference scenario. The results
obtained showed a high global warming potential (GWP) as well as acidification for MR owing to the
additional burden of transportation and industrial processes associated with MR. For CR, the use of
chemicals and subsequent landfilling resulted in approximately 4.7 times higher terrestrial
ecotoxicity than was observed for the landfilling scenario. Further, the GWP of TR was approximately
1.5 times higher that of CR owing to its high energy consumption. However, its environmental
burden was generally lower than those of MR and CR. The results of this study, which capture the
current situation of EoL PV panels in South Korea, can be employed to facilitate the establishment of
regulations that ensure sustainable management in this regard.

Keywords: crystalline silicon solar panels; end-of-life; life cycle sustainability assessment (LCSA);
solar panel recycling; solar photovoltaics

1. Introduction

Solar photovoltaic (PV) energy has gained worldwide attention owing to its infinite availability
and its provision of clean and sustainable energy, and the International Energy Agency (IEA) predicts
that cumulative power generation using PV modules may increase to 14.5 TW by 2050 globally [1].
However, despite the advantages of solar PV energy, the rapid growth of the use of solar PV systems,
primarily witnessed at the end of the 20th century, has resulted in an exponential increase in the
amount of solar panel waste requiring disposal. Weckend et al. (2016) [2] estimated that the annual
amount of end-of-life (EoL) PV waste will increase to approximately 68-78 million tons by 2050.
Therefore, environmental issues related to the management of EoL PV waste are inevitable [3].

Recently, perovskite solar cells [4] have garnered significant attention due to their low
manufacturing cost and applicability to flexible substrates. However, challenges related to long-term
stability and environmental safety remain unresolved. Similarly, organic solar cells [5] face
limitations in practical applications due to their low efficiency and short lifespan. Quantum-based
solar cells [6] also hold great potential for achieving very high energy conversion efficiencies, but
their commercialization is hindered by the complexity and high cost of manufacturing technologies.
Despite the gradual increase in the proportion of third-generation solar modules over the years, the
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solar panel market share is still significantly dominated by crystalline silicon (c-Si) solar modules,
which accounted for 92% and 73.3% of the solar market in 2014 and 2020, respectively [7]. Further,
given that the average lifespan of a c-5i PV module is approximately 25-30 years [8], a large number
of first-generation c-5i PV modules, installed in the 1980s, have already entered their retirement stage
[9]. Therefore, the reutilization of EoL PV panel waste could become an advanced field that requires
further research and sustainable development.

In recent years, PV waste recycling policies have been implemented in several countries, in
which solar power generation is highly prevalent. However, owing to the absence of economically
viable and practical technologies, the waste modules are often neglected and discarded, leading not
only to environmental pollution, but also the non-exploitation of a potential source of valuable
resources [10]. The United Kingdom first officially adopted the European Union's (EU) revised Waste
Electrical and Electronic Equipment (WEEE) directive on the disposal of waste solar PV panels in
2012. Germany has also implemented policies that enforce PV panel manufacturers and importers to
take responsibility for EoL PV waste disposal [11,12]. Further, other EU countries, including Czech
Republic, have initiated various joint ventures for the recycling and recovery of EoL solar panels in
accordance with the WEEE directive [13]. Italy has also implemented legislation related to the
collection and recycling of EoL panel waste [14]. Several non-EU countries have also implemented
legislation to regulate solar panel waste management; however, the recycling of waste solar PV
panels has not yet been considered in some developing nations, including India, North Korea, and
Thailand [12]. Despite operating approximately twice as many solar panels as the United States,
China still lacks recycling policies related to EoL PV panels, and it is only of recent that Chinese solar
panel manufacturers and universities-initiated research on PV panel waste recycling [15]. In Japan,
the New Energy Industrial Technology Development Organization (NEDO), in collaboration with
solar panel manufacturers, encourages research on solar panel waste recycling [7]. Furthermore, in
the United States, the California Department of Toxic Substances Control (DTSC) recently took up
the responsibility to handle solar panel waste processing in anticipation of a decline in the processing
capacity of European facilities [16].

Solar power generation in South Korea, which began in the early 2000s, has grown explosively
in recent years. The growth rate of the cumulative installed capacity of solar power generation in
South Korea between 2019 and 2020 was approximately 36.2%, indicating that a considerable number
of solar panels were installed in just one year [17]. Further, according to the Korea Environment
Institute [18], the cumulative amount of waste solar panels generated up to 2023 was approximately
12,690 tons, and it has been predicted that this amount will increase exponentially in the coming
years, possibly reaching 87,124 tons by 2030 and 820,029 tons by 2040. Additionally, since 2023, after
which significant generation and disposal of solar panels is anticipated, the government of South
Korea adopted the Extended Producer Responsibility (EPR) system as a strategy for managing EoL
solar panels, and under this regulation, the government aims to increase the recycling and reuse rates
of discarded solar panels within three years to over 80%, aligning with the EU standard [19].

In this study, the environmental benefits of recycling EoL c-Si solar PV panel waste in South
Korea were comprehensively analyzed. Given that three waste PV panel recycling processes, i.e.,
mechanical recycling (MR) [20-24], chemical recycling (CR) [25-27], and thermal recycling (TR) [28—
30], have been extensively used to extract reusable components from waste PV panels, in this study,
scenario-based comparison analysis for these three recycling processes was performed, using ISO-
14040-based life cycle assessment (LCA) [31], which has been extensively used to assess EoL solar
panels, particularly, to quantify their environmental impacts [32-35]. Given that the reutilization of
EoL PV waste is intricate, not only from an environmental protection perspective, but also in terms
of economic and social factors, it is expected that the results of this study will provide insights that
can facilitate policy making regarding the sustainable recycling of EoL c-Si solar PV modules.
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2. Scenario and Methodology

2.1. Description of Recycling Scenarios

Figure 1 shows a schematic representation of the system boundary involving the collection,
transportation, dismantling, and disposal of waste PV modules simplified from Li et al. (2023) [15].
The masses of the materials shown in Figure 1 were estimated based on a single solar panel weighing
18 kg, and the proportions of each material were determined using the ratios of the solar panels
derived from data reported by Li et al. (2023) [15]. Further, the recycling of waste solar panels was
primarily processed according to the following order: waste collection, separation of parts, such as
junction boxes and frames, removal of ethylene vinyl acetate (EVA), extraction of reusable metals,
and separation of the back sheet. The recycling process began with the manual separation of the
aluminum alloy frame and junction box from the module. The junction box contains wires as well as
plastics, which are highly recyclable; however, in recycling scenarios in the present study, it was
assumed that the junction box can be directly reused in new solar products. Further, depending on
the method used to remove the EVA film attached to both sides of the silicon cells, the separation
process could be divided into the MR, CR, and TR processes. Approximately 70 wt.% of a solar panel
is composed of glass, and MR involves crushing the glass and sorting materials for recycling, while
CR and TR involve recycling the glass without destruction.

Initial stage of recycling process Output of three recycling processes
; Raw nul?;ecglalls Aluminum 322 kg Mechanical Recycling Chemical Recycling Thermal Recycling
or man ring Glass 11.63kg
= . Glass 1143 kg :
] Gopperlitiiin £ | ————r— Silver 001 kg S
T T @[ Metal debris 052 kg Copper 005 kg Copper002 kg
C-Si PV module Tl - - = Sl Silicon 0.62 kg
] toPVstation [ | Dismantling =
Solid waste 286 . -
1 1 | Hamdouswse 1;%(8 Solid waste 182 kg Solidwaste 092 kg
PVmodule waste [ Transporlation] [ Energy ]
Cost Polymers026kg Polymers026kg A
4 EVA074ke Backsheet 061 kg Backsheet 026 kg
Liquid waste 0.18 kg Liquid waste 738 kg qudswggte 551ke

Figure 1. Schematic representation of the system boundary for three different recycling scenarios.

Hazardous substances in solar PV waste, such as lead, nickel, chromium, and cadmium,
contaminate air, water, and soil when EoL PV modules are incinerated [35]. Solar PV panels also
contain conventional materials, such as aluminum, glass, copper, and critical metals, such as silver
[36], the reuse of which can reduce resource exhaustion, conserve energy, and sustain the growing
number of solar installations [37]. In this study, a transportation distance for the waste PV panels of
100 km was assumed given that the government of South Korea recently planned to expand the two
existing recycling centers to seven nationwide.

2.2. Methodology

2.2.1. Environmental Sustainability and Indicator

To evaluate the environmental sustainability of the EoL solar PV modules, a weighted factor, Ei
was proposed with respect to the mass of the components and environmental factors, such that [38]:

El- — E[mat (ml) + Eipra (m’) + E[uxe (ml)+ E[EOL (m[) (1)

where Ei represents the weighted factor for environmental impact along the product life-cycle and
mi represents the mass of the material. Further, the superscripts mat, pro, use, and EoL represent the
material extraction, production, use, and EoL stages, respectively. In this paper, EF°" represents
environmental impact from recycling processes shown in Figure 1.
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2.2.2. Economic Sustainability and Indicator

Economic sustainability is directly affected by the costs of materials and energy usage. In this
study, economic sustainability was analyzed considering life cycle costs (LCCs) as economic
indicators. Specifically, the LCC analysis included four stages of the product lifecycle. The LCC of
the ith component (LCCi) was calculated as follows:

LCCI — Cimat + Cipro +Ciuse +CiE0L (2)
with
Cimllt — aimatNi mi (3)
C"=al"N, 4)
Ciuse — J(; (aiuse + aidisassy + aiassy) (5)
EoL disposal recovery disass,
C/ = o7, — < (N, —n, )+ C0 (6)

where Cim represents the material cost of the ith component, ai"* and Ni represent the unit cost and
number of the materials, respectively, and Ci includes service costs related to disassembling failed
components and installing new components [39]. Further, fi represents the service frequency of the
ith component. C# includes reuse, recycling, and disposal options. Additionally, the model
comprised the number of disposed components, n;, and the reuse/recycling factor, piever. Finally, the
LCC of the c-Si solar PV module composed of i components was calculated as follows:

LCCPV = Z Cimat + Cipro + Ciuse + C[EoL (7)

i=1
3. Results and Discussion

3.1. Environmental Impacts

In this study, modelling to analyze and compare the environmental impacts of three EoL PV
panel recycling scenarios was performed using openLCA software version 2.2.0. Environmental
impact was calculated based on Ecoinvent database [40], which provide environmental impact data
when producing or treating materials. Typical LCA modeling is developed based on product lifecycle
that has five stages: material extraction, manufacturing, transportation, usage, and end-of-life stages.
However, in this study, developing openLCA model is focused on environmental impacts of each
recycling processes at the end-of-life stage. Accordingly, openLCA model are developed based on
the three different recycling processes as shown in Figure 1. The environmental impacts considered
included: terrestrial eco-toxicity (kg 1.4-DB-eq), photochemical oxidation (kg C2Hz-eq), freshwater
eco-toxicity (kg 1.4-DB-eq), eutrophication (kg POs-eq), acidification potential (kg SO2-eq), human
toxicity (kg 1.4-DB-eq), global warming potential (GWP; kg COz-eq), ozone depletion potential (ODP;
kg CFC-11-eq), and marine aquatic eco-toxicity (kg 1.4-DB-eq). The environmental benefits obtained
for the three recycling scenarios relative to the environmental burden of complete PV waste
landfilling are presented in Table 1. Further, Figure 2 shows the absolute values of the environmental
impacts of the three recycling methods relative to the case of landfills.
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Table 1. Environmental benefits of the three recycling processes relative to landfilling.

Mechanical Chemical Recycling  Thermal Recycling

Impact catego
P g1y Recycling (MR) (CR) (TR)
Terrestrial eco-toxicity -2.56131 15.1943 -2.83348
Photochemical oxidation -0.59974 -0.72082 -0.66353
Fresh water aquatic eco-
-3.2206 -4.12505 -3.56289
toxicity
Eutrophication -0.49645 -0.65664 -0.54938
Acidification potential -34142.8 -58912.65674 -37772.2
Human toxicity -798.36438 -981.34784 -883.2034
Global warming potential
-2442.57795 -3107.68639 -2702.17943
(GWP)
Ozone layer depletion
-0.00022 -0.00024 -0.00024
(ODP)
Marine aquatic eco-
-2689640 -2953250 -2975450

toxicity

Note: The positive values represent a higher environmental burden, while the negative values represent an

environmental benefit, compared with the case of landfills.

MR involves removing aluminum and copper from solar panels, followed by cutting and
shredding the panels to recover the materials [41,42]. This process primarily utilizes physical
treatment to break down the PV panel waste, thereby allowing the separation of glass, metals, and
other materials. However, some of the challenges associated with this process include the high
transportation costs and the resulting increase in greenhouse gas emissions. Transporting waste
panels to processing facilities consumes large amounts of energy, resulting in further increases
greenhouse gas emissions. A considerable amount of energy is also required to separate glass
fragments and metal pieces during processing, further increasing fossil fuel consumption as well as
greenhouse gas emissions. Moreover, our analysis showed that the MR process results in relatively
higher GWP and acidification levels than the other recycling methods owing to the increased use of
fossil fuels. Specifically, the GWP of the MR process was 1467.9 kg COz-eq, the highest among the
three recycling methods. However, this value represents only approximately 37% of the GWP
observed landfilling. Regardless, the air pollution and release of harmful chemicals during this
process can negatively affect human health and also result in freshwater aquatic ecotoxicity.

CR involves the use of various chemicals, e.g.,, HNOs [43,44], H2504 [45], HCI [46], HF [47] to
remove EVA layers from solar panels and recover valuable materials, such as precious metals. This
process is advantageous in that it allows the recycling of materials, such as glass without damaging
them. It also offers economic benefits associated with the recovery of precious metals, such as silver.
However, the chemicals used in the CR process lead to an increase in liquid waste and are associated
with a high environmental burden. For example, the chemicals used to remove EVA significantly
increase acidification in environmental media to levels similar to that observed for the MR process
(approximately 36.38 kg SOz-eq). Further, many liquid chemicals used in CR are non-recyclable and
require landfilling, which significantly increases terrestrial ecotoxicity. Our analysis showed that the
terrestrial ecotoxicity level of CR was 4.7-fold higher than that of landfilling, indicating a serious
environmental impact.

TR process primarily involves melting the EVA layer in solar panels to separate the glass and
solar cells from the panel waste at moderate temperatures [34,48]. This process facilitates glass
recycling and offers economic benefits associated with the recovery of small quantities of precious
metals. Additionally, this method has lower transportation and industrial process burdens than MR
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and also avoids the burden of chemical landfilling associated with CR. However, it imposes an
environmental burden owing to its high energy consumption. In particular, the GWP of TR was
determined to approximately 1.5 times higher than that of CR, primarily because of the greenhouse
gases emitted during the thermal treatment process. Consequently, for efficient recycling of waste
solar panels, it is necessary to adopt an approach that maximizes the advantages of each recycling
process while mitigating their drawbacks. For example, advanced sorting and processing
technologies should be introduced to reduce the amount of solid waste generated during MR. The
development of eco-friendly chemicals is also essential. Further, technological improvements to
enhance the energy efficiency of TR should also be considered. Such an integrated approach will help
minimize the environmental impact of recycling waste solar panel wastes and promote efficient
resource utilization.

Terrestrial eco-toxicity
[kg 1.4-DB-eq]

Photochemical oxidation Elandfill OTR @CR BMR
[kg C;Hy-eq]

Fresh water aquatic eco-toxicity
[kg 1.4-DB-eq]

Eutrophication

[kg POy-eq]

Acidification
[kg 50;-eq]

Human toxicity B Landfill OTR ECR BMR
[kg 1.4-DB-eq]
Global warming potential
[kg COx-eq]

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Figure 2. Environmental impacts of three presented recycling methods and landfilling.

3.2. Economic Impacts

The economic analysis of the three waste solar panel disposal methods revealed higher costs for
MR, CR, and TR than for landfilling, as shown in Table 2. This observation could be attributed to the
technical characteristics of each process and the cost associated with the facilities required for these
treatment processes. The MR process involves physical crushing and separating waste panels to
recover useful materials. Although this method is relatively simple, the purity of the materials
obtained after crushing is low, i.e., the associated impurities reduce the value of recycled materials.
Additionally, the cost of maintaining the crushing machinery is high, and additional energy and costs
are incurred to further refine the crushed materials. Thus, the total cost of MR for 75 waste PV
modules was determined to be $11,140, which is significantly higher than those associated with the
other treatment methods. CR involves immersing the waste panels in chemical solvents to selectively
dissolve and separate the constituent materials. This method improves the purity of the recovered
materials, thereby increasing the value of the recycled materials. However, the chemical solvents
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used as well as the process of disposing of the chemical wastes generated after treatment are
considerably costly. Furthermore, additional facilities are needed to control the associated chemical
reactions and minimize the environmental impact of the waste, leading to an increase in overall costs.
Specifically, the cost associated with CR of 75 waste PV modules was determined to be $7,080. The
TR process involves heating waste panels at high temperatures to recover valuable materials. This
process is effective for recovering useful metals or semiconductor materials but is highly energy
intensive. Further, it is associated with additional costs related to managing harmful gases or the
waste generated during the thermal treatment process. Owing to the complexity of the process and
the high cost of energy consumption, the total cost of the TR was $6,190. Conversely, landfilling, the
simplest treatment method, involves disposing of waste panels without recycling, and thus, requires
no specific technical process. It only involves transporting the waste to a landfill site for disposal and
the payment of the landfill usage fee. Thus, the cost associated with landfilling 75 waste PV modules
was the lowest at $5,880. However, the long-term negative environmental impact of landfilling and
the associated additional social costs were not reflected in this estimate.

Expanding South Korea's solar panel recycling market offers substantial indirect benefits. It has
the potential to create jobs in facility operations, material recovery, and logistics, contributing to
economic revitalization [49]. Moreover, it reduces social compensation costs by mitigating
environmental and public health damages caused by landfilling. Additionally, recycling efforts
decrease carbon emissions associated with raw material extraction and production, which positively
impacts carbon trading markets and generates economic value through carbon credit sales [7,50]. This
observation suggests that while the economic cost associated with landfilling may be low in the short
term, the accumulated environmental costs could lead to significant long-term economic burdens.
Further, the different recycling method varied with respect to economic feasibility based on their
associated technical characteristics and costs. Even though landfilling may appear more economical
in the short term, recycling has become increasingly important from an environmental sustainability
point of view.

Table 2. Operational costs of the three presented recycling methods and landfilling for 75 waste PV modules.

Recycling process Operational cost [US$]
Mechanical Recycling (MR) 11,140
Chemical Recycling (CR) 7,080
Thermal Recycling (TR) 6,190
Landfill 5,880

3.3. Regulation Related to EoL Solar Panel in South Korea

The government of South Korea recently adopted the Extended Producer Responsibility (EPR)
system to enhance the efficiency of waste solar panel recycling and establish a technological
foundation for sustainable energy transition. This system mandates producers to take responsibility
for the collection and recycling of EoL solar panels to the end of minimizing the environmental
impacts of these solar panels throughout their lifecycle. Previously, South Korea's recycling policies
primarily imposed recycling responsibilities on producers for specific waste types, such as household
appliances and electronic devices, with fees collected from producers used to establish and operate
recycling facilities. However, solar panels represent a new category of materials characterized by a
high level technical complexity and significant recycling costs, which make adequate recycling under
the existing system challenging. Further, solar panels are composed of various materials that are
difficult to separate.

To address these challenges, the South Korean government has expanded its efforts by
developing recycling infrastructure and advancing related technologies. This includes increasing the
number of recycling facilities from two to seven, strategically located across five major regions to
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facilitate efficient collection and processing. Additionally, innovative recycling technologies have
been developed, such as processes that reduce energy consumption to one-third of conventional
methods while recovering high-purity materials. The government also provides regulatory
exemptions to support pilot recycling initiatives and has introduced economic incentives for
improved recycling performance. Through these measures, the government aims to achieve an 80%
recycling and reuse rate for waste solar panels by 2025, aligning with international standards.

The new EPR system is expected to promote the development and application of specialized
technologies for the efficient separation and recycling of these materials. Such an approach will
encourage producers to consider recyclability during the initial product-design stage, leading to more
efficient waste management and resource circulation. Furthermore, in conjunction with the EPR
system, the implementation of EoL PV module recycling policies is necessary to mandate the use of
eco-friendly and recyclable materials in solar panel manufacturing, enforce the collection of EoL
panels, establish regional recycling centers, and provide incentives to producers based on recycling
performance, thereby improving the efficiency of South Korea's solar panel recycling system.

4. Conclusions

In this study, the environmental impacts of recycling end-of-life solar panels in South Korea
were examined. The LCSA method was employed, and three recycling scenarios, namely, MR, CR,
and TR, were analyzed and compared with landfilling. Based on the results obtained, the main
conclusions of this study are summarized as follows:
= In MR, after removing aluminum and copper from the waste panels, additional transportation

and industrial processes are required during the cutting, grinding, and screening stages. The
extensive use of fossil fuels and the resulting emissions during these processes lead to a higher
GWP as well as higher acidification levels. In the CR scenario, the use of chemicals and
subsequent landfilling significantly increase terrestrial ecotoxicity level, resulting in an
environmental burden that is 4.7 times higher than that of landfilling. In the TR scenario, the use
of thermal energy to melt the EVA layer results in an environmental burden owing to
greenhouse gas emissions. However, the environmental burden of TR was generally lower than
those of the two other recycling processes.

*  The government of South Korea introduced an Extended Producer Responsibility (EPR) system
to promote the recycling of EoL solar panels, placing responsibility on producers for the
collection and recycling of these PV materials. This system aims to reduce the environmental
impacts of solar panels, encourage the development of recycling technologies, and establish an
efficient waste management system in this regard. In addition to the EPR system, the use of eco-
friendly materials in solar panel manufacturing and the mandatory use of recyclable materials
should be enforced. The mandatory collection of EoL panels, the establishment of regional
recycling centers, and the provision of incentives based on recycling performance will pave the
way for an efficient future for solar panel recycling in South Korea.
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