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Abstract: When solar panels reach end-of-life, the disposal of solar panel waste is an issue of concern
because it creates environmental pollution if it is improperly disposed of. It is expected that such
waste will probably be increasing as the widespread use of renewable energy is adopted by taking
measures associated with carbon neutrality. Thus, accurate prediction of solar panel waste with
future demands for renewable energy is urgently needed for sustainable waste management. This
study examined the amounts of solar panels to be retried by 2050 under three scenarios (S1-BAU, S2,
S3). The amounts of solar panels to be retired are estimated by using the PBM (population balance
model) with the Weibull distribution. According to the carbon neutral scenario (S3), the total amounts
of solar panels to be retired are anticipated to be around 172 kt in 2030, 932 kt in 2040, and 3146 kt in
2050. The total volume of retired solar panels was projected to be 168 kt in 2030, 820 kt in 2040, and
2331 kt in 2050 under the government-led scenario (S2). The average recovery of end-of-life solar
panels produced by the three scenarios in 2050 is 1531 kt, 337 kt, 535 kt, and 22 kt for glass, aluminum,
silicon, and copper, respectively. Economic benefits by resource recovery of retired solar panels in
2050 range from $25.6 million in S1 to $519.1 million in S3. Based on the sensitivity analysis with the
weight of solar panel (5% and 10% reduction), the results indicated that the annual volumes of retired
solar panels mostly fell within the range of 4.9% to 10.0% in 2050. To confirm the predicted volumes
of retired solar panels in this study, a further study is warranted because they can be influenced by
other factors (e.g., weight, technology development, early loss rate, or reuse and recycling options).

Keywords: solar panels; end-of-life solar panels; PBM; renewable energy; carbon neutrality

1. Introduction

Carbon neutrality has emerged as a new global agenda following the Paris Agreement [1]
and the UN Climate Summit [2]. Because of the increased awareness of the seriousness
of climate change, major countries such as the EU, China, Japan, and the United States
have accelerated the declaration of carbon neutrality [3]. This is a shift in global regu-
lations and management activities to actively respond to climate change. Prior to and
following the declaration of carbon neutrality, the EU and the US announced large-scale
green investments [4,5]. The EU plans to boost the share of renewable energy to 32% by
2030, and the US to 44% by 2050, in order to minimize GHG emissions [6,7]. One of the
many acknowledged renewable energy sources that is both sustainable and friendly to
the environment is solar energy [8]. Globally installed solar power capacity is anticipated
to reach 6862 GW by 2050, making up 60% of the 11,454 GW installed capacity for all
renewable energy sources [9].

According to the Korea Green New Deal, the target for solar power installations in
2025 will be raised from 21.4 GW to 33.5 GW in the 9th electricity supply and demand
plan, which was announced in December 2020 [10]. If the Green New Deal trend continues,
total solar power installations in 2034 will be 68.8 GW [11]. The upper limit of the supply
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duty ratio under the mandatory supply of new and renewable energy was raised from 10%
to 25% of the existing total electricity production in April 2021, as part of the revised bill
of the “Renewable Energy and Renewable Energy Development, Use, and Dissemination
Promotion Act” [12]. This is a transition plan for further reducing greenhouse gas emissions,
with the goal of accelerating investment in new and renewable energy for the transition to
a low-carbon economy and society.

Under the Waste Electrical and Electronic Equipment (WEEE) Directive, the EU re-
quired member states to recycle solar panels; in response, Germany, the UK, and other
countries enacted domestic rules based on WEEE that were specific to their respective
situations. The recycling target is 80% of collected waste modules, and the collection target
is 65% of the three-year average market supply or 85% of created waste (by weight). States
in the US are passing legislation pertaining to the recycling of solar panels. Among these,
Senate Bill 5939, passed in 2017, allows the Washington State Legislature to run a solar
module management and recovery program. Australia, China, and Japan do not have laws
requiring for the recycling of retired solar panels.

In Korea, retired solar panels are managed by the extended producer responsibility
(EPR) in the beginning of 2023 regulated by the Act on Resource Recycling of Electrical and
Electronic Equipment and Vehicles [12]. By the regulation, producers (i.e., manufacturers
and importers) are required to recycle at least 80% of the collected waste panels for material
recovery. The producers annually contribute the recycling costs of the solar panels to
support recycling industry. There are five regional collection centers for retired solar panels
and electric battery around the country. The “All-baro System” has been used to track
retired solar panels discharging more than 5 tons, and starting in January 2023.

1.1. Literature Review

With less reliance on fossil fuels like coal, oil, and natural gas, greenhouse gas emis-
sions may be decreased as a result of the rise in renewable energy. On the other hand,
panels that are disposed after their useful lives can contaminate the environment even
more. The act of burying or discarding retired panels carries a danger of environmental
pollution, since it may leak heavy metals like cadmium, lead, and chromium [9]. As the
usage of new and renewable energy increases, solar panel production is anticipated to
develop quickly. Even after solar panels reach the end of their useful lives, waste solar
panels will continue to rise. Scientific research on precise projections of future solar panel
disposal is currently lacking, despite the significance of recovering resources from waste
and preventing pollution.

Reduced panel weight and longer panel life expectancy were two parameters taken
into account in Lim’s study [13] to anticipate the quantity of retired panels. Kim et al. [14]
projected waste under the assumption that waste module discharge characteristics and
solar module lifespans are regularly distributed. Three lifespan models (damage and
technical failure, power decline, and economic motive) are presented by Tan et al. [15]
and are based on a range of sources, such as government agencies, other policy makers,
regulators and consultants, energy suppliers, researchers, recyclers, and manufacturers.
estimated the quantity of solar panels that Australia would discard. Peeters et al. [16]
analyzed the material composition of retired silicon-based photovoltaic (PV) panels in the
Flanders region of Belgium by consulting experts and analyzing the volume of retired
panels collected through the European collection program. Zang et al. [17] developed six
scenarios to estimate the quantity of wasted solar panels in China while taking into account
parameters including solar panel quality, operation and maintenance, and failure modes.
The geographical and spatial distribution of PV waste in China from 2020 to 2050 was
estimated by Wang et al. [18] using a two-stage multi-criteria method coupled with material
flow analysis for 44 scenarios with varying PV deployment scales, growth rates, and spatial
reduction criteria.

Determining the amount of retired solar panels is essential for efficient recycling,
waste treatment and management. In this work, we provide a numerical approximation of
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the waste production based on supply capacity scenarios for solar panels with a lifespan
distribution. The estimate’s potential for resource recovery was also evaluated.

The weight of solar panel supply and lifespan both have an impact on the quantity
of discarded panels. To estimate the quantity of retired solar panels produced in Korea, a
number of earlier research have been carried out [9,13,19–22]. Average weight and lifespan
of the panels are input variables used to estimate the quantity of retired panels produced. In
the most researches, the lifespan and average weight values of solar panels were assessed by
dividing them into portions according to the year of installation [13,21,22]. Previous studies
have evaluated single values of lifespan or average weight [9,19,20]. The life expectancy
ranged from 19.5 to 25 years, with the lifespan being determined differently based on the
year of installation [9,19,21,22].

In overseas research shows that the lifespans of the solar panels were assumed to be
25 to 30 years [23,24], which is typically the length of time that the panel manufacturers
provide warranty periods. Padoan et al. [23] reported that the amount of solar panel waste
generation under the loss scenarios was calculated using an average panel lifespan of 26
to 28 years. However, according to Murakami et al. [25] shows that solar panels could
be utilized up to 57 years before needing replacement, while the panel’s lifespan can be
increased by up to 40 years by adjusting the temperature [26]. Solar panel will therefore
probably last longer than their guarantee. Jo et al. [9] assumed to be retired after panels
reach the end of their lives. Korea Environment Corporation [22] made the assumption
that some of the panels could be repowered and reused. Panels with a lifespan, however,
typically have a probability distribution. When it comes to evaluating lifespan data, the
Weibull distribution is more reliable than other statistical methods for analyzing lifetime
data [27]. The Weibull distribution, a format for distribution used to probabilistically
characterize a product’s life, was created on the premise that a product’s failure rate is
expressed as a function of time [27]. The International Renewable Energy Agency (IRENA)
and the International Energy Agency’s Solar Power Systems Program (IEA-PVPS) estimated
waste volumes using the Weibull distribution in both early and regular loss scenarios [28].
In a subsequent research, same Weibull distribution approach was used to predict solar
panel waste generation in China, Belgium, Australia, Spain, and Korea [29–33]. In Kim and
Park’s analysis, the yearly supply quantity of solar energy needed to meet the government’s
36.5 GW target for solar power supply by 2030 was expected to vary for each scenarios [33].
Furthermore, a conservative assumption was made that the supply will remain at 36.5 GW
after 2030. Life expectancy was estimated to be 25 to 30 years in the early and regular
loss scenarios.

When it comes to solar panel supply, the weight of solar panels is also trending
downward as a result of scientific and technological breakthroughs, The average weight
was estimated to be a single kilo per kW in previous studies on solar panel waste prediction
carried out in Korea; however, in most recent researches, the average weight was divided
into parts to forecast the volume of the retired solar panels.

1.2. Novelty and Contribution

The novelty of this paper is that it divides the weight of the solar panels onto parts
and uses that information to anticipate the number of the retired solar panels with lifespan
distribution based on the supply scenarios through 2050. It will give more accurate figures
for solar panel recycling and management in the future by allowing comparisons of the
quantity of waste generated based on supply scenarios.

This work makes several significant contributions: it provides an overview and fore-
cast of Korea’s PV installed capacity using three scenarios; it uses Weibull distribution-based
estimation methodology; it compares IRENA research, domestic research and estimated
estimates of waste panel generation in 2030 and 2050; it predicts recoverable metal amount
using retired solar panel metal recycling yield; it evaluates recycling economically; it ana-
lyzes sensitivity to changes in solar panel weight; and it includes cumulative estimates of
solar waste retired panels generated in South Korea by scenario by 2050.
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The present study is designed to accomplish the aforementioned research aims. In
Section 2, the scope of the analysis is defined, a technique for calculating PV waste genera-
tion is chosen, and specified the parameters and underlying presumptions of the employed
methodology. The findings are shown in Section 3 along with possible ramifications. The
findings and restrictions of this investigation are detailed in Section 4.

2. Methodology
2.1. Data Acquisition

The Korea Energy Agency’s data was used to compile the supply of solar capacity.
It used three scenarios to calculate the capacity of solar electricity generation until 2050,
based on actual statistical data up until 2020 [34]. Another input variable that was used
to determine the average weight of solar panels by year of supply was the Korea Envi-
ronment Corporation value [22], which is displayed in Table 1. But after 2030, the panel
weight is anticipated to keep falling, reaching 40 kg/kW, based on the Korea Environment
Corporation’s research methodology.

Table 1. Average weights of solar panels in South Korea.

References Year kg/kW

Jo et al. [9] 100

Korea Institute of Energy Technology [19] 100

Jung Youn Mo & Min Ji Kim [20] 74.4

Korea Photovoltaic Industry Association [21]

~2000 114.6

2001~2010 88.7

2011~ 73.3

Korea Environment Corporation [22]

~2000 114.6

2001~2010 88.7

2011~2020 73.3

2021~ 55.4

Song-taek Lim [13]

2003~2010 100

2010~2015 80

2016~2020 65

2020~ 50

2.2. Scenario Analysis

The capacity of solar energy supply was predicted using three different scenarios. The
first scenario, S1, is based on the assumption that by 2050, the average supply capacity of
solar energy from 2017 to 2021 was applied as constant. In the second scenario (S2), the
Korea government’s renewable energy plan was employed. According to the government’s
policy for managing power supply and demand, it is projected that installed capacity
grows by 5% annually [10]. The largest renewable energy supply scenario (S3) assumes
that carbon neutrality is accelerated and achieved in 2050, and that supply capacity would
rise by 10% annually. The quantities of solar panel to be retired was estimated between
2030 and 2050 using these three scenarios (S1, S2, and S3).

2.3. Estimation Model

This study’s estimation method is based on the Population Balance Model (PBM),
which is one method for calculating the amount of WEEE generated [35]. Products are
introduced to the market, and after a certain period of use, when their value reaches an
irreversible level, they are discarded as waste. The difference in input and output amounts
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remains in the system, and this series of product flow phenomena is arrayed as a balance
model. The following equations describes the generation of products to be retired [35]:

ft(i) = Ft(i)− Ft−1(i− 1) (1)

where ft (i) is the disposal rate, which is the proportion of i-year products that reached the
end of their useful life in year t.

Nt = Pt + ∑i=1[Pt−1{1− Ft(i)}] (2)

G t = ∑i=1{ Pt − i × f t(i)} (3)

where Nt represents the number of products in stock at the end of year t. Pt refers to the
number of products produced in year t. Gt is the amount of waste generated by solar panels.

2.4. Lifespan Prediction Ssing Weibull Distribution

The Weibull distribution can be used to forecast the cumulative failure rate of solar
modules. And the equation is given below.

F(t) = 1− e−(
t
T )

α

(4)

The time in years is denoted by t, the average lifespan is denoted by T, and the shape
factor is denoted by α. The shape factor governs the Weibull curve’s usual S shape. The
shape factor value ranges from 2.49 to 14.4, according to several references [30,36–39]. The
alpha shape factor value for the early loss scenario was 2.49, whereas the value for the
regular loss scenario was 5.38 [25,32]. A lower shape factor indicates a higher risk of failing
in the early stages of life. A larger shape factor indicates a greater concentration of failures
around the typical lifetime [32]. This analysis used an early loss scenario (e.g., broken parts,
mismatch between the solar modules), assuming that 0.5% of solar panels will be retired
within 2 years, 2% within 10 years, and 4% within 15 years.

3. Results and Discussion
3.1. Current PV Installation Trend

Using statistics on the supply of new and renewable energy provided by the Korea
Energy Agency, the supply status of solar power generation facilities in Korea was summa-
rized in Figure 1 [34]. Korea started producing solar energy in 2004, and since 2006, thanks
to initiatives like the Renewable Energy Portfolio Standard (RPS) and the feed-in tariff (FIT)
program, solar power generation has considerably increased. A total of 500 MW worth of
solar power producing facilities for commercial use were supplied through the domestic
FIT program between 2005 and 2011. Among them, 244 MW or so was supplied in 2008,
a significant increase from previous years. From 2010, the domestic RPS system started
supplying commercial solar power producing facilities. From 2018, a sharp rise in supply
has been seen as a result of the government’s “Energy 3020 Implementation Plan”, which
was announced at the end of 2017.
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Figure 1. Annual solar energy production of Korea [34].

Figure 2 shows how the growth in solar power generation has rapidly increased since
2012. The cumulative supply was roughly 22 GW, and the new supply in 2021 was about
4.4 GW. Over the period of four years (2018~2021), new solar power installations were
more than 2.4 times the total installed capacity of solar power in 2017. This suggests that
solar power supply has been accelerating in recent years, although in 2021 the decrease of
the supply was observed partly due to economic depression during COVID-19.
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As of 2020, almost 66% of the world’s new solar power markets was occupied in China,
the United States, Vietnam, Japan, and Germany [40]. Among these countries, China, the
United States, Japan, and Germany are the top four nations in terms of total solar power
generation capacity. The annual PV supplies for the four nations and Korea are shown in
Figure 3.
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Germany topped the new solar energy supply from 2007 to 2014, followed by China,
Japan, and the United States. From 2015, China supplied 77 GW of solar energy, taking
the top spot by a majority and keeping hold of the indisputable top spot. Germany, Japan,
and the United States had a different ranking from 2015 to 2019, and in 2019 the order
was altered to the United States, Japan, and Germany. In 2020, Korea will have a supply
capacity that is only 25% that of Germany. As shown in Figure 4, Germany is the most
developed nation in the solar power industry and has held the top spot in terms of solar
energy generation for a very long time. China, however, took the top rank, while Germany’s
capacity for solar energy has already been exhausted and fresh investment is declining.
China has been supplying solar power producing facilities at a higher rate since 2017, as
shown in Figure 4. The gap between Korea and the four nations has kept increasing by
2021, ranging from at least 2.2 times to 16.8 times.

3.2. Projection of PV Installation Volume Using Scenarios

Three alternative scenarios were considered in this study to determine the installed
solar capacity. Figure 5 displays the anticipated yearly PV supply (MW) for each scenario
from 2025 to 2050. It can be noted that it has a similar value to the anticipated capacity
of S1 and S2 in 2025 when compared to the cumulative capacity of 36.5 GW predicted
in the 10th Power Supply and Demand Plan for that year. Up until 2030, there is little
difference between the three scenarios in the capacity of solar energy supply. However,
it was discovered that S3 grew from 3.14 to 6.2 times while S2 varied from S1 by 1.9 to
2.6 times between 2040 and 2050.

The generated panel of solar power is shown in Figure 6 by multiplying the expected
total solar supply capacity by the panel weight tons per MW. The S1 graph in Figure 6 does
not appear to be increasing significantly, it is anticipated that technological advancement
would reduce solar panel weight from 88 ton/MW to 40 ton/MW while maintaining the
newly installed capacity.
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3.3. Estimation of Retired PV Modules

For each of the three scenarios, the Weibull distribution was used to calculate the
retired solar panels yield for the early loss scenario. The shape factor in this paper is 2.4.
As illustrated in Figure 7, each of the three scenarios is anticipated to result in an average
weight of 20 kt, 21 kt, and 22 kt of solar waste panels between 2025 and 2030. Based on
S1, S2 and S3 revealed an annual average difference in waste volume of 52 kt and 118 kt,
respectively, between 2040 and 2050. S3 in particular exhibits a significant change when
compared to S1 from 2035, ranging from 140 to 286 percent. Except for 2025 and 2030, the
remaining values revealed values that were comparable to S1 when compared to data from
domestic research [13]. It appears that the early loss scenario used in this paper made its
value is higher than the comparable data for 2025 and 2030.
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In all scenarios, the total quantity of retired solar panel appears to be more than
triple the total output in 2030 compared to 2025. According to Figure 8, the exponentially
increase is observed and it would continually increase by 1.4 to 2.5 times starting in 2035,
depending on the scenario. This implies that starting in 2035, solar panel retirement will
start in earnest.

To verify the accuracy of our anticipated values, we compared them with IRENA
data [25] and previous researches in Korea [13,22]. The Korean data from the IRENA
report are located between the S1 and S2 levels of this study, as shown in Table 2. It is
considered that similar values were obtained when comparing only the data using the
early loss scenario through the Weibull distribution, even if the photovoltaic market share,
weight, and lifespan of the solar panel are different in the IRENA study. The discrepancy
between this paper and results of Lim & Korea Environment Corporation from different
presumptions used. It was therefore disregarded when comparing it to this study. Instead,
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the forecasted volumes of foreign waste panels in the IRENA report in 2030 were normalized
by each country’s area and projected population [42–46] in order to allow for a relative
comparison of the predicted volume of this paper. When the quantity of waste produced
in each nation in 2030 is divided by its area, Japan and Germany, which are roughly
three times larger than Korea, show 2646 kg/km2 and 2796 kg/km2, respectively, whereas
Korea’s solar panel waste generation in scenario 2 is 1673 kg/km2. In contrast to Korea’s
3 kg/person, production rates of solar panel waste were estimated to be 8 kg/person for
Japan and 12 kg/person for Germany, based on the projected population in 2030. Given
that the supply volume was higher than that of Korea between 2005 and 2010, it seems
that this displayed a higher value than Korea. Korea was found to generate more waste
per unit area (23,215 kg/km2) in 2050 than any other country. Furthermore, after Japan
(147 kg/person), the estimated amount of waste per population was the second largest at
54 kg/person.
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Table 2. Comparison of predicted cumulative generation of retired solar panels with other countries
(unit: kt).

Country 2030 2035 2040 2045 2050

China [25] 1500 - 7000 - 19,900

USA [25] 1000 - 4000 - 10,000

Japan [25] 1000 - 3500 - 7600

India [25] 325 - 2300 - 7500

Germany [25] 1000 - 2600 - 4300

Korea [25] 150 - 820 - 2300

Korea Environment Corporation [22] 63 140 470 - -

Lim [13] 77 228 448 814 2300

This study S1 158 358 670 1095 1636

S2 168 408 820 1444 2331

S3 172 438 932 1768 3146

3.4. Resource Recovery Potentials by Recycling of Retired Solar Panels and Cost Analysis

The majority of the discarded solar panels will be made of crystalline silicon [47]. Glass
(approximately 68% by weight), aluminum (about 15% by weight), high-purity silicon
(about 3% by weight), and copper wires (about 1% by weight) make up the majority of
the recyclable components in PV panels [48]. Figure 9 illustrates the estimated recovery of
glass, silicon, copper, and aluminum under the assumption that 95% of the valuables in PV
panels are recovered by scenario. The average recovery of end-of-life solar panels produced
by the three scenarios in 2050 is 1531 kt, 337 kt, 535 kt, and 22 kt for glass, aluminum, silicon,
and copper, respectively. Assuming a value of 267.2 won/kg is produced when recycling
1 kg of used solar panels [49], recycling income estimates for 2050 range from $25.6 million
in the S1 scenario to $44.3 million in the S2 scenario to $519.1 million in the S3 scenario.
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To determine the impact of the panel’s weight on the volume of waste solar panels, a
sensitivity analysis was carried out. The quantity of waste was examined in the 5% and
10% weight reduction scenarios for solar panels.

As shown in Figure 10a, by 2035, the waste volume is projected to fall proportion-
ately in all scenarios. The annual waste reduction in the S1 and S2 scenarios, however,
increasingly diverged starting in 2035. On the other hand, the amount of waste was rapidly
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increased in the S3 scenario with accelerated supply capacity. It was observed that the
difference in reduction caused by the change in the weight of the solar panel was not signif-
icant. In the cumulative waste quantity in Figure 10b, the S2 scenario’s amount of waste in
2050 varied from that of the other scenarios depending on how much the weight of solar
panels was reduced. Other factors to be taken into account when estimating the amount of
waste generated by solar panels may include the manufacturing process, recycling rate,
end-of-life management, climate, and environmental considerations.
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4. Conclusions

Renewable energy is becoming prevalent as the global efforts on low-carbon activities
toward a carbon neutrality society. Solar-powered renewable energy supplies in particular
have been rapidly growing. In the coming years, it is anticipated that the generation of
waste solar panels would continually increase, once they reach end-of-life. Quantitative
analysis for such waste is needed for resource recovery and proper waste management
by adopting cost-effective recycling technologies. In this paper, the amounts of retired
solar panels were evaluated by scenario analysis (S1-BAU scenario, S2-the government’s
renewable energy plan scenario, and S3-carbon neutral scenario).

Due to Korea’s delayed adoption of solar energy, retired solar panels will be retarded,
later than in other nations. Based on the supply capacity of solar energy, the amount
of retired solar panels in 2021 is 0.736 tons/MW. It is anticipated to rise considerably to
3.04 tons/MW for S1, 2.31 tons/MW for S2, and 1.97 tons/MW for S3 in 2030. In comparison
to supply capacity of the solar energy, S1 would generate the most retired panels because
of the cumulative supply capacity as denominator (MW) is relatively smaller.

Upon conducting a comparative analysis with the IRENA study [25], it was discovered
that the predicted value of the S2 were very similar to their forecasted amounts. However,
our estimated numbers somewhat differ from other two studies [13,22]. The reason why the
difference occurs is due to different input variables, such as the panel’s weight and lifespan.
In addition, this research was conducted by a dynamic flow analysis, based on lifespans,
while the previous studies heavily relied on the models with a linear or normal distribution
on the lifespan. We also assessed resource recovery potential of the retired panels based on
resource recycling yield and the reduction of the environmental contamination resulting
from retired panels’ landfilling. This will make it feasible to calculate the capacity needed
for constructing infrastructure for the recycling of the retired solar panels. Furthermore,
an assessment was conducted on the potential economic benefits by recycling retired
solar panels.

Further investigation is still required to validate the scenario models used in this work.
Projected quantities of retired solar panels can be compared with actual retired data in the
future once they reach end-of-life. Periodical updates and analysis may be required for
the accuracy of our scenario models to be validated. One of the study’s limitations is that
the proportions of recycling and reuse in retired solar panels were not taken into account.
Lastly, more research is also necessary because the quantity of solar panels that need to
be disposed of might differ significantly from actual conditions, depending on a number
of parameters (e.g., the material composition, weight, lifespan of solar panels, national
renewable energy goals and regulations, and future technical advancements).
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