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Abstract

Comparative study on environmental impacts
of end-of-life photovoltaic panel treatments

using life cycle assessment methodology

Bora Seo
Department of Civil and Environmental Engineering

Seoul National University

In June 2020, Siberia experienced abnormally high temperatures with a record-
breaking 38°C in the Arctic Circle. Carbon dioxide (CO,) is well-known to be a
major greenhouse gas (GHG) responsible for global warming. Among several CO;
emission sources, the contribution of the energy sector accounts for 58.8% of all
GHG emissions worldwide. Recently, efforts were undertaken to encourage using
renewable energy sources to minimize environmental impacts. Renewable energy
sources such as solar energy, wind energy, biomass energy, and geothermal energy
provide a promising opportunity for mitigating GHG emission and global warming
as substitutes for fossil fuels and could supply 20%-40% of the primary energy
demand in 2050.

Among those renewable energy sources, solar energy is the most abundant and
accessible, in both direct and indirect pathways. By using photovoltaic (PV) cells,
solar energy may be directly converted to electricity without emissions, noise, and
vibration. In the last decade, the worldwide PV market has increased rapidly. At the
end of 2017, the cumulative global installed PV capacity reached 397.4 GW. The
typical lifespan of PV panels is 25-30 years, and PV panel waste would thus become
a main environmental issue within the next few years. Countries with high

cumulative installation capacity would encounter the largest burden of PV waste in
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the future. At the end of 2050, the cumulative global PV waste amounts could reach

60—78 million tons.

Life cycle assessment (LCA) is an effective tool for systematically evaluating the
environmental impact of products and/or processes during their life cycle, including
manufacturing, operation, and end-of-life (EoL) disposal. Although the
environmental impact of PV systems focusing the production and operation phases
has been extensively investigated over the past few years, limited studies have
focused on the management of EoL PV panels.

Considering the dramatic increase in EoL PV panels as an emerging waste problem
in the field of solid waste management, a proper PV waste management protocol has
to be established to support a circular economy. Therefore, recovering materials from
EoL PV panels is proposed as a primary strategy to reduce the negative
environmental impacts, aiding sustainability. The EoL treatment process starts by

transporting EoL panels to the recycling facility.

The LCA results of the EoL PV treatment without considering the avoided impacts
related to the material recovery demonstrated that the environmental impacts of high-
level treatment were higher than those of low-level treatment because of higher
environmental burdens associated with additional processes requiring chemicals,
electricity, and thermal treatment. When considering environmental disburden
associated with material recovery, the net environmental benefits from the high-level

treatment were almost two times higher than those of low-level scenarios.

The main empirical findings derived from this study can be summarized as follows.
The environmental impacts associated with the material recovery process were
assessed for three leaching agents: HNOs, I—KI, and thiourea, to choose the most
environmentally friendly alternative. The LCA results for using thiourea showed that
the environmental burdens during chemical treatment process were lower than those
for the other two leaching agents. However, the net benefit considering material

recovery was higher when using HNO3 as a leaching agent than that of the two other
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leaching methods, based on the level of endpoint analysis. Comparing the
environmental impacts related to the transportation of PV wastes, the scenario that
included transporting the wastes to the recycling facility via the collection center had
14.2% to 26.2% less adverse environmental impact than the scenario that involved
directly transporting the wastes to the recycling facility. This reduction in adverse
environmental impact was due mainly to weight reduction after pre-treatment and
transport efficacy provided by a large-sized vehicle even though the traveling
distance via the collection center increased.

When the secondary production of material was considered, some indicators could
not exceed the environmental burdens of the recycling processes. Consequently, the
findings associated with the treatment of EoL PV panels suggest that resource
recovery and transportation should be considered to reduce the economic and

environmental burdens.
Keywords: End-of-life management, Life cycle assessment, Photovoltaic panel,

Resource recovery, Transportation
Student Number: 2011-30270
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Chapter 1. Introduction

1.1. Background

In July 2020, Siberia experienced abnormally high temperatures with a record-
breaking 38°C inside the Arctic Circle (Sherwood, 2020). Evidence indicates that
the global climate is rapidly changing in relation with the use of fossil fuels. Carbon
dioxide (CO,) is a well-known major greenhouse gas (GHG) responsible for global
warming. Among several CO emission sources, the contribution of the energy sector
accounts for 58.8% of all GHG emissions worldwide (IEA, 2011). Thus, efforts have
been made to encourage using renewable energy sources to minimize environmental
impacts. Renewable energy sources, such as solar energy, wind energy, biomass
energy, and geothermal energy, provide a promising opportunity for mitigating GHG
emissions and global warming by substituting fossil fuels. Renewables are expected

to supply 20%-40% of the primary energy requirement in 2050 (Fridleifsson, 2003).

Among those renewable energy sources, solar energy is directly and indirectly the
most abundant and accessible. By using photovoltaic (PV) cells, solar energy is
directly converted to electricity without emissions, noise, and vibration (Panwar et
al., 2011). Currently, silicon-based technology dominates 90% of the PV market,
including single crystal (c-Si) and multi-crystalline silicon (mc-Si), commonly
referred to as first-generation technology. Second-generation PV technology
includes amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium
gallium selenide (CIGS), which use cheap semiconductor thin films. However, the

scale-up of CdTe and CIGS is limited because of the efficiency gap between the lab
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and practical fields, which is ascribed to poor reproducibility and uniformity
(Bagnall and Boreland, 2008). Moreover, second-generation PV cells comprise more
toxic and harmful materials than first-generation PV cells, such as cadmium and
selenium. Several PV technologies are considered third generation, including dye-
sensitized, organic, perovskite, and hybrid PV cells. These PV technologies should
offer several benefits over previous technologies, including using cheap materials,
superior performance, durability, flexibility, and weight reduction (Charles et al.,
2016). When considering sustainability, environmental impacts related to the
production, transportation, maintenance, and substitution of primary resources

should be minimized via recycling.

In the last decade, the worldwide PV market has increased rapidly. At the end of
2017, the cumulative global installed PV capacity reached 397.4 GW (IRENA, 2018).
The typical lifespan of PV panels is 25-30 years; therefore, PV panel waste will
become the main environmental issue within the next few years. International
Renewable Energy Agency (IRENA) first estimated the global PV waste volume
until 2050 under two scenarios: regular- and early-loss. Regular-loss assumes a 30-
year lifetime of solar panels with no early-loss, whereas early-loss considers infant,
midlife, and attrition failures before the 30-year lifespan (IRENA, 2016). Countries
with high cumulative installation capacity and/or the most challenging PV targets
would encounter the largest PV waste burden in the future. At the end of 2050, the
cumulative global PV waste amounts should reach 5.5-6 million tons, which are
almost identical to the mass of new installations. From the IRENA report (2016),

China, Germany, and Japan are the top three countries with the largest projected



cumulative PV waste in 2030. At the end of 2050, China should still have the largest
cumulative PV waste amounts, but Germany is set to be replaced by the US, followed
by Japan and India. In the Republic of Korea, two scenarios were proposed to
estimate the local PV panel waste production (KEIT, 2017; KEI, 2018). In 2020, both
scenarios were forecasted to have similar cumulative PV panel waste amounts
because most PV panels did not reach their average lifespan. At the end of 2040,
however, the difference becomes more pronounced, which could be caused by
considering additional loss because of the wide variation in PV panels’ average

lifetime.

The management of the exponentially increasing number of end-of-life (EoL) PV
panels is critical and challenging because they impose serious and crucial
environmental concerns. Unfortunately, most member countries of Organisation for
Economic Cooperation and Development (OECD) have not yet established and
adopted specific strategic frameworks and policies targeting EoL PV waste
management (Mahmoudi et al., 2021). The European Union (EU) has established
regulatory frameworks based on the Waste Electrical and Electronic Equipment
(WEEE) Directive, including EoL PV waste management and recycling technologies
for material recovery. This directive has set rules to ensure that PV manufactures
have liability for the collection, handling, and treatment costs while satisfying the
WEEE Directive’s requirements and responsibilities (Sharma et al., 2019). The
Korea Ministry of Environment has also provided a legislative notice on the Act on
Resource Circulation of Electrical and Electronic Equipment and Vehicles by

adopting extended producer responsibility (EPR) to 23 subjects, including PV panel



waste (ME, 2019). This directive will only be effective from 2023, after laying the
foundation for recovery and storage strategies and appropriate technologies for
recycling PV waste until 2022. This subject extension benchmarked the EU

framework.

Life cycle assessment (LCA) is an effective tool for the systematic evaluation of the
environmental impact of products and/or processes during their life cycles, including
manufacturing, operation, and EoL disposal (Hauschild and Huijbregts, 2015; IEA,
2020; Wéger and Hischier, 2015). Although the environmental impact of PV systems
with a focus on the production and operation phases has been investigated
extensively over the past few years, only a few studies have focused on the
management of the EoL of PV panels (Bracquene et al., 2018; Vellini et al., 2017,
Huang et al., 2017). As opposed to disposal in landfills, proper recycling of EoL PV
panels is economically and environmentally favorable because they contain both
valuable and hazardous materials. Corcelli et al. (2018) reported that the recycling
processes were attractive in many impact categories, such as human toxicity,
freshwater eutrophication, and fossil depletion indicators. Particularly, the
environmental benefits are primarily linked to recovering aluminum, silicon, and
copper by replacing primary raw materials with equivalent recycled ones. Efficient
EoL recycling can also considerably reduce energy consumption and GHG emissions

(Deng et al., 2019).



1.2. Objectives

Considering that a dramatic increase in EoL PV panels is an emerging problem in
solid waste management, a proper PV waste management protocol must be
established to support circular economy. EoL PV panels cause several significant
environmental burdens if not properly treated (Mahmoudi et al., 2019). The
recycling of decommissioned PV panels can reduce the significant increase in global
demand for raw materials. More importantly, it can be expected to minimize several
negative environmental impacts when it is compared with the conventional landfill
approach. Ardente et al. (2019) reported that EoL PV panel recycling can reduce the
environmental impacts considerably and save precious materials. For example, the
process of extracting raw materials requires high energy to manufacture PV panels,
and CO, emissions are produced. One of the key factors that affects the
environmental results of LCA is the transportation burden (Xu et al., 2013). A recent
study demonstrated that transporting the EoL PV panels to the recycling site mainly
governed all the considered impact categories during the LCA study of the Full
Recovery End of Life Photovoltaics (FRELP) recycling process (Latunussa et al.,

2016).

Among the stages of manufacturing, operation, and EoL of PV panels, comparatively
fewer studies have been made for the management of EoL PV panels in terms of
environmental impacts. According to IEA Methodology guidelines (2020), the
system boundaries at the EoL stages include (1) deconstruction and dismantling, (2)

transport, (3) processing the waste, (4) recycling and reuse, and (5) disposal. LCA



has been applied extensively to the recycling and reuse of EoL PV panels, but only

a few studies have dealt with the transport of PV wastes.

From previous studies, the recycling process of PV modules can be broadly divided
into (1) delamination, (2) material separation, and (3) material extraction and
purification (Maani et al., 2020; Lunardi et al., 2018; Tao and Yu, 2015). For
delamination, thermal treatment has been widely adopted because of its lower impact
than methods such as chemical, electro-thermal heating, and pyrolysis. Recently,
many studies have been conducted to recover valuable materials, such as glass,
silicon, aluminum, copper, and silver, during PV module recycling. Although the
collection, transfer, and transport of waste are critical activities in the waste
management system, the environmental impacts associated with PV waste transport
have rarely been addressed. Therefore, it can be postulated that EoL PV panel
material recovery and their transportation are critical in determining the
environmental impact during the recycling process. Figure 1.1 shows the full PV
module lifecycle, and the dotted-line box indicates the main scope of this study. The
detailed objectives of the research are as follows:

(i) to compare the two EoL scenarios of c-Si PV panels considering
environmental impacts; high and low levels represent the most and least
material recovery, respectively.

(ii) to investigate the applicability and environmental benefits of alternative
resource recovery technologies by substituting conventional leaching
techniques.

(iii) to evaluate environmental impacts driven by EoL PV panel transportation

based on the proposed EoL scenarios and travel conditions in the Republic



of Korea.
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Chapter 2. Literature review

2.1. Introduction

Increasing the renewable energy share in the total energy mix will not only help
overcome the dependence on limited fossil fuels but also undoubtedly contribute to
increased energy security and a reduction in global warming and air pollution
problems. Renewable energy plays a crucial role in the sustainable development of
future energy strategies (Weitemeyer et al., 2015; Ozoemena et al., 2016). The most
common renewable energy sources are solar, wind, hydro, geothermal, and biomass
(IRENA, 2020). Among these sources, solar energy is considered to have a high
potential for significant electricity generation via photovoltaic (PV) conversion
because of its abundance and worldwide accessibility (Dale and Benson, 2013; Liu

etal., 2017).

The solar energy sector is one of the fastest-growing energy sectors worldwide, with
a growth rate of 35-40% per year (Tyagi et al., 2013). The year 2019 became another
historic year for solar energy because global installed power capacity had reached
approximately 600 GWp (Fraunhofer ISE, 2020). This global installed PV capacity
in 2019 was almost six times larger than that in 2012. Considering the lifespan of PV
panels to be approximately 25-30 years, PV waste will soon proliferate dramatically
in response to the remarkable growth rates. The amount of cumulative PV waste was
estimated as 250,000 tons at the end of 2016, while it is estimated that there will be
78 million tons by 2050 worldwide according to the early loss scenario of

International Renewable Energy Agency (IRENA, 2016). It is expected that this
12



massive waste will be a global burden to the environment and the economy.

Various reclaimable resources in PV waste, such as silicon (Si), glass, aluminum (Al),
copper (Cu), and silver (Ag), will likely be of significant importance as underground
resources further deplete. Furthermore, some types of PV panels such as CdTe or
(lead-based) perovskite pose a significant environmental threat when they are not
properly disposed of. In most countries, adequate regulations for the recycling
process of end-of-life (EoL) PV panels have not been fully established. The
European Union (EU) has adopted PV waste regulations, including collection,
recovery, and recycling of EoL PV panels. Since 2014, decommissioned PV panels
have been included in the list of the EU Waste Electrical and Electronic Equipment
(WEEE) directive based on the extended-producer-responsibility (EPR) principle
(EC, 2012). Depending on the different EoL scenarios, up to 820,000 tons of
discarded EoL PV panels are expected to be discarded in Korea by 2040 (KEI, 2018).
Therefore, the Korea Ministry of Environment has provided a legislative notice on
the Act on Resource Circulation of Electrical and Electronic Equipment and Vehicles
with the adoption of EPR to 23 subjects, including PV panel waste (ME, 2019). This
directive will only be effective from 2023, after laying the foundation for recovery
and storage strategies and appropriate technologies for recycling PV waste until 2022.

This extension of the subjects benchmarked the EU framework.

Life cycle assessment (LCA), based on the 1SO 14040 standard (ISO, 2006) is an
effective tool for systematically assessing the environmental impact of products or

processes during their life cycle, including manufacturing, operation, and EoL
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disposal (Hauschild and Huijbregts, 2015). Although the environmental impact of
PV systems with a focus on the production and operation phases has been extensively
investigated over the past few years, limited studies have explored in depth the
management of EoL PV panels (Huang et al., 2017; Vellini et al. 2017; Bracquene et
al., 2018). As opposed to disposal in landfills, proper recycling of EoL PV panels is
economically and environmentally favorable because they contain both valuable and
hazardous materials. Corcelli et al. (2018) reported that the recycling processes were
attractive in many impact categories such as human toxicity, freshwater
eutrophication, and fossil depletion indicators. In particular, the environmental
benefits are primarily linked to the recovery of aluminum, silicon, copper, etc., by
replacing primary raw materials with equivalent recycled ones. Efficient EoL
recycling can also considerably reduce energy consumption and greenhouse gas

(GHG) emissions (Deng et al., 2019).

There are many types of solar cells that can be broadly grouped into crystalline
silicon (c-Si), thin-film, and third-generation PV panels that utilize emerging
technologies, such as concentrating, plastic, and dye-sensitized PV (Paiano, 2015).
Among these, c-Si PV is the most common technology, accounting for 94.5% of the
world market as of 2019, while the global market share of thin-film is approximately
5.5% (Fraunhofer ISE, 2020). By the end of 2030, the market share of c-Si PV is
expected to decrease to 44.8%, while that of third-generation technologies is
expected to reach 44.2% (IRENA, 2016). Hence, for the next three decades, the
recycling of c-Si PV panels is the most important PV-related environmental

challenge worldwide. This chapter attempts to (1) outline the forecast of the global
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status of renewable energy consumption and PV waste generation worldwide under
different scenarios, (2) present and summarize recent literature on recycling
technologies with a focus on reclaimable resources from c-Si PV panel, and (3)
evaluate LCA results for EoL c-Si PV panels. It is expected that the tremendous
amount of  ¢-Si PV panels can cause serious environmental and economic impacts
in the coming decades unless treated and managed appropriately (i.e., recycled)
(Huang et al., 2017; Deng et al., 2017). This chapter scrutinizes the LCA studies for
EoL c-Si PV panels with special attention to the environmental benefits associated

with the recycling of materials to identify challenges for future research in this area.
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2.2. Solar photovoltaic energy as an emerging renewable

energy source

2.2.1. Global status and the market for renewable energy

According to the latest data released by the International Renewable Energy Agency
(IRENA, 2020), global renewable energy capacity continues to develop rapidly. As
shown in Fig. 2.1, the global renewable energy capacity increased by 175,791 MW
and reached 2,537 GW by the end of 2019, representing a 7.4% increase compared
with 2018. Since 2010, growth in the global capacity has been remarkably boosted
by technological improvements and favorable policy environments worldwide.
Among renewable energy sources, such as hydropower, wind, solar, and biomass,
solar and wind power systems have grown steadily over the past decade, mainly due
to substantial reductions in capital and generation costs (Devabhaktuni et al., 2013).
Between 2010 and 2019, the growth rate of solar and wind power capacity increased
by 1,311% and 244%, respectively. This considerable growth rate is attributable to
the fact that solar energy is inexhaustible, it is available almost worldwide, and solar
power systems are easy to install and maintain (Lewis, 2007; Weitemeyer et al.,

2015).
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Fig. 2.1. Total renewable energy capacity between 2010 and 2019, worldwide.
Source: IRENA, 2020.

Consequentially, a large number of PV panels and wind turbines have been installed
worldwide during the past decade. As shown in Fig. 2.2, IEA (2019) and IRENA
(2019) project that solar and wind power will dominate electricity production, each
with a share of approximately 21% in 2040. Though the projected changes are
slightly different, the trends are quite similar, indicating that solar and wind power
are expected to increase more rapidly than other renewable energy sources in the
next 30 years. Undoubtedly, this enormous share results from a wide geographical
distribution as well as the huge energy conversion potential (Shi et al., 2020).
However, such an exponential growth may pose a major environmental challenge
due to the production of new types of waste streams (e.g., PV and wind turbine blade

wastes) in the coming decades.
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In the last decade, the global solar PV market has experienced rapid expansion. As
shown in Fig. 2.3, China is leading the global PV markets for both cumulative and
installed capacities in 2019. Indeed, China installed 30 GW of solar energy in 2019,
and its cumulative installed capacity reached 204.7 GW at the end of 2019. Vietham
and Ukraine are emerging markets with 4.8 and 3.5 GW of the annual installed
capacity of solar electricity in 2019, respectively. At the end of 2019, the cumulative
capacity of solar PV from the top 10 countries reached 627 GW, accounting for 24.7%

of the global renewable energy capacity.
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2.2.2. Status and the market for renewable energy in Korea

The evolution of renewable energy capacity in the Republic of Korea (Korea) is
analogous to global trends. Data collected between 2010 and 2019 show that in
Korea, the wind power capacity increased linearly by a factor of 4 and 16 for the
wind and solar power capacity, respectively (Fig. 2.4). Solar power is expected to be
used more frequently in the future (Chung and Kim, 2018). According to the
“Renewable Energy 2030 Implementation Plan” (MOTIE, 2017), the Korean
government is planning to increase the cumulative installed capacity of renewable
energy to 63.8 GW by 2030. Moreover, the Korean government plans to increase the
percentage contribution of solar energy among all the renewable energy sources,
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representing up to 63% of renewable capacity by 2030.

Since the Korean government aims to reduce national greenhouse gas emission
levels by 37% relative to the “business as usual” scenario (i.e., 850.6 to 535.9 million
ton) by 2030, a new growth opportunity of the Korean market has emerged. In fact,

the overall installed capacity increased to 11.2 GW with 3.1 GW installed in 2019.
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Fig. 2.4. Total renewable energy capacity between 2010 and 2019 in the Republic of
Korea. Source: IRENA, 2020.
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2.2.3. Global projection of PV waste generation

With the massive growth in solar PV utilization in recent years and the expected
dramatic increase in demand by 2050, PV panel waste has become a major issue of
concern worldwide. When converting solar energy to electricity, there are
irreversible losses associated with environmental factors such as high temperature,
relative humidity, and panel soiling (Ross, 2014; Flowers et al., 2016). The average
degradation rate, the rate at which solar panels lose efficiency over time, is estimated
to be in the range of 0.5% to 0.8% per year (Jordan and Kurtz, 2013). Based on this
estimation, a life expectancy of 25-30 years is expected for well-maintained PV

systems (IEA, 2009; Perpifian et al., 2009).

Fig. 2.5 depicts the predicted cumulative waste volumes of EoL PV panels generated
by five countries in 2020 and 2030 based on two different scenarios. The cumulative
global waste volumes of the EoL PV panels can be estimated based on the Weibull
function showing different shape factors for regular and early loss scenarios. Input
assumptions of the regular loss scenario are the 30-year average panel lifetime and
99.99% probability of loss after 40 years, while the early loss scenario additionally
considers infant, midlife, and wear out failures before its lifespan (IRENA, 2016).
Simulations as shown in Fig.2.5 projects Germany as the largest producer of PV
waste in 2020. However, the amount of PV waste from China dominates the largest
portion in terms of early loss scenario at the end of 2030, while Germany still holds
the first place in terms of the regular loss scenario. This indicates that there has been

a dramatic increase in newly installed PV panels in China since the late 2010s.
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Indeed, China globally led the PV market and solar power production in 2019; it

accounted for 28% of the gross electricity generation worldwide (IEA, 2020).

Many other researchers have estimated the amount of PV waste based on the two
different scenarios, regular- and early-loss, and the Weibull function with a lifespan
of 30 years (Santos and Alonso-Garcia and Sica et al.). Santos and Alonso-Garcia
(2018) reported that the cumulative PV waste would reach 100,000 tons by 2030
because of the booming of PV installation between 2007 and 2008 in Spain. On the
other hand, Paiano (2015) employed the simplest method assuming the installed PV
panels become waste after 25 years, the average lifetime of PV technology; the time
shifting of 25 years from the years of installation to waste generation. Recently, the
importance of sensitivity analysis has been pointed out when forecasting the stream
of PV waste. Peeters and his colleagues (2017) asserted that the uncertainty would
be considered in projecting the amount of PV waste because of the rapid

development of PV technology, including the individual materials and components.

PV waste can be framed not only as an environmental and human hazard but also as
a potentially valuable resource. PV waste contains a number of hazardous and
valuable constituents such as silver, copper, aluminum, and silicon. According to
IRENA’s report (2016), the cumulative value of raw materials from PV panels can
reach up to 450 million US dollars by 2030. Unfortunately, a substantial volume of
toxic chemicals is also used to achieve high yield recovery of those materials, which
thus requires environmental-friendly recycling strategies. The Basel convention

effective from 1992 is a multilateral environmental agreement with a specific aim to
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regulate the movements of hazardous waste between nations, from developed to less
developed countries lacking PV and other e-waste recycling facilities and specific
laws and/or focal regulations for the management of PV waste. For example, the
improper method of recovering valuables from e-wastes have caused serious health
risk and environmental problems with severe land and water pollution in China
(Sauser et al., 2014). Therefore, the ethical and technological issues associated with

the management of PV waste in developing countries are carefully addressed.

[ Regular-loss in 2020
1 Regular-loss in 2030

Ital s
w 7 Earty lons in 2030
China
7% %

=
son o
-

Germany

USA

Z)

800 1,000 1,200 1,400 1,600

[—}
o
(=]
(=]
B
(=]
(=]
(=
[—}
(=]

PV waste projection (million ton)

Fig. 2.5. Estimated cumulative waste volumes of end-of-life (EoL) photovoltaic (PV)
panels based on early and regular loss scenarios by five countries in 2020 and 2030
(Data source: IRENA, 2016).
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2.2.4. Projection of PV waste generation in Korea

Conventionally, the projection of waste PV panels is calculated by considering three
assumptions: supply status, average lifetime, and specifications of PV panels. In the
Republic of Korea, two different scenarios were suggested to estimate the local
production of PV panel waste. In scenario 1, based on the supply status information
from the Korea Energy Agency, the amount of waste panels was estimated assuming
an average lifetime of 25 years, weight-to-power ratio of 80 ton/MW, and 1% loss
of supplied PV panels within 10 years due to unintended causes such as natural
disasters (KIET, 2017). These assumptions are somewhat similar to the regular loss
scenario of IRENA (2016). In contrast, scenario 2 reflected the “Renewable energy
3020 implementation plan” (MOTIE, 2017) and the projected amount of waste PV
panels (KEI, 2018). In this case, the weight-to-power ratio was assumed to be 100
ton/MW, and the average lifetime of PV panels ranged from 15 to 30 years depending
on the installation year to reflect the technological improvements of PV panels

(KIER, 2015).

Fig. 2.6 depicts the cumulative estimation of PV panel waste by different scenarios
over time in the Republic of Korea. In 2020, scenarios 1 and 2 showed the cumulative
PV panel waste of 482 and 620 tons, respectively. The difference between the two
scenarios was negligible because most PV panels did not reach their average life
span. However, the difference between the two scenarios gradually increased until
2040; approximately 288,000 and 820,000 tons were produced according to

scenarios 1 and 2, respectively. Compared to Scenario 1, Scenario 2 considers
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additional loss due to wide variation in the average lifetime of PV panels. Although
different numerical assumptions were made, the gradually increasing trend observed
in scenarios 1 and 2 was in good agreement with scenarios 4 and 5, which was the
estimations driven by the regular and early loss scenarios of IRENA (2016),
respectively. In particular, scenario2 showed no significant difference from scenario

3 calculated by assuming the lifetime of PV as 25 years.
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Fig. 2.6. Cumulative estimation of photovoltaic (PV) panel waste by different
scenarios until 2040 in the Republic of Korea (*KIET, 2017; ® KEI, 2018; ¢ Paiano,
2015; “IRENA, 2016).
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2.3. ¢-Si PV panel recycling processes and reclaimable

resources

Various processes have been proposed for PV waste recycling; the typical c-Si PV
panel recycling process involves (1) Separation of module, (2) EVA removal, and (3)
resource recovery, where each sub-process can employ either physical, chemical,
thermal, cryogenic, electrical, or combined methods as follow (Deng et al., 2019):
First, the aluminum frame is dismantled, and then the cable and junction box are
removed from the PV sandwich (i.e., solar cell and back sheet). Subsequently,
ethylene vinyl acetate (EVA), which holds the adjacent layers tightly, is removed via
thermal, chemical, mechanical, cryogenic, or combined treatment to separate the
glass, solar cell, and plastic back sheet. Finally, precious metals such as silver,
aluminum, and copper are recovered by hydrometallurgical and electrochemical
processes. Table 2.1 lists several representative processes with reclaimable
resources in each step. Note that the entire process could be divided by module
separation and resource recovery from the cell, which is also referred to as “low-rate”
and “high-rate” recycling, respectively (Corcelli et al., 2018). In this section, PV
recycling processes are reviewed from the perspective of recycling (i.e., mechanical
separation, thermal and electrochemical treatment), and reclaimable resources at

each stage are discussed.

2.3.1. Module separation

After transporting the waste PV materials to the recycling facility, the first step is to
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physically dismantle the aluminum frame and separate the glass, cable, and junction
box from the PV sandwich (i.e., solar cell and back sheet layers). This is usually
conducted using an electric powered machine, and depending on the method, glass
can be recovered either as a crushed form of cullet, or as whole glass using a heated
knife (NEDO), or specially developed optical technologies (Loser Chemie). Glass
takes almost 70% (weight basis) of PV waste and is specially produced with low iron
content (< 0.02%) for exceptional transparency, which has much higher value than
the normal glass when recycled. Dismantled aluminum frames and copper wires can
also be directly reused or sent to raw material producing facilities depending on their
condition. Plastics from the cable and junction box are subjected to a subsequent

thermal process (i.e., incineration) for heat recovery or disposed of in landfills.

2.3.2. EVA removal

Subsequently, EVA is removed to separate the glass, solar cell, and plastic back sheet
layers from each other. This is usually done using a special organic solvent or by
thermal treatment. Crushed PV scraps are subjected to incineration to decompose the
polymeric EVA and plastic back sheet, and the resulting heats can be recovered
together with residual cell scraps (FRELP). A step-wise increase in temperature (20
to 600 °C) was also proposed for effective decomposition of the polymeric layer
(Corcelli et al., 2018). However, emissions from incinerating the halogenated plastic
back sheet (fluorine content up to 9%) involve the release of toxic pollutants such as
HF (Ardente et al., 2019). Alternative processes, such as pyrolysis followed by

solvent dissolution (ELSi) and hot knife (NEDO), were also applied. As waste
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becomes a major issue, an easy delamination process needs to be considered at the

design stage (Latunussa et al., 2016).

2.3.3. Precious metal recovery

With the depletion of underground resources becoming a reality, the concept of urban
mining is proposed with respect to e-waste such as PCB, LCD, CRT, and batteries
(Cossu and William, 2015). Although solar cells contain minimal amounts (varying
from 0.5% to 5% in wt.) of precious metals such as silver and aluminum, the value
of recycling them cannot be ignored as the unit prices are high compared to the other
reclaimable resource from c-Si PV wastes (Peeter et al., 2017; Kuczynska-t.azewska
et al., 2018). Hydrometallurgical recovery of these metals from PV cells usually
involves strong solvents such as cyanides or nitric acid, resulting in the emission of
chemicals to air and water, which could be a significant threat to the environment
and public health (Latunussa et al., 2016). Recently, an alternative leaching reagent
has been proposed using environmentally friendly, nontoxic substitutes for acid
leaching (i.e., so-called “green leaching”) such as methane sulfonic acid (MSA)
(Palitzsch et al., 2014; Yang et al., 2017) and iodine-iodide solution (Chung et al.,
2021). In addition to dissolved metals, an insoluble Si wafer is recovered in a mixed
metal solution after leaching. An additional hydrometallurgical refining process was
conducted to recover pure silicon ingots (more than 99.9999%) (Loser Chemie).
Regaining the precious metals as a pure solid form is conducted by either chemical
precipitation (Loser Chemie) or electrolysis (Latunussa et al., 2016; Ardente et al.,
2019). For example, Yang et al. (2017) introduced HCI to make AgCI precipitates
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(ca. 70% purity), which underwent subsequent electrochemical refinement to obtain

99.995% purity.

2.3.4. Wastewater treatment and landfilling

The last stage of PV recycling is usually wastewater treatment, incineration, and
landfilling. Both hydrometallurgy and electrolysis processes produce large amounts
of wastewater and sludge containing various metals. A further neutralization process
is required when strong acids or bases are used (Latunussa et al., 2016; Ardente et
al., 2019). Plastics are subjected to incineration, and the leachate, after recovering
precious metals, is sent to a separate wastewater treatment process, of which the
subsequent residual solids (fly/bottom ashes and metal sludge) are beneficially
reused (e.g., clinker production) (Corcelli et al., 2018) or otherwise they need to be

properly landfilled in the end.
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Table 2.1. Various commercialized and proposed PV panel (cell) recycling processes with reclaimed resources (-’ means not mentioned).

Delamination (low-rate recovery)

Recovery from solar cell (high-rate recovery)

Leaching & etching

Selective recovery

Process Module separation EVA removal .
2 _ Additional process
Recovgred Metal f_rame: copper  Glass, cell, back sheet, Mixed metal solution, Ag, Cu, Al (chemical used)
Materials cable, junction box heat Si wafer T
FRELP? Mechanical . . Hydrometallurgy . Neutralization
(SASIL) separation Incineration (HNO:») Electrolysis (Ca(OH),) required
ELSi® Mechanical Pyrolysis followed by Electrochemical i i
(Fraunhofer) separation solvent dissolution processes
NEDO Mechanical Pyrolysis / Hot knife - - -
separation
SUPER PV Mechanical Optical nanotechnology Hydrometallurgy Chemical i
(Loser Chemie) separation - (MSA; H-OSO,CHs) precipitation
Corcelli et al. Mechanical 'I'(I;%r[?:a: (;[rgggn]ér?t Hydrometallurgy ) Neutralization
(2018) separation stepwise increase) (HCI) (Na(OH).) required
Yang et al. Hydrometallurgy Chemical Chemlca_l &
(2017) i i (MSA) precipitation electro-refining
(NaOH, Hzoz)

3FRELP: Full recovery of end-of-life PV panel
PELSi: Industrial scale recovery and reuse of all materials from end-of-life silicon-based photovoltaic modules

°NEDO: New energy industrial technology development organization
Ag: silver; Cu: copper, Al : aluminum



2.4. LCA approaches for the EoL c-Si PV panel

2.4.1. Past and recent trends in life cycle assessment studies for c-Si PV

systems
In the 1990s, many baseline studies were conducted to set the basis of the LCA
framework for PV system design and to evaluate the systems bottlenecks and
potentials (Phylipsen and Alsema, 1995; Keoleian and Lewis, 1997; Aguado-
Monsonet, 1998). Since the development of the PV system was at an early stage, the
LCA scope was limited and only focused on elucidating the positive environmental
impacts of c-Si technologies with respect to energy consumption and emissions
during the manufacturing and installation of PV systems. According to Frankl et al.
(1998), a simplified LCA approach of building-integrated PV systems was more
favorable compared to conventional PV power plants with respect to energy
generation and greenhouse gas emissions. Dones and Frischknecht (1998), who
performed LCA studies of mono- and polycrystalline silicon PV module
technologies using environmental inventories focused on material/energy
requirements and emissions, reported similar results. They concluded that the
electricity requirement during the manufacturing process was the most important
contributor to the environmental burden. Their results provided useful information
for future LCA research on energy requirements and GHG emissions in the PV
manufacturing process. Nonetheless, both studies were restricted to manufacturing
and energy production, but the environmental impacts of mining of raw materials,

transportation, and recycling of PV panels were not considered.
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In order to further clarify the environmental impact of PV systems, studies in the
following decade expanded the boundaries of LCA analysis to consider other
environmental impacts during the entire life cycle, i.e. ‘cradle-to-grave’ approach,
including EoL scenarios (Fthenakis, 2004; Muller et al., 2005). For example,
Jungbluth (2005) conducted an LCA study based on the Swiss life cycle inventories
for PV power plants with process data including quartz reduction, silicon purification,
wafer, panel, and laminate production and mounting structure with 30 years of
operation. Muller et al. (2005) performed LCA analyses with the inclusion of a
recycling process for c-Si PV modules based on the inputs obtained from the
operation at Deutsche Solar. The results showed that the recycling of PV modules
mitigated the environmental impacts compared to other EoL scenarios, such as
incineration and disposal at a landfill. Furthermore, the economic views and the
sensitivity analysis have been included in LCA by few researchers (Kannan et al.,
2006; Pacca et al., 2007; Ito et al., 2008). Ito et al. (2008) studied the LCA of various
PV modules such as multi-crystalline silicon (m-Si) and amorphous silicon (a-Si) to
investigate their environmental impacts and cost-effectiveness. This study indicated
that the PV module efficiency was a primary factor in improving energy production
and preventing greenhouse gas emissions. In addition, the sensitivity analysis to
ambient temperature revealed that the m-Si module performance ratio decreased by
10% as the temperature increased from 5.8 to 30.2 °C, which affected the energy

payback time (EPBT) and CO, emission rate.

Recently, more studies have been designed to explore the impact of a proactive

approach to improve the treatment of EoL PV panels. To examine the sustainability
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and environmental benefits of PV systems, EPBT and GHG emission rate were
extensively adopted as environmental indicators. EPBT is defined as the time
required to recover the energy invested in the system, which is one of the most
adopted metrics to characterize the energy sustainability of PV system. GHG
emissions over a given life cycle is an important metric, indicating its environmental
impact on global warming. Since LCA has three main aspects; energy, environmental,
and economic, EPBT and GHG emissions have been frequently estimated to
determine the benefits in terms of energy and environment compared to conventional

alternatives (Armendariz-Lopez et al., 2018; Yue et al., 2012).

The EPBT and GHG emissions were dependent on several key parameters such as
PV technology, module-rated efficiency and degradation rate, irradiation of the
location, and a lifetime of the PV. In this review, the authors demonstrated that
among the five types of solar cells, mono-crystalline Si, multi-crystalline Si,
amorphous Si, cadmium telluride thin film, and copper-indium-gallium-selenide thin
film, the mono-crystalline Si PV systems exhibited the worst environmental
performance due to high-energy consumption during the production processes (Peng
et al., 2013). Sherwani et al. (2010) had previously reviewed the LCA of EPBT and
GHG emissions of solar PV systems while considering mass and energy flow from
silica extraction to panel assembly. Both review papers remarked that increasing
solar cell efficiency and material recycling rates would further improve the
environmental performance of PV systems by reducing the energy requirement and
GHG emissions. In line with this view, a few researchers have studied the

environmental impacts of PV systems that are coupled with recycling processes.
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Recent research trends associated with evaluating and comparing environmental
impacts using LCA methods for silicon PV technologies focused on material

recycling are discussed in more detail later in this section.

2.4.2. Environmental impacts of EoL c-Si PV panel based on LCA

perspective

According to the IRENA report (2016), the total volume of PV waste in circulation
will be approximately 1.7 to 8.0 million tons by 2030, and it is estimated to reach
6078 million tons by 2050. As mentioned above, the first-generation c-Si modules
have occupied more than 80% of the market share worldwide over the last 30 years,
and thus contribute to a substantial portion of the PV waste stream. Considering the
increase in PV installation and waste generation, recent studies on c-Si PV waste
treatment and recycling processes assessed with LCA methodology for
environmental impacts are introduced in the following section. Table 2.2 summarizes
the currently available literature that applied LCA to the EoL phase of ¢-Si PV panels
by comparing functional units, system boundaries, software/databases used, impact
analysis methodologies, and main contents. It is always difficult to directly compare
the life cycle impact analysis (LCIA) results from different studies because of the
differences in the functional unit, system boundary, and LCIA methodology. In
addition, the degree of “recycle” varies for different studies. For example, Vellini et
al. (2017) only considered the recovery of Si (90% efficiency) to make new wafers,
whereas Corcelli (2018) included glass, Al frame, heat, and precious metal

recoveries from the cell surface in the contents of recycling. Bogacka et al. (2017),
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Duflou et al. (2018), Dias et al. (2021) conducted their analysis up to the endpoint
by simplifying multiple midpoint indicators into a few endpoint indicators (e.g.,
human health, ecosystems, and resources depletion), considering complex cause-
effect chain, while the remaining six applied various types of mid-point analysis with
respect to each of the LCIA methods used (ReCiPe, CML, and ILCD). Depending
on the system boundary, the existing literature is divided into three groups: (1) Four
out of ten have a system boundary from production to EoL, which regards recycling
as a unit process being compared with incineration or landfill; (2) six out of ten
focused only on recycling having a series of sequential sub-processes, and (3) six
studies interpreted the LCIA results in disaggregated form so that the relative
contribution of each sub-process to entire recycling could be individually evaluated,
and four studies considered collection of PV waste and the effect of transport to the

recycling facility.
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Table 2.2. Comparison of current literature that applied life cycle assessment (LCA) to the end-of-life (EoL) phase of c-Si photovoltaic (PV)

panels.
Comparative
Functiona Sof LCIA®
Recycling | System oftware objective LCA results
methodology Authors
Process (scale) boundary by process
Unit /DB (mid/endpoint) (recovered
P materials)
72 cells EoL SimaPro/ . Incineration vs. .
Dzeuitls(,)cthseczzl)ar (125mmx  (excluded  Ecoinvent Zcf)“()/lol‘(ﬁ?éeg?:{) recycling Aggregated ~ Muller etal. (2005)
P 125 mm)  collection) 2000 P (Si wafer)
Conventional Prtoodg‘;“LO” GaBi/ CML2001,  Withvs. W/O N
process 1m? (excluded Ecoinvent EPBT, recycling Aggregated  Vellini etal. (2017)
(literature-based) collection) 2.2 (midpoint) (Si wafer)
Production Landfill vs.
Literature based to EoL . ReCiPe, recycling Huang et al. (2017)
(literature-based) Lkw (excluded GaBi (midpoint) (Al, Ag, glass Aggregated
collection) and Si)
. 2 recycling
High rate vs. low . - .
rate recovery , EoL. SimaPro/ ReCiPe, SCenarios Partially Corcelli etal.
FOCESS 1m (excluded  Ecoinvent (midpoint) (frame, glass, disagareoated (2018)
P collection) 3.1 P heat, Al, Si and ggreg
(lab scale) cu)
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Destructive
separation, thermal,
and chemical
treatment, and
selective
delamination
(literature-based)

Conventional
process
(literature-based)

FRELP process

(pilot scale)

1 kg of
PV waste

0.65 m?

1,000 kg
of

PV waste

EoL
(excluded
collection)

Production
to EoL
(excluded
collection)

EoL

(included
collection)

SimaPro/
Ecoinvent
3.3

SimaPro/
Ecoinvent
3.0

SimaPro /
Ecoinvent
3.0

SimaPro/
Ecoinvent
2.0

ReCiPe,
(both mid and
endpoint)

ReCiPe
(both mid and
endpoint)

ILCD (15
midpoint
categories)

ILCD
(16 midpoint
categories)

37

3 recycling
scenarios

(frame, glass, Cu

and Ag)

n/a

Relative
contribution on
each sub-
processes

Central vs.

Decentralization

of recycling
facility
(frame, Al, Cu,
heat, glass, Si
and Ag)

Partially

disaggregated

Aggregated

Fully
disaggregated

Partially
disaggregated

Duflou et al. (2018)

Bogacka et al.
(2017)

Latunussa et al.
(2016)

Ardente et al.
(2019)



Thermal,
mechanical, and
chemical
delamination,
(literature-based)

Organic solvent-
thermal-chemical
treatment (lab scale)

1 m?

5W c-Si
module

Production
to EoL
(excluded
collection)

EoL
(excluded
collection)

GaBi 8.1/

. TRACI
meovent (midpoint)
Necony  ReCiPY

ent3.2 (endpoint)

Six different
delamination
methods
(glass, Si, Al)

Experimental
recovery vs.
landfilling
(glass, Al, Si,
Ag, Cu)

Partially
disaggregated

Fully
disaggregated

Maani et al. (2020)

Dias et al., (2021)

3_CIA: Life cycle impact analysis
Al: aluminum, Si: silicon, Ag: silver, Cu: copper
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2.4.2.1. From production to EoL

Based on two different scenarios, disposal and recycling, the energy and
environmental analysis of c-Si panels throughout the entire PV panel production
process have been compared by Vellini et al. (2017). The recycling process was
divided into two steps: (1) thermal process for the separation of EVA-laminated cells,
and (2) chemical process for recycling of silicon and sheets. Compared with the
disposal scenario, the recycling of the c-Si panel reduced the terrestrial eco-toxicity
potential and GWP by 73.6% and 24.0%, respectively. During the disposal step, the
contribution to human and terrestrial toxicity has been mainly driven by lead and
copper emissions to soil, respectively. Thus, a PV panel recycling process drastically
reduces the two impact categories as compared to landfilling. The reduction in the
GWP of the recycling scenario was mainly attributed to lower energy consumption
during the purification phase, while the recycling step required high quantities of
energy and heat. Additionally, the entire stages of a panel recycling process have

contributed to the minimization of other environmental burdens.

Huang et al. (2017) introduced the environmental impact assessment of the recycling
process of EoL c-Si PV panel in China. This study compared the environmental
impacts between landfill and recycling scenarios throughout the entire life cycle of
the PV module from manufacturing to EoL (i.e., cradle-to-grave). The results of
environmental impact comparison demonstrated that the environmental burdens of
the recycling process were much less than those of the landfill scenario. This was

mainly linked to the material reduction resulting from the recycling process. Even
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though the recycling process consisted of a dismantling step, thermal, and chemical
treatment, the environmental burdens were still lower than in the landfill scenario.
These findings are in line with those of other studies (Muller et al., 2005; Vellini et
al., 2017). Regarding a comparatively lower recycling rate in China, they concluded

that further efforts would be made to improve the recycling technology.

2.4.2.2. Comparison of EoL under different scenarios

Muller et al. (2005) primarily and specifically performed the LCA study with
consideration of EoL phase for c-Si modules using the data obtained from a pilot-
scale operation of “Deutsche Solar” recycling process. In this study, the recycling
process consisted of thermal and chemical processes. The recycling process began
with burning off the laminate followed by chemical etching for metallization and
separation. According to their LCA results, the avoidance of a new wafer production
mostly contributed to the environmental disburdens. It was also reported that the
environmental burden mainly resulted from the energy consumption during the
thermal treatment and the use of chemicals in the etching line. Compared with an
incineration-landfill scenario, the environmental disburden of the incineration
scenario was ascribed only to recycling the aluminum frame, while there was no
environmentally positive impact from the reuse of wafers and glass. Compared to a
shredder process followed by sorting of materials such as glass, plastics, and metals,
their recycling process, even with higher energy consumption, showed a positive

response due to the recycling benefits.
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Duflou et al. (2018) performed a comparative study based on three different
scenarios: baseline (destructive separation), thermal and chemical treatment, and
delamination (selective mechanical separation) scenarios. Selective mechanical
delamination through milling and cleaving illustrated a substantial reduction in the
environmental impact caused by improvement in resource recovery. According to
the environmental impact analysis of the delamination scenario, evading metal
depletion became most apparent and effective among the several categories, which
resulted from maximizing the recovery of silver and copper. Compared to the thermal
and chemical treatment scenarios, the absence of pyrolysis in the delamination
scenario played a major role in further reducing the environmental impacts related

to material substitution.

2.4.2.3. Comprehensive approaches for the recycling process

The sustainability of a recovery process for EoL c-Si PV panels has been
comprehensively evaluated by Corcelli et al. (2018) using the LCA indicators
associated with material recovery and energy savings. In this study, the system
boundary contained two subsystems: (1) thermal treatment of the decommissioned
PV panel, and (2) recycling of recoverable fractions under two different scenarios:
high- and low-rate recovery. The main difference between these two scenarios was
the recycling of materials such as silicon and copper, which were subjected to the
production of secondary raw materials (SRMs). In this regard, their system has been
expanded to recognize the recycling of materials for secondary production and the
resulting energy savings. Corcelli et al. (2018) made a detailed analysis of the
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contribution of each single stage for the entire recycling process to the environmental
impact. Interestingly, their results showed that the environmental benefits under the
high-rate recovery scenario were mostly driven by the recovery of aluminum and
silicon, resulting from refining the recovered products to harvest SRMs. In particular,
the environmental disburden associated with freshwater eutrophication, human
toxicity, terrestrial acidification, and fossil depletion were shown to be strongly
pronounced among all impact categories. In order to improve the sustainability of
the life cycle of PV systems, they have recommended a well-established recycling
process responsible for the efficient recovery of precious materials such as silicon

and silver.

Latunussa et al. (2016) created an onsite dataset (i.e., life cycle inventories) based
on an actual pilot scale (1 t/h up to 8,000 t/yr.) PV panel-recycling project, “Full
Recovery of End-of-Life Photovoltaic project (FRELP).” The authors applied LCA
to evaluate the environmental impact of recycling 1,000 kg of PV waste (i.e.,
functional unit) at each sub-stage from transportation to disposal of residues, with
the consideration of internal cable as the balance of system. Energy recovered from
thermal treatment (i.e., incineration) is reflected as a negative value (i.e., avoided
impact). Results are presented in a disaggregated data, unlike most previous studies,
which shows the contribution of each sub-stage to the entire recycling process.
Transport of waste PV, incineration of plastics, and metal recovery process (i.e.,
sieving of bottom ash-leaching-electrolysis-neutralization) occupied a noticeable
portion of the total environmental impact. In the case of climate change as a

representative impact category, incineration of the PV sandwich made the largest
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contribution (34%), followed by transport of the PV waste (29%) and metal recovery

process (24%).

Furthermore, advances were made by Ardente et al. (2019) where additional
consideration is given to the environmental credits from the recovered SRMs,
including precious metals such as Ag, Si, and Cu. Compared to conventional
recycling (base case, only Al frame is recycled), the avoided impact from the
recovery of the raw material counterbalances the impacts from the high-rate
recycling process, especially from the resource depletion category. The authors also
emphasized the impact of transport of PV waste by comparing the centralization and
decentralization of recycling facilities, concluding that the primary separation of
glass, frame, and cables needs to be accomplished in a decentralized facility located
near the collection point, which can reduce approximately 80% of the total weight
of PV waste and subsequent impacts from all categories (more than 10%). Similarly,
Goe and Gaustad (2016) also presented a combined LCA and geospatial modeling
to minimize the environmental burden from both transport and recycling of EoL PV

panels, which depends on the size of cities.

Comparative studies on the specific component technologies were also carried out.
Maani et al. (2020) conducted a comparative LCA on the six different delamination
methods (i.e., nitric acid dissolution, solvent and ultrasonic irradiation, solvent
dissolution, thermal treatment, electro thermal heating, and pyrolysis) comparing
extraction of virgin metal, indicating that the currently available recycling

technologies are not always environmentally sustainable (e.g., nitric acids leaching
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showed the highest impacts). Dias et al., (2021) conducted a combined economic-
environmental analysis on the recycling process comprised of organic solvent (i.e.,
toluene) delamination followed by thermal decomposition and nitric acid leaching.
The results show that the recycling of Al frame and junction box is profitable,
whereas the downstream metal recovery process is unlikely to be profitable due to
the labor costs despite the positive environmental impacts, which is consistent with
Faircloth et al. (2019) indicating that PV waste flow rate, and initial investment are
the major affecting factors in the case of Thailand. Franz and Piringer (2020) also
conducted combined environmental and economic analysis on the EoL of PV
systems concluding that greater attention needs to be paid on the release of metals

from broken PV module, and decommissioning of free-field PV systems.

Currently, a meta-analysis called “harmonization” has been proposed to effectively
reduce the variability and help clarify the central tendency of the various estimates
on different PV systems (Kim et al., 2020). Also, recently published guidelines for
the recycling (i.e., WEEE directive) (Wambach et al., 2017) and LCA of c¢-Si PV
panel (IEA, 2020) provides consistency and rationales for the localized PV-specific
parameters that can be used in life cycle inventory However, the EoL phase and a
universal standard across various LCA studies to minimize variability are not yet
available. For such a reason, only three studies from Table 2.2 (Miller et al., 2005;
Corcelli et al., 2018; Ardente et al., 2019) were available for the comparison; using
conversion factors (e.g. 22 kg of PV waste is equivalent to 1.6 m? of panel surface
from Latunussa et al. (2016)) provided in the paper, normalized effective GHG

emission (i.e., burden from the recycling processes — disburden from the avoided
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impacts) based on the equivalent functional unit of 1 m? PV panel was found to be -
52.62, -60.5, and - 26.61 kg CO, eq respectively. The substantial difference between
the first two and the last value is presumably due to the differences in system
boundary; that is, the collection of waste panel (transportation effect) is included
Ardente et al. (2019) whereas the first two studies excluded it from their system

boundary.

This chapter has been published as a review paper in Waste Management

(128, 45-54), 2021.
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Chapter 3. End-of-life scenarios of c-Si PV panels
considering environmental impacts: comparative

analysis of high- and low-level scenarios

3.1. Introduction

The total amount of end-of-life (EoL) photovoltaic (PV) panels will exponentially
grow from 0.1 million tons in 2016 to 6078 million tons in 2050 (IRENA, 2016).
In 2012, the European waste electrical and electronic equipment directive (WEEE
2012/19/EU) had added PV panels to the list of electric and electronic equipment,
requiring the adequate treatment of EoL PV panels (EC, 2012). Recently, the Korean
government amended the Act on the Resource Circulation of Electrical and
Electronic Equipment and Vehicles, which was expanded to include solar PV panels
as one of the 23 extended producer responsibility (EPR) items (ME, 2019). This
amendment requires solar panel manufacturers and importers to be responsible for
their recycling. However, implementing the proposed amendment has been

postponed to 2023 because of a lack of the necessary recycling infrastructure.

For the next few decades, crystalline-silicon (c-Si) PV technology will dominate the

market (Fraunhofer ISE, 2020). Thus, previous studies have proposed reuse,

recycling, incineration, and landfill as options for an adequate PV module EoL

approach (Lunardi et al., 2018, Held, 2013). EoL PV panel landfills can generate

noticeable pollution via toxic metal leaching into the environment, such as lead and

silver. Incinerating PV panels can impose severe environmental burdens, such as
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releasing toxic heavy metals into the atmosphere (Miller et al., 2005). Reusing PV
modules by replacing them with a new aluminum frame and junction box would
decrease their efficacy as time passes. This approach would only delay the
environmental impacts associated with EoL PV panels rather than solve the problem

(Lunardi et al., 2018).

Recycling EoL PV panels starts with disassembling the aluminum frame and junction
box. The next steps include removing ethylene-vinyl acetate (EVA) encapsulants
between the glass and PV cells for glass separation (delamination) and separating
materials from PV cells. Until now, many studies have been conducted to develop
economic and environmentally friendly recycling technologies, including
comparison studies to assess their environmental burdens and cost-effectiveness
(Deng et al., 2019, Maani et al., 2020). Mechanical, chemical, and thermal methods
have been proposed for delamination, and the materials are manually and chemically

separated from PV cells.

Sufficient life cycle inventory data and information associated with the recycling
process should be cataloged to achieve sustainable EoL PV panel recycling. The
environmental impact would be assessed to find the most cost-effective and
environmentally friendly recycling method. The recycling process for recovering
materials is critical for sustaining the growing number of EoL PV panels. Only a few
studies have focused on applying LCA to analyze the potential benefits and impacts
of recovering glass and metals, such as aluminum and copper (Held, 2013). Peeters

et al. (2017) have highlighted the importance of reliable prediction, such as EoL PV
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panel volume and composition. PV cell efficacy increases with the date of
installation as substances contained in the PV cells improve. Thus, a few studies have
been conducted to estimate the PV waste volume considering the changes in their

composition (Santos and Alonso-Garcia, 2018; Peeters et al., 2017; Paiano, 2015).

Detailed data and an inventory for the recycling process of PV modules have been
introduced in Europe recently (Wambach, 2018; Stolz and Frishcknecht, 2018).
However, only a few life cycle inventories (LCI) are available for PV module
recycling at an industrial scale. Even though LCI for PV module production has been
thoroughly established and updated, the database for assessing EoL PV recycling is
limited. Thus, the environmental burdens of each recycling process can be accurately
evaluated using these limited datasets. Some reports did not even indicate the input
and output data of each step in the recycling process. Consequently, their

environmental impacts were aggregated to the entire recycling process only.

In Korea, the Ministry of Commerce, Industry, and Energy plans to complete the
nation’s first PV module recycling center in Jincheon, Chungcheongbuk-do, in
September 2021 to treat 3600 tons of waste yearly. Because this recycling center is
still under construction, it is currently impossible to evaluate it using LCI analyses.
However, it is necessary to provide recycling LCI and evaluate environmental

impacts for heat treatment to be used and applicable material recovery technologies.

In this chapter, therefore, EoL scenarios are first established for applicable processes

in Korea, and their environmental impacts are compared by using LCA methodology.
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Particularly, the environmental impacts of different EoL treatment options are
compared and analyzed at each process step with a comparison to conventional

methods.
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3.2 Methodology

In this study, the proposed scenarios were set over EoL of c-Si PV waste, including
transportation, recycling, and final disposal, to investigate the environmental impact
of the entire process using LCA. LCA, developed by the International Organization
for Standardization (ISO) in the 1990s, quantifies all environmental impacts caused
during a product or process’s lifecycle (ISO, 2006). LCA includes four steps, namely,
(1) goal and scope definition, (2) inventory analysis, (3) impact assessment, and (4)
interpretation (Fig. 3.1). In this chapter, the LCA methodology was applied to the

EoL phase of ¢-Si PV panels appropriate in Korea.
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Fig. 3.1. Life cycle assessment framework (Source: ISO 14040, Environmental

management-Life Cycle assessment—Principles and framework).
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3.2.1. Material composition of c-Si PV waste

In general, the c-Si PV panel consists of the following structure, as shown in Fig. 3.1.
Glass is used as the top layer of the c-Si PV panel to protect the PV cells from
external damage and to allow the transmission of sunlight into the panel. It accounts
for the highest mass percentage in the panel. The aluminum frame makes up the
second largest percentage of mass. The role of the frames is to protect the panel and
the glass layer. An EVA encapsulation layer is used to provide adhesive between the
glass and the PV cells. It protects the PV cells from dirt, moisture, and other external
shocks. The PV cell layer is composed of the light absorber (silicon) and electrical
connections (silver, copper, lead, and other metals). In particular, the copper and lead
in the composition of the c-Si PV waste are hazardous; thus, the PV waste containing
these components is classified as waste that should be controlled properly according

to the Basel Convention and should be subject to transboundary movement.

Polyvinyl fluoride (PVF) typically is used as a back-sheet layer that protects the PV
cells from ultra-violet radiation, temperature changes, dirt, and moisture. Finally, the
junction box is attached to the backside of the panel that carries the direct current
produced from the cell to the inverter, which converts the direct current into

alternating current (Maani et al., 2020; Duflou et al., 2018).
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Encapsulant

Solar Cells

Encapsulant

Backsheet

Junction Box

Fig. 3.2. Structure of a ¢-Si Panel (Source: htps://www.dupont.com/ products/what-

makes-up-a-solar-panel.html).

The material composition of c-Si PV waste is different because the PV panel’s
composition varies with manufacturers and technological changes (Peeters et al.,
2017). Maani et al. (2020) estimated the expected PV waste mass composition by
averaging data from variable data sources. Most literature has not listed all PV panel
compositions. IEA-PVPS T12 (Frischknecht et al., 2020) provides the bill of
materials in detail. Table 3.1 lists the mass composition of the c-Si PV panel per ton

used in this study.
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Table 3.1. Material composition of the ¢c-Si PV panel used in this study (Frischknecht
et al., 2020; Latunussa et al., 2016; Maani et al., 2020; Stolz et al., 2016; Dias et al.,
2021; Duflou et al., 2018; Wambach, 2018).

Percentage Percentage

Component (%, wt) range(%o, wt)
Glass 66.12 59.51 - 75.00
Al frame 15.95 7.82 —20.00
EVA layer 6.56 4,50 - 7.00
Silicon 5.55 1.82 -6.27
Back-sheet layer (PET 75.5%, PVF 24.5%) 3.60 0.80 - 3.77
Al 0.32 0.0-2.01
Cu 0.77 0.11-1.99
Ag 0.03 0.006 - 0.12
Other metals(Sn and Pb) 0.11 <0.11
Cables (Cu 33%, polymer 67%) 1.00 0.75-4.75

Total 100

Al: aluminum; EVA: ethylene-vinyl acetate; PET: polyethylene terephthalate; PVF:
polyvinyl fluoride; Cu: copper; Ag: silver; Sn: tin

3.2.2. Goal and scope

The goal of this LCA was to assess the potential environmental impacts related to
three different EoL treatment processes of c-Si PV waste to compare the processes
and to identify the importance of various environmental factors. The functional unit
(FU) of the LCA was 1 ton panels of ¢-Si PV waste with the mass composition

depicted in Table 3.1.

The system boundary in this chapter is designed for three scenarios. Scenario 1 is a
high-level EoL treatment, including thermal treatment for delamination and chemical
treatment for material recovery. Scenario 2 is a low-level EoL treatment with final
disposal in landfills, whereas Scenario 3 is the same but with final disposal in
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incineration plants. The next chapter explains the details of each EoL treatment

process.

3.2.3. Description of c-Si PV EoL processes

As mentioned in Chapter 2, since the 1990s, attempts have been made to evaluate
the environmental impacts through the entire life cycle of the PV system. According
to the IEA guideline (IEA, 2020), the entire life cycle has been divided into product,
construction, utilization, and EoL stages. And, the EoL stage includes dismantling,
transport, waste processing, recycling and reuse, and disposal. In this study, the
research boundary covers from the collection of PV panels that have reached the end

of their lifespan to the final disposal.

The first step of EoL treatment of PV waste is transportation to the collection center.
The next step includes the physical dismantling of the aluminum frame, cable, and
junction box from the PV panels. This has been conducted either manually or
automatically before initiating the main recycling process. At times, this work first
can be done at a pre-treatment site (Wambach et al., 2018). The dismantled aluminum
frame and copper wire can either be reused directly or, depending on their condition,
sent to raw material producing facilities. And, the plastics separated from the cable
and junction boxes are subjected to a subsequent final disposal process (i.e.,

incineration).

Under the European waste electrical and electronic equipment directive (WEEE
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2012/19/EVU), European recyclers already have been equipped with PV recycling
facilities. European commercial recyclers mechanically treat c-Si PV modules to
recover glass scrap after the aluminum frame and junction box are dismantled. The
life cycle inventory data for these processes were presented in the study of Wambach
et al. (2018), and the life cycle assessment was performed by Stolz and Frischknecht

(2018).

Previously, high-efficiency recycling processes have been proposed, and, in addition
to glass, aluminum, and copper, they can recover valuable materials within the PV
cells (i.e., silicon, silver, copper, and aluminum) (Latunussa et al., 2016; Duflou et
al.,, 2017; Klugmann-Radziemska et al., 2010; Wang et al., 2012). After
disassembling the aluminum frame and junction box, the delamination step removes
the EVA layer to separate the glass from the PV cells by thermal treatment, solvent

dissolution, hot knife methods, and other methods.

After separating glass by delamination, silicon, silver, copper, and aluminum are
recovered using a chemical treatment method. As mentioned in Chapter 2, the
recovery of valuable materials was mainly performed using nitric acid (Latunussa et
al., 2016; Huang et al., 2017, Maani et al., 2020) and alternatively via leaching agents
such as methane sulfonic acid (MSA) and iodine-iodide solutions (Palitzsch et al.,
2014; Yang et al., 2017; Chung et al., 2021). In the final PV-recycling stage, the

remaining materials after recycling are sent to landfills or incineration facilities.

In this study, a high-level EoL scenario was designed to analyze the environmental
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impact of the PV EoL treatment process, mainly composed of thermal treatment and
chemical treatment methods based on the available life-cycle inventory from other
literature. The conventional recycling process, which was adopted by European
recyclers (Frischknecht et al., 2020), was proposed as a low-level EoL scenario,
which was designed under two scenarios with different ultimate disposal methods:

landfilling or incineration.

3.2.3.1. High-level EoL scenario (Scenario 1)

For the high-level scenario, the process first starts with transporting PV waste from
discharge points to the recycling facility. Then, the c-Si PV panel requires manual
disassembly of the aluminum frame and junction box. The junction box is separated
into copper wire and polymers. The next step is removing the EVA layer to separate
the glass from the silicon cell using thermal treatment. The outputs of this process
are glass scrap and PV sandwich ashes, which are sent back to the metal recovery
process. The polymers separated from the junction box, glass waste, fly ash, and
sludge from the metal recovery process are sent to landfills. Figure 3.3 shows this

process.

65



PV waste
Transport

Removal of frame —  Aluminum

v

Removal of junction box
(Cable treatment)

—>  Copper

Delamination

|,
(Thermal treatment) Glass

Silicon

Material Seperation | Aluminum
(Chemical treatment) Copper
+—> Transport Silver

Disposal

Fig. 3.3. Schematic diagram of high-level scenario: Scenario 1.

3.2.3.2. Low-level EoL scenario (Scenarios 2 and 3)

Analogous to Scenario 1, low-level scenarios began with transporting PV wastes
from the discharge points. The junction box and aluminum frame were first separated.
The residual PV cell scraps are shredded, followed by landfilling all residues in
Scenario 2. Compared to Scenario 2, incineration replaces landfilling in Scenario 3.

Figures 3.4 and 3.5 illustrate the schematic diagram of the low-level scenarios
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Fig. 3.4. Schematic diagram of low-level-landfill scenario: Scenario 2.
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Fig. 3.5. Schematic diagram of low-level-incineration scenario: Scenario 3.
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3.2.4. Life cycle inventory

Tables 3.2, 3.3, 3.4, and 3.5 show the LClIs of each process. All inventories are
referred to as 1 ton of ¢c-Si PV waste (functional unit). The life cycle inventory data
for each process and material were derived from the Ecoinvent 3.5 database. The
datasets in Ecoinvent were selected to obtain the best geographical and technological
representativeness. With the exception of electricity consumption, the datasets with
the “rest-of-the-world” or “global” inventory in Ecoinvent were used. The inventory
used in this study did not include the datasets that reflected the national LCI database

because of the limited information.

3.2.4.1. Life cycle inventory of high-level EoL treatment

In this study, it is assumed that the transport distance from the PV waste origin to a
recycling facility is 200 km. This was approximated as an average distance between
the regional collection center (the origin point) and recycling facility located at
Jincheon-gun, Chungchenbuk-do, where a solar recycling center is under
construction in Korea (Kim et al., 2019). It is also assumed that PV waste is

transported using a 10-ton lorry from the origin point to a recycling facility.

When PV waste was unloaded using a wheel loader, the diesel consumption was
assumed to be 64.8 MJ per 1 ton of PV waste (Stolz and Frischknecht, 2018). The
electricity usage for removing the aluminum frame and junction box was assumed

to be 5.3 kWh (Latunussa et al., 2016). Because the EVA and back-sheet layer
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(polyethylene terephthalate (PET) and PVF) were presumed to be incinerated during
the thermal treatment step, inventory data for incinerating plastic mixtures,
polyethylene, and polyvinyl fluoride were used, respectively. The input amount was

based on the PV panel’s composition (Table 3.1).

The inventory data of the material recovery process (acid leaching), such as the
consumed nitric acid (HNOs) and calcium hydroxide (Ca(OH).) amounts and the
emission of NOx, were calculated using FRELP. The residuals from the recycling
process were assumed to be transported to a sanitary landfill 150 km away using a
5-ton lorry for final disposal. The inventory data for landfilling glass waste were
adopted for landfilling the inert waste, limestone sludge as limestone residue, sludge

with metal residuals as sludge, and pig iron. Table 3.2 shows the LCI of each process.

3.2.4.2. Life cycle inventory of low-level EoL treatment

In the low-level EoL treatment process, the assumptions made for the inventory data
set, electricity and diesel consumption for disassembly, and transport distances were
the same as those in the high-level EoL treatment process. The mechanical treatment
process was assumed to be accomplished by shredding using electricity, and its
consumption was based on the previous report (Stolz and Frischknecht, 2018). In
Scenario 2, the residuals of PV cell waste were presumed to be disposed of in a
sanitary landfill. The inventory data for landfilling glass wastes was adopted for
landfilling the glass waste to sanitary landfill, EVA, and back-sheet layer as a waste

plastic mixture. Because the inventory data for silicon and metal waste subjected to
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sanitary landfill was unavailable in Ecoinvent 3.5, the emissions were calculated

using the inventory data for consumer electronics waste.

In Scenario 3, the residuals of PV cell waste were assumed to be disposed of in the
incineration facility. The inventory data for the incineration of glass waste was
adopted for the incineration of waste glass, EVA as a waste plastic mixture, and PVF
in the back-sheet layer as PVF waste. The inventory data for silicon and metal waste
to incineration was adapted from that for the incineration of copper waste by

modifying the emission data in proportion to the composition of PV waste.

3.2.4.3. Life cycle inventory of materials recovery

Based on the previous literature (Deng et al., 2018; Duflou et al. 2018; Maani et al.,
2020; Latunussa et al., 2016), the material recovery yields for the high-level
recycling were assumed to be 98% for glass, 100% for aluminum frame, 100% for
copper from cables, 95% for silicon, 50% for aluminum, 95% for copper, and 94%
for silver. It also was assumed that the recovered glass avoided the net consumption
of the primary materials of silica sand, lime, and soda and the electricity during the
foam glass production with and without glass cullet (Stolz and Frischknecht, 2018).
The scraps of aluminum and copper from the frame and the cables were assumed to
be treated further for the production of secondary materials. Since the supply mix of
aluminum and copper holds the recycled contents, the avoided amount from the
material recovery process was calculated by using the inventory of each primary

material, i.e., 26% of the supply mix of aluminum cast alloy as a primary aluminum
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and 60% of the supply mix of copper as a primary copper (Stolz and Frischknecht,
2018). In the low-level EoL scenario, the material recovery yields were presumed to
be 90% for glass and copper and 100% for aluminum, according to the previous

literature (Stolz and Frischknecht, 2018; Duflou et al., 2018).
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Table 3.2. Life cycle inventory of recycling of c-Si PV waste in high-level EoL treatment.

Process

Flow

Amount

Unit

Description/Assumption

Transportation

Transport, freight, lorry3.5-7.5
metric ton, EUROG

1000 x 200 kg x km

Assuming the distance (200 km) to the recycling site
from PV waste origin using a 5-ton lorry

Disassembly Diesel, burned in building 64.8 MJ Diesel consumption for wheel loaders (data source:
machine Stolz et al., 2018)
Electricity, medium voltage/KR 5.3 kWh Electricity consumption for disassembling (data
source: Latunussa et al., 2016)
Delamination Treatment of waste plastic, 74.1 kg Combustion of EVA layer at the thermal treatment
(thermal treatment)  mixture to municipal incineration facility. The input amount was based on the PV
panel’s composition using LCI for municipal
incineration of mixture plastic
Treatment of waste polyethylene 25.9 kg Combustion of back-sheet layer at the thermal
to municipal incineration treatment facility. The input amount was based on the
PV panel’s composition using LCI for municipal
incineration of mixture plastic
Treatment of waste polyvinyl 8.4 kg Combustion of back-sheet layer at the thermal
fluoride to municipal incineration treatment facility. The input amount was based on the
PV panel’s composition using LCI for municipal
incineration of mixture plastic
Material separation Electricity, medium voltage/KR 87.3 kWh Electricity consumption for chemical treatment (data
(chemical treatment) source: Latunussa et al., 2016)
Nitric acid, without water, in 50% 10.9 kg Acid leaching agent (data source: Latunussa et al.,
solution state 2016)
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Lime, hydrated, loose weight 56.2 kg Neutralization agent (data source: Latunussa et al.,
2016)
Water completely softened from 476.5 kg Water consumption of acid leaching, electrolysis,
decarbonized water at user neutralization (data source: Latunussa et al., 2016)
Nitrogen oxides emission 3.1 kg Emission of chemical treatment (data source:
Latunussa et al., 2016)
Transportation Transport, freight, lorry7.5-16 562.5 x kg x km  Assuming the distance (150 km) to the landfill from
metric ton, EURO6 150 the recycling facility using a 10-ton lorry. Disposal
amount constitutes glass waste, ash waste of thermal
treatment, and sludge/liquid waste of chemical
treatment
Disposal Average incineration residue 3.1 kg Landfilling of ash
Inert waste 13.2 kg Landfilling of glass waste
Limestone residue 469.2 kg Landfilling of sludge waste
Sludge, pig iron production 77 kg Landfilling of liquid waste
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Table 3.3. Life cycle inventory of recycling of c-Si PV waste in low-level EoL treatment ending up in a landfill.

Process

Flow

Amount Unit

Description/Assumption

Transportation

Transport, freight, lorry3.5-7.5
metric ton, EUROG

1000 x 200 kg x km

Assuming the distance (200 km) to the recycling site
from the PV waste origin using a 5-ton lorry

Disassembly Diesel, burned in building 64.8 MJ Diesel consumption for wheel loaders (data source:
machine Stolz et al., 2018)
Electricity, medium voltage/KR 5.3 kWh Electricity consumption for disassembling (data
source: Latunussa et al., 2016)
Material separation Electricity, medium voltage/KR 111 kWh Electricity consumption for disassembling (data
(Shredding) source: Latunussa et al., 2016)
Transportation Transport, freight, lorry7.5-16 242.1 x kg x km  Assuming the distance (150 km) to the landfill from
metric ton, EURO6 150 the recycling site using a 10-ton lorry. The disposal
amount constitutes glass waste, ash waste of thermal
treatment, and sludge/liquid waste of chemical
treatment
Disposal Treatment of waste glass, sanitary 66.1 kg Landfilling of waste glass
landfill
Treatment of slag from silicon 55.5 kg Landfilling of silicon waste
production
Treatment of waste plastic, 120.5 kg Landfilling of plastic waste (EVA, back-sheet layer,
mixture, sanitary landfill and others)
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Table 3.4. Life cycle inventory of recycling of c-Si PV waste in the low-level EoL treatment ending up to be incinerated.

Process

Flow

Amount

Unit

Description/Assumption

Transportation

Transport, freight, lorry3.5-7.5
metric ton, EURO6

1000 x 200 kg x km

Assuming the distance (200 km) to the recycling site
from the PV waste origin using a 5-ton lorry

Disassembly Diesel, burned in building 64.8 MJ Diesel consumption for wheel loaders (data source:
machine Stolz et al., 2018)
Electricity, medium voltage/KR 5.3 kWh Electricity consumption for disassembling (data
source: Latunussa et al., 2016)
Material separation Electricity, medium voltage/KR 111 kWh Electricity consumption for disassembling (data
(Shredding) source: Latunussa et al., 2016)
Transportation Transport, freight, lorry7.5-16 242.1 x kg x km  Assuming the distance (150 km) to the landfill from
metric ton, EUROG6 150 the recycling site using a 10-ton lorry. The disposal
amount constitutes glass waste, ash waste of thermal
treatment, and sludge/liquid waste of chemical
treatment
Disposal Treatment of waste glass 66.1 kg Incineration of waste glass
Treatment of waste plastic, 167.6 kg Incineration of landfilled plastic waste (EVA, silicon,
mixture and others)
Treatment of waste PVF 8.4 kg Incineration of PVF in the back-sheet layer
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Table 3.5. Life cycle inventory of the avoided burdens due to materials recovered from c-Si PV waste in high-level EoL scenario.

Process Flow Amount Unit Description/Assumption
Glass recovery Electricity, medium voltage/KR -244.1  kWh  Avoided primary glass production materials by
Lime “1215 kg recycled glass cullet
Silica sand 3637 kg Recycled glass cuII_et substitutes pnmar;_/ mater_lals in
foam glass production based on calculations with and
Soda ash —144.0 kg without glass cullet
Aluminum recovery  Aluminum, cast alloy —159.5 kg Avoided aluminum scrap production from aluminum
scrap by disassembling the frame
Primary aluminum -1.6 kg Avoided primary aluminum materials recovered by
chemical treatment
Treatment of aluminum scrap 159.5 kg Treatment of aluminum scrap from recycled
aluminum frame
Copper recovery Treatment of copper scrap 3.3 kg Treatment of copper scrap from junction box and
copper cables
Market for copper -10.6 kg Avoided primary copper production materials from
copper scrap and recovered copper by chemical
treatment
Silicon recovery Silicon, metallurgical grade -52.7 kg Avoided primary silicon production materials from
recovered silicon by chemical treatment
Silver recovery Market for silver -0.2 kg Avoided primary silver production materials from
recovered silicon by chemical treatment
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Table 3.6. Life cycle inventory of the avoided burdens due to materials recovered from c-Si PV waste in low-level EoL scenario.

Process Flow Amount Unit Description/Assumption
Glass recovery Electricity, medium voltage/KR -244.1  kWh  Avoided primary glass production materials by
Lime “1215 kg recycled glass cullet
Silica sand 3637 kg Recycled glass cuII_et substitutes pnmar;_/ materials in
i i foam glass production based on calculations
Soda ash, light, crystalline, —144.0 kg compared with foam glass production by glass cullet
heptahydrate to foam glass production without cullet
Aluminum recovery  Aluminum, cast alloy —159.5 kg Avoided aluminum scrap production from aluminum
scrap by disassembling the frame
Treatment of aluminum scrap 159.5 kg Treatment of aluminum scrap from recycled
aluminum frame
Copper recovery Treatment of copper scrap 3.3 kg Treatment of copper scrap from junction box and
copper cables
Market for copper -10.6 kg Avoided primary copper production materials from
copper scrap
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3.2.5. Life Cycle Impact Assessment (LCIA)

The environmental assessment of two scenarios was accomplished by means of LCA
open-source software, OpenLCA (ver. 1.10.2) (Winter et al., 2014) with the
Ecoinvent v3.5 database. ReCiPe is a life cycle impact assessment (LCIA)
methodology to reach a consensus on the recommended method for each
environmental theme, at both the midpoint and the endpoint levels (Goedkoop et al.,
2009). The eighteen midpoint indicators as shown in Table 3.7 for LCIA. Among
them, the commonly used 11 midpoint categories were included in this study. The
endpoint results are expressed in points (Pt) by transforming the value of
environmental impacts into three endpoint indicators of damage (i.e., human health,
ecosystem quality, and resource scarcity) at the weighting stage. These indicators
represent a relative environmental impact and scores to support the interpretation of
the LCA results. The midpoint analysis is accurate and has a strong relation to
environmental effects, whereas the endpoint analysis is easier to interpret. In this
study, the midpoint analysis was performed to evaluate the environmental impacts,

in addition to the endpoint analysis for easier analysis.
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Table 3.7. Life cycle impact indicators (midpoint) used in this study.

Midpoint impact category Unit Abbreviation Used in
this study
Climate change kg CO»-Eq GWP @)
Ozone depletion kg CFC-11-Eq ODP @)
Terrestrial acidification kg SO.-Eq TAP @)
Freshwater eutrophication kg P-Eq FEP @)
Marine eutrophication kg N-Eq MEP
Human toxicity kg 1,4-DCB-Eq HTP
Photoc_hemlcal oxidant kg NMVOC POEP
formation
Particulate matter formation kg PM10-Eq PMFP
Terrestrial ecotoxicity kg 1,4-DCB-Eq TETP O
Freshwater ecotoxicity kg 1,4-DCB-Eq FETP @)
Marine ecotoxicity kg 1,4-DCB-Eq METP O
lonising radiation kg U235-Eq IRP_HE
Agricultural land occupation m2 X year ALOP
Urban land occupation m2 x year ULOP
Natural land transformation m? NLTP
Water depletion m3 WDP
Metal depletion kg Fe-Eq MDP 0
Fossil depletion kg oil-Eq FDP @)
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3.3. Results and discussion

3.3.1. Impact analysis results of EoL treatment of c-Si PV waste

The results of the endpoint analysis revealed that the highest and lowest
environmental impact was caused by the EoL treatment processes of Scenarios 1 and
2, respectively (Fig. 3.6 (a)). These results were caused by higher environmental
burdens associated with any processes requiring chemicals, electricity, and thermal
treatment. In Scenario 1, the highest contributing process step was observed in the
delamination and material recovery steps, whereas it was the final disposal in
Scenario 3 (Fig. 3.6 (b)). The contribution percentages of disassembly, transport,
delamination, and disposals in the three scenarios are in the range of 2%-4%, 16%—

23%, 30%—41%, and 11%-60%, respectively.
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Fig. 3.6. Environmental impacts of 1 ton of PV EoL treatment process for the three
scenarios using the ReCiPe endpoint method (a) by impact category and (b) process

step.

Table 3.8 shows the environmental impact results for 1 ton of EoL PV treatment with
the three scenarios using the ReCiPe midpoint method. Figure 3.7 shows the
contribution of each step during the treatment, with relative values to the highest
impacts scaled to 100%. By excluding three toxicity indicators (HTP, METP, and
FETP), Scenario 1 shows the highest environmental impacts, whereas Scenario 2
was the lowest among the three scenarios. In the case of FETP and METP, the
environmental impacts of Scenario 2 were the highest. Regarding the HTP indicator,

the highest environmental impact was derived from Scenario 3.
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Table 3.8. Environmental impacts for 1 ton of EoL PV treatment under the three

scenarios using the ReCiPe midpoint method.

Category Unit Scenariol | Scenario 2 | Scenario 3
GWP kg CO2-Eq 5.23E+02 1.45E+02 3.98E+02
ODP kg CFC-11-Eq 2.72E-05 1.80E-05 1.86E-05
TAP kg SO.-Eq 3.04E+00 4.73E-01 5.31E-01
FEP kg P-Eq 8.90E-02 5.90E-02 6.06E-02
HTP kg 1,4-DCB-Eq 4.01E+03 4.22E+03 4.53E+03
POFP kg NMVOC 3.82E+00 4.50E-01 5.18E-01
TETP kg 1,4-DCB-Eq 5.78E-01 3.28E-01 5.27E-01
FETP kg 1,4-DCB-Eq 3.10E+00 9.18E+02 7.47E+02

METP kg 1,4-DCB-Eq 3.31E+03 2.36E+05 1.93E+05
MDP kg Fe-Eq 7.69E+00 3.78E+00 4.30E+00
FDP kg oil-Eq 6.82E+01 4.85E+01 4.99E+01
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Fig. 3.7. Relative environmental impact results of the three scenarios for each

midpoint indicator% by individual process step; the maximum result is set to 100.
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With respect to GWP, the overall impact of Scenario 1 was around 523 kg CO; eq.
This amount resulted mostly from delamination (52%), material recovery treatment
(24%), and transport (16%). The delamination step mostly contributed to the overall
impact of Scenario 1, which was caused by the emission of CO, during the
incineration of the plastics, such as EVA, PET, and PVF of the back-sheet layer. The
second highest GWP impact of Scenario 1 was caused mainly by the consumption
of electricity and the neutralization agent used during the recovery treatment. The
GWP impacts of low-level recycling scenarios were calculated as 145 and 398 kg
CO; eq for Scenarios 2 and 3, respectively. In Scenario 3, 65% of the GWP impact
was associated with the final disposal step with the incineration option and the

emission of CO..

In the case of ODP and FDP, transportation contributed more than 50% of the overall
impacts because of the use of diesel fuel for transportation. The electricity consumed
for the material recovery in Scenario 1 was the second significant process that
contributed to the ODP and FDP. Regarding the indicator of FEP, the electricity
consumption during material recovery mainly contributed around 50% of the total
impacts of Scenario 1. However, approximately 90% of the total impacts were

related to the delamination step (shredding) in Scenarios 2 and 3.

In the cases of TAP and POFP, the material recovery process contributed to more
than 90% to the overall impact of Scenario 1 because of NOx emissions during the
electrolysis process caused by using nitric acid as a leaching agent in the material

recovery step.
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The environmental impact by electricity consumption for the material recovery
process in Scenario 1 contributed more than 30% HTP. In Scenario 1, 25% of HTP
impact was generated by incinerating plastic components (EVA, PET, and PVF)
during the thermal treatment step. The HTP impact of Scenarios 2 and 3 is higher
than that of Scenario 1 because of hazardous metal emissions (lead, silver ion, and

copper ion) to the groundwater during the final disposal step.

For the TETP impact category, transportation contributed more than 50% in each
scenario. Brake abrasion from road freight transportation contributed about 80% of
the TETP impact. The transport step contributed more than 50% of the MDP impact
to the overall impacts associated with producing vehicles. The second significant
process that contributed to the MDP impact category was HNOs production in

Scenario 1.

Regarding the FETP and METP impact categories, the impacts of Scenarios 2 and 3
were almost 300 times higher than the impact of Scenario 1. The emission of copper
ions and silver ions to the groundwater during the final disposal step was found to
be the most significant contributor to these impacts. Because the emission inventory
for the residuals after the material recovery process in Scenario 1 is unavailable, the

inventory of the pig iron sludge was used in this study.

85



3.3.2. Impact analysis results of environmental benefits of material

recovery

In this study, the environmental benefits associated with the recovery of materials
were considered separately from the environmental impact of EoL treatment. The
secondary materials are produced by the recycling of the recovered materials. These
materials are assumed to be suitable as substitutes for primary materials, thereby
avoiding the production of the primary materials. The potential benefits are
accounted as the net impacts of the credits due to the avoided environmental impacts
caused by using primary materials that can be replaced by secondary materials and
the burdens caused by the production of secondary materials (Stolz and Frischknecht,

2018; Ardente et al., 2019).

Analyzing the environmental benefits for the recovered materials was performed
considering the amount of secondary materials produced, considering recycling
yields for each scenario. The recovered materials are aluminum, glass, copper,
silicon, and silver for Scenario 1 and aluminum, glass, and copper for Scenarios 2

and 3. The recovered material amount is the same for Scenarios 2 and 3.

Figure 3.8 (a) shows the ReCiPe endpoint impacts of material recovery with the
impact of EoL treatment. The negative numbers of impacts indicate that the
environmental impacts of producing primary materials are higher than those of
producing secondary materials because of the EoL treatment process. The results
showed that the environmental benefits of Scenario 1 were approximately two times
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higher than those of Scenarios 2 and 3 because of the highly recovered materials by

additional EoL treatment processes.

In all scenarios, the highest contribution to the environmental benefit was observed
from copper recovery (Fig. 3.6 (b)). The contribution percentage was calculated to
be 46% and 60% of the overall environmental benefits for Scenario 1 and Scenarios
2 and 3, respectively. In Scenario 1, the contribution percentage of silver and
aluminum was 19% and 15%, respectively. These results were different from those
of previous literature that reported that the contribution of aluminum recovery was
the most significant factor for environmental benefits (Ardente et al., 2019; Dias et
al., 2021). This can be explained because the literature has assumed that all amounts
of the recovered aluminum substitute the primary aluminum, whereas this study has
considered only the amount of primary material that can be shared in the supply mix
to be displaced by recycled material (Stolz and Frischknecht, 2018). The
environmental benefit linked to the recycled aluminum was lower than copper
because the content of the primary material in the supply mix of aluminum and

copper was 26% and 60%, respectively.
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Fig. 3.8. Environmental burdens and benefits of 1 ton of PV recycling for three
scenarios according to the ReCiPe endpoint method (2) by impact category and (b)

recycling step.
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Figure 3.9 illustrates the contribution of each recovered material to the overall
environmental burdens and benefits analyzed using ReCiPe midpoint indicators.
Regarding the impact categories of GWP, FETP, METP, and FDP, the aluminum
recovery was the main contributor to the overall environmental benefits because of
the reduced emissions during its primary production. The copper recovery could
avoid the emission of toxic metals to groundwater during its primary production,
exhibiting a prominent environmental benefit associated with HTP. During its
production, the dominant contributor to TETP was related to copper emissions to the
air. Even though only 0.5 kg of silver was recovered from 1 ton of PV waste, the
environmental benefits by avoiding a primary raw material were positive for the

impact categories of FET, HTP, METP, and MDP.
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3.3.3. Total impacts of EoL scenarios of c-Si PV panel

In Table 3.9, the overall environmental impacts associated with EoL treatment,
including the impacts from the material recovery, are shown according to the
endpoint method. The scores (net benefits) of Scenario 1 were higher than they were
for the other scenarios. The environmental benefit due to the recovery of material
was fourteen times higher than the environmental impact by EoL treatment in

Scenario 1, whereas it was 8.9 and 7.8 times higher in Scenarios 2 and 3, respectively.

Table 3.10 shows the results for the ReCiPe midpoint method. Except for the FETP
and METP of Scenario 2 and 3, together with the ODP of Scenario 3, the
environmental benefits exceeded the environmental burdens by factors of 2 to 146

for Scenario 1 and by 1 to 15 for Scenarios 2 and 3.

The analysis was performed to assess the significance of EoL treatment of PV waste
when compared to the production of the PV panel. The impact of the production was
analyzed based on the inventory data from the literature (Frischknecht et al., 2020)

and the Ecoinvent database.

Figure 3.10 and Table 3.11 show that the environmental burdens caused by the EoL
treatment in Scenario 1 account for only 1.4%, compared to those by PV panel
production. In Scenario 1, compared to PV panel production, the net environmental
benefit generated by recycling recovered materials was estimated to be 19.2%,
whereas that of Scenarios 2 and 3 was only 9.7% and 9.6%, respectively. When
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substituting the primary material input with secondary production for the PV panels’
aluminum frame, the environmental burden can be avoided by ~50%, whereas the
other half is associated with treating the recovered Al scrap. However, 84% of the
environmental burden can be avoided by recycling copper as a secondary cable

material.

Although the assessment of impact of the entire life cycle stage of the panel,
including production, use, and installation, is not part of the scope of this study, the
comparison of the impacts related to the EoL stage with the production stage can be
useful for estimating the environmental perspectives through the entire life of the PV

panel.
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Table 3.9. Total environmental impacts for 1 ton of EoL PV treatment under the three scenarios using ReCiPe endpoint method.

Scenariol Scenario2 Scenario 3
Impact category ~ Unit | Impactof  Impact of Total Impact of  Impact of Total Impactof  Impact of Total
EoL material . EoL material . EoL material .
impact impact impact
treatment  recovery treatment recovery treatment  recovery
Ecosystem quality Pt 17.2 -92.5 —75.3 6.6 -51.8 —45.2 14.3 —51.8 -37.5
Human health Pt 475 —855.2 -807.7 33.9 —449.7 —415.8 44.6 —449.7 —-405.1
Resources Pt 8.5 -75.1 —66.6 6.0 -33.9 -27.9 6.2 -33.9 =27.7
Total Impacts Pt 73.2 —-1022.8 —949.7 46.5 —535.4 —488.9 65.1 —535.4 —-470.3
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Table 3.10. Total environmental impacts for 1 ton of EoL PV treatment under the three scenarios using ReCiPe midpoint method.

Scenariol Scenario2 Scenario 3
gy Ut | T el gy | IRl ol po | Rl patel oy

treatment  recovery Impact treatment  recovery Impact treatment  recovery Impact
GWP kg CO2-Eq 5.23E+02 —-1.65E+03 —-1.13E+03 | 1.45E+02 —-7.98E+02 -6.53E+02 | 3.98E+02 —7.98E+02 —4.00E+02
ODP kg CFC-11-Eq 2.72E-05 -6.30E-05 —3.58E-05 1.80E-05 —-1.85E-05 -5.50E-07 | 1.86E-05 —1.85E-05 1.16E-07
TAP kg SO2-Eq 3.04E+00 -1.26E+01 -9.57E+00 | 4.73E-01 —7.07E+00 —6.60E+00 | 5.31E-01 —-7.07E+00 —6.54E+00
FEP kg P-Eq 8.90E-02 -1.82E+00 —1.73E+00 | 5.90E-02 —-8.35E-01 -7.76E-01 | 6.06E-02 —-8.35E-01 —7.74E-01
HTP kg 1,4-DCB-Eq | 4.01E+03 -1.18E+05 —1.14E+05 | 4.22E+03  —5.85E+04 -5.43E+04 | 4.53E+03 —-5.85E+04 —5.40E+04
POFP kg NMVOC 3.82E+00 -6.93E+00 -3.11E+00 | 4.50E-01 —-3.17E+00 -2.72E+00 | 5.18E-01 —-3.17E+00 —2.65E+00
TETP kg 1,4-DCB-Eq 5.78E-01 —3.13E+00 —-2.56E+00 | 3.28E-01  —-1.99E+00 -1.66E+00 | 5.27E-01 —-1.99E+00 —1.46E+00
FETP kg14-DCB-Eq | 3.10E+00 —4.53E+02 —4.50E+02 | 9.18E+02 —4.24E+02 4.94E+02 | 7.47E+02 —4.24E+02  3.23E+02
METP kg 1,4-DCB-Eq | 3.31E+03 -1.77E+05 -1.73E+05 | 2.36E+05 —1.38E+05 9.84E+04 | 1.93E+05 -1.38E+05 5.51E+04
MDP kg Fe-Eq 7.69E+00 -5.51E+02 -5.43E+02 | 3.78E+00 —2.26E+02 —2.23E+02 | 4.30E+00 —2.26E+02 —2.22E+02
FDP kg oil-Eq 6.82E+01 —4.22E+02 —3.53E+02 | 4.85E+01 —-1.98E+02 -1.49E+02 | 4.99E+01 —1.98E+02 —1.48E+02
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Fig. 3.10. Comparison of the environmental impacts between the production and
each EoL scenario for 1 ton of PV panel.

Table 3.11. Total environmental impacts of the production and EoL scenarios of 1ton

of PV panel.
Material/Process Production Scenariol  Scenario 2  Scenario 3
Aluminum frame 284.7 —150.9 —-150.9 —150.9
Glass 126.4 -70.0 —64.3 —64.3
Copper for cable 384.3 —324.2 —324.2 —324.2
PV cell (silicon for EoL) 3500.1 —132.6
Other material/process 652.2 73.2 46.5 65.1
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3.3.4. Comparative analysis of the variations with different parameters

Because the input parameters in this study are based on the literature and
assumptions, factors linked to the actual EoL PV treatment can affect some
parameters, which can influence environmental impacts. Here, comparative analysis
has been performed to evaluate the relevance of the parameters to the impact results.
For thermal treatment, the variability of data input parameters is ascribed to the
difference in the amount of each plastic component. Table 3.12 shows the variability
of each main component. The representative data used in this study have been
adopted from the literature (Latunussa et al., 2016; Wambach et al., 2018; Maani et
al., 2020; Duflou et al., 2018). Among ten categories, GWP, HTP, and TETP were
the most prominent impact categories associated with thermal treatment. From the
comparative analysis results, the relative impact was varied up to —20.0% for TETP,

depending on the input amount of plastic components.

Table 3.12. Input parameters for the comparative analysis with respect to the plastic

composition of PV waste.

: Amount in -
co;IaZtr:Zn t this study \(/Ii r;itigg Data sources
P (kg/1 ton) g
EVA 74.1 575-74.1 Case A from Latunussa et al., (2016)
Case B from Wambach et al., (2018)
PVF 259 18.1-37.7 " Case C from Maani et al., (2020)
PET 8.4 8.0-15.0 Case D from Duflou et al., (2018)
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Fig. 3.11. Relative environmental impacts of the EoL treatment including the effect
of the variance according to the plastic composition; the result of Scenario 1 is set to
100%.

Depending on the optimization degree, the process scale (industrial, pilot, or lab
scale), and the detailed condition of chemical reactions, the number of input and
output materials for the material recovery process has been varied (Huang et al.,
2017; Latunussa et al., 2016; Dias et al., 2021). Particularly, the input amount of
HNO3 differed by 2800 times from 0.03 kg/ton waste (Huang et al., 2017) to 84.68

kg/ton waste (Dias et al., 2021).

Figure 3.12 shows the influence of the comparative analysis for the material recovery
process of Scenario 1. The nine categories contributing to the entire environmental
impact by more than 10% were selected for comparative analysis. The influence of
variable parameters related to the material recovery process for EoL treatment was

in the range of —80% to +200%.
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Because NOx emissions significantly influenced the impact categories of TAP and
POFP, those impacts were lowered by more than 80% when the NOy emissions
equaled 0.16 kg/ton (Huang et al., 2017). Although the environmental impacts were
drastically reduced in Scenario 1, the values were still higher than those of Scenarios
2 and 3 for all impact categories. The MDP influence varied from —50 to +200%,

because of the difference in the input amount of HNO3.

Table 3.13. Parameters used for the comparative analysis with respect to the material

recovery process.

Amount in

Input/ : Variability

Output Eﬂg‘/ftt‘f% (kg/1 ton) Data source

HNO3 10.9 0.30-84.68
Ca(OH), 56.2 36.5-69 Case A from Huang et al. (2017)

.. . . Case B from Latunussa, et al. (2016)
Electricity 87.3 56.76-100.81
Case C from Dias, et al. (2021)
Water 476.5 309.71-476.5
NO 3.1 0.16-3.1

* Unit : kwh/ton
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Fig. 3.12. Relative environmental impacts of EoL treatment including the effect of

the variance according to the material recovery process; the result of Scenario 1 is

set to 100%.

As mentioned earlier, the transport step contributed more than 50% to the impact

categories of ODP, FDP, and TETP. The input parameters for the inventory of

transport used in this study were the amount that was transported, the distance
traveled, and the type of vehicle. The estimated distance and the type of lorry from

previous studies are shown in Table 3.13. The results of the comparative analysis

indicated that the lowest variance (-13 to +8%) was exhibited by the impact category

of HTP, whereas the TETP caused the highest variance (-40 to +58%) among the

environmental impact categories.
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Table 3.14. Input parameters with variance according to transportation.

Amount in this
study Variability

Input (kg x km, lorry (kg x km, lorry type) Data source
type)
1,000 x (100 — 500),
1 X 2
Transport 1 3 ’50—(;05t-loor?’ 3.5-7.5t-lorry, 16-32t-  Case A : Latunussa,
ooy lorry et al. (2016)
(disposed amount) Case B : Lunardi et
Transport 2 962.5 130, x (0-100), al. (2018)
7.5-16t-lorry
3.5-7.5t-lorry
160%
140% ?
120% o
100% iﬁ iﬁ mE
80% O Case A
60% B O CaseB
40%
20% 0
0%

GWP ODP HTP TETP MDP FDP

DOScenariol O Scenario2 ©EScenario 3

Fig. 3.13. Relative environmental impacts of EoL treatment including the effect of

the variance according to the transportation; the result of Scenario 1 is set to 100%.

The input parameters regarding material recovery vary with the PV panel’s
composition, affecting the recoverable amount, whereas the recovered material
amount depends on the recycling yield. Table 3.15 shows the variance of the
recovered amount with different recycling yields obtained from previous studies for
the same PV panel composition. The recycling yields were selected from the
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literature, including recycling methods, such as thermal delamination and chemical
recovery, which could be classified as high-level recycling (Ardente et al., 2019;

Maani et al., 2021; Duflou et al., 2018; Huang et al., 2017).

As shown in Fig. 3.14, three of four studies reported lower recycling yields than this
study. For the environmental benefits provided by material recovery, the recycling
yield’s influence was in the range from —88% to +6% for all scenarios. For example,
the environmental benefits of TETP, MDP, and HTP ranged from —88% to +6%, —71%
to +4%, and —68% to +4%, respectively. These results depend on the recovered
copper amount. The environmental benefits obtained in this study are noticeably
different from those reported by Huang et al. (2017) because they excluded copper

recycling from the EoL PV panels.

Table 3.15. Parameters used for the comparative analysis for the amount of recovered

materials.
Recycling Recovered Quantity  Variability Data source
material  (kg/ton) (kg/ton)
Gla}ss 048 595-648 Case A from Ardente et al. (2019);
. Aluminum 161.1 132-162.7 . :
High-level Case B from Maani et al. (2021);
: Copper 10.6 0-10.9 .
recycling Silicon 59 7 0_555 Case C from Duflou et al. (2018);
Silver 0.2 0.0.2 Case D from Huang et al. (2017)
Low-level Glass 595.1 29.8-595.1
recycling Aluminum 159.5 151.5-159.5 Case E from Ardente et al. (2019),

Case F from Stolz et al. (2016);
Copper 3.3 3.2-3.3
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Fig. 3.14. Relative environmental benefits of the EoL treatment including the effect

of variance according to the recycling yield; the result of Scenario 1 is set to 100%.
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3.4. Summary

In this chapter, the environmental impacts associated with EoL c-Si PV panel
treatment were compared and analyzed for three recycling methods while
considering the practical applicability of EoL treatment in Korea. The LCA
methodology was used for the analysis using the Ecoinvent 3.5 database and data

available in the literature using the OpenLCA software.

The ReCiPe results revealed that the highest environmental impact was produced by
an EoL treatment process of Scenario 1, but the lowest was caused by Scenario 2 for
the overall impact categories at endpoint levels and midpoint levels except for a few

indicators.

In Scenario 1, the process with the highest contribution was the material

recovery step because of the input of HNO3 and the emissions of NOx.

- Remarkably, the impacts of Scenarios 2 and 3 as much as almost 300 times
higher than those of Scenario 1, mainly led by the FETP and METP impact
categories because of the emission of copper and silver ions to the
groundwater.

- The impact category of GWP was governed significantly by the emission of
CO; during the incineration of the plastic component and the electricity
consumption during the treatment process.

- With respect to the impacts of ODP, FDP, and TETP, transportation

contributed more than 50% of the overall environmental burden.
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The environmental benefits of Scenario 1 were approximately two times higher than

those of Scenarios 2 and 3. The highest contribution to the environmental benefits

was obtained from copper recovery using endpoint analysis.

The aluminum recovery was the main contributor to the environmental
benefits of the GWP, FETP, METP, and FDP impact categories.

The copper and silver recovery exhibited a prominent environmental benefit
associated with the toxicity impact categories (HTP, FETP, TETP, and
METP).

The content of the primary material in the material supply mix was the

environmental benefits of recycling.

The environmental benefits of Scenario 1 were approximately two times higher than

those of Scenario 2 and Scenario 3. The highest contribution to the environmental

benefits was obtained from the recovery of copper according to the endpoint analysis.

The Al recovery was found to be the main contributor to the environmental
benefits of the impact categories of GWP, FETP, METP, and FDP.

The copper and silver recovery exhibited a prominent environmental benefit
associated with the toxicity impact categories (such as HTP, FETP, TETP,
and METP).

The content of the primary material in the material supply mix was found to

be the environmental benefits of recycling.

The net benefits of Scenario 1 were higher than that of the other two scenarios. For

FETP and METP of Scenarios 2 and 3 and the ODP of Scenario 3, the environmental
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burdens linked to the EoL treatment process were higher than the environmental
benefits from the recovered materials. In Scenario 1, compared to PV panel
production, the net environmental benefit generated by recycling recovered materials
was estimated to be 19.2%, whereas that of Scenarios 2 and 3 was only 9.7% and

9.6%, respectively.

The variance of the parameters related to the material recovery process influenced
the environmental impacts in the range of —80% to +200%. The recycling yields also
governed the environmental benefits in the range of -88% to +6%. Depending on the
variance of the parameter, such as traveling distance and route together with vehicle
type, the environmental impacts associated with transportation were also influenced
in the range of —40% to +58%, whereas the variance related to the delamination

process ranged up to -20%.
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Chapter 4. Applicability and environmental benefits of
alternative resource recovery technologies by

substituting conventional leaching techniques

4.1. Introduction

End-of-Life (EoL) PV panels, as a new type of waste stream, have distinct
characteristics. They are often installed by public sectors with large capacity (Xu et
al., 2018), have a 15-20-year lifespan that could be reduced because of natural
disasters (earthquakes, landslides, or hurricanes) (Mackay et al., 2014), and contain
valuable materials (silver, aluminum, copper, silicon, and glass), some of which
could be harmful to the environment unless treated appropriately (Jung et al., 2016;
Corcelli et al., 2017). No proper PV waste management protocol has yet been
established, although a few studies have focused on recycling EoL PV panels to
recover raw materials (Masoumian et al., 2015; Klugmann-Radziemska and
Ostrowski, 2010). Furthermore, the environmental sustainability of recycling is not
ensured because of certain intensive energy and resource-consuming processes, such
as acid leaching, for recovering precious metals (Latunussa et al., 2016), where nitric
acid (HNOs) leaching is applied to extract silver from cell scraps, followed by

neutralization by adding calcium hydroxide (Ca(OH)5).

Chemical separation of precious metals from mining ores or electronic waste

involves leaching with strong solvents, such as cyanides or HNO3; (Cui and Zhang,
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2008; Coderre and Dixon, 1999), which can threaten the environment and public
health by causing acidification and eutrophication (Konyratbekova et al., 2015).
Recently, alternative leaching reagents were proposed as environmentally friendly
and nontoxic substitutes for acids, such as thiourea (Zhang et al., 2012), thiosulfate
(Petter et al., 2014), and ionic liquids (Whitehead et al., 2004; Visser et al., 2001;
Dai et al., 2013). The process using such substances is termed green leaching. Cui et
al. (2008) comprehensively reviewed various metallurgical resource recovery
techniques from e-waste and evaluated their economic feasibility and environmental
impacts. Among the hydrometallurgical alternatives, halide leaching shows potential
competitiveness because of advantages such as a high leaching rate, nontoxic
characteristics, reusability, and moderate reagent cost (Zhang et al., 2012). lodide
has originally been used as a replacement for cyanide for gold extraction from ore
(Angelidis and Kydros, 1995; Baghalha, 2012). It has also recently been used for
recovering precious metals from e-waste, such as waste printed circuit boards (PCBs)
(Xiu et al., 2015). The environmental impacts of these alternatives from a life cycle

perspective have not been properly addressed yet.

Several life cycle assessment (LCA) studies on PV systems have been conducted
with respect to the different stages of their life cycles, i.e., (1)
production/construction, (2) electricity production (i.e., operation), and (3) EoL
(Vellini et al., 2017). Corcelli et al. (2018) and Ardente et al. (2019) demonstrated a
comparative LCA on different recycling scenarios (i.e., high rate vs. low rate
recovery) of PV panels to reflect the benefits of the recovery of valuable resources,

e.g., copper, aluminum, and silver as avoided impacts. However, there is still
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inherent uncertainty in the database that uses existing literature, and quantitative

basic unit information is needed, especially for newly developed processes.

In the previous chapter, the material recovery stage most highly contributed to the
environmental impacts of the entire EoL PV treatment process. The parameters
related to the material recovery process, such as the input amount of leaching agent
and the recycling yields, also influenced the variance of environmental impact results
higher than the parameters related to other process steps. Therefore, proper
management of EoL PV panels with the recovery of valuable materials is critical,
requiring environmentally sustainable solutions. This chapter proposes an
application of iodine-iodide and thiourea as an alternative leaching agent for HNO3
and evaluates the corresponding environmental impacts using experimental data.
Silver and aluminum leaching from an EoL c-Si PV cell was optimized by a
parametric study, and a comparative LCA is demonstrated to assess the differences

in their environmental impacts.
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4.2. Methodology

4.2.1. Chemical treatment and material recovery for c-Si PV waste

recycling

As described in the previous chapter, material recovery in EoL PV waste treatment
exhibited the highest contribution to environmental burdens. In the c-Si PV waste
recycling process, chemical separation has been widely used for material recovery
(Yang et al., 2017; Latunussa et al., 2016). The material recovery process was
adapted by the acid leaching of ash, which remained after the thermal treatment of
PV cells. During the leaching process, the ash containing metals is mixed with a
solution of water and HNOs, dissolving the metals (producing various metallic
oxides) and leaving Si metal in the residues. The mixture containing the dissolved
metallic oxides and Si metal residues is transferred to a vacuum filtration process,
where Si metal is recovered. For recovering Si and Cu, the acid solution is

successively treated by electrolysis (Latunussa et al., 2016).

4.2.2. Goal and scope

The goal of this LCA study was to compare the potential environmental impacts
related to three solvents (HNOg, iodine-iodide system (I.—KIl), and thiourea) for
resource recovery from EoL c-Si PV waste. Chung et al. (2021) reported that the
selective leaching of silver was accomplished by adjusting the reaction pH to 9.6,

resulting in the reproducibility of 93% by rejuvenating the exhausted leaching
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solution. The rejuvenation of the exhausted I—KI solution could effectively reduce
environmental impacts, especially in acidification and eutrophication, respiratory
effect, and mineral extraction categories with the subsequent exclusion of the

additional neutralization process.

Processing the cell scrap collected from the EoL PV panels has been defined as a
function, where 2 kg (1 kg per cycle) of PV cell scraps for recovering precious metals
(silver and aluminum) is defined as a FU. The system boundary in this chapter
includes acid leaching, filtration, electrolysis, neutralization, and landfilling for final
disposal. The environmental impact of processing 2 kg of PV cell scrap using HNOs3,

I.—KI, and thiourea solutions was compared within the system boundary.

4.2.3. Life cycle inventory of chemical treatment and material recovery

The life cycle inventory data for each process and material were derived from the

Ecoinvent database. Table 4.1 shows the input and output data for the LCA.

Unlike the HNO; leaching method, using 1,—KI and thiourea does not require the
neutralization process. In this chapter, it was assumed that the amount of Si scrap to
be recovered was identical for all three leaching agents. The amount of water
supplied in the leaching process for HNO; and thiourea and that for 1,—KI is 20 kg
and 10 kg, respectively. Only a certain amount of iodine (I.) was additionally
supplied to the second cycle of the continuous process without supplying an

additional water and potassium iodide (KI) input. Because the inventory of KI was
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unavailable in the Ecoinvent database, the inventory of potassium chloride was used

in this study.

In this study, 1M HNOs and thiourea were used. The recovered amount of silver and
aluminum was adopted from published (Chung et al., 2021) and unpublished data.
The input and output data for electrolysis, neutralization, and final disposal were

adopted from Latunussa et al. (2016).
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Table 4.1. Input and output data of chemical treatment for c-Si PV cell scrap using different leaching agents.

HNOs Leaching 1>-K1 Leaching Thiourea Leaching

Amount Uncertainty Amount Uncertainty Amount Uncertainty
Input
PV cell™ 2.000 kg Lognormal dist. (og, 1.0) 2.000 kg Lognormal dist. (og, 1.0) 2.000 kg Lognormal dist. (og, 1.0)
HNO;™ 2520 kg™ | Lognormal dist. (cg, 1.0) — — — —
I2 — — 1.620 kg™ | Lognormal dist. (g, 1.0) — —
Kl — — 1.330 kg™ | Lognormal dist. (g, 1.0) — —
Thiourea — — — — 0.761 kg™ | Lognormal dist. (cg, 1.0)
Fe2(S04)s — — — — 2.799 kg™ | Lognormal dist. (cg, 1.0)
Electricity 2.580 kwh" | Lognormal dist. (cg4, 1.2) 2.580 kwh" | Lognormal dist. (64, 1.29) 2.580 Kwh" | Lognormal dist. (g, 1.29)
Ca(OH); 12.992 kg* | Lognormal dist. (cq, 1.2) — — — —
Water 32.992 kg" | Lognormal dist. (o4, 1.2) | 12.419 kg" Lognormal dist. (64, 1.29) 20 kg* Lognormal dist. (cg, 1.29)
Output
'S]'urg;ztone 45406 kg* | Lognormal dist. (cq, 1.2) — — — —
Inert sludge — — 12.504 kg* Lognormal dist. (o, 1.56) 19.905 kg* Lognormal dist. (o4, 1.56)
Metal sludge 2.656 kg“ | Lognormal dist. (cg4, 1.2) 3.188 kg" Lognormal dist. (cg, 1.29) 4.068 kg* Lognormal dist. (cg, 1.29)
NOx 0.712 kg" | Lognormal dist. (cg, 1.2) — — — —
Al recovered 0.143 kg™ | Normal dist. (, 0.0089) 0.092 kg™ | Normaldist. (5, 0.00106) | 0.00119 kg™ | Normal dist. (5, 0.00047)
Si recovered 1576 kg" | Lognormal dist. (cg, 1.2) 1576 kg" Lognormal dist. (cg, 1.29) 1576 kg" Lognormal dist. (cg, 1.29)
Ag recovered 0.011 kg™ | Normal dist. (5, 0.00149) 0.008 kg™ | Normal dist. (5, 0.00017) | 0.00953 kg™ | Normal dist. (5, 0.00033)

*Numerical values from Latunussa et al. (2016), **from Chung et al. (2021), *** from unpublished and # assumed data in this study
Al: aluminum; Si : silicon; Ag: silver

117



4.2.4. Life Cycle Impact Assessment (LCIA)

As mentioned in the previous chapter, LCA studies were conducted using OpenLCA
(Winter et al., 2014) with the Ecoinvent v3.5 database. The impact assessment was
performed using the ReCiPe endpoint and midpoint methods (Goedkoop et al., 2009)
provided in OpenLCA (Table 4.2). In this chapter, the commonly used 11 midpoint
indicators, as reported in previous studies (Wager and Hischier, 2015; Corcelli et al.,

2018), were investigated.

Table. 4.2. Life cycle impact indicators (midpoint) used in this study.

Midpoint impact category Unit Abbreviation
Climate change kg CO;-Eq GWP
Ozone depletion kg CFC-11-Eq ODP
Terrestrial acidification kg SO2-Eq TAP
Freshwater eutrophication kg P-Eq FEP
Human toxicity kg 1,4-DCB-Eq HTP
Photochemical oxidant formation | kg NMVOC POFP
Terrestrial ecotoxicity kg 1,4-DCB-Eq TETP
Freshwater ecotoxicity kg 1,4-DCB-Eq FETP
Marine ecotoxicity kg 1,4-DCB-Eq METP
Metal depletion kg Fe-Eq MDP
Fossil depletion kg oil-Eq FDP
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4.3. Results and discussion

4.3.1. Life cycle impacts of the chemical treatment process

The comparative LCA evaluates environmental impacts of chemical treatment
processes using HNOg3, 1-KI, and thiourea as leaching agents. 1K1 and thiourea are
proposed as promising alternatives in this study. Two rejuvenation cycles were

considered for 1,—KI leaching. One advantage of using I.—KI is reusability.

The results of the endpoint analysis for the chemical treatment process using three
different leaching agents are presented in Fig. 4.1. These results represented only the
environmental impacts, and the environmental disburdens associated with material
recovery are excluded. The results indicated that the highest and lowest
environmental impacts occurred when the leaching agents of HNO3; and Thiourea,
respectively, were used as leaching agents. The human health impact related to HNO3
was found to be highest because Ca(OH), was used for neutralization and NOx

emissions occurred during the electrolysis of HNOsa.
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Fig. 4.1. Environmental impacts associated with the chemical treatment of 2kg PV

cell scrap using three different leaching agents according to ReCiPe endpoint method.

Table 4.3 shows the environmental impact results associated with the chemical
treatment of 2 kg PV cell scrap with three different leaching agents according to the
ReCiPe midpoint method. The contributions of each step during the treatment are

presented in Fig.4.2, with relative values to the highest impacts scaled to 100%.

For the impact categories of ODP, FEP, HTP, TETP, METP, and FDP, the chemical

treatment using I>-K1 had higher environmental impacts than the other two processes.

We ascribed these results to the environmental burdens related to the utilization of

different leaching agents.

In the case of GWP, TAP, and POFP, the environmental impacts of the chemical
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treatment using HNO3 as a leaching agent were the highest compared with the others,

which was ascribed to NO, emissions during electrolysis.

Table 4.3. In the case of GWP, TAP, and POFP, the environmental impacts of the
chemical treatment using HNOs as a leaching agent were the highest compared with
the others, which was ascribed to NOx emissions during electrolysis.

Category Unit Leaching | Leaching | Leaching
GWP | kg CO-Eq 1.94E+01 | 1.17E+01| 5.36E+00
ODP | kg CFC-11-Eq 1.15E-06 | 1.58E-06 | 6.47E-07
TAP | kg SO.-Eq 568E-01 | 4.15E-02 | 3.87E-02
FEP | kg P-Eq 3.07E-03| 4.38E-03| 3.65E-03
HTP | kg 1,4-DCB-Eq 1.14E+02 | 2.03E+02 | 1.93E+02
POFP | kg NMVOC 750E-01 | 2.74E-02 | 2.12E-02
TETP | kg 1,4-DCB-Eq 8.24E-03| 1.23E-02| 7.11E-03
FETP | kg 1,4-DCB-Eq 9.06E-02 | 1.74E-01 | 1.87E-01
METP | kg 1,4-DCB-Eq 1.01E+02 | 1.74E+02 | 1.71E+02
MDP | kg Fe-Eq 582E-01 | 3.30E-01| 1.25E+00
FDP | kg oil-Eq 2.94E+00 | 3.74E+00 | 2.32E+00
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Fig. 4.2. Relative environmental impact results of three leaching agents for each

midpoint indicator at individual process steps; the maximum result is set to 100%.
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4.3.2. Life cycle impacts of chemical treatment considering benefits by

material recovery

In this section, the system’s boundaries were extended to produce secondary raw
materials to quantize potential environmental benefits related to recycling, and check

whether they outweigh the environmental burdens of the material recovery process.

Figure 4.3 shows the ReCiPe endpoint impacts of material recovery. From the results,
the environmental benefits associated with material recovery using HNO; as a
leaching agent were higher than those with other leaching agents. Among the
recovery of aluminum, silicon, and silver, silicon recovery majorly contributed to the
avoided impact.

0.0

-1.30 -1.24 -1.20
-2.0
-4.0
6.0 ] -10.91
; 8.0 -12.30
-10.0
-12.0 - -
-14.0 -
-16.0
HNO3 I2- K1 Thiourea

Oecosystem quality Dhuman health Eresources

Fig. 4.3. Environmental benefits associated with material recovery of 2 kg PV cell

scrap using three leaching agents using the ReCiPe endpoint method.
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In Table 4.4, the overall environmental impacts associated with chemical treatment,
including the impacts from the material recovery, are shown according to the
endpoint method. The score (net benefit) of HNOj3; leaching was higher than the other
cases. The entire environmental benefit that resulted from the material recovery was
5.2 times higher than the environmental impact by chemical treatment with HNO;
leaching, whereas it was approximately 4.5 and 6.2 times higher in the 1»-KI and

thiourea leaching processes, respectively.

Table 4.5 shows the results for the ReCiPe midpoint method. Except for ODP and
TETP of the I»-KI process and TAP and POFP of the HNO; process, the
environmental benefits exceeded the environmental burdens by factors of 1.1 t0 19.8
with HNO3 leaching, by 1.5 to 25.3 with I,-KI leaching, and by 1.4 to 7.6 with

thiourea leaching.

Among the LCIA indicators with the three different leaching agents that were used
in chemical treatment, the values of GWP, POFP, HTP, and TETP are shown in Figs.
4.4 t0 4.7, and they illustrate the contribution of each process step and the recovered
material to the overall environmental burdens and benefits analyzed by ReCiPe

midpoint indicators.

For the ODP and TETP impact categories using I.—KI, the detrimental impact from
the entire recovery process was larger than the avoided impact. Si recovery
contributed the highest to the impacts avoided via material recovery. For the HTP,

FETP, METP, FEP, and MDP impact categories, the avoided impacts related to
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material recovery were remarkably higher than the environmental burdens. For these
impact categories, the environmental disburdenment associated with silver recovery

accounted for more than 77% of the total avoided impact.

GWP, kg CO2-Eq
[—

HNO3 12-KI1 Thiourea

& Leaching agent B Process input O Disposal

m Al recovery OAg recovery O Si recovery

Fig. 4.4. GWP results responsible for three different leaching agents exhibiting

contribution to each treatment and recovery process.
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Fig. 4.5. POFP results responsible for three different leaching agents exhibiting

contribution to each treatment and recovery process.
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Fig. 4.6. HTP results responsible for three different leaching agents exhibiting
contribution to each treatment and recovery process.

1.5E-02
1.0E-02 \
g 5.0E-03 \
2 AR
2 NN &
2 0.0E+00 "
Y
ﬁf -5.0E-03
=
= _10E-02
-1.5E-02
HNO3 12-K1 Thiourea
3 Leaching agent # Process input O Disposal
B Al recovery OAg recovery O Si recovery

Fig. 4.7. TETP results responsible for three different leaching agents exhibiting
contribution to each treatment and recovery process.
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Table 4.4. Total environmental impacts of chemical treatment and material recovery of 2 kg PV cell scraps with three leaching agents using the

ReCiPe midpoint method.

HNO:3 leaching I>-Kl1 leaching Thiourea leaching
Impact category ~ Unit | Impactof  Impact of Total Impact of  Impact of Total Impact of  Impact of Total
chemical material . chemical material . chemical material .
impact impact impact
treatment  recovery treatment  recovery treatment  recovery
Ecosystem quality Pt 0.62 -1.30 -0.67 0.45 -1.24 -0.79 0.26 -1.20 -0.93
Human health Pt 1.88 -12.30 -10.42 181 -9.91 -8.10 154 —10.91 -9.36
Resources Pt 0.37 -1.24 —-0.88 0.46 -1.11 -0.64 0.34 -1.13 -0.80
Total impacts Pt 2.87 -14.84 -11.97 2.72 -12.25 —9.53 2.14 -13.23 -11.10
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Table 4.5. Total environmental impacts of chemical treatment and material recovery of 2-kg PV cell scraps with three leaching agents using the

ReCiPe midpoint method.

Impact

atgory | Lo | LN | T | v | By | Mgy | S | T
HNO; 1.66E+01 | 1.63E+00 1.18E+00 | —6.93E-01 —3.35E+00 | —1.87E+01 | —3.36E+00

(kgc(;:\é)sz-)Eq) I—KI 8.76E+00 | 1.63E+00 1.26E+00 | —4.46E-01 —2.44E+00 | —1.87E+01 | —9.94E+00
Thiourea 2.08E+00 1.63E+00 1.65E+00 | —5.74E-03 —2.90E+00 | —1.87E+01 | —1.63E+01

HNO; 9.00E-07 1.20E-07 1.35E-07 | -5.80E-08 —2.81E-07 | —8.78E-07 | —6.22E-08

(kg CI?CI:D—Zl—Eq) 1Kl 1.37E-06 1.20E-07 9.39E-08 | —3.73E-08 —2.04E-07 | —8.78E-07 | 4.64E-07
Thiourea 3.96E-07 1.20E-07 1.31E-07 —4.81E-10 —2.43E-07 | —8.78E-07 | —4.74E-07

HNO; 5.22E-02 5.11E-01 4.64E-03 | —3.99E-03 —4.12E-02 | —9.67E-02 | 4.26E-01

(kg ggg Eq) I—KI 3.20E-02 5.43E-03 4.07E-03 | —2.56E-03 —3.00E-02 | —9.67E-02 | —8.77E-02
Thiourea 2.77E-02 5.43E-03 5.52E-03 | —3.30E-05 —3.57E-02 | —9.67E-02 | —9.38E-02

HNOs 9.36E-04 1.16E-03 9.74E-04 | —2.70E-04 —1.81E-02 | —8.62E-03 | —2.39E-02

(ngIE-PEq) I—KI 2.04E-03 1.16E-03 1.18E-03 | —1.74E-04 —1.32E-02 | —8.62E-03 | —1.76E-02
Thiourea 9.70E-04 1.16E-03 1.52E-03 | —2.24E-06 -1.57E-02 | —8.62E-03 | —2.07E-02

HTP HNO; 6.53E+01 | 3.77E+01 | 1.10E+01 | —1.37E+01 | —1.38E+03 | —2.78E+02 | —1.56E+03
(kg 1,4-DCB- I—KI 1.06E+02 | 3.77E+01 5.99E+01 | —8.83E+00 —1.00E+03 | —2.78E+02 | —1.09E+03
Eq) Thiourea 6.38E+01 3.77E+01 9.18E+01 | —1.14E-01 —-1.19E+03 | —2.78E+02 | —1.28E+03
POFP HNOs 2.86E-02 7.17E-01 4.85E-03 | —2.41E-03 —3.72E-02 | —7.21E-02 | 6.38E-01
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(kg NMVOC) 12K 1.88E-02 | 4.53E-03 | 4.03E-03| -155E-03| —2.71E-02| —7.21E-02 | —7.34E-02
Thiourea 1.11E-02 4.53E-03 5.52E-03 | —2.00E-05 —3.23E-02 | —7.21E-02 | —8.32E-02
TETP HNO; 6.91E-03 5.59E-04 7.66E-04 | —7.59E-04 —3.37E-03 | —7.00E-03 | —2.88E-03
(kg 1,4-DCB- 1Kl 1.09E-02 5.56E-04 8.19E-04 | —4.88E-04 —2.45E-03 | —7.00E-03 | 2.35E-03
Eq) Thiourea 5.44E-03 5.57E-04 1.11E-03 | —6.29E-06 —2.92E-03 | —7.00E-03 | —2.81E-03
FETP HNOs 4.06E-02 2.70E-02 2.30E-02 | —3.64E-01 -5.96E-01 | —2.03E-01 | —1.07E+00
(kg 1,4-DCB- 1Kl 6.79E-02 2.69E-02 7.95E-02 | —2.34E-01 —4.34E-01 | —2.03E-01 | —6.96E-01
Eq) Thiourea 4.19E-02 2.70E-02 1.18E-01 | —3.02E-03 -5.17E-01 | —2.03E-01 | —5.35E-01
METP HNO; 5.41E+01 | 3.19E+01 1.54E+01 | —1.04E+02 —8.74E+02 | —2.44E+02 | —1.12E+03
(kg 1,4-DCB- Kl 7.98E+01 | 3.19E+01 6.22E+01 | —6.67E+01 —6.36E+02 | —2.44E+02 | —7.73E+02
Eq) Thiourea 451E+01 | 3.19E+01 9.37E+01 | —8.59E-01 —7.58E+02 | —2.44E+02 | —8.32E+02
HNO; 5.43E-01 1.55E-02 2.27E-02 | —3.11E-02 -1.13E+01 | —1.56E-01 | —1.09E+01
(ngIIZEe)-FI;q) 1Kl 2.91E-01 1.54E-02 2.39E-02 | —2.00E-02 —8.22E+00 | —1.56E-01 | —8.07E+00
Thiourea 1.20E+00 1.54E-02 3.31E-02 | —2.58E-04 —9.79E+00 | —1.56E-01 | —8.70E+00
HNO3 2.13E+00 4.84E-01 3.26E-01 -1.71E-01 —1.04E+00 | —4.71E+00 | —2.98E+00
(ngoEi)II-DEq) 1Kl 3.00E+00 4.84E-01 2.54E-01 —1.10E-01 —7.53E-01 | —4.71E+00 | —1.84E+00
Thiourea | 1.48E+00 4.84E-01 3.50E-01 —1.42E-03 —8.97E-01 | —4.71E+00 | —3.29E+00
Al: aluminum; Si: silicon; Ag: silver
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4.3.3. Uncertainty analysis of chemical treatment

In this section, an uncertainty analysis was performed related to the environmental
impacts for the chemical treatment of ¢c-Si PV cell scraps using three leaching agents.
Uncertainty analyses were conducted using Monte Carlo simulation with 1000 runs,
calculating the probability of the results based on random sampling (Harrison et al.,
2010). In this chapter, the estimated data adapted from the previous literature
(Latunussa et al., 2016; Chung et al., 2019) were assumed to have a lognormal
distribution with geometric standard deviations, 64, Which were chosen using the
Pedigree matrix (Weidema and Wesnaes, 1996). For the input data related to HNO3
leaching, 1.20 ogwas used, whereas 1.29 o4 and 1.56 ogwere chosen for the material
consumed and the amount of disposal, respectively, for 1,-KI and thiourea leaching.
However, the recovered amount was assumed to have a normal distribution with
standard deviations adapted from the experimental result. Table 4.1 shows the

standard deviations for each material.

Figure 4.8 shows the results of uncertainty analysis, revealing that the uncertainty
values were lower than the differences in environmental impacts for each chemical
treatment method. However, the uncertainty values of 5% and 95% percentile for the
material recovery were within the differences in the environmental impacts between
each result (Fig. 4.9). For the statistical analysis, the results were obtained by
performing the ANOVA tests. The results revealed that the impact variances from
different leaching agents showed meaningful differences (p < 0.05) (Tables 4.6 and

4.7).
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Fig. 4.8. Environmental impacts comparison of chemical treatment using three
leaching agents with uncertainty analysis. The error bar indicates 90% confidence

intervals.
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Fig. 4.9. Environmental impacts comparison of material recovery using three
leaching agents with uncertainty analysis. The error bar indicates 90% confidence

intervals.
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Table 4.6. Uncertainty analysis of environmental impacts related to chemical treatment using three leaching agents with ANOVA test results.

Impact it T o % 95% T o ~ o
uni 0 0 0 0 0 (]

Category Mean Percentile | Percentile Mean Percentile | Percentile Mean Percentile | Percentile Value | Value
GWP kg CO2-Eq 1.94E+01 | 1.62E+01 | 2.35E+01 | 1.17E+01 | 1.10E+01 | 1.27E+01 | 5.36E+00 | 4.49E+00 | 6.60E+00 | 1919.9 | 0.000
ODP kg CFC-11-Eq 1.15E-06 | 9.75E-07 | 1.39E-06 | 1.58E-06 | 1.53E-06 | 1.67E-06 | 6.47E-07 | 5.54E-07 | 7.81E-07 | 9792.6 | 0.000
TAP kg SO2-Eq 5.68E-01 | 4.36E-01 | 7.46E-01 | 4.15E-02 | 3.93E-02 | 4.50E-02 | 3.87E-02 | 3.28E-02 | 4.82E-02 | 1867.5 | 0.000
FEP kg P-Eq 3.07E-03 | 2.68E-03 | 3.58E-03 | 4.38E-03 | 3.83E-03 | 5.28E-03 | 3.65E-03 | 2.97E-03 | 4.59E-03 | 558.0 | 0.000
MEP kg N-Eq 1.14E+02 | 1.03E+02 | 1.28E+02 | 2.03E+02 | 1.75E+02 | 2.60E+02 | 1.93E+02 | 1.60E+02 | 2.44E+02 | 2822.2 | 0.000

HTP kg 1,4-DCB-Eq | 7.50E-01 | 5.65E-01 | 1.00E+00 | 2.74E-02 | 2.54E-02 | 3.06E-02 | 2.12E-02 | 1.82E-02 | 2.56E-02 | 2472.6 | 0.000

POFP | kg NMVOC 8.24E-03 | 7.33E-03 | 9.43E-03 | 1.23E-02 | 1.20E-02 | 1.28E-02 | 7.11E-03 | 6.05E-03 | 8.74E-03 | 1169.9 | 0.000

TETP | kg 1,4-DCB-Eq | 9.06E-02 | 8.14E-02 | 1.03E-01 | 1.74E-01 | 1.44E-01 | 2.35E-01 | 1.87E-01 | 1.54E-01 | 2.37E-01 | 6229.4 | 0.000

FETP | kg 1,4-DCB-Eq | 1.01E+02 | 9.13E+01 | 1.15E+02 | 1.74E+02 | 1.48E+02 | 2.27E+02 | 1.71E+02 | 1.41E+02 | 2.16E+02 | 2660.0 | 0.000

MDP kg Fe-Eq 5.82E-01 | 5.72E-01 | 5.95E-01 | 3.30E-01 | 3.21E-01 | 3.45E-01 | 1.25E+00 | 9.44E-01 | 1.68E+00 | 1736.5 | 0.000

FDP kg oil-Eq 2.94E+00 | 2.55E+00 | 3.46E+00 | 3.74E+00 | 3.55E+00 | 4.04E+00 | 2.32E+00 | 1.97E+00 | 2.82E+00 | 3350.9 | 0.000

132



Table 4.7. Uncertainty analysis of environmental benefits related to material recovery using three leaching agents with ANOVA test results.

I mpact it Hsl\i/o ) 95% Iéo}j I 95%¢ Thi;;] S PP
uni 0 0 0 0 0 0

Category Mean Percentile | Percentile Mean Percentile | Percentile Mean Percentile | Percentile Value | Value
GWP kg CO2-Eq -2.3E+01 | —3.3E+01 | -1.6E+01 | —2.2E+01 | —3.1E+01 | —1.5E+01 | —2.2E+01 | —3.1E+01 | —1.5E+01 8.55 | 0.000
ODP kg CFC-11-Eq -1.2E-06 | —1.7E-06 | —8.9E-07 | —1.1E-06 | —1.6E-06 | —8.3E-07 | —1.1E-06 | —1.6E-06 | —8.2E-07 | 12.53 | 0.000
TAP kg SO-Eq -1.4E-01 | -1.9E-01 | -1.0E-01 | —1.3E-01 | —1.8E-01 | —9.7E-02 | —1.4E-01 | —1.8E-01 | —9.9E-02 6.79 | 0.001
FEP kg P-Eq -2.8E-02 | —3.5E-02 | —2.1E-02 | —2.2E-02 | —2.8E-02 | —1.7E-02 | —2.5E-02 | —3.1E-02 | —1.9E-02 | 70.67 | 0.000
MEP kg N-Eq -1.7E+03 | —2.2E+03 | —1.3E+03 | —1.3E+03 | —1.7E+03 | —1.0E+03 | —1.5E+03 | —1.9E+03 | —1.1E+03 | 209.23 | 0.000
HTP kg 1,4-DCB-Eq | —-1.1E-01 | —-1.5E-01 | -8.3E-02 | —1.0E-01 | —1.4E-01 | —7.6E-02 | —1.1E-01 | —1.4E-01 | —7.8E-02 | 10.97 | 0.000
POFP kg NMVOC -1.1E-02 | —1.5E-02 | —8.4E-03 | —1.0E-02 | —1.4E-02 | —7.6E-03 | —1.0E-02 | —1.4E-02 | —7.4E-03 | 18.32 | 0.000
TETP kg 1,4-DCB-Eq | —1.2E+00 | -1.4E+00 | —9.5E-01 | —8.8E-01 | —1.1E+00 | —7.2E-01 | —7.3E-01 | —9.3E-01 | —5.7E-01 | 969.84 | 0.000
FETP kg 1,4-DCB-Eq | —1.2E+03 | —1.6E+03 | —9.5E+02 | —9.6E+02 | —1.2E+03 | —7.6E+02 | —1.0E+03 | —1.3E+03 | —7.8E+02 | 251.76 | 0.000
MDP kg Fe-Eq —7.5E-04 | —1.0E-03 | —5.3E-04 | —7.0E-04 | —9.8E-04 | —5.0E-04 | —6.8E-04 | —9.6E-04 | —4.6E-04 | 361.58 | 0.000
FDP kg oil-Eq —6.0E+00 | —8.4E+00 | —4.2E+00 | —5.7E+00 | —8.0E+00 | —4.0E+00 | —5.8E+00 | —8.1E+00 | —4.0E+00 4.72 | 0.010
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4.4. Summary

The goal of this LCA was to compare the potential environmental impacts related to
three different leaching agents (i.e., HNOs, 1,-KI, and thiourea) for material recovery
from EoL c-Si PV waste. The system boundary in this chapter included acid leaching,
filtration, electrolysis, neutralization and landfilling for final disposal. The
environmental impacts produced from 2 kg PV cell scrap using HNOs, 1,-Kl, and

thiourea solution were compared within the system boundary.

The ReCiPe results revealed that the highest environmental impacts were produced
from chemical treatment using HNO; as a leaching agent and the lowest was
produced by thiourea leaching for the endpoint levels. The human health impact
related to HNOs leaching was the highest because of using Ca(OH). for

neutralization and NOy emissions during HNOs electrolysis.

For the ReCiPe midpoint method, the environmental impacts associated with HNO3
leaching were the highest for the TAP, PMFP, MEP, and POFP impact categories,
whereas those related to 1,—KI leaching were the highest for GWP, ODP, TETP, and
FDP. The environmental impacts produced from thiourea leaching were the highest

for FETP and MDP.

The overall environmental impacts associated with chemical treatment, including the
impacts from material recovery, revealed that the score (net benefit) of HNO;

leaching was higher than that of the other two cases because of more recovered
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materials, such as aluminum, silver, and silicon.

The uncertainty analysis of the environmental impacts associated with the chemical
treatment and material recovery process was performed using Monte-Carlo
simulation with 1,000 runs. The impact variances from different leaching agents
showed meaningful statistical differences determined by the ANOVA test (p-Value

< 0.05).

A part of this chapter has been published as a research paper in Journal of

Hazardous Materials (404, 123989), 2021.
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Chapter 5. Environmental impacts analysis under a
high-level EoL treatment scenario focusing on PV

waste transportation in the Republic of Korea

5.1. Introduction

While the recycling of end-of-life (EoL) c-Si PV waste can reduce environmental
burdens because the secondary production of material requires less energy, produces
less pollution, and has a lower cost than the extraction of primary materials, efficient
collection and transportation also are essential components to ensure that the
recycling system is economically and environmentally beneficial. Xu and his co-
workers (2013) reported that transportation is an important factor that affects the
results of the life cycle assessment for the management of waste glass from cathode
ray tube funnels. According to a previous study in which a life cycle assessment
(LCA) was performed for the collection, transportation, treatment, and disposal of
municipal waste (De Feo et al., 2016), the global warming category was affected

significantly by transportation due to the lack of nearby facilities.

PV waste can create several economic and environmental burdens because the
materials in PV cells are expensive and highly toxic (Fthenakis, 2000). In addition,
the long-distance transportation of the EoL PV panels to the recycling site causes
adverse environmental impacts, which can be considered as a crucial barrier to the
PV recycling system (Deng et al., 2019). According to Latunussa et al. (2016), the

transportation of EoL PV panels to the recycling site contributed mainly to climate
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change, accounting for 30% of the total contribution among all of the impact
categories that were evaluated. On the contrary, Held (2013) reported that
transportation during the recycling process imposed fewer environmental burdens.
These different outcomes can be ascribed to the assumptions regarding
transportation varying under different scenarios, and the distance measure for

recycling differed between each case.

To date, only a few studies have been conducted concerning the impact of the
transportation of PV wastes. In this chapter, the environmental impacts associated
with the transportation of EoL PV panels are evaluated on the basis of the scenarios
for recycling that have been proposed in the Republic of Korea. To achieve this goal,
transportation scenarios were developed based on two different scenarios, and a
comparative analysis also was performed that reflected the actual domestic
conditions. Therefore, the novelty of this work is that it uses actual travel distance
data in the Republic of Korea to assess the environmental burdens associated with
the transportation of EoL PV panels from each discharge point to landfills under

different conditions.
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5.2. Methodology

5.2.1. Description of process for transporting PV waste

As shown in Fig. 5.1., the PV waste recycling process includes (1) transporting the
EoL PV panels from the origin to the collection center, (2) performing pretreatment
for recycling, and (3) landfilling residues. However, the number of recycling

facilities is often limited because of high capital costs.

I 1]
= 1 "L_- 5 7 | Residual waste ‘ h
Origin place o = lecti l/[ L i G ‘ ;
gin plac S G Collection 2 Recycling B o 1o

Waste collection center Waste transport center Waste Disposal Landfill

Fig. 5.1. General scheme of the process used to recycle the EoL PV panels from their

origin to the landfill.

This chapter describes the design and use of the two scenarios shown in Fig. 5.2.
Transport A excludes transportation to the collection center, meaning that the EoL
PV panels are directly transported to the recycling facility for reclamation. The
residues unfeasible for recycling are transported to a landfill for their final disposal.
In Transport B, EoL PV planes are transported to the regional collection center,
where the aluminum frame and junction box are disassembled during pretreatment.
The disassembled PV wastes are transported to the recycling facility. After recycling,

other processes are the same as those of Transport A.
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recycling \‘ 5 Disassembling at
processes \ ‘ loading places
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Fig. 5.2. Two scenarios for EoL PV panels: (a) directly transported to the recycling
facility (Transport A), and (b) via four collection centers with disassembling before
recycling PV panels (Transport B).

5.2.2. Identification of the location of the recycling facility, collection

centers, and final disposal site

In Korea, the construction of the recycling facility for EoL PV panels is underway
according to the Base construction project for solar recycling center construction
(Kim et al., 2019; Chungcheongbuk-do, 2017). In this study, the transportation
distances were calculated based on the location information of the recycling site, as

shown in Table 5.1.
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Table 5.1. Information of the Base construction project for solar recycling center

construction (Chungcheongbuk-do, 2017).

Project Base construction project for solar recycling center
construction

Location Euntan-ri, Munbaek-myeon, Jincheon-gun, Chungcheongbuk-
do

Participants Chungbuk Technopark, Korea Institute of Energy Research,
etc.

Area 15,935 m?

The Korea Ministry of Environment has established and announced the construction
project for collection centers in the metropolitan area, Yeongnam, Chungcheong, and
Honam regions, as shown in Table 5.2. Thus, the locations of the four collection

centers were used for estimations of all distances in Transport B.

Table 5.2. Information of the Base construction project for collection center of future

resource recycle.

Construction

Zone Location
scale
. 1, 2- , Siheung-si,
Metropolitan area o Gong_d an 2-daero, Siheung-si 1,480 m?
Gyeonggi-do
Yeongnam region 40, Seongseogongdan-ro, Dalseo-gu, 2053 m?
Daegu
Chungcheong 228, Geumma-ro, Geumma-myeon, )
. 900 m
region Hongseong-gun, Chungcheongnam-do
. 849-2, Habuk-dong, J -si,
Honam region abuixedong, Jeongetip-st 1,700 m?
Jeollabuk-do

Residues after the recycling process were assumed to be disposed of finally in
landfills because high-level EoL treatment in Chapter 3 was proposed as the
recycling scenario that was practically applied in Korea. The landfill candidates were
selected from the National Waste Statistical Survey (ME, 2018) by considering the
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end date of landfilling after 2040 and open landfill for industrial waste, as shown in

Table 5.3.

Table 5.3. Information of landfills for final disposal selected in this study.

Name Address Close year (Year)

39, Cheonghak-ro 8beon-gil,

Gyeonggi Ecoland Byeollae-myeon 2050
Gwangju Sanitary L ]
L andfill 160, Dodong-gil, Nam-gu 2075
Jeonbuk Waste . _
L andfill 45, Iseong-ri, Iseo-myeon, Wanju-Gun 2043
Gyeongbuk Waste 499, Songbaek-ro, Jangcheon-myeon,

i i-si 2065
Landfill Gumi-si

5.2.3. Specification of the direct transport scenario without a collection

center (Transport A)

As shown in Fig. 5.3, the two most important parameters to analyze the

environmental impacts by transportation are the distance traveled and the amount

PV panel waste | e A

Waste collection recycling center Waste Disposal Landfill

transported. This scenario consisted of route 1 and 2.

Wi, Dy

Residual waste

A

—
===

Origin place

Fig. 5.3. Transport process and parameters used in Transport A.

1) Estimated amount of PV wastes (Wa1)

Based on the annual installation capacity of PV panels according to the dissemination
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statistics of renewable energy from 2004 to 2017 with an assumption of 100 tons of
PV waste generated per MW (KEI, 2018), the amount of PV wastes in the years from
2029 to 2043 was forecasted using the following equation (Paiano, 2015):

W, = ¥7_, uy W, where:

u,, = MWl/year

W = weight (t) per MW

x =year

y = year of waste generation (x + 25)

In the above approach, the assumption was made that the yearly installed weight
amount of PV panels would be equal to the weight of the PV wastes generated 25

years later.

2) Distance from origins to the recycling facility (Da1)
The transportation distances from the discharge points where EoL PV panels are
discarded to the recycling facility were estimated based on the following
assumptions. . The PV wastes initially are expected to be collected at 242 public
screening facilities for recyclable resources, which were assumed to be the origin
because these facilities are closely distributed near possible discharge points in

Korea (ME, 2018).

Based on these assumptions, the transport distance was calculated as follows. (1)
Calculate the average distance from public screening facilities in 17 regions to the

recycling facility and (2) calculate the weighted average distance (Da1) by estimating
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each amount of PV waste generated in every 17 regions. The transportation distances
were estimated by measuring the distances between each 242 public screening
facilities to the recycling facility using the geographic distribution on Google maps,
considering distance and travel time. Particularly, PV waste generated in Jeju Island
is transported by ships additionally; therefore, the amount of PV waste transported

by ship (W) and the shipping distance between Moko port and Jeju port (D;).

In this study, it was assumed that all of the PV wastes would be treated at the
recycling facility, and the reuse of the PV wastes was not considered. This decision
was made because the efficiency would be lowered as time passed if PV wastes were

reused and the aluminum frame and junction box were replaced (Lunardi et al., 2018).

3) Estimated amount of residue transported to the landfill after recycling
(Wa2)

The final amount of waste to be sent to the landfill was based on the high-level EoL

scenarios in Chapter 3. The amount of residue after the recycling process of 1 ton of

PV waste was 562.5 kg, which was composed of 13.2 kg of glass waste, 3.1 kg of

fly ash from the thermal treatment, and 469.2 kg and 77.0 kg of liquid waste and

sludge waste, respectively, produced from chemical material separation.

4) Distance from the recycling facility to the landfill (Daz)
This distance from the recycling facility to the landfill was calculated using the

geographic distribution on Google maps, considering distance and travel time.
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5.2.4. Specification of the transportation scenario via collection center

(Transport B)

In Transport B, the transport distances from the discharge points to the collection
centers, from the collection centers to the recycling facility, and from the recycling
facility to landfill were defined as route 1, 2, and 3, respectively, as depicted in Fig.

54.

Residual waste ‘
A

= g = = i /{/’ A
Origin place fﬁ- Collection \rw PV panel waste "g%-

Waste collection center Waste transport recycling center  Waste Disposal Landfill

ﬁ Wg, D, Whs, Dgs
3 Waste

Fig. 5.4. Transport process and parameters used in Transport B.

1) Estimated amount of PV wastes (Wa1)

W used in Transport B was identical to that of Transport A.

2) Distance from the origin to the collection center (Dg:1)
The transport distance, D1, was calculated based on the average distance from 242
public screening facilities in 17 regions to each of the four collection centers that
have been identified. Then, the weighted average distance (Dg:1) was calculated on

the basis of estimating the amounts of PV wastes generated in all 17 regions.

3) Estimated amount of PV waste after pre-treatment (Weg)

In Transport B, the aluminum frame and junction box were assumed to be
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disassembled from the EoL PV panels at each collection center. By adopting the
weight of the junction box of 10 kg and aluminum frame of 159.5 kg disassembled
per 1 ton of PV waste in Chapter 3, W2 was estimated at 830.5 kg of pretreated PV

waste per 1 ton of EoL PV, which was transported to the recycling facility.

4) Distance from the collection center to the recycling facility (Dg2)
The distance was calculated as the weighted average distance from each of the four
collection centers to the recycling facility after pre-treatment based on the estimated

PV waste amounts generated at the four regions.

5) Estimated amount of residue after recycling (Wes) and distance from the
recycling facility to the landfill (Dg3)
The values of Wgs and Dgz were identical to Wa, and Daz used in Transport A,

respectively.

5.2.5. Life cycle assessment

This study was focused on the effect of transportation on the environmental impacts
of EoL treatment processes of PV waste. The functional unit was 1 ton of c-Si PV
wastes. The system boundary was set as the entire transport process from the origins

to the landfills.

With respect to transportation, the lifecycle inventory datasets used in this study are

presented in Table 5.4. The impact assessment was performed by means of the
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midpoint ReCiPe methods provided by OpenLCA (Winter et al., 2014) with the

Ecoinvent v3.5 database. Six of the 18 ReCiPe midpoint categories were found in

Chapter 3 to be highly influenced by transportation in Chapter 3, were included in

this study, and they were global warming potential (GWP, in kg CO-Eq), ozone

depletion (ODP, in kg CFC-11-Eq), human toxicity (HTP, in kg 1,4-DCB-Eq),

terrestrial ecotoxicity (TETP, in kg 1,4-DCB-EQq), metal depletion (MDP, in kg Fe-

EQq), and fossil depletion (FDP, in kg oil-Eq).

Table 5.4. Datasets used in this study for transportation of 1 ton PV waste.

Transport step Input parameter Dataset
(kg x km)
Transport A- route 1 1000 X Da; transport, fre|ght,_
Transport B- route 1 1000 x Dg, lorry3.5-7.5 metric ton,
EURO6, RoW
Transport B- route 2 830.5 x Dg2 transport, freight,
Transport A- route 2 562.5 X Dag lorry7.5-16 metric ton,
Transport B- route 3 562.5 x Das EUROG, RowW
Transport by ship Wi x Dj transport, freight, sea,

transoceanic ship, GLO
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5.3. Results and discussion

5.3.1. Input parameters of the transportation scenarios

Based on the yearly installed PV capacity from 2004 to 2018, the projected amounts

of PV waste from 2029 to 2043 are shown in Table 5.5. In 2029, the PV waste amount

is forecasted at 255 tons, and it increases by almost a factor of 100 in 2033. The

projected PV waste amount abruptly increases after 2037 and is projected at 236,720

tons in 2043, which is 1000 times higher than that in 2029. From Fig. 5.5, the

distributed discharged PV waste amounts in 17 regions differ annually. In broad

outlines, however, the generated PV wastes from the Jeonnam, Gyeongbuk, and

Jeonbuk regions account for a major portion, except in 2029.
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Fig. 5.5. Regional distribution of PV waste projected from 2029 to 2043 in the

Republic of Korea.
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Table 5.5. Estimated distance (Daz) of Transport A based on the amount of PV waste generated (ton/year).

Calculated distance

Estimated amount of PV waste(ton/year)

Region E'é){n?ioi@;ﬁéi?ﬁm) 2029y [2030y(2031y|2032y|2033y | 2034y| 2035y [2036y| 2037y | 2038y | 2039y | 2040y |2041y| 2042y | 2043y
Seoul 17 1187 4 28 92 133 161 338 360 420 296 1,152 1,429 1455 839 1,110 3,046
Busan 16 306.00 1 5 24 74 132 91 105 178 2574 1,670 1,945 809 585 720 2,428
Daegu 8 1031 43 29 54 902 88 158 97 134 162 1,418 927 964 996 1,111 1,888
Incheon | 22 1672 9 9 140 41 55 97 79 392 576 918 1,198 850 1,359 1,681 2,084
Gwangju 5 2280 69 41 193 901 70 369 132 157 565 920 2,446 2,640 1,113 2,498 3,777
Daejeon 5 56.0 0 13 35 22 58 70 100 116 308 504 048 477 376 659 871
Ulsan 5 2848 2 8 27 37 100 87 76 124 176 263 561 510 125 1,812 986
Sejong 1 272 T 1 1 1 1 111 1 9 335 366 556 852 1,020
Gyeonggi | 35 1102] 13 43 216 452 488 597 636 819 1,653 4,129 6,622 5887 5254 9,794 19,208
Gangwon | 19 2006 18 35 202] 85 179 696 560 224 1,390 5538 2,937 3,707 7,196 13,906 26,199
Chungbuk | 10 614 5 1 126 154 200 820] 563 585 1,734 2,012 3,704 5463 7,229 8,800 13,591
Chungnam| 14 981 9 49 106 196 2,193 895 0912 608 2,315 2,306 9,185 16,65714,897 19,509 25,462
Jeonbuk | 13 1549 2| 10 134 325 5152 2,973 1,712 1,364 4,469 8,91420,831 20,53012,557| 17,510 45,054
Jeonnam | 22 2745 19 143 638 1,77711,319 3,689 2,369 1,099 6,82312,96720,896| 31,701/19,020 20,609 38,927
Gyeongbuk| 22 1774 25 23 116 657 5,783 3,840 2,921 634 2,692 3,516 6,273 11,352(11,977| 20,726 29,027
Gyeongnam 23 2483 21| 42 87 361 1,416 1,623 1,827] 961 3,176 5818 7,000 7,113 4,947 11,287 16,839
Jeju” 5 1473 16 21 43 40 1759 315 216 67 517 961 5300 2,911 1,898 3,669 6,314
W (ton) 255 499 2,232 4,53527,567/16,684/12,665 7,88229,51653,07292,6261113,390/90,922 136,249 236,720
Daz (km) 167.9] 197.7198.2( 193.7] 207.5 208.9 190.3 188.7 174.8| 198.3 197.0| 183.4 185.1] 1732 1740 176.0

*Additional distance of transport by shipping: 178 km
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The travel distance from the origin to the recycling facility (Da1) in Transport A was
calculated as the weighted average of the distances from 242 origins to recycling
centers with the projected PV waste amount for 17 regions. As shown in Table 5.5,
the arithmetical mean of travel distances of 17 regions was calculated to be 167.9
km. Considering the annually estimated PV waste amount, it differed from 173.2 to
208.9 km as the average values of 189.8 km. Additional transportation for PV waste
generated in Jeju region was considered. (1) The shipping travel distance was
estimated to be 178 km and (2) the PV waste amount was estimated to be 6.3 kg to

63.1 kg per total waste amount as 1 ton.

The travel distances from the recycling facilities to the landfills (Da2) of Transport
Awas estimated to be 124.6 km, 243.0 km, 147.5 km, and 149.2 km for each landfill
selected in this study, as listed in Table 5.6. In the subsequent analysis, the default

value was set to 125.6 km for Landfill A, which was the shortest distance.

Table 5.6. Estimated the distance from the recycling facility to the landfill.

Landfill option Landfill Da2, Dgs (km)
Landfill A Gyeonggi Ecoland 124.6
Landfill B Gwangju Sanitary Landfill 243.0
Landfill C Jeonbuk Waste Landfill 147.5
Landfill D Gyeongbuk Waste Landfill 149.2
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Table 5.7. Summarized input parameters of Transport A.

Parameters Input amount Data range
Dai (km) 189.8 173.2-208.9
Daz (km) 124.6 147.5,149.2, 243.0

Dj (km) 178.0 -
Wi; (kg) 25.1 6.3-63.1

The travel distances from the origins to the collection centers (Dg1) in Transport B
were calculated as the weighted average of the distances from 242 origins to four
collection centers, which managed the PV waste generated at each origin. The
projected PV waste amounts at the 17 regions were used as the weighting factor. As
shown in Table 5.8, the arithmetical mean of the travel distance in the 17 regions was
calculated to be 93.4 km. Considering the annually estimated PV waste amount, its
weighted average value was 93.4 km, which differed from 81.7 km to 101.4 km.
Additional transportation for PV waste generated in the Jeju region was considered

the same as D; for Transport A.

While predicting that 830.5 kg of Ws, was produced from 1 ton of Wg;, Table 5.9
shows the weighted average travel distance for Wg> from the four collection centers
to the recycling facility. The arithmetical mean of the travel distance from the four
collection centers (Dg2) was 144.3 km. Considering the disassembled amount of PV

wastes year by year, the weighted distance varied from 147.1 to 167.6 km.

The travel distance from the recycling facility to the landfill (Dgs) in Transport B

was estimated to be the same as Da» in Transport A.
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Table 5.8. Estimated distance (Dg1) of Transport B based on the amount of PV waste generated (ton/year).

Estimated distance

Estimated amount of PV waste (ton/year)

Region E'é){n?ioi@;ﬁéi?ﬁm) 2029y [2030y(2031y|2032y|2033y | 2034y| 2035y [2036y| 2037y | 2038y | 2039y | 2040y |2041y| 2042y | 2043y
Seoul 17 469 4 28 oJ 133 161 338 360 420 296 1,152 1,429 1455 839 1,110 3,046
Busan 16 1221 1 5 24 74 1320 91 108 178 2,574 1,670 1,945 809 585 720 2,428
Daegu 8 12| 43 29 54 92 88 158 97 134 162 1,418 927 964 996 1,111 1,388
Incheon | 22 582 9 9 140 41 55 97 79 392 576 918 1,198 850 1,359 1,681 2,084
Gwangju 5 61.8] 69 41 193 91 70 369 132 157 565 920 2,446 2,640 1,113 2,498 3,777
Daejeon 5 945 0 13 35 22 58 70 100 116 398 504 o048 477 376 659 871
Ulsan 5 1308 2 8 27 37 100 87 76 124 176 263 561 510 125 1,812 986
Sejong 1 775 T 1 1 1 1 111 1 9 335 366 556 852 1,020
Gyeonggi | 35 50.6] 13 43 216 452 488 597 636 819 1,653 4,129 6,622 5,887 5254 9,794 19,208
Gangwon | 19 209.3 18 35 202] 85 179 696 560 224 1,390 5538 2,937 3,707 7,196 13,906 26,199
Chungbuk | 10 1389 5 1 126 154 200 820 563 585 1,734 2,012 3,704 5463 7,229 8,800 13,501
Chungnam| 14 5470 9 49 1068 196 2,193 895 912 608 2,315 2,306 9,185 16,65714,897 19,509 25,462
Jeonbuk | 13 581 2 10 134 325 5152 2,973 1,712 1,364 4,469 8,914720,831 20,530112,557 17,510 45,054
Jeonnam | 22 115| 19 143 638 1,77711,319 3,689 2,369 1,099 6,82312,96720,896| 31,701/19,020 20,609 38,927
Gyeongbuk| 22 924 25 23 116 657 5783 3,840 2,921] 634 2,692 3,516 6,273 11,35211,977 20,726 29,027
Gyeongnam 23 1064 21| 42 87 361 1,416 1623 1,827 961 3,176 5818 7,090 7,113 4,947 11,282 16,839
Jeju” 5 1492 16 21] 43 40 1759 315 216 67 517 961 5300 2,911 1,898 3,669 6,314
Wes (ton) 255 499 2,232 4,53527,567/16,684/12,665 7,88229,51653,07292,6261113,390/90,922 136,249 236,720
De: (km) 934 817 942 989 962 935 953 959 875 99.1 1014 917 918 972 999 994

*Additional distance of transport by shipping: 178 km
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Table 5.9 Estimated distance (Dg>) of Transport B based on the amount of PV waste generated (ton/year).

Region _Estimated Estimated amount of PV waste (ton/year)
Distance (km)| 2029y |2030y|2031y|2032y| 2033y | 2034y | 2035y |2036y| 2037y | 2038y | 2039y | 2040y |2041y| 2042y | 2043y
Metropolitan 122.2 35 94/ 526 575 715 1,400 1,324 1,503 3,171 9,507 9,870, 9,637/11,864 21,458 40,935
Chungcheong 92.2 12 52 217 301 1,985 1,445 1,276 1,060 3,602 3,959 11,479 18,600 18,677 24,154 33,164
Honam 169.7 85 173 817 1,809/13,540 5,950 3,587 2,176/10,022 19,247/40,073 46,803/28,016 35,871 76,199
Yeongnam 192.9 74 85 248 989 6,089 4,697 4,070 1,645 7,112 10,276/13,605 16,806/ 15,090 28,878 41,446
Ws2(ton) 207| 404] 1,808 3,673|22,329 13,492 10,258 6,384| 23,908 42,988 75,027 91,846/ 73,647 110,362 191,743
Dg2(km) 144.3 165.4 153.7| 149.8 162.2| 167.6) 164.5 163.1 151.6f 158.6 157.6f 155.8 153.3 147.1 149.6f 151.2
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Table 5.10. Summarized input parameters of Transport B.

Parameters Input amount Data range
Dg1 (km) 93.4 81.7-101.4
Dg2 (km) 144.3 147.1-167.6
Dgs (km) 124.6 147.5,149.2, 243.0
Dj (km) 178.0 —

Wi; (kg) 25.1 6.3-63.1
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5.3.2. Impacts of EoL PV panels for transportation scenarios

The calculated environmental impacts for the two transportation scenarios are shown
in Fig. 5.6, in which relative values to the high impacts are scaled to 100%. The
environmental impacts of Transport B exhibited in the range of 73% to 86%, which
were lower than those of Transport A. The sum of the travel distance in Transport B
was 362.3 km, which was longer than that in Transport A (313.4 km). Nevertheless,
the lower environmental impacts in Transport B were obtained because the
aluminum frame and the junction box were removed during the pre-treatment of the
PV wastes at the collection centers. Therefore, the amount of PV wastes to be

transported in Transport B was reduced compared with Transport A.

Furthermore, fuel consumption and emissions were reduced when PV waste was
transported by a large-sized vehicle after being collected at the collection center.
Therefore, the environmental efficacy of transportation increases when using a large-

sized vehicle.

The error bars represent the differences produced from the variations of the travel

distance, which were calculated by the weighted average based on the amount of PV

wastes generated at each region, which is used as a weighting factor.
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Fig. 5.6. Relative environmental impacts under the two different scenarios for each
ReCiPe indicator; the higher result is set to 100%. The error bars indicate the
difference caused by the variations of the input parameters.

The contribution of each transport to the entire EoL treatment is presented in Fig.
5.7. Here, the system boundary was expanded to the entire EoL treatment process.
With respect to the GWP, the impact by route 1 and 2 in Transport A was 109.1 kg
COs-eq, indicating that it contributed 19.9% to the entire EoL treatment. Transport
A exhibited that the impact caused by routet 1 was approximately 6 to 8 times higher
than that by route 2. In Transport B, the GWP impact caused by the entire transport
was calculated as 86.0 kg CO»-eq. This contribution to the entire EoL treatment was
found to be 15.7%. With respect to the environmental indicators of ODP, TETP, and
MDP, the contribution percentage related to transportation in Transport A was
calculated to be more than 60%. However, the contribution percentage that resulted

from the indicator of TETP in Transport B was found to be 58.9%, which was the
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most significant among the six different impact categories.
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Fig. 5.7. Relative environmental impacts of the two different scenarios for each
ReCiPe indicator by each process; the higher result is set to 100%; the system
boundary was expanded to the entire EoL treatment process.

In this chapter, four landfill candidates were selected for the final disposal of PV
waste. Figure 5.8 shows the relative environmental impacts of the cases with the
travel distance to each landfill, Da; and Dgs in Transports A and B, respectively. As
the travel distance to the landfill increased from 124.6 km to 243.0 km, the
environmental impact of MDP and TETP in Transport A increased to 9.9% and
15.1%, respectively. In Transport B, however, those values were calculated to be

14.6% and 18.5%, respectively.
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Fig. 5.8. Relative environmental impacts for the four different transport scenarios,
including the effect of the variance in travel distances to the selected landfills.

5.3.3. Impacts of the transportation of EoL PV panels: vehicle size and

type

In this study, it was assumed that the vehicles used for transportation were 5- and 10-
ton lorry based on the inventory of “lorry 3.5-7.5 t” and “lorry 7.5-16 t” in the
Ecoinvent database. As PV waste is expected to increase rapidly from 2034, it is
necessary to use a large-capacity vehicle for efficient transportation. Lunardi et al.
(2018) proposed that “lorry 16-32 t” would be used for transporting PV waste to the
recycling facility. Also, Latunussa et al. (2016) have assumed that different types of
vehicles are used at each transport stage: for example, lorry 3.5-7.5 t for transporting
PV waste to a local collection point, lorry 16-32 t for transporting PV waste to a

recycling plant, and lorry 3.5-7.5 t for transporting residuals to a landfill.
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In this section, a new scenario was set up as shown in Table 5.11. Transport A-1 was
composed of route 1 by “lorry 7.5-16 t” from the origin to the recycling facility and
route 2 by “lorry 16-32 t” from the recycling facility to the landfill. Other input
parameters were the PV waste amount and travel distances for the transportation
used in Transport A. Transport B-1 included Transport B by “lorry 16-32 t” from the

collection centers to the recycling facility with a FU of 1 ton of PV waste.

Table 5.11. Options with different sizes of vehicles for transportation used in this

chapter.
Transport A-1 Transport B-1
Route 1 7.5-16tlorry 7.5-16tlorry
Route 2 16 — 32t lorry 16 — 32t lorry
Route 3 - 16 — 32t lorry

As a result of the analysis, when a large vehicle was used, the environmental impacts
in Transport A-1 with respect to all indicators except TETP were reduced by more
than 50% as compared to the existing scenario (Transport A) as shown in Fig. 5.9.
In Transport B-1, those were reduced by more than 40% as compared to Transport

B.

When comparing Transport A-1 and Transport B-1, the environmental impacts of
Transport B-1 were found to be still lower than Transport A-1, but the difference was
reduced to 1.5 ~ 8.5%. In particular, with respect to TETP, the impact of Transport
B-1 was found to be higher than that of Transport B-1. This is mainly resulted from
the increase of travel distance while the transport via the collection center does not

offset the effect of the reduced amount of PV waste. In addition, the energy and
162



material consumption as well as the emissions were reduced when a large-sized
vehicle was used, but the decreases of these material flows between “lorry 3.5-7.5t”
and “lorry 7.5-16t” were found to be smaller than those between “lorry 7.5-16t” and

“lorry 16-32t”.
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Fig. 5.9. Relative environmental impacts with two vehicle size options for each

scenario; the higher result of Transport A is set to 100%.

In the transportation sector, the issues related to increasing energy efficiency and
decreasing emissions has boomed up the use of electric vehicles as future transport
(Bachman, et al., 2015). Electric vehicles (EVs) have been considered as a promising
technology to reduce green-house gas emissions compared to internal combustion
engine vehicles. Nevertheless, there are only a few research studies focused on
whether the benefits can offset the environmental impacts on the supply of electricity
required for charging and associated with production of battery. Previous studies

reported that their environmental benefits were highly dependent on the energy mix
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that provides electricity to charge EVs and the lifetime of EVs and battery

(Petrauskiene et al., 2020; Kawamoto et al., 2019; Giradi et al., 2015).

EVs are mainly used as passenger cars because of their efficiency, but the freight
movement with EVs has been recently implemented in some countries. Therefore,
this study analyzed the difference in environmental impacts when transporting PV
wastes by trucks that use electricity instead of diesel fuel. It has been assumed that
the vehicle size, travel distance, and the amount of PV wastes in this case are
identical to the baseline scenario used in the previous session. Since the inventory of
electric truck was not available in the Ecoinvent database, the input flows have been
calculated based on the inventory data for an electric passenger car applying the ratio
between the fuel consumption of diesel trucks and passenger car. The electric
consumption of lorry 3.5-7.5t per one-ton kilometer (tkm) was calculated to be 0.398

kWh/tkm, while that of lorry 7.5-16t was 0.169 kWh/tkm.

Fig. 5.10 shows the relative environmental impacts from the transport of PV wastes
associated with the options for different vehicle energy sources. In the case of GWP,
ODP, and FDP, the environmental impacts of transportation options by EVs
(Transport A-2 and B-2) were reduced by 23% to 60% compared to those obtained
by diesel vehicles. These results were mainly resulted from the emissions related to
fuel consumption and the production of fuels for diesel vehicles which decreased due
to replacement with EVs. For the impact categories of HTP, TETP, and MDP, on the
other hand, the environmental impacts of the transportation by EVs increased up to

103% to 514% which were much higher than those of diesel vehicles used in this

164



study. The increase of HTP is mainly due to the production of lithium-ion battery.
And, other impacts, i.e. TETP, and MDP, related to the electricity production varied

with the energy mix such as technologies and fuel types (Petrauskiene, et al., 2020).

The values of the environmental impacts in each scenario shown in Table 5.12.
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Fig. 5.10. Relative environmental impacts dependent on the type of vehicle (diesel
vehicles in Transports A and B; EVs in Transports A-2 an B-2); the result of
Transport A is set to 100%.
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Table 5.12. The environmental impacts of 1-ton EoL PV transportation under different scenarios using the ReCiPe midpoint method.

Impact Unit Baseline Scenario Scenario of Large-sized vehicle Scenario of electricity vehicle
category Transport A Transport B Transport A-1 Transport B-1 Transport A-2  Transport B-2
GWP kg CO2-Eq 1.09E+02 8.61E+01 5.07E+01 4,96E+01 8.37E+01 6.56E+01
ODP kg CFC-11-Eq 1.94E-05 1.54E-05 9.32E-06 9.22E-06 7.77E-06 6.18E-06
HTP kg 1,4-DCB-Eq 8.78E+02 6.74E+02 3.77E+02 3.65E+02 4.14E+03 3.25E+03

TETP kg 1,4-DCB-Eq 4.46E-01 3.82E-01 2.69E-01 2.86E-01 5.45E-01 4.60E-01
MDP kg Fe-Eq 5.69E+00 4.16E+00 2.06E+00 1.88E+00 2.93E+01 2.28E+01
FDP  kgoil-Eq 4.15E+01 3.29E+01 1.96E+01 1.93E+01 2.83E+01 2.22E+01
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5.4. Summary

In this chapter, the environmental burdens were quantified focusing on transportation
during EoL PV treatment. Two scenarios were developed under the assumptions of
employing one recycling facility and four regional collection centers where a proper
pretreatment process for EoL PV treatment should be directed in Korea. It was
assumed that the PV waste amount was projected based on one ton of PV waste
generated per 10 KW electricity production with a lifespan of 25 years. The weighted
distance from the origin to the collection and recycling centers was calculated using
the weighting factor as the amount of regional PV waste, including shipping
transport from Jeju Island. The four candidate landfills for final disposal were
selected considering residual landfill capacity, remaining periods, and permission for

industrial waste.

In Transport A, the travel distance was calculated to be 313.4 km, shorter than that
of Transport B with pretreatment at the collection center, which was 362.3 km. The
ReCiPe midpoint results revealed that the environmental impacts were reduced in
the range of —26.8% to —14.2% in Transport B compared with Transport A. As the
travel distance to the landfill increased from 124.6 km to 243.0 km, the
environmental impacts in Transport A increased to 9.9% and 15.1%, whereas those

values increased to 14.6% and 18.5% in Transport B.

Scenarios A-1 and B-1, with a large-sized vehicle, were developed to evaluate the

effect of the vehicle size associated with transportation. When a large-sized vehicle
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was used, the environmental impacts for all indicators, except TETP, reduced by
more than 50% in Transport A-1. However, the environmental impacts when using

a large-sized vehicle in Transport B-1 reduced by less than 8.5%.

For using EVs as future transport, the inventory for electric trucks was modified to
compare the environmental impacts depending on the vehicle types. For the impact
categories of GWP, ODP, and FDP, the environmental impacts associated with EVs
reduced by 23%-60%. However, for HTP, TETP, and MDP, the environmental
impacts with the transportation using EVs increased by 103%-514%, which is much

higher than those of diesel vehicles.
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Chapter 6. Conclusions

6.1. Conclusions

The environmental impacts of EoL PV treatment were analyzed by LCA
methodology of the ReCiPe endpoint and midpoint LCIA method. In this study, the
EoL scenarios are firstly established, considering their applicability in Korea. Also,
their environmental burdens and benefits caused by each treatment process and the
material recovery, respectively, were compared for each scenario and treatment
process. In the high-level EoL scenario, the treatment process of c-Si PV panels
mainly composed of thermal and chemical treatment for delamination and material
recovery, respectively, whereas the shredding for glass separation was a major
process in the low-level EoL scenarios. All scenarios included the transport for
collection, the disassembly of aluminum frame and junction box, and final disposal
to landfill. It has been hypothesized that the material recovery from the EoL PV
panels and their transportation would play a crucial role in determining the
environmental dis- and burden during the recycling process. In the following, the
most important results obtained from the analysis to validate this hypothesis are

summarized.

The life-cycle environmental impacts of the EoL treatment for c-Si PV waste have

been assessed by developing high- and low-level scenarios.
- The LCA results of EoL c-Si PV treatment without considering the avoided
impacts by the materials recovery indicated that the impacts related to the

high-level treatment were found to be higher than those of the low-level
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treatment because of higher environmental burdens resulted from the
additional processes requiring chemicals, electricity, thermal treatment, etc.
with respect to almost all impact categories.

The impacts related to the toxicity indicators produced by the low-level
treatment were higher than those by the high-level treatment because the
hazardous components were not separated and shredded together with the
cells for final disposal in the low-level treatment. In particular, the impact
results of METP and FETP produced from the low-level treatment were
almost 300 times higher than those from the high-level scenarios because of
the emission of copper and silver ions to the groundwater.

As a result of the endpoint analysis, the environmental benefits associated
with the recovery of copper were most mainly contributed to the entire
benefits in terms of the material recovery. When considering environmental
disburdens related to the material recovery, the EoL treatment substantially
avoided most of the environmental impacts in both high- and low-level
recycling scenarios. The net environmental benefits associated with the
high-level EoL treatment were found to be almost two times higher than
those of low-level scenarios.

The variability of the parameters related to the material recovery process
influenced the environmental impacts in the range of -80% to +200%, while
the variance of parameters associated with the transportation affected the
environmental impacts from -40 to +58%. Therefore, for the precise
assessment, the input parameters related to the transportation, i.e., distance,

the type of vehicles, and transportation routes, should be based on more
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realistic information.

- In general, the PV wastes are mainly treated at low level because of
technical limitations and profitability. The recycling center, having a
capacity of 3,600 ton/year for the high-level treatment, is now under
construction in Korea. The amount of PV waste is expected to exceed this
capacity after the year 2032. When constructing another recycling center,
the economic benefits together with the environmental disburdens produced

from the high-level treatment should be assessed.

The environmental impacts related to the metal recovery process were assessed for
the three different leaching agents to choose the most environmentally friendly
alternative.
- The environmental impacts of the chemical treatment resulted from the use
of thiourea as a leaching agent were found to be superior in 9 out of 11
midpoint impact categories compared to those obtained by using HNO3 and
Io-KI.
- Otherwise, the net benefit, the entire environmental impact caused by each
treatment process and the material recovery, was higher when using HNO3
as a leaching agent compared with two other leaching methods based on the

level of endpoint analysis.

Environmental burdens were quantified with a focus on transportation during the
treatment of PV wastes. The followings are the main results obtained in Chap.5.
- When the travel distance with the pre-treatment at the four collection centers
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was 362.3 km, which was longer than that of the scenario without the pre-
treatment, 313.4 km, the results revealed that the impacts related to the
transportation were reduced to the range of 73.8% to 85.8% in the high-
level scenario. This mainly resulted from the reduction in the weight of the
aluminum frame and the junction box and the less fuel consumption and
emissions due to the utilization of a large-sized vehicle after being collected
at the collection center.

The amount of PV waste was predicted to be increased from 255 tons to
236,750 tons per year from the year 2025 to 2043, approximately by 929%,
with an abrupt increase from 2037. Considering the PV waste projection,
the GWP related to the transport of the PV waste without pre-treatment was
found to be increased from 2.97x10% to 2.42x10” kg CO»-eq in 2029 and
2043, respectively. This indicates that the transport of PV waste in 2043
contributes only 0.026% of the total national GHG emission from road
transportation in 2017.

According to the results of the comparative study on the transport scenarios,
the reduction in the weight of the PV waste by the pre-treatment at the
collection centers of future resource recycle has increased the
environmental benefits. In addition, it is recommended to use a large-sized
vehicle according to increase the amount of PV waste.

Although the transport scenario with the pre-treatment at the collection
centers showed the environmental benefits, the economic benefits would be
considered in order to employ this scenario. The additional cost due to the

increase in travel distance and the installation of equipment for the pre-
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treatment in each collection center should be further evaluated in terms of

the economic aspects.

Overall, the results obtained from this study strongly supported the hypothesis that
material recovery and transportation could play a crucial role in determining the
environmental impacts, especially in terms of the GWP, ODP, HTP, TETP, and MDP

indicators.
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6.2. Further studies

Because most of the input parameters used in this study were based on the literature
and the assumptions, the calculated results are expected to be different from the
environmental impacts obtained by the actual EoL treatment. The assumptions made
in this study have been documented and validated with the LCA results, but further

studies are necessary for a more precise assessment.

Further efforts are needed to assess the environmental impacts based on the field
data, such as the amount of leaching agents, emissions, and recovered materials
during the chemical treatment because the variabilities of these parameters are very
high in the literature. In this study, the environmental impacts associated with the
construction of the recycling facility have not been considered. Thus, the LCI related
to its construction should be developed for more accurate and precise results. In
addition, further studies should be conducted to analyze the combined environmental
and economic benefits in order to expand the industrial market of high-level

treatment.
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