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This thesis examines and assesses the global warming potential of end-of-life crystalline
silicon photovoltaic (PV) module recycling, using scenario-based life cycle assessment of
the Full Recovery End of Life Photovoltaic (FRELP) process. An avoided-burden approach
was applied to study the impact of material-specific substitution assumptions and regional
background systems on climate impact results in German and Chinese conditions. Three
substitution scenarios, optimistic, moderate, and conservative, were simulated in order to
evaluate the sensitivity of avoided global warming potential (GWP) to the recovered material
quality and the displacement assumptions. The results demonstrate that avoided primary
production dominates the overall climate performance of the recycling system while the
direct recycling process burden is relatively small. Climate benefits can vary significantly
according to the substitutability of recovered materials and the carbon intensity of the
regional background systems that are displaced. It was identified that aluminium as the
largest contributor to avoided GWP due to its significant recovered mass and the high carbon
intensity of its virgin counterpart. Glass also contributed substantially to avoided impacts
but was the most sensitive to substitution assumptions arising from differences in recovered-
material quality and end-use equivalence. Silicon and silver contributed less to overall



avoided GWP despite having vital roles for high-value recovery and broader circularity
objectives. The study further exhibits that localized background systems can potentially
influence avoided climate burdens as much as, and sometimes more so than, substitution
assumptions within one region. That suggests that a climate-based assessment of PV
recycling should move beyond recovery-rate focused evaluations and involve explicitly
identifying the impact of material quality and substitution realism, the regional context of
PV production, and the conditional character of climate-related benefits in avoided-burden
modeling.
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SYMBOLS AND ABBREVIATIONS

c-Si Crystalline Silicon
CO, Carbon Dioxide

EoL End-of-Life

EVA Ethylene Vinyl Acetate

FRELP Full Recovery End of Life Photovoltaic

GWP Global Warming Potential
IEA International Energy Agency
LCIA Life Cycle Impact Assessment
MG Metallurgical Grade

MlJ/kg Megajoule per kilogram
PV Photovoltaic

PVPS Photovoltaic Power Systems Programme
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1 Introduction

The rapid growth of solar photovoltaics has established PV systems as one of the leading
technologies in the global energy transition. Simultaneously, a continuous increase in
installed capacity is prompting a discernible challenge on waste management for end-of-life
PV panels. Previous estimates suggest potential global PV waste by 2050 anticipated to be
60 to 78 million tonnes (IEA PVPS, 2020). Recent studies suggest that the cumulative end-
of-life PV modules may exceed 200 million tonnes by 2050 due to an exponential increase
in PV module installation (Komoto et al., 2025). Therefore, the environmental sustainability
of PV systems cannot only be calculated in terms of the generation of renewable electricity

but also must be considered regarding both end-of-life management and material recovery.

This challenge is particularly significant for crystalline silicon (c-Si) photovoltaic modules,
which dominate the PV market and is expected to constitute to the largest fraction of PV
waste streams (Farrell et al., 2020). These modules comprise large volumes of glass and
aluminium, and smaller but also environmentally and economically critical amounts of
copper, silver, and silicon (Singh et al., 2023). End-of-life treatment is thus not only a waste-
management problem, but a resource-recovery challenge that is integral to the objectives of

the circular economy and the material supply security (Farrell et al., 2020).

In conventional PV recycling routes, bulk-material recovery is prioritised, especially
aluminium and glass, whereas complex but valuable fractions such as silver or silicon may
be discarded as an intermediary material as it requires additional treatment processes
(Herceg et al., 2020). Recent studies have found that advanced recycling systems capable of
producing higher quality secondary material can considerably enhance environmental
performance and circularity results (Wambach et al., 2024). Thus, the environmental value
of PV recycling is not only in terms of the quantity of recovered materials, but quality and

potential for further applications.

Life cycle assessment is an integral tool of assessing the environmental implications of PV
recycling systems. However, there are still some considerable methodological

inconsistencies and uncertainties in existing literature. The literature reviews PV recycling



LCAs with large differences in system boundaries, functional units, inventory assumptions,
and impact assessment methods, which has resulted in very large disparities in reported
environmental outcomes despite theoretically comparable studies (Mao et al., 2024).
Moreover, the existing data on c-Si PV recycling inventory are limited which are comprised
with uncertainty regarding electricity consumption, process configuration, and potential fate

of certain recovered fractions (Stolz et al., 2017).

An additional methodological uncertainty involves material substitution within avoided
burden approach. In waste (recycling) LCA modelling, it is commonly assumed that material
and energy recovered in the waste management system substitute material and energy
produced elsewhere. In theory, however, the degree of substitution is influenced by factors
such as purity of the recovered material, contamination, the application of recovered material
in downstream scenarios, and market acceptance. Existing literature suggests high-quality
recovered materials are more suitable to substitution of primary production in higher-value
applications as lower quality outputs get downcycled for lower-value applications
(Wambach et al., 2024). This implies that substitution should not necessarily be assumed as
an assumed one-to-one displacement of primary production, particularly in the case of

materials with complex downstream applications, such as silicon and PV glass.

However, insufficient research has been conducted to systematically examine how realistic
fluctuations in substitution ratios for individual recovered materials change the climate
outcome of c-Si PV recycling in various regional background systems. The gap is significant
as environmental benefits of recycling rely not just on the recovery process itself, but also
on how recovered materials are assumed to replace conventional production and on the
background conditions in which that substitution occurs. This is especially relevant because
the practical significance of advanced PV recycling is determined not only by the ideal
substitution assumption, but also on whether recycling remains environmentally beneficial

when realistic displacement, usually lower than one-to-one, takes place.

This gap is addressed in this thesis using a scenario-based life cycle assessment for c-Si PV
recycling, where substitution is treated as a variable modelling parameter rather than an
implicitly complete assumption. The study is based on FRELP recycling configuration (Full
Recovery End-of-Life Photovoltaic) and will assess the effect of such assumptions on the
global warming potential of recovered aluminium, copper, silver, silicon, and PV glass

through various substitution assumptions. Finally, the analysis compares two regional



contexts, Germany and China, to investigate the extent to which the climate performance of
the same recycling foreground system also varies with different electricity and upstream

production conditions.

The main objective of this thesis is to evaluate how c-Si PV recycling climate performance
is affected by material-specific substitution assumptions in various background systems.
More specifically, it is aimed to study the global warming potential of a FRELP-type c-Si
PV recycling system, establish optimistic, moderate, and conservative substitution scenarios
for recovered aluminium, copper, silver, silicon, and PV glass, to analyse the sensitivity of
avoided-burden results to various substitution assumptions, including whether recycling is
still environmentally beneficial at lower substitution conditions, and to compare the resulting

climate performance of German and Chinese background systems.

Aligning with these objectives, the thesis addresses three research questions. First, how do
material-specific substitution assumptions influence the net global warming potential of c-
Si PV recycling, and to what extent does recycling remain environmentally beneficial under
lower substitution conditions? Second, which recovered material streams are most sensitive
to varying substitution assumptions and how does this sensitivity affect their relative
contribution to the overall environmental benefit? Third, what is the effect of German and
Chinese background systems on the climate outcomes of identical recycling foreground

model?

The scope of this study is limited to crystalline silicon PV modules and climate-oriented
LCA context. The assessment models the recycling processes from end-of-life modules
arrival at the recycling facility to the production of recovered material outputs. Foreground
processes are kept constant regardless of scenario, while regional differences are introduced
through background electricity and upstream production datasets. Thus, the study provides
a comparative and scenario-based assessment of climate performance rather than a

comprehensive multi-impact evaluation of national PV waste-management systems.



2 Literature Review

The analysis of end-of-life PV management has expanded substantially over the past years,
from a focus on operational electricity generation to a full life cycle of PV performance. c-
Si PV modules are central to the literature on sustainable photovoltaic because it has been
dominant in global PV deployment for decades and are anticipated to become the most
substantial waste stream in the future (Farrell et al., 2020). On the other hand, the projected
accumulation of end-of-life PV waste has led to increasing concerns associated with the
environmental impact of end-of-life PV waste treatment and of its management for

embedded materials over time (Komoto et al., 2025).

Proper end-of-life management is fundamental not only due to the anticipated accumulation
of PV waste, but also PV waste embody materials whose recovery may reduce dependence
on primary material production and alter the environmental profile of PV supply chain
(Singh et al., 2023). As a result, PV recycling is gaining increasing emphasis in the context
of circular economy strategies and resource efficiency issues (Bilbao et al., 2021). Yet, while
recycling has an environmental significance, the literature has been less consistent with

respect to how these benefits ought to be assessed and interpreted (Mao et al., 2024).

Recent research varies considerably in the approach to recycling technologies, recovery
efficiencies, material quality, primary production avoidance, and local background
conditions. While some studies model mechanical recycling systems that primarily retrieve
bulk fractions, others focus on advanced recovery systems aiming to recover higher-purity
silicon and precious metals (Herceg et al., 2020). Similarly, studies also differ accordingly
with respect to the extent to which the recovered materials are considered to substitute for
primary production and the regional electricity systems and industrial contexts used to model

recycling processes and avoided burdens (Ardente et al., 2019).

Thus, the question is no longer whether PV recycling is environmentally beneficial, but
rather considering which technical, materials and regional conditions recycling produces
meaningful environmental benefit. The environmental performance of this c-Si PV recycling
is thus increasingly recognized as a function of not only technological recovery performance
but also methodological assumptions such as substitution, system boundaries and regional

background systems.



2.1 End-of-Life Management of Crystalline Silicon PV Modules

End-of-life management of c-Si PV modules is considered a strategic issue because future
PV waste generation is structurally related to the previous history of crystalline silicon
technology in global PV markets. With future predictions depicting a rapid increase in PV
waste streams, there is an urgency on handling of waste modules within waste management

systems and circular economy frameworks (Komoto et al., 2025).

Many research papers discuss PV end-of-life pathways in a hierarchy that prioritises reuse
and repair, followed by recycling and disposal being the least preferred option (Komoto et
al., 2025). In principle, methods to extend product lifespan are environmentally preferable
to material recovery and recycling is usually preferred over disposal. However, practical
implementation of this hierarchy is limited by various technical and economic factors,
including module degradation, transportation costs, collecting logistics, testing

requirements, and downstream recovery infrastructure (Wambach et al., 2024).

A recurring issue with existing studies shows that current c-Si module design acts as a major
barrier for efficient end-of-life treatment. Crystalline silicon modules are highly integrated
laminates composed of glass, encapsulants, polymers, semiconductor layers, metals, and
electrical components that are strongly bonded together during manufacturing (Farrell et al.,
2020). While this device design enhances durability during operation, it makes disassembly
and selective material recovery at end of life complex. This has resulted in many recycling
systems to struggling to separate material streams cleanly and to maintain the purity required
for high-value secondary applications (Bilbao et al., 2021). This challenge has led to an
increasing focus on design for recycling strategies in PV sustainability studies. Several
studies highlight that several recycling constraints arise not at the recycling stage but during
pre-design where long-term recoverability is not considered. Consequently, advances in PV
circularity require not only increase recycling capacity, but also modular design to enable
dismantling, separation and recovery of high-quality secondary materials (Bilbao et al.,

2021).

Meanwhile, the literature also distinguishes between the industrial aspirations in circular
economy and the current industrial practice. While PV modules are considered as potential
source of secondary resources, the existing industrial systems are still constrained by limited

dedicated recycling facilities, inadequate waste volumes, uncertain economic viability, and



limited transparency about the existing pathway for any further downstream treatment
operation (Farrell et al., 2020; Wambach et al., 2024). Therefore, the existing PV system’s
end-of-life management system should not be treated as a mature circular economy on an
operating scale, but rather as a transitional system in which policy aspirations and technology

potential and industry practice not fully aligned.

2.2 Recycling Technologies and Material Recovery Pathways

Studies on PV recycling technologies are increasingly focused on rudimentary mechanical
recycling mechanisms and advanced recycling systems. Mechanical recycling is, however,
currently the dominant industrial approach due to its relatively easy integration within
existing shredding and sorting infrastructure, requiring lower operational costs and moderate
energy demand and possibility to recover bulk material fractions (Wambach et al., 2024). In
the first-generation c-Si recycling systems were designed to crush and recover fractions like
glass, aluminium, junction box components, ferrous and non-ferrous metals, etc (Stolz et al.,
2017). However, the difficulty in mechanical recycling is not mass recovery, but the quality
and purity of recovered outputs. Cross-contamination across material streams often
decreases the functional value of recovered fractions, particularly in case of silicon and
silver, which have higher purity requirements for re-integration in high value applications
(Saura et al., 2025). As a result, recovered materials are commonly downcycled to lower-
grade materials rather than substitution of the equivalent primary materials (Held and

Wessendorf, 2024).

Advanced recycling technology aims to minimize this limitation through additional phases
of thermal, chemical, or hydrometallurgical processing, in order to facilitate separation and
obtain a better quality of recovery. Thermal treatment commonly refers to processes like
pyrolysis where polymers are decomposed under supervised and controlled conditions to
retrieve clean glass cullets, copper ribbons, cell fragments, etc (Fan et al., 2024). Chemical
and hydrometallurgical processes include leaching, precipitation, purification and
electrochemical phases which are able to recover silicon, silver and copper (Ansanelli et al.,
2021). Such systems are typically presented as pathways in the direction to high-value

material recovery and enhanced circularity (Wambach et al., 2024).



However, few studies do not support the simplistic interpretation that high-value recycling
systems are inherently environmentally superior. It is frequently shown in comparison
analyses that there is a trade-off between higher product recovery quality versus increased
process burdens (Saura et al., 2025). Thermal and chemical recovery systems can enhance
the recovery of silicon and precious metals, but are associated with greater complexity of
operation, higher chemical consumption and higher energy demand. Thus, better recovery
does not necessarily mean better environmental performance. The trade-off has significant
life cycle assessment implications because the additional burdens of recycling must be
evaluated against the environmental benefits achieved through the displacement of virgin
material production. Recycling systems cannot simply be measured by the number of
materials recovered. Rather, the environmental impact of recycling depends on whether the
added burdens associated with advanced recovery are offset by better secondary
environmental benefits resulting from high quality secondary materials and a realistic
substitution to primary production (Ardente et al., 2019). This relationship between recovery
quality, process burden and avoided production is one of the key factors shaping LCA results

for PV recycling .

2.3 Life Cycle Assessment of PV Systems

LCA is a standardised method to assess the environmental performance of environmental
impacts of products and services. ISO 14040 and ISO 14044 describe LCA as generally
consisting of four main phases: goal and scope definition, life cycle inventory (LCI), life
cycle impact assessment (LCIA) and interpretation. In the context of PV systems, LCA is
used to evaluate the environmental performance across different stages such as raw material
extraction, manufacturing, installation, operation and EoL treatment. One of the consistent
findings across LCA literature on PV is that the production phase encompassing raw material
extraction, polysilicon purification, and module fabrication is responsible for majority of the
life cycle environmental impact, and the operational phase has a relatively lower
environmental impact because of absence of direct emissions during electricity generation
(Herceg et al., 2020). This is crucial when considering end-of-life management as recycling
has environmental value through removing major environmental burden of primary material

production. Recycling is significant not only because it diverts waste from disposal, but for



also increasing material security by reducing future demand for energy intensive virgin

material extraction (Herceg et al., 2020).

In PV-end-of-life management literature, LCA 1is frequently used for comparing landfill
disposal, downcycling and higher value recycling pathways. Recycling can improve overall
environmental performance over disposal according to most reviews, particularly when
recovery is broadened to high-value fractions such as silicon and silver beyond just bulk
materials (Mao et al., 2024). However, the same reviews also show a significant diversity in

findings as reported, even in studies where similar recycling technologies are investigated.

This is not solely due to technical variation. It is highly methodological as well. LCA results
are also substantially affected by variability in system boundaries, functional units,
allocation methodologies, transport assumptions, background datasets, electricity mixes, and
impact assessment methods. As a result, LCA findings in PV recycling studies should not
be comprehended as direct representations of technological performance alone, but as
outcomes which stem from the interaction of technological structures and the assumptions

made in modelling.

Such methodological sensitivity is extremely relevant for c-Si PV recycling, where many
inventories remain substantially uncertain. Existing studies generally rely on pilot-scale
systems, estimated process data, limited industry information and uncertain specifications
for electricity consumption and downstream materials destination. For example, the current
c-Sirecycling assessment in the IEA PVPS evaluation considered the inventory data quality
as fair and the electricity consumption estimates as having large uncertainties, partly due to
the lack of specific metering data and the inconclusive nature of some downstream material
fates (Stolz et al., 2017). Consequently, existing LCA inventories for PV recycling are
frequently characterized by moderate data quality (Stolz et al., 2017). In the field, thus, the
importance of LCA here is relatively less definitive and more analytical. Even though LCA
is the appropriate method to distinguish which assumptions, process characteristics, and
systems conditions influence more on environmental outcomes, however, it necessarily does

not rule out uncertainty, especially where empirical evidence and datasets remain limited.



2.4 Substitution in LCA and Avoided Burden Approach

One of the important methodological approach used in waste LCA is avoided burden
approach, typically implemented by subtracting the impacts associated with the avoided
production . In LCA, substitution is usually modelled under the avoided-burden approach by
crediting recovered materials for the environmental impacts of the primary materials which
are assumed to be substituted. The environmental benefit thus achieved depends on the
choice of substituted primary material and the extent to which the recovered output can be
considered functionally equivalent to it. Under this approach, the environmental burdens
associated with recycling operations are assessed along with environmental burdens avoided
by substituting products using the recovered materials, in most cases, virgin materials (Stolz
et al., 2017). Recovery of glass, aluminium, copper, silicon, and silver is environmentally
significant only to the extent that they reduce the necessity for primary production elsewhere
in the broader economic system (Singh et al., 2023). The avoided-burden approach is chosen
due to its system-level interpretation of recycling. Recycling is not merely a waste diversion,
but a process that can displace the environmentally intensive primary production process
(Ardente et al., 2019). However, this approach to modelling also proposes a much more
expansive claim concerning displacement. As soon as avoided primary production gets
recognized, the environmental result no longer relies solely on the costs of recycling itself.
It is also conditional on an assumption of what the restored materials will replace, the degree
to which secondary and primary materials are functionally equivalent, and whether such
displacement is plausible under the actual industrial setting (Ardente et al., 2019). This is
why substitution is identified as one of the most important methodological assumptions in
recycling LCA. Modifications to substitution assumptions can dramatically change whether
arecycling system is environmentally friendly, environmentally neutral, or environmentally

unfriendly.

2.5 Challenges in Substitution Modelling

The primary challenge in substitution modelling is that physical recovery does not imply
complete displacement of primary production. The literature emphasizes that substitution is

dependent on at least three interconnected but distinct conditions: the quality of the
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recovered material, the technical suitability of the material for specific applications; and the
extent to which those applications displace primary material production (Wambach et al.,
2024). These distinctions are important because material purity, functional equivalence, and
market displacement are conceptually distinct. Material purity describes the physical
characteristics of recovered output, functional equivalence concerns technical suitability for
a particular application, and market displacement refers to the broader economic premise

that secondary materials reduce initial production within the system (Wambach et al., 2024).

In ¢-Si PV recycling, this problem has the greatest impact for glass and silicon recovery.
Existing studies depicts that the recovered glass often does not meet the quality requirements
needed for closed-loop flat-glass applications and is thus diverted to lower-grade
applications (Held and Wessendorf, 2024). Similarly, silicon recovery is obstructed by
impurity levels and degradation of material quality during recycling (Held and Wessendorf,
2024). Therefore, recovered mass cannot be assumed to be environmentally as effective as

the equivalent mass of primary production.

Another challenge addresses the limited empirical evidence base for substitution
assumptions. Few recycling providers provide robust industrial-scale information regarding
purity of recovered materials, verified downstream applications, and displacement impacts
(Wambach et al., 2024). Thus, substitution ratios in a considerable number of recycling
LCAs operate less as empirical evidence based on market relationships and more as models,
modelling assumptions for the plausible levels of displacement. Although substitution
approach remains methodologically valid, many studies imply that substitution assumptions
should be interpreted as scenario-based modelling parameters related to uncertainty instead
of fixed empirical constants (Wambach et al., 2024). Hence, the environmental impact of
PV recycling largely depends on the conceptualization and implementation of substitution

within the LCA framework.

2.6 Regional Differences in LCA in context to Energy Systems and Recycling

In LCA, regional background systems are influential because they affect both the burdens of
recycling operations and the burdens involved with the products assumed to be displaced.
LCA reviews of PV recycling have consistently found geographic and temporal variation in

background data as a major source of study divergence (Mao et al., 2024).
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This situation is particularly significant in PV systems, as PV manufacturing as well as
numerous recycling processes are electricity intensive processes (Frischknecht et al., 2015).
Hence, the life cycle environmental performance is highly sensitive to regional electricity
mixes. Changes in electricity carbon intensity not only alter the burdens associated with
recycling, but also the burdens embodied in primary materials that might be displaced
through recycling. To address this issue, PV LCA literature have increasingly adopted
providing country-specific and region-specific background datasets (Frischknecht et al.,
2015). Existing inventories show large disparities between major production areas. Chinese
electricity systems were historically dominated by coal (over 75% in 2015) but in early 2024
the share of coal-fired generation fell to a record low of around 53%, while non-fossil fuel
capacity now accounts for more than 50% of the total installed base (Myllyvirta, 2024). The
German electricity mix, however, has shifted in an even more aggressive direction;
renewable energy accounted for nearly 60% of net public generation in 2023, nuclear power
was completely phased out (just 1.5% in 2023), and fossil fuels dropped to around 44%
(Public net electricity generation 2023 in Germany: Renewables cover the majority of the
electricity consumption for the first time, 2024). These variations considerably affect the

environmental-intensity of electricity-consuming industrial processes.

The avoided-burden side of recycling analyses is also influenced by regional background
conditions. The carbon intensity attributed to Chinese PV production tends to be higher due
to electricity mix composition differences and upstream industrial energy used in many
studies that examined PV manufacturing in China. Considering China's extensive presence
in global polysilicon, wafer, cell, and module manufacturing (Frischknecht et al., 2015), both
recycling burdens and the climate performance of avoided primary production are affected
by regionalization. This interaction is methodologically significant, as regional background
systems impact both ends of the net environmental outcome concurrently by shaping the
burdens of recycling and the burdens of displaced primary production. Thus, the same
recycling technology may generate fundamentally different climate impacts depending on

regional conditions.
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2.7 Research Gap

Crystalline silicon PV modules are anticipated to be the dominant PV waste streams in the
future (Farrell et al., 2020). In addition, high-efficiency recovery systems can recover
significantly higher-value fractions of recovered material than mechanical recycling

methods (Wambach et al., 2024).

However, despite many broad conclusions, significant uncertainty exists for the climate
performance of ¢-Si PV recycling systems. There are major variations in existing literature
in system boundaries, inventory quality, background assumptions, and avoided burden
modelling. Consequently, the environmental outcome of PV recycling may not be treated as

a constant or universally applicable result.

The major issue addressed in this thesis pertains to substitution modelling in different
regional background systems. Contemporary c-Si PV recycling LCAs often carry avoided-
burden assumptions even while accounting for the uncertain outcomes regarding recovered-
material quality, downstream applications, and real substitutability. However, very few
studies systematically explore the impact of the different assumptions for substitution of

materials on climate outcomes in different regional contexts.

This gap is methodologically important because regional background systems influence
recycling burdens as well as displaced primary production burdens. At the same time,
substitution assumptions strongly influence over the magnitude of avoided burdens
attributed to recovered material. Thus, climate effects of recycling c-Si PV are unlikely to
be persistent when both substitution realism and regional background conditions change

simultaneously.

The current proposed thesis attempts to address this gap through a scenario-based LCA, in
which substitution is considered as a material-dependent modelling variable that is tested
under differing regional background conditions. Instead of assuming substitution as a fixed
assumption, the paper investigates how realistic differences for substitution conditions will
translate to changes in climate outcomes in contrasting regional settings. Thus, the thesis
addresses a methodological gap in the existing PV recycling literature and contributes to a
more conditional and system-informed understanding of environmental benefit for the c-Si

PV recycling evaluation.
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3 Methodology

Employing the FRELP process as a foreground system, to evaluate the environmental
performance of recycling end-of-life crystalline silicon photovoltaic (c-Si PV) panels, this
study makes use of a scenario-based life cycle assessment framework. The FRELP process,
originally analysed by Latunussa et al. (2016) and further assessed by Ardente et al. (2019),
considered in this study, combines mechanical and chemical processes for enhanced
recovery. The recycling system is modelled according to the process sequence described by
Ardente et al. (2019), which includes processes such as automated dismantling of the frame
and cable, separation of glass, treatment of the PV laminate (PV sandwich), incineration,
sieving, acid leaching, electrolysis and downstream recovery of secondary material fractions
such as aluminium, copper, glass, silver, and silicon. The FRELP technology was originally
designed and deployed down to pilot scale and is considered practical for industrial
applications but due to the insufficient availability of end-of-life PV waste streams, it was
not fully deployed at industrial scale (Ardente et al., 2019). The present study is based on
the same recycling technologies and process logic as the FRELP system but focuses on the
environmental effects under alternative assumptions, concerning substitution of the primary
materials with the recovered fractions of secondary materials. In the reference study, the
recycling process is defined up to the point of material recovery, and downstream benefits
are usually presented through avoided burden modelling. This study takes that approach
further by explicitly investigating the sensitivity of results for change in substitution
assumptions applied to the recovered materials. The analysis is done for German and
Chinese regional conditions considering background electricity systems and upstream
production pathways for primary materials are different. These regional differences are
utilized to evaluate how regional differences and different regional distributions in energy
supply and material production systems affect the regional sensitivity of the net
environmental performance of PV recycling. Despite similar foreground recycling process
in both cases, there are significantly different background systems (power generation and

manufacturing).
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3.1 Goal and Scope

The goal of this study is to assess the global warming potential of recycling of end-of-life
crystalline silicon PV panels and to investigate the difference in their results by applying
different substitution assumptions on recovered materials under varying scenarios. A second
aim is to study the different scenarios in Germany compared to China to compare the effect
of regional background systems on the environmental performance of PV recycling. While
the study adopts an attributional LCA structure, avoided-burden modelling expands the
analysis beyond the burdens of existing recycling by crediting the displacement of primary
material production by secondary materials. This approach is compatible with many PV
recycling LCAs that use substitution-based system expansion within an otherwise

attributional framework.

The scope of this study is limited to the end-of-life recycling stage of the FRELP process.

3.2 Functional Unit

The functional unit of this research is 1000 kg of end-of-life crystalline silicon photovoltaic
panels. This mass-based unit is suitable because the analysis is based on the process of
recycling, and the material recovery from the input of a fixed quantity of waste, instead of
electricity generation performance during the use phase. Using the same functional unit

across all scenarios allows a fair comparison between the German and Chinese cases.

3.3 System Boundaries

The system boundaries are established starting from the point of entry when end-of-life PV
panels enter recycling to recovery of secondary material fractions and the displacement of
corresponding substituted material production within the avoided-burden frameworks. This
covers all elements involved in the core unit of the FRELP recycling including automated
dismantling in order to dispose of any aluminium frames and cables, cable treatment and
segregation processes, glass (fraction) separation, processing of the leftover PV laminate,
and the recovery of material fractions namely aluminium, copper, glass, silver, and silicon.

The upstream process including PV panel production and the use of modules is excluded



15

from the system boundary. Aligning with zero-burden perspective used in LCA modelling
of EoL systems, the PV modules entering the analysed system is considered to have no
upstream manufacturing or operational phase burdens. Thus, the assessment is limited to
EoL treatment and the credits involved with recovered materials. The environmental costs
from recycling activities are incorporated into the foreground system, and background
operations such as supplying electricity and making materials are simulated through
regionally specific data sets. Products of the recovered materials are not modelled separately
as downstream effects. Instead, they are entered into the system through a substitution
approach where secondary materials are assumed to compete with primary materials

production.

i f Incineration — Emisson ———» H
Polymer
Cable [———

— Cable— Treatment .
E— CoppierSrap = Copper & e Displaced Primary
| Recycler - Copper Production

——— Aluminium Scrap—|  Aluminium |

1000kg of Eol ¢-5i PV module
|

PN S—
——————» Disassembly | - -
. Secondary Aluminium Dispitaced Primsry

| Recycler | Aluminium Production
Disassembled PV module

| Glass

b 3 Glass
Separation \l
—

Glass Recycler | Secondary Glass  Dieptated Flat Gtass
Glass Scrap g RS Production

BRI

Glass

Refinement | __ . %
’ E Contaminated Glass __ Landfill Emisson —#
= PV sandwich
Electricity

— Bottom Ash ——
Calcium |
Hydroxide
|

- Emisson —»

Incineration
Inert -
Waste Landfill Emisson —»

l Aluminium = r
 Aluminium Ao Seicidiry Al .| Displaced Prlmar).t
1 Connector Scrap Aluminium Production
Chemical MG Silicon Displaced MG

\E— — 4 Treatment Silicon Production
(Sieving, Acid Copper Serap——| Copper Recycler Secondary Copper | Displaced Primary

Copper Production

Leaching,
Nitric Acid '— ————— | Filtration, i 7 i ;
i — Silver rod+graphite —» il — Emisson * - s
Electrolysis, Silver Secondary Silver .| Displaced Primary
Neutralisation, Refining Silver Productien

Graphite » Filter Press)
Liguid Waste —— Landfill Emisson—+
Sludge ———»|

—————  Process Flow
Cutput
—————  Emision

———————— System Boundary
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end-of-life crystalline silicon PV modules.
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The system therefore represents end-of-life recycling processes through secondary material
generation, while environmental benefits of recycling are incorporated implicitly through
avoided burden modelling rather than through explicit modelling of downstream product
systems. The regional component is embedded into the system boundaries due to the
background processes associated with electricity production or the generation of primary
materials. The foreground recycling is the same across Germany and China, but
environmental burdens caused by energy use and displaced primary production are simulated
across the region with regional data sets to evaluate the extent of the regional variability in

system performance.

3.4 Life Cycle Inventory

The life cycle inventory data is collected and the model is built in LCA for Experts
(previously GaBi) where the FRELP based recycling model was used as the foreground
system. As mentioned earlier, the model treats 1000kg of end-of-life c-Si PV module. Unit
processes along with material flows, recovery yields and foreground process structures are
kept constant across all scenarios. All these are based on the reference FRELP configuration
by Ardente et al., 2019. This ensures that variations in results are not influenced by

modifications in process design or waste composition assumptions.

Table 1: Life cycle inventory of the FRELP recycling process (per 1000 kg of ¢-Si PV

waste).

Flow Value Unit Reference

INPUTS

Electricity for disassembly 53 kWh Ardente et al.
(2019)

Electricity for glass separation 48 kWh Ardente et al.
(2019)

Electricity for glass refinement 3.2 kWh Ardente et al.
(2019)

Electricity for cutting 0.25 kWh Ardente et al.

(2019)
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Electricity for sieving 56.8 kWh Ardente et al.
(2019)

Calcium Hydroxide for Incineration 3.2 kg Ardente et al.
(2019)

Nitric Acid for Acid Leaching in 7.08 kg Ardente et al.

Chemical Treatment (2019)

Water for Acid Leaching in Chemical 173.2 kg Ardente et al.

Treatment (2019)

Water for Electrolysis in Chemical 100 kg Ardente et al.

Treatment (2019)

Graphite for Electrolysis in Chemical 4.5 kg Ardente et al.

Treatment (2019)

Water for Neutralisation in Chemical 36.5 kg Ardente et al.

Treatment (2019)

Calcium Hydroxide for Neutralisation 36.5 kg Ardente et al.

in Chemical Treatment (2019)

OUTPUTS

Secondary Aluminium 173.5 kg Ardente et al.
(2019)

Secondary Copper 4.24 kg Ardente et al.
(2019)

Secondary Glass 617 kg Ardente et al.
(2019)

Metallurgical Grade Silicon 34.7 kg Ardente et al.
(2019)

Secondary Silver 0.5 kg Ardente et al.
(2019)

WASTE AND EMISSIONS

Contaminated Glass to Landfill 14 kg Ardente et al.
(2019)

Inert Waste from Incineration of PV 3.9 kg Ardente et al.

sandwich to Landfill

(2019)
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Oxides of Nitrogen 2 kg Ardente et al.
(2019)

Liquid Waste from Neutralisation 306.1 kg Ardente et al.
(2019)

Sludge from Neutralisation 50.2 kg Ardente et al.
(2019)

Scenario differences are introduced through two parameters: (i) material-specific
substitution ratios applied in the avoided burden calculation, and (ii) regional background
datasets which represents Germany and China. The modelling structure allows isolating the
sensitivity of climate change results to substitution assumptions and regional background

conditions, while keeping the foreground recycling system consistent across scenarios.

3.4.1 PV Panel Composition

The PV panels considered in this study is modelled according to the composition of PV
panels taken into account in the reference study in order to maintain consistency and prevent
ambiguity. In this configuration, glass is the primary mass fraction about 70%, followed by
aluminium frame comprising of 18.5%, and any metallic components disassembled in the
initial disassembly stage. The remaining portion comprises the laminated PV sandwich made
from silicon-based cells which is approximately 3.65%, polymeric encapsulation layers
about 5.1%, and residual materials from mechanical or thermal treatment (Latunussa et al.,
2016). The aim of the modelling is not to reformulate PV panel composition, but to analyse
how environmental results differ under alternative substitution assumptions to recovered

fraction of material.

3.4.2 Recycling Processes.

The recycling is carried out in the same sequence of the FRELP system. Upon arrival at the
recycling facility, end-of-life PV panels are automated disassembled for removal of

aluminium frames and cables and are diverted for recycling and energy recovery. Then glass
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separation, mechanical treatment of the residual PV laminate and thermal processing are

completed for recovery of the embedded material fractions (Ardente et al., 2019).

The process is modelled as a high-efficiency recycling path in line with that of the reference
paper, which indicates FRELP as one the most advanced photovoltaic waste treatment
systems so far developed at pilot scale. The same process logic is used in this study, as the
research does not concern itself with the recycling chain's actual modifications or
optimisation, but with how these environmental results would differ with different
substitution parameters over the recovered outputs. Process-specific recovery losses for
materials such as aluminium, copper, and glass are factored as outlined in the original
FRELP inventory. These losses are kept in order to retain the physical realism of the
recycling system while preserving the material realism, that is realistic for the recycling

system and to conform to the reference modelling framework.

3.4.3 Material Recovery Flows.

The primary recovered material fractions included in the inventory are aluminium, copper,

glass, silver, silicon, and energy recovered by thermal treatment of PV laminate for recovery.

Table 2: Material Recovery Flows

Fraction Phase of Input Recovered Output
Recycling

Aluminium Mechanical 180kg of aluminium 171kg of secondary
scrap aluminium

Copper Mechanical 33kg of copper 3.2kg ofsecondary copper
scrap

Glass Mechanical 700kg of glass 617kg of secondary glass
separated from PV
sandwich

Aluminium Chemical 2.6kg of aluminium 2.5kg of secondary
connector scrap aluminium

MG Silicon Chemical 44kg of bottom ash ~ 34.7kg of MG Silicon
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Copper Chemical 1.08kg of copper 1.04kg of secondary copper
scrap
Silver Chemical 0..53kg of silver rod  0.5kg of secondary silver

Although glass constitutes the largest recovered mass fraction in the FRELP system,
aluminium provides the largest share of environmental benefits in GWP, but silver and
silicon also contribute significantly to total avoided impacts because of their high upstream
production intensities (Ardente et al., 2019). Throughout the existing model, these recovered
materials flows are consistently modelled. Environmental benefits, however, are not an
immutable feature in inventory; they are determined subsequently through scenario-
dependent substitution assumptions used to model the remaining parts of the study. The
GaBi model correlates foreground process results with background systems of electricity
generation in the region and material supply chains. The environmental credits gained from
recovered materials are not considered as physical inventory flows but rather are introduced
through increased system expansion through avoided primary production based on the
substitution ratios, which are characterized over the scenario framework. This enables the
inventory to achieve a simple physical recycling path with variability in environmental

impact based on different assumptions regarding the extraction of primary materials.

3.5 Impact Assessment Method

The climate change category was assessed using the ReCiPe 2016 vl.1 Midpoint
(Hierarchist) method in GaBi. The characterisation set was configured within the GaBi
software with the option "excluding biogenic carbon," which means CO> uptake and
emissions from biogenic sources were excluded from climate change calculations (Sphera,
2022). This setup was consistent across all the scenarios. ReCiPe 2016 has been a standard
practice in photovoltaic end-of-life LCA literature. The Hierarchist perspective represents
one of the most used LCA practice with a moderate time horizon and a policy-relevant

weighting of impact pathways (Laura Schumacher, 2016; Goedkoop et al., 2001).
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Midpoint indicators were chosen over endpoint indicators as they contain fewer modelling
assumptions, with lower uncertainty, which is particularly relevant when comparing
alternative end-of-life scenarios where parameter uncertainty (e.g., substitution ratios) is a
strong variable (Huijbregts et al. 2016). Midpoint characterisation further avoids the value-
based weighting necessary for endpoint aggregation, maintaining a transparent analysis at

the impact-category level.

The analysis assesses how sensitive results are to variations in substitution ratio, based on
the three distinct material specific substitution scenarios (Conservative, Moderate,
Optimistic) selected for each recovered material. This allows the evaluation of sensitivity of
the climate change results to displacement assumptions, without equating parameter
uncertainty with methodological choices in the LCIA. The same ReCiPe 2016 Midpoint (H)

characterisation settings were used consistently across all substitution scenarios.

3.6 Substitution Modelling Approach

The substitution modelling method is a central approach in this research as the environmental
benefits of recycling and material recovery can largely be determined by the degree recovery
of the secondary materials can replace the conventional production. In avoided burden
modelling, recovered materials are credited for reducing primary production, and the
environmental performance of the recycling system depends on the reconciliation between
recycling burdens and avoided impacts. This principle is often applied in PV recycling
studies where net impacts are defined as the difference of recycling emissions and avoided
impacts of displacement for materials production (Stolz et al., 2017). The environmental
benefits of recovered secondary raw materials were constructed using the same avoided
impacts from primary raw material production but with the net of impacts needed for the
recovery of secondary sources of material, similar to what is done in the reference study
(Ardente et al, 2019). The current study applies the same logic of avoided burden, but with
a different modelling framework: alternative substitution ratios for recovered material
fractions are added using the scenario-based modelling framework. These ratios of
substitution are employed to assess the sensitivity of climate change—related outcomes based
on different assumptions of functional displacement and market substitution. There is no

formal approach of using a quality-adjusted avoided burden measure in the study. In the
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quality-adjusted methods, the avoided burden is changed by incorporating an explicit quality
factor that depicts how functional or valuable the secondary material can be compared with
the primary material that it replaces. Quality factors can be obtained from technical
performance indicators or market measures (Bassi et al, 2021). In the current study, on the
other hand, substitution ratios are not computed from the measured characteristics of the
quality parameters. Instead, they are developed as scenario-based modelling parameters that
can be used to represent plausible levels of functional equivalence and integration and

substitution of recovered materials in the market.

3.6.1 Avoided Burden Concept

In this paper, the avoided burden approach rewards environmental credits for recycling
systems whenever they recover materials that reduce the production of conventional
material. In this study, the collected outputs of the FRELP recycling process are assumed to
eliminate such corresponding primary or conventional production trajectories; the avoided
impacts taken by the process of recycling are assumed to be subtracted from any resulting
environmental burden arising from the recycling of these pathways. The net climate impact

of the recycling system can thus be expressed conceptually as:

GWPhet = GWPrecycling' GWPavoided
where,

GWPrecycling represents emissions from recycling processes GWPayoided depicts the avoided

emissions resulting from displaced conventional material production.
For each recovered material, the avoided burden is calculated as:
GWPavoidedm = Mree;m X SRm X GWPprodm

where,

Miree,m is the recovered mass of material m, SRy, is the substitution ratio assigned to the
corresponding material and GWPproam 1 the climate impact associated with the displaced
conventional production route for material m, based on the region-specific background

dataset used in the model.
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This modelling logic is consistent with PV recycling studies using principles of system
expansion and avoided burden to account for the environmental benefits of recovered

secondary materials (Ansanelli et al., 2021; Stolz et al.,2017).

3.6.2 Substitution Ratio as Functional Equivalence Parameter

In practice, the substitution ratio indicates the degree by which a recovered secondary
material is presumed to displace conventional production. A substitution ratio of 1
corresponds to complete one-to-one displacement whereas a lower value corresponds to each
unit of recovered material is credited with displacing less than one unit of conventional
production. In this study, lower substitution ratios represent reduced effective displacement
due to lower functional equivalence, material quality limitations, strict requirement
parameters, contamination, or diversion into lower-grade applications. Previous avoided
burden approaches have typically relied on closed-loop substitution, where single unit of
recycled material is directly substituted one unit of primary material. Such assumptions
could overestimate environmental benefits when the recovered material does not fully
correspond the functional performance or market application of the displaced primary
material. In this study, substitution ratios are considered material dependent case variables
rather than empirically measured quality factors. Hence, the ratios are considered aggregate

numbers accounting for expected functional displacement of each recovered material stream.

3.6.3 Interpretation of Substitution Ratios

In this paper, substitution ratios are considered as modelling metrics which describe the sum
effects of recovery efficiency, secondary material quality, and probable downstream
applications. Lower substitution ratios can imply down-cycling, mixing with virgin material
and/or displacement of valuable alternative materials instead of directly replacing equivalent
primary production. This is particularly important for recovered PV glass, which might not
necessarily revert to closed-loop flat-glass use, while recovered metals like copper or silver
may also come closer to primary-equivalent substitution. Accordingly, the substitution ratio
serves as a simplified proxy for uncertainty in functional equivalence and market

displacement without explicitly modelling each downstream product pathway. Hence, the
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substitution ratios used in this study should be interpreted as exploratory modelling
parameters rather than empirically validated market substitution coefficients. This framing
is acceptable because FRELP process was developed initially at pilot scale and industrial
scale data for the recovered material quality and destination in the market is still limited.
Therefore, this scenario-based procedure provides a transparent method to assess robustness
of climate related recycling benefits under different substitution assumptions and without

over asserting predictive certainty about market behaviour in the future.

3.7 Scenario Design

The scenario design developed for evaluating how sensitive climate performance for the
FRELP-based recycling system is towards substitute material assumptions. Due to the fact
that recovered secondary materials may not completely substitute conventional production
one-to-one, multiple substitution scenarios are defined to represent various degrees of
functional displacement. These are used for applying directly to substitution ratios employed
in the avoided burden calculation described in Section 3.6. The point of the scenario analysis
is to make no explicit prediction for the future market but to assess the robustness of global
warming potential outcomes under alternative and plausible substitution assumptions. It
matters as the FRELP process is still on pilot scale and there is very little industrial data
available about the final applications and performance of recovered material fractions
(Ardente et al., 2019). Scenario modelling is thus employed to explicitly represent
uncertainty in functional equivalence and downstream displacement within the avoided
burden framework. Previous studies of the LCA based on PV recycling demonstrate that the
level of environmental effects significantly depends on assumptions of the product system
displaced from the PV and of the recovered materials quality (Kiskira et al., 2026). This
study addresses this uncertainty by presenting a new approach by incorporating material-

specific substitution ratios that differ according to proposed scenarios.
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3.7.1 Scenario Definition

We define 3 different substitution scenarios: optimistic, moderate and conservative. These
scenarios represent decreasing levels of assumed functional displacement of conventional

material production by recovered secondary materials.

The optimistic scenario states high functional equivalence between recovered and
conventional materials, which means that recovered outputs are expected to displace most
of the primary production due to high purity, low contamination and their suitability for
equivalent applications. The moderate scenario is a representation of intermediate functional
displacement, as is common for uncertainties in material recovery. This case is framed as
the main case for interpretation. The conservative scenario is characterized by limited
functional displacement, in which recovered materials are assumed to replace only a fraction
of conventional production for downcycling, blending, impurities, or restricted application

pathways.

Different scenarios are represented as ratio of substitution per substance, avoiding a set value
for all materials. The range of substitutions is set according to its anticipated recovery
properties and potential for applications for each material. The optimistic, moderate, and
conservative scenarios are the values at the upper, middle, and lower range corresponding to
each material specific. This method directly accounts for differences in recycling behaviour

between aluminium, copper, glass, silver and silicon in the model.

3.7.2 Material Specific Substitution Ranges

The substitution ratios implemented in this study are determined for each recovered material
separately rather than a uniform factor for all recovered outputs. This is due to distinct
recovery paths, potential purity, contamination risk, and refinement requirements for the
material streams recovered, their processing, and likely downstream applications. The
FRELP process involves transferring modules to an automated dismantling system to
remove frames and cables before separation of the glass and treatment of the remaining PV
sandwich. Aluminium along with some copper is recovered very early, while silicon, silver,
and other copper can only be recovered after thermal and hydrometallurgical treatment of

the PV sandwich, including incineration, sieving, nitric acid leaching, filtering, electrolysis,
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and refining (Ardente et al.,2019). Such process differences affect the extent to which each
recovered material can effectively displace conventional material production. However,
because process-specific recovery losses are already represented in recovered output flows
in the inventory model, substitution ratios represent functional equivalence, downstream
applicability, and effective displacement of conventional production, instead of additional
physical recovery efficiency. The chosen ranges should, therefore, be treated as scenario-
based modelling parameters, not measured quality coefficients or direct physical conversion
efficiencies. Therefore, a high substitution ratio does not mean that the recovered material is
physically the same as the raw material. Rather, a high substitution ratio indicates that the
recovered material is assumed to displace a large share of the conventional production
burden associated with the reference substituted product. In each case, the substituted
products follow those identified in the reference FRELP study. Therefore, lower substitution
ratios are not treated as changes in the reference substituted product itself but as partial
displacement of that product in practice due to variations in functional equivalence,
downstream applicability, and possible diversion of some of the recovered material into

lower grade uses.

The optimistic scenario implies favourable recovery quality alongside a stronger
displacement of conventional production. The moderate one describes partial but meaningful
substitution under industrial conditions. The conservative scenario suggests cases where
contamination, downcycling, further refining requirements, or limited downstream

application reduce the effective substitution the recovered materials can perform.

The numerical ranges were derived based on literature-informed engineering judgement,
because consistent industrial-scale evidence on the effective market displacement of
recovered PV materials remains limited. The FRELP research itself reports that more
accurate estimates could be developed after industrialization (Ardente et al., 2019). Hence,
the ranges are not designed as statistically derived confidence intervals, but as scenario-
based modelling assumptions developed for a first-stage analysis of a FRELP-type recycling
route. Broader substitution ranges are assigned to materials whose downstream applications,
purity requirements, and effective displacement of conventional production are more
uncertain, whereas narrower ranges are used where recovery routes and downstream uses

are better established.
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Aluminium

In FRELP process, aluminium is recovered from the module frame by automatic
dismantling, then smaller amounts are removed from internal connectors after thermal
treatment and sieving to bottom ash (Ardente et al.,2019). The recovered aluminium is
identified as secondary and equivalent to the primary aluminium in the literature. The current
study treats this equivalence as uncertain and considers lower displacement values through

scenario modelling.

Relatively high substitution ratios are plausible also since the aluminium frame is
disassembled before the PV sandwich gets subjected to thermal and chemical treatment,
minimising exposure to contamination by glass, pieces of Ethylene Vinyl Acetate(EVA),
fragments of a silicon cell, and leaching residues. Thus, the frame fraction can reasonably
be modelled as a comparatively clean aluminium scrap stream, despite the unavailable data

on alloy-specific composition of recovered FRELP aluminium.

Complete one-to-one substitution of primary aluminium is not assumed. Aluminium
recycling is very sensitive to alloy mixing and impurity accumulation, particularly of iron,
copper, zinc, and silicon components, which restricts the application of secondary
aluminium in high-grade wrought alloy processes (Capuzzi et al.,2018). Recycled
aluminium is typically used on casting alloys because casting alloys are more capable of
tolerating higher impurities than their wrought equivalent, adding risk of downcycling
(Nunes et al.,2023). Therefore, the aluminium range is high but remains under 1.0. The
optimistic scenario depicts a clean, frame-dominated aluminium recovery. The moderate
case allows alloy admixture, dilution, and quality uncertainty. The conservative case is
indicative of more diversion to low-grade casting applications that displace primary

aluminium only partially.

Table 3: Assumed Substitution Ratios for Recovered Aluminium

Scenario Substitution Ratio
Optimistic 0.95-0.85
Moderate 0.85-0.70
Conservative 0.70-0.55

The aluminium substitution ratio reflects the assumed extent to which recovered frame and

connector aluminium can displace the reference substituted aluminium product identified in
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the FRELP study in practice, considering the relatively clean early-stage recovery of the
frame fraction, but also alloy mixing, downstream applicability, and possible diversion into

lower-grade casting applications.
Copper

Copper is recovered from cable treatment after dismantling cables, and further fractions are
retrieved following the treatment of PV sandwich. The reference study considers the
recovered copper as secondary copper equivalent to the primary material (Ardente et
al.,2019). Cable derived copper used as the basis for the copper fraction in this case can be
effectively produced from the material due to its mature, high-value recycling stream;
therefore, high substitution ratios can be expected. Mechanical separation of electrical cable
waste can produce copper concentrates of a high copper content and high recovery efficiency
(Pita and Castilho, 2018). Copper scrap standards also include high-grade categories for
direct melting in addition to low impurity targets for cathode copper production (Forsén et
al., 2017). The upper substitution range also assumes relatively high refining rates and

downstream utilization on par with well-established secondary copper recycling systems.

Additional copper is recovered from interior module fractions following incineration,
leaching, and electrolysis (Ardente et al.,2019). This fraction may contain impurities or
residues like solder, aluminium, silver, and other mixed components. Hydrometallurgical
treatment of complex electronic scrap can recover high purity copper, although product

quality depends on purification efficiency and process optimization (Xiao et al.,2013).

Although copper purity may be high after refining, the substitution ratio is kept below 1.0
since the model is about effective displacement of conventional production more than
recovery by metallurgical methods. The optimistic case shows cable-dominated copper
recovery. The moderate case indicates the fact that the recovered copper streams are mixed
and that some further refining or impurity management may be necessary before the
recovered copper can fully replace the reference substituted copper product. In the
conservative case copper remains valuable and recyclable with lower substitution

effectiveness either from impurity management or lower-grade recycling routes.
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Table 4: Assumed Substitution Ratios for Recovered Copper

Scenario Substitution Ratio
Optimistic 0.95-0.90
Moderate 0.90-0.80
Conservative 0.80-0.70

The copper substitution ratio is the assumed extent to which recovered copper can displace
the reference substituted copper product identified in the FRELP study in practice, taking
into account the relatively high quality of cable-derived copper, the greater heterogeneity of
copper recovered from later process stages, downstream applicability, and possible diversion

into lower-grade recycling routes.
Silver

The silver is recovered from the treated PV sandwich using the method of acid leaching,
electrolysis and refining (Ardente et al.,2019). The reference report categorizes recovered
silver as secondary silver equivalent to the primary material. Silver is also a key economic
driver of higher PV recycling efficiency and thus is consistent with the expected fact that

recovered silver would be refined into high value product.

Silver could potentially have a high substitution effectiveness, owing to existing processing
systems for precious metals, as well as the ability to recover high purity silver obtained from
refined materials. High efficiency of silver recovery results and the high purity of the re-
manufactured materials are reported from published PV recycling papers utilizing
hydrometallurgical and electrochemical approach. The recovered silver purities in the
electrochemical recovery study of crystalline silicon PV cells have been reported, at about
99.9% (Lee et al.,2018). Another study states that silver leaching yields over 97% and high

purified silver recovery following refinery treatment (Zheng et al.,2024).

The substitution ratio is however kept below 1.0 since the FRELP procedure was developed
at pilot scale and it remains uncertain how well the recovered silver, in practice, can displace
the reference substituted silver product after treatment. Furthermore, real leachates may
contain other dissolved metals, which can require further purification before the recovered
silver reaches specifications suitable for high-value applications. (Kanellos et al., 2023).

Thus, lower conservative numbers therefore do not reflect poor silver market demand but,
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instead, are indicative of the residual quality uncertainty, downstream applicability, and the

possible need for additional purification within a pilot-stage recovery route.

Table 5: Assumed Substitution Ratios for Recovered Silver

Scenario Substitution Ratio
Optimistic 0.95-0.90
Moderate 0.90-0.80
Conservative 0.80-0.70

The silver substitution ratio signifies the extent to which recovered silver can displace the
reference substituted silver product identified in the FRELP study in practice, while also
accounting for the high purity achievable after refining, pilot-scale process uncertainty,
downstream specification requirements, and the possible need for additional purification

prior to full primary-equivalent substitution
Silicon

Silicon is recovered after the PV sandwich is cut, incinerated, sieved, leached with nitric
acid and filtered (Ardente et al.,2019). In the FRELP process, recovered silicon is assigned
to substitution of metallurgical-grade silicon rather than solar-grade polysilicon used for new
PV cells (Ardente et al., 2019). This distinction is crucial as the closed loop reuse of
recovered PV silicon in new solar cells requires a high level of purity and subsequent
purification above and beyond FRELP recovery. Available evidence suggests that many
industrially applicable PV recycling technologies either recover streams of silicon that can
be used immediately or produce silicon streams that require substantial refining before

reintroduction into photovoltaic manufacturing (Isherwood, 2022).

Although substituted silicon is modelled as metallurgical-grade silicon, the feasible
substitution range is broad and uncertain as the market potential of recycled PV silicon will
depend on impurity concentration, particle form and the extent of further refinement
requirement. The recovered PV silicon can have metallisation layers, dopants, aluminium
back contacts, anti-reflective coatings, oxides or silver traces as remaining residues. The
requirement to manage these impurities is widely reported in PV silicon recovery literature,
especially under consideration of higher-value closed-loop strategies (Hoseinpur et al.,
2023). Thus, the optimistic range assumes that the recovered silicon is marketable as

metallurgical-grade silicon and will replace existing metallurgical silicon production. The
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moderate range shows uncertainty in impurity content, particle form, and use. The
conservative range captures the cases in which recovered silicon is put towards lower-grade
applications, involves additional refinement that is not accounted for by the avoided burden

credit, or only partially displaces metallurgical-grade silicon.

Table 6: Assumed Substitution Ratios for Recovered MG-Silicon

Scenario Substitution Ratio
Optimistic 0.80-0.65
Moderate 0.65-0.40
Conservative 0.40-0.15

The silicon substitution ratio is the assumed extent to which recovered silicon can displace
the reference substituted metallurgical-grade silicon product identified in the FRELP study
in practice, after evaluating impurity levels, particle form, downstream applicability, and the
possibility that additional refining or diversion into lower-grade applications may limit full

substitution.
Glass

The glass component is the largest fraction of recovered material in the FRELP process. This
creates about 700 kg glass from 1000 kg PV waste, refines it, and sends the recovered glass
scrap to glass recycling. The study assumes that secondary glass applications were medium
to high quality, such as that flat glass may be substituted (Ardente et al., 2019). Nonetheless,
PV glass has the most uncertainty on functional equivalence and downstream market
displacement. PV glass is bonded to EVA encapsulant, and EVA is generally recognized as
one of the primary barriers hindering the recycling of quality PV modules, since it adheres
tightly to glass, cells and backsheets (Farrell et al., 2020). Similarly, design for recycling
guidance identifies EVA separation as a significant limitation affecting recovery of glass and
cell materials (Bilbao et al., 2021). As a result, recovered PV glass may be contaminated by
EVA residues, coatings, silicon particles, metals or fine non-ferrous pollutants, depending
on the degree of delamination and refinement. If the retrieved glass is to be used for cullet
in soda-lime or flat-glass manufacturing, encapsulant residues must be completely removed
(Yuetal., 2022). Recent literature reviews show that even some recycling methods generate
glass fractions for the flat glass recycling while other processes experience cross

contaminations and downcycling (Wambach et al., 2024). This uncertainty is evident in PV
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recycling LCA practices, as well. According to an IEA PVPS recycling study, recovered
crystalline silicon PV glass cullet is predominantly utilized in the production of recycled
foam-glass, although flat-glass production was used as an avoided burden, since detailed
inventory data for the foam-glass route was not available (Stolz et al., 2017). These supports
treating flat-glass substitution is a reasonable upper bound rather than a consistently
observed market pathway. As a result, PV glass has the lowest and largest substitution range.
The optimistic case denotes clean cullet that can partially replace flat glass or high-quality
glass cullet. Moderate case: uses include foam glass, insulation, glass fibre, mixed cullet,
etc. The conservative case depicts downcycling into aggregate, filler or construction

applications with far less avoided burdens than flat-glass substitution.

Table 7: Assumed Substitution Ratios for Recovered Glass

Scenario Substitution Ratio
Optimistic 0.70-0.50
Moderate 0.50-0.25
Conservative 0.25-0.05

The PV glass substitution ratio is the assumed extent to which recovered glass can displace
the reference substituted glass product identified in the FRELP study in practice, reflecting
delamination quality, residual encapsulant contamination, downstream applicability, and the
likelihood that part of the recovered glass may be diverted into lower-value applications

rather than fully displacing the reference flat-glass product.

3.7.3 Implementation of Scenarios in the Model

In the GaBi model, the substitution scenarios were implemented by maintaining the
foreground recycling system constant and changing only the substitution parameters of the
recovered material outputs. Thus, all the process design, the treatment sequence and the
recovered mass flows remain the same across all model runs, and the avoided-burden credits
assigned to the recovered materials are adjusted based on the scenario-specific substitution
assumptions. This modelling structure enables to accurately estimate differences between
scenarios to reflect alternative assumptions about the effective displacement of conventional

material production, rather than changes in the actual physical recycling process.
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The implementation follows the avoided-burden logic presented in Section 3.6.1 and
employed in the FRELP study, where the environmental benefits of recovered secondary
materials are considered based on the amount of recovered materials and the conventional
materials are believed to be displaced by recovered secondary materials (Ardente et
al.,2019). In the present study, however, displacement was not implicitly complete. Instead,
the avoided burdens associated with recovered materials were scaled using material-specific

substitution ratios.

Due to the process-specific recovery losses already being included in recovered output flows
for an inventory model, the variation in substitution ratios only reflects differences in
effective displacement of selected benchmark products in practice rather than physical
recovery efficiency. A lower substitution ratio also suggests reduced displacement of the
same benchmark products under less favourable conditions involving functional

equivalence, downstream applicability, and diversion into lower grade applications.

The benchmark products were the same as those adopted in the reference FRELP study,
including primary-equivalent secondary aluminium, copper and silver, metallurgical-grade
silicon, and medium- to high-quality secondary glass (as well as flat-glass substitution).
These benchmark products were implemented in GaBi using the closest available datasets,
because exact one-to-one corresponding processes were not available for all substituted
materials. The selected GaBi datasets used to represent these benchmark products are

reported in Table 8 for transparency and replicability.
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Table 8: GaBi datasets used to represent benchmark products in the avoided-burden model

Benchmark GaBi Dataset used

Product

Reasoning for Dataset Choice

Secondary

Aluminium alloy ingots

Aluminium casting There was no single similar aluminium

production dataset in the chosen GaBi
database. So an aluminium proxy was used for
all recovered aluminium. This additionally
maintains consistency in the modelling with
that of the FRELP reference study in which
recovered aluminium is treated as an identical
substituted product, not as separate benchmark
products for the mechanically recovered frame

fraction and the post-treatment internal-

connector fraction.

Secondary Copper Copper sheets

There is no associated copper production
dataset in the selected GaBi database. So a
single copper proxy was employed for all
recovered copper. This was also done to
remain consistent with the FRELP reference
study, which defines one substituted copper
product and does not distinguish separate
benchmark products for copper derived from
cables and

copper recovered following

additional treatment.

Medium to High Float Flat Glass
quality Glass/Flat

Glass

This dataset is in harmony with the benchmark
product described in the FRELP reference
study which explicitly deals with medium- to
high-quality glass applications and uses flat-

glass production as an example.

Secondary Silver Copper Cathode

There was no directly corresponding silver
production dataset in the selected GaBi
database. In fact, there was no available input

associated with silver at all. A copper cathode
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dataset was chosen as a pragmatic proxy to
estimate the burden of refining metals. This
proxy should not be interpreted as an
equivalent benchmark product for silver but
rather as a modelling approximation taken due

to database restrictions.

MG Silicon Silicon Mix There was no direct corresponding
metallurgical-grade silicon dataset in the GaBi
dataset presented. As such, the silicon mix
dataset was taken as the nearest available
proxy of the silicon benchmark used in the
FRELP study. However, this was done in order
to approximate a broader industrial silicon
market rather than solar-grade closed-loop
substitution, the study of reference specifies
metallurgical-grade silicon metal as a

substituted product.

Thus, lower substitution ratios do not imply different benchmark products, but partial

displacement of the same benchmark products in practice.

For the main scenario comparison, each material-specific substitution interval was
represented by a single midpoint value. The midpoint was calculated as the arithmetic mean
of the lower and upper bounds defined for that material and scenario. These midpoint values
were not interpreted as statistically most probable outcomes or expected values. Rather, they
were used as representative values to enable consistent comparison between the optimistic,

moderate, and conservative scenario categories.

The optimistic, moderate, and conservative scenarios were therefore implemented in GaBi
as deterministic midpoint runs. In each midpoint run, aluminium, copper, silver, silicon, and
PV glass were assigned their own material-specific midpoint substitution values rather than
a single system-wide displacement factor. This approach preserves both differences between

material streams and sensitivity within each material-specific substitution assumption.

In addition to the midpoint runs, the lower and upper bounds of each material-specific

substitution interval were evaluated separately as deterministic bounding runs. In the lower-
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bound run, all recovered materials were simultaneously assigned the lower bound of their
respective substitution intervals for the selected scenario. In the corresponding upper-bound
run, all recovered materials were simultaneously assigned the upper bound values. Reported
lower and upper scenario bounds therefore represent deterministic envelope cases generated
through the simultaneous application of all lower-bound or all upper-bound substitution
ratios within a given scenario. These runs do not represent statistical confidence intervals or
formal uncertainty propagation. Rather, they indicate the span of model outcomes generated

by the defined substitution assumptions.

The same scenario structure was then applied to both regional model variants, Germany and
China. The substitution ratios assigned to each material remained identical across regions
within the same scenario, while the background datasets used to represent benchmark
conventional production differed by region. In this way, the model distinguishes between
sensitivity to substitution assumptions and sensitivity to regional differences in electricity

supply and conventional material production.

Finally, the GaBi implementation was structured so that each scenario produced a separate
set of GWP results for the same functional unit of 1000 kg of end-of-life crystalline silicon
PV panels. The resulting outputs therefore allow direct comparison of net climate
performance across substitution scenarios and regional background systems. This provides
a transparent basis for evaluating the extent to which the environmental performance of
FRELP-type recycling depends not only on recovered material quantities, but also on the

assumed effectiveness of secondary material substitution.

3.8 Regional Modelling

Regional modelling was conducted in order to evaluate the climate performance of the same
foreground recycling system in different background conditions. In this study, an identical
model of the foreground system remained the same across all cases and conformed to the
FRELP process scenario. Regional differentiation was achieved only through the
background system used in GaBi, which used country-specific electricity datasets and also
used data from some upstream production where regional processes were reported. Where

no suitable regional dataset was available, the most applicable generic or supraregional
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dataset was kept. Thus, the model is not an independent national life cycle system but a

partial life cycle assessment.

In this modelling approach, the differences between Germany and China are due to variation
in background conditions, not changes in the recycling technology itself. The aim of the
regional comparison thus is to evaluate the sensitivity of the recycling results to regionally

varying background systems with an identical foreground treatment chain.

3.8.1 Selection of Regional Background Systems

Germany and China were chosen in order to create two relevant and divergent environments
for crystalline silicon photovoltaic (c-Si) PV systems. China has also been selected because
it is the most significant global PV material and component producing market, with the
highest share of polysilicon, wafer, cell and module production (Frischknecht et al., 2015).
Germany was chosen because it is among the earliest and largest markets for deployment of

PV technologies and thus will be one of the first countries to be confronted by significant

end-of-life PV waste flows (Held and Wessendorf, 2024).

Together, these two regions provide a distinctive contrast between a manufacturing-oriented
PV background and a deployment-oriented context, with increasing end-of-life relevance.
This results in suitable case regions on which to compare whether the environmental
performance of the same recycling foreground at different electricity systems or different
upstream production data conditions is preserved if linked to different electricity systems or

production datasets.

Regional modelling was implemented by replacing background datasets in GaBi wherever
country- or region-specific processes were available. The primary regional parameter was
electricity since electricity is primarily consumed directly in many cycles of recycling and it
also plays an important role in the upstream of the substitution burden of a significant
quantity of used materials. The IEA PVPS inventory framework offers country specific
electricity mix information for China as well as for Germany and it also proves that China’s
electrical system is mainly made up of fossil, while the German one has a more diversified
electricity mix with a large contribution of renewable and other lower carbon sources

(Frischknecht et al., 2020).
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Regionally applied primary material production datasets were also considered other than
electricity where equivalent processes were available in GaBi. Thus, the avoided burden
incorporated by production of substituted virgin material was not regionalised to the extent
supported by dataset availability. If regional datasets were unavailable for a given material
or process, non-regional datasets were implemented to preserve methodological consistency

across scenarios.

3.8.2 Electricity Mix and Regionalised Upstream Production Datasets

One of the most important regional differences in the model is the electricity mix. As the
recycling network features electricity-consuming processes. The direct load of recycling is
also moderated by the carbon intensity of electricity generated by the treatment processes.
China’s electricity production is far more fossil- and coal-based than that of Germany
(Frischknecht et al., 2020). Thus, for the same foreground recycling operations, the global
warming burden linked to electricity consumption is expected to differ among the two
regions. This interpretation aligns with prior PV LCA literature that PV production in China
is more carbon-intensive due to more carbon-intensive power and high energy demand in

manufacturing (Duan et al., 2024).

A second regional variation is associated with the upstream burden of those underlying
materials assumed to be displaced by the recovered materials. In this thesis, the dataset for
region-specific primary production only was used if there were available production datasets
existing in GaBi. For materials which are linked with generic datasets, the avoided credit
does not necessarily reflect regional industrial variances. Thus, the comparison is more
reliable for electricity-sensitive and dataset-supported pathways than for materials whose

upstream production could not be represented using country-specific data.

A distinction between these two conditions is key to interpretation of the results. Since
avoided burdens were measured against primary material production datasets, regionalised
upstream datasets determine the magnitude of the credited benefit where such datasets exist.
Conversely, the regional strength of the avoided-burden effect in the case that generic
datasets are kept must be limited. The comparison between Germany and China should thus
be treated as an adaptation of controlled sensitivity for background system variation, not as

a general comparison of fully localised industrial systems.
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Finally, the same foreground recycling model and the same substitution framework were
used across two regional analyses. Any differences in net global warming potential therefore
result from background electricity and regionalised upstream dataset selection, rather than

from a change in recycling technology, recovery assumption or scenario design.

3.9 Assumptions and Limitations.

A set of modelling assumptions were introduced to formulate a life cycle framework to
recycle crystalline silicon (c-S1) PV systems to achieve consistency and comparability in this
study. These assumptions frame the analytical framework of the model, and the limitations
characterize the imposed constraints on interpretation, as well as the main uncertainty

sources.

3.9.1 Key Assumptions

During the analysis, the foreground recycling system is displayed based on the FRELP
processing configuration. This implies that the recovery sequence and predominant output
fractions are conserved over all model runs and the incoming waste flow is also maintained
the same as the FRELP reference inventory. This assumption provides for comparability
between scenarios, however, excludes differences arising from module design, technology
generation and manufacturer-specific bill of materials specific. The model thus represents a

clear reference case, not a statistically representative PV waste population.

Substitution of virgin material by recovered outputs is modelled in terms of substitution,
where scenario-based substitution ratios have been adopted for each recovered material
stream. These ratios represent the assumed loss of conventional production to secondary
materials. This approach is necessary as the selection of substituted products in a FRELP
framework is partially dependent on process-level assumptions, while the same study
highlights the necessity for future analyses to more explicitly rely on documented
downstream uses of recycled outputs, including for silicon and glass (Ardente et al., 2019).
The substitution ratios are therefore modelling parameters rather than empirically observed

coefficients of market displacement.
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Regional differentiations are introduced through background system datasets. The
foreground recycling processes are held constant and Germany and China are classified by
nation-specific electricity databases and, where applicable, regionalised upstream
production datasets implemented in GaBi. In the absence of regional datasets, generic
datasets are used instead. This makes for a partially regionalised background model, which,
however, may not represent the country-specific life cycle entirely. The impact assessment
is confined to the global warming potential (GWP), in line with the goal of comparing

different climate scenarios and regional background systems.

3.9.2 Methodological Limitations

The first limitation is regarding system boundary definition. The model is developed as a
gate-to-recovered-material system, beginning from the point of entry at the end of the life
cycle of PV modules, up to the generation of secondary material products at the recycling
facility. Collection, transportation to the facility, storage losses, informal disposal processes,
and wider reverse logistics are not considered. These types of processes impact real PV waste
systems through high transport emissions, breakage during handling and a lack of
transparency in waste flows but remain outside the scope of this study (Held and
Wessendorf, 2024). The outcomes should thus be treated as facility-level recycling outputs,

rather than full end-of-life system results.

The second limitation relates to the representativeness and empirical robustness of the
foreground recycling inventory. The FRELP process is described as technologically
advanced, developed to pilot phase level, and indicated as ready for practical industrial
application and yet the study likewise shows that low amounts of collected PV waste play
an obstacle for its further development and industrialisation (Ardente et al., 2019).
Moreover, available life cycle inventory data for c-Si PV recycling are only fair in quality
due to the scarce information, variations between recyclers, unreliable electricity
measurements, and incomplete information regarding the fate of certain material fractions
(Stolz et al., 2017). Hence, FRELP-based foreground should be viewed as an advanced

reference configuration, not a mature industrial average.

A third and major limitation is that it relies on substitution modelling employed within the

avoided-burden framework. The substitution ratios were considered scenario-based
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parameters representing plausible degrees of conventional production displacement and not
empirically verified market outcomes. This adds parameter uncertainty to the estimates,
notably for glass and silicon, whose quality and downstream application routes are less

assured.

The fourth limitation involves regionalisation. While both Germany and China are being
represented based on different electricity data sets and certain regional upstream processes,
the model is still only partially regionally based as generic datasets are still applied where
regional equivalents are not available. As it is not a fully localised national LCA, the results
should therefore be interpreted with caution and only in relation to those parts of the system

that were regionalised.

4 Results

This chapter describes the climate performance of the FRELP-based end-of-life crystalline
silicon PV recycling system for optimistic, moderate, and conservative substitution
assumptions in Germany and China. The results are organized to differentiate between direct
recycling burdens and avoided burden associated with displaced primary material
production. Recovered materials, the sensitivity of avoided impacts to substitution
assumptions, and the effect of regional background conditions on climate performance has
been analysed. Avoided burdens are expressed in this model as negative GWP contributions.
However, for convenience of presentation, the net values obtained here are presented as
positive net climate benefits representing avoided GWP after accounting for direct recycling

burdens.

4.1 Overview of climate performance across scenarios

The recycling system's climate performance was evaluated by isolating direct impacts of the
recycling process from avoided burdens from displaced primary material production. This
distinction is key to identifying whether more extensive climatic effects are influenced
primarily in the recycling foreground or by inferred from the assumptions involved in the

avoided-burden modelling.
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The reference-case implementation (or baseline) chosen in this research refers to the Ardente
et al. FRELP-based recycling model in GaBi, not to a country-specific recycling technology.
Recycling configuration in the foreground was kept consistent across the German and
Chinese cases, based on the same process structure and recovered material outputs in the
reference study. Therefore, the difference between the baseline results between Germany
and China is caused by the regional background datasets used for modelling energy supply
and avoided conventional production, and not alterations to the recycling process itself. In
this sense, the baseline for Germany is the reference recycling system in German background
conditions while the baseline for China is equivalent to the recycling system under Chinese

background conditions.

Only direct recycling burdens and avoided burdens arising from displaced materials were
included for the net calculations reported in this chapter. While the description of the FRELP
operation indicates the energy recovery from incineration, no quantities of electricity being
recovered or steam provided for energy recovery are reported in the source inventory, and
no explicit credit for internal energy recovery is included in the net GWP calculation
(Ardente et al., 2019). The reported net values, accordingly, should be referred to as net

climate benefits, being able to exclude energy recovery credits.
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Figure 2: Direct climate change impacts of the recycling process in Germany and China
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Figure 2 demonstrates that the overall burden of direct recycling was 404 kg CO2-eq/1000
kg EoL ¢-Si PV panels in Germany and 445 kg CO2-eq/1000 kg PV panels in China. Hence,
the recycling burden in China amounted to around 10.15% higher than the German figure.
The primary reason for this difference is mainly because the carbon-intensive electricity for
the Chinese recycling foreground combined with the selective regional background inputs

associated with chemical treatment.
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Figure 3: Material-specific gross avoided climate impacts under the optimistic substitution

scenario in Germany and China
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Figure 4: Material-specific gross avoided climate impacts under the moderate substitution

scenario in Germany and China
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Figure 5: Material-specific gross avoided climate impacts under the conservative

substitution scenario in Germany and China
For all scenarios the avoided climate impacts significantly outweighed the direct recycling

burdens. Under midpoint assumptions, the total avoided impacts were 1949.8 kg CO2-eq in
Germany and 4008.9 kg CO2-eq in China in the optimistic scenario, and 1535.8 and 3308.9
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kg CO2-eq for the moderate scenario, and 1070.5 and 2500.4 kg CO2-eq conservative
scenario. Under these midpoint scenarios, avoided impacts were roughly 5.1, 4.0, and 2.8
times the German recycling burden for each of the optimistic, moderate, and conservative

scenarios, and over 9.5, 7.9, and 6.0 times the Chinese recycling burden.

In all cases, the net benefits of climate change remained negative (once energy recovery
credits were excluded). Under midpoint values, the net results were -1545.8 kg CO2 -eq in
Germany and -3563.9 kg CO2 -eq in China in the optimistic scenario, -1131.8 and -2863.9
kg CO2 -eq in the moderate scenario, and —666.5 and —2055.4 kg CO2-eq in the conservative
scenario. The net result stayed negative even at the lower bound of the conservative scenario,
at —443.6 kg CO2-eq in Germany and —1661.0 kg CO2-eq in China. A regional trend was
observed throughout the analysis. Under midpoint assumptions, in China avoided impacts
were about 105.6% larger than in Germany under the optimistic scenario, 115.5% greater
under the moderate, and 133.6% larger under the conservative scenarios. Additionally, the
China conservative midpoint result was greater than the Germany optimistic midpoint and
approached the Germany optimistic upper bound. It was observed that how regional context
was far more influential to climate performance than variations in substitution assumptions

in a single regional system.

There was also a systematic scenario gradient. By midpoint, avoided impacts declined by
about 45.1% in Germany and 37.6% in China between optimistic and conservative cases.
The observed variation was due to differences in assumed material displacement
effectiveness, as the direct recycling foreground was consistent in all deterministic runs,

despite the difference that occurred during the recycling process.

4.2 Contribution of recovered materials to avoided climate benefits

The avoided climate impacts were further analysed by recovered resources for identifying
the key determinants of aggregate system performance. While figures 3, 4 and 5 illustrates
the contribution of individual materials under different scenarios, Table 9 shows the

corresponding midpoint percentage contributions.
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Table 9: Percentage contribution of recovered materials to total avoided climate impacts

under midpoint assumptions in Germany and China

Germany China
Material Optimistic Moderate Conservative  Optimistic Moderate  Conservative
Scenario (%) Scenario Scenario (%)  Scenario (%)  Scenario  Scenario (%)
(%) (7o)
Aluminium 62.4090 68.230 78.939 81.717 85.254 90.983
Copper 0.783 0913 1.156 0.381 0.424 0.495
Metallurgical 12.579 11.564 8.690 6.118 5.367 3.721
Grade Silicon
Silver 0.179 0.208 0.264 0.087 0.097 0.113
Glass 24.051 19.084 10.952 11.698 8.858 4.689

Across all scenarios and regional cases, aluminium was the dominant material for avoided
GWP. In the optimistic scenario, aluminium contributed 62.4% of total avoided impacts in
Germany, rising to 68.2% in the moderate scenario, 78.9% in the conservative scenario under
midpoint assumptions. Its corresponding shares in China were 81.7%, 85.3%, and 91.0%
respectively. In absolute terms, aluminium was the largest contributor under optimistic
midpoint assumptions, contributing 1216.8 kg CO2-eq in Germany and 3275.9 kg CO2-eq

in China in every scenario configuration.

This pattern depicts the recycling inventory structure in which the aluminium recovery is
large in mass and associated with the high avoided impacts due to the displacement of
primary aluminium production. PV waste with 1000 kg yields about 171 kg of secondary
aluminium along with recovered glass, silicon, copper and silver according to the FRELP
inventory. As a result, the findings demonstrate that aluminium recovery constituted the

dominant material driver of total avoided climate burden in the model.

Glass was the second-largest contributor; however, it illustrated a different sensitivity
pattern. In midpoint conditions in Germany the glass accounts for 24.1% of total avoided
impacts in the optimistic scenario, dropping to 19.1% in the moderate scenario and 11.0%
in the conservative scenario. The corresponding shares were 11.7%, 8.9%, and 4.7% for

China. It is estimated that the German midpoint glass credit decreased from 468.9 kg CO2-
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eq at the most optimistic scenario to 117.2 kg CO2-eq at the conservative scenario,
showcasing an approximate 75% reduction. This suggests that glass had a stronger relative
sensitivity to substitution assumptions than aluminium. Aluminium, however, still produced

the larger absolute change because of its dominant overall contribution.

Metallurgical grade silicon generated a less, but still evident contribution to avoided impacts.
Based on midpoint estimates, silicon made up 12.6%, 11.6% and 8.7% of total avoided
impacts in the optimistic, moderate and conservative scenarios in Germany; while 6.1%,
5.4% and 3.7% in China. While silicon remained environmentally relevant, its contribution

was secondary when compared to aluminium and glass.

Copper and silver only accounted for a modest amount of avoided GWP in total. In each
case under midpoint assumptions, copper remained in the range of less than 1.2%, and silver
below 0.3%. The findings technology climate relevance with technology or economic
importance. Although copper and silver may still represent important targets for advanced
recovery from resource-criticality or economic perspectives, in the current model their effect

on avoided GWP was limited as there were relatively smaller recoverable masses.

4.3 Sensitivity of results to substitution assumptions

The deterministic lower, midpoint, and upper runs were used to compare changes in climate
performance for different assumptions of material displacement effectiveness while
maintaining a constant recycling foreground system. The sensitivity analysis is thus a result

of scenario dependent variation in avoided-burden modelling and not statistical uncertainty.

The avoided impacts in Germany ranged from 1778.2 to 2121.4 kg CO2-eq in the optimistic
case, 1293.4 to 1778.2 kg CO2-eq in the moderate case, and 847.6 - 1293.4 kg CO2-eq in
the conservative case. The respective Chinese ranges were 3722.9-4294.9 kg CO2-eq,
2894.9-3722.9 kg CO2-eq, and 2106.0-2894.9 kg CO2-eq, respectively.

The proportional spread increased with the substitution assumptions becoming more
conservative as estimated relative to midpoint values. In Germany, the lower-to-upper spread
was 17.6% of the optimistic midpoint, 31.6% of the moderate midpoint, and 41.6% of the

conservative midpoint. In China, the corresponding spreads were 14.3%, 25.0%, and 31.6%.
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This suggests that substitution assumptions were more influential as the perceived

displacement effectiveness of recovered materials decreased.

Aluminium and glass dominate the observed sensitivity pattern. Aluminium showed the
largest absolute change due significantly to its dominating contribution to total avoided
GWP, where glass produced the most significant proportional decrease through the scenario
assumptions. Considering German regional midpoint inputs, aluminium fell from 1216.8 kg
CO2-eq under optimistic scenario to 845.0 kg CO2-eq under a conservative model, and glass
from 468.9 to 117.2 kg CO2-eq across similar range. Aluminium thus controlled the overall
variation, while glass was the main contributor to the widening proportional spread under

conservative assumptions.

Regardless of the variations, all deterministic bounds were beneficial for the climate,
provided that net climate benefits excluding energy recovery credits were considered. The
Germany conservative lower-bound case had the lowest net climate benefit at 1226.9 kg
CO2-eq, while the China optimistic upper-bound case had the highest at 4714.8 kg CO2-eq.
It was found that these assumptions for substitution significantly impacted the overall
environmental performance magnitude, however, they did not completely offset the overall

trend of environmental benefit that could be expressed in the deterministic envelope.

4.4 Regional influence on recycling climate performance

A semi-regionalised model with the electricity supply and some displaced products was used
to perform this comparison where they were differentiated between Germany and China
wherever GaBi datasets were available and the other flows were represented by common
proxy datasets. The results, therefore, need to be interpreted as the impact of regional
background conditions in a partially regionalised modelling framework, as opposed to fully
localised national recycling systems. There were comparatively small regional differences

in direct recycling burdens.

The Chinese recycling foreground, as demonstrated in Section 4.1, surpassed the German
value by 40.6 kg CO2-eq, (an increase of approximately 10.7%). In contrast, regional
divergence on the avoided-production side of the model was much greater for all scenarios.

China exceeded Germany by approximately 2059.1 kg CO2-eq in the optimistic scenario,
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1773.1 kg CO2-eq in the moderate scenario, and 1429.9 kg CO2-eq in the conservative
scenario. These variations suggest that the regional background conditions associated with
displaced primary production had a greater impact on overall climate performance than the

recycling process itself.

The regional divergence was not equally due to the recovery of different materials in various
regions. In both local cases, several displaced products, including silver and silicon, were
accounted for with common global datasets, while in both regions the same European proxy
dataset to model float glass was used as no country-specific alternative was available. The
regional difference arose from flows that were explicitly regionalised, especially electricity

supply, primary aluminium and copper production.

One critical finding from this regional comparison is that background-system characteristics
had a stronger effect on avoided impacts than changes to substitution assumptions in one
region. For instance, the China conservative lower-bound result exceeded the Germany
optimistic midpoint result and approached the Germany optimistic upper-bound value. This
shows that the carbon intensity of displaced primary production systems may be greater than
the influence of moving between optimistic and conservative substitution assumptions in the

same regional domain.

Overall, the findings suggest that the climate performance of FRELP-type PV recycling
systems was mainly dominated by displaced primary production and the assumed secondary
material substitution rather than by recycling foreground alone. These observations should
however be interpreted within the modelled assumptions and regionalisation constraints

described further in Chapter 5.

5 Discussion

This chapter interprets the findings in Chapter 4 in the context of previous work into PV
recycling, avoided-burden modelling, and regional life cycle assessment. Rather than
repeating numerical findings, this section explicates the pattern seen in the results and their
methodological importance. The discussion focuses on avoided primary production and the
role of recovered materials, regional background systems, and modelling substitution

through explicit scenarios.
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5.1 Climate performance within the avoided-burden framework

The results demonstrate that the climate performance of FRELP-based recycling system is
determined largely by avoided primary production effects rather than only by the direct
burden of the recycling process alone. According to the modelling framework implemented
in this research, recycling is environmentally beneficial where the recovered material is

considered as a credible substitute for virgin production.

This is consistent with previous studies of advanced PV recycling. Ardente et al. found that
the direct climate burden of FRELP is greater than that of the baseline route, but the total
climate saving is higher because FRELP recovers a greater amount of high purity secondary
materials (Ardente et al., 2019). As for climate change, FRELP yielded savings of 2400 kg
CO»-eq per tonne, compared to 2025 kg CO»-eq per tonne from the baseline process.

The findings thus support a conditional interpretation of climate benefit. Within the modelled
system, the environmental impact of recycling is dependent upon the ability to plausibly
offset carbon-intensive primary production of the recovered outputs. Thus, recycling is not

inherently beneficial just because waste is treated.

5.2 Role of aluminium recovery in avoided climate impacts

The most significant contributor responsible for avoided climate impacts across all scenarios
was aluminium recovery. This shows the combination of a prominent recovered mass with

the significant burden associated to primary aluminium production.

The FRELP inventory produces about 171 kg of secondary aluminium per 1000 kg of PV
waste, as well as recovered glass, silicon, copper, and silver (Ardente et al., 2019). The
aluminium credit scale is consistent with other literature. The IEA-PVPS design-for-
recycling criteria indicate the production of primary aluminium involves an energy demand
around 200 MJ/kg, whereas recycled aluminium requires about 8 MJ/kg, also indicating the
module frame as one of most accessible fractions that are available for recovery (Bilbao et

al., 2021).

Previous research demonstrates the similar trend. Ardente et al. note that even baseline

recycling is beneficial as aluminium frame alone significantly contributes to avoided burden
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(Ardente et al., 2019). The ReSiELP model also reported that avoided primary production
of aluminium was rated as the best resource compared to other recoverable materials in terms

of environmental benefits, above 90% in various impact level categories (Ardente et al.,

2019).

Consequently, aluminium can be considered the primary material influencing total avoided
GWP between the results shown. It partially explains the large regional difference found in
the analysis. Where aluminium is the dominant credit, differences in the carbon intensity of

primary aluminium production have a correspondingly large impact on the result.

5.3 Effect of glass substitution assumptions on climate performance

Glass played a significant role to avoided climate impacts with the large recovered mass, but
its contribution was relatively more sensitive with respect to the substitution assumption on
recovered fraction. Its environmental significance is relevant, however, not to volume of
glass recovered but to the quality of the recovered cullet, the type of primary product that is

assumed to be replaced.

This is distinguished in the literature. Ardente et al. differentiate between the lower- and
higher-quality uses of recovered glass, and link higher value substitution to extremely
selective separation which can maintain purity (Ardente et al., 2019). The IEA-PVPS design-
for-recycling guidance also provides environmental benefit of glass recycling not only with
the recovery of high-grade material but not just with the recovery of glass (Bilbao et al.,
2021). In contrast, comparative studies of recycling technologies indicates that mechanical
treatment process may recover bulk fraction such as glass through relatively low energy

input but often with low-purity due to cross-contamination (Saura et al., 2025).

The findings of this study adhere to a similar logic. Assuming conservative assumptions, the
recovered mass remains unchanged, but the climate credit given to glass reduces because
substituting for high quality is no longer justifiable. Glass thus has the strongest proportional
sensitivity in the model, despite aluminium achieving the strongest absolute change due to

its overall importance.
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5.4 Divergence between climate and circularity priorities

The findings further indicate that climate relevance and circularity relevance are not
completely consistent. Silicon and silver are relevant to the concept of high value PV

recycling, yet they do not, like aluminium, determine total avoided GWP as much.

This distinction is consistent to the PV recycling literature. IEA-PVPS reports highlight the
importance of high-purity recovery of silicon and silver to improve the economics as well as
technical value of PV recycling (Wambach et al., 2024). Ardente et al. also cites part of the
benefit of FRELP versus baseline recycling in the recovery of silicon and silver that would
otherwise be lost (Ardente et al., 2019). Fan et al. similarly frame high-value recovery as a
pathway to bring recovered materials back into their industrial production chains (Fan et al.,

2024).

However, a climate-change-focused assessment gives increased importance to materials
recovered in larger quantities and linked to highly carbon-intensive virgin production.
Ardente et al. highlight that recycled silicon accounts for only a small proportion of the total
climate benefits, even though it may be more important in other impact categories (Ardente
et al., 2019). The current findings, therefore, indicate that aluminium dominates climate
performance, but silicon and silver maintain more importance from resource recovery,

material criticality, and broader circularity objectives.

5.5 Regional influence on avoided climate impacts

For avoided climate impacts, regional background systems significantly affected the scale
of those impacts. This is relevant in the avoided-burden framework as the credit is
proportional to its magnitude, because the carbon intensity of the primary production being
displaced determines its credit, even more so once aluminium gains an overall lead in total
avoided GWP. If recovery of aluminium is assumed to substitute more carbon-intensive
primary aluminium, the corresponding climate credit can be substantially enhanced. This
regional difference is not incidental in this study. It is the result of the interaction between

material dominance and differences in background production systems.



53

Other literature also supports this interpretation. Herceg et al. found that dedicated recycling
approaches have the greatest potential to contribute to the environmental profile of PV
electricity, with benefits surpassing the burdens of all approaches considered (Herceg et al.,
2020). Additionally, the author also notes that dedicated material recovery can greatly reduce
the global warming potential of PV electricity (Herceg et al., 2020).

Nevertheless, the regional output must be interpreted with caution. Existing PV recycling
systems are still limited by low waste volumes, high costs, logistics challenges, and
underdeveloped end markets for recovered materials (Komoto et al., 2025). Previous IEA-
PVPS inventory work also classified available c-Si recycling inventories as only fair in
quality and highlighted uncertainty in electricity consumption and the fate of some material
fractions (Stolz et al., 2017). These results nonetheless indicate that regional background

systems are an important factor in climate performance in avoided-burden models.

5.6 Implications of scenario-based substitution models

A key methodological implication of the current study is that substitution should be treated
through explicit scenarios, rather than through fixed universal assumptions. This is
particularly essential in the case of PV recycling, where recycled materials can vary in their
purity, downstream application, and realistic market equivalence. This approach is supported
by the literature. Ardente et al. differentiate recovered yields on the basis of quality or
application, particularly glass (Ardente et al., 2019). Comparative analyses also indicate that
mechanical routes may recover bulk materials at the expense of purity, while thermal-
chemical routes recover more valuable, higher-value outputs at the cost of higher direct
burdens (Saura et al., 2025). Therefore, substitution factors are better understood as
modelling assumptions about attainable displacement than as fixed characteristics of

secondary materials.

More optimistic substitution assumptions increase avoided burden, and more conservative
assumptions reduce avoided burden. Simultaneously, the sign of the result never varies
between the tested cases. The findings, therefore, indicate that substitution assumptions are
not sufficient to decide whether recycling is considered beneficial, in absolute terms in this
model. The bulk of their influence is in the magnitude of the benefit and in the robustness of

the inference.
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5.7 Implications for high performance PV recycling systems

The study has some implications for the evaluation of high-value PV recycling systems.
Firstly, given that climate performance should become a primary objective, recovery routes
should favour materials that exhibit greater recoverable mass along with greater avoided
virgin-production burdens. Second, the outcome emphasizes the need to retain material
quality instead of merely optimising bulk recovery. The specific recycling strategies have
made the environmental performance of the PV electricity significantly better than lower
value treatment processes. In this study, especially for glass whose contribution depend
mostly on the credibility of the substitution pathway. Third, the results support the relevance
of design-for-recycling. The IEA-PVPS guidance contains practical design measures that are
essential for effective recycling, for example: durable identification of module composition,
careful selection of backsheet materials, encapsulant minimisation or elimination, and the
adoption of frame sealants providing the separation without degrading components (Bilbao

et al., 2021).

These aspects are important as the environmental impact of high-value recycling is not only
associated with end-of-life processing but also whether module design enables clean
separation of the material. Together, these factors indicate that high-value PV recycling
should not only be evaluated by recovery, but also by material quality, realistically identified

substitution pathways, and the carbon intensity of the primary production being replaced.

5.8 Limitations and Future Research

Several limitations should be acknowledged. First, the analysis is limited to climate change.
This is suitable for the research question, but it reduces the perceived significance of
materials such as silicon and silver, whose importance might be greater for resource
depletion or critical-material indicators. Second, because the source FRELP description does
not quantify recovered electricity or steam outputs, no explicit internal energy-recovery
credit appeared (Ardente et al., 2019). The reported net climate benefits are therefore
conservative when considering any uncredited internal energy recovery. Third, the effect of
regionalisation is also incomplete. This reflects that geographically specific inventories and

empirically validated substitution pathways are scarce.
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Future work should therefore look more broadly to gain improved regional background data
as well as better information about the downstream applications of recovered products, for
glass quality, silicon purity and the relative market equivalence of recovered aluminium
products. In general, the discussion indicates that the climate performance of FRELP-type
recycling is mainly determined by avoided primary production: Aluminium dominates the
total avoided GWP, glass accounts for the highest substitution sensitivity, while regional

background is more influential on the final scale of benefits.

6 Conclusion

In this thesis the climate performance of end-of-life crystalline silicon photovoltaic module
recycling was examined through a scenario-based life cycle assessment of the FRELP
process. In particular, the study highlighted avoided-burden modelling, material-specific
substitution assumptions, and regional background systems as factors relevant to climate
outcomes in the Germany and China cases. The thesis also investigates under which
conditions climate benefits are large, robust, or constrained rather than treating recycling as

a universally beneficial end-of-life outcome.

The results indicate that the climate performance of the modelled recycling system is driven
mainly by avoided primary production rather than just the recycling burden. Within the
framework utilized in the study, recycling is also regarded as environmentally beneficial
given how recovered components are assumed to replace virgin production. The central
insight here is not, therefore, that recycling lowers climate impacts, but rather that the extent
to which that reduction occurs depends on the ability of recovered streams to effectively
replace carbon-intensive primary materials. The environmental benefit of recycling is

therefore not an inherent property of the recycling process itself.

A second major conclusion concerns the interaction among the substitution assumptions and
the regional background systems. The results indicate that substitution conditions and
modifications influence climate benefits. Additionally, regional background systems are as
important as substitution assumptions, and in some cases more influential than the
substitution scenarios within a single region. Even if the foreground recycling process was
kept constant, the outcome varies, because the displaced background systems do not possess

the same carbon intensity, and the recovered materials are not equally substitutable under all
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conditions. From this perspective, climate performance of PV recycling is not inherent to the

recycling technology.

This thesis’ primary contribution is to demonstrate how scenario-based substitution
modelling and regionalised background systems can significantly change avoided climate
burdens even when the recycling process itself is held constant. According to the results,
climate performance in PV recycling is not driven by the efficiency of recovery, but by
interaction between material quality, displacement assumptions and regional context of
production. Thus, the study extends beyond conventional recycling-burden comparison by
demonstrating that climate benefits in avoided-burden modelling are dependent on

modelling assumptions.

At the material level, the outcomes show a discernible distinction in environmental
importance. Aluminium accounts for a large portion of total avoided GWP because it
contains significant recoverable mass and a highly carbon-intensive virgin counterpart.
Glass makes a strong contribution to avoided GWP but is most sensitive to substitution
assumptions, because its climate credit is strongly influenced by recovered-material quality
and end-use equivalence. Silicon and silver, while not integral to total GWP, are still relevant
for high-value recovery and larger circularity goals. This is a crucial distinction, because it
indicates materials that are directly relevant to circularity may not necessarily be dominant

contributors to climate performance.

These findings also have general practical implications for the evaluation of high-value PV
recycling systems. Performance metrics on recovery rates are not enough to determine the
environmental impact. Material quality, practical substitution pathways, and the carbon
intensity of the displaced primary production are equally to be considered. In addition, the
results also indicate significant bulk recovery is environmentally important when a large
recovered mass can displace a material whose virgin production is highly carbon intensive.
Thus, priority should be given to designing recycling systems that are capable of preserving
material systems while also maintaining strong recovery of climate relevant material
fractions instead of just maximising bulk recovery without regard to downstream
sustainability. The study acknowledges the importance of module designs that is capable of
clean separation of valuable fraction at end-of-life. Overall, the results suggests that climate
focused assessment of PV recycling should be materially differentiated and regionally

explicit.
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Certain limitations need to be acknowledged. The analysis was limited to climate change
and did not account for the full relevance of high-value recovery for resource depletion,
material criticality, or other impact categories. Internal energy recovery credits were
excluded, and the regionalisation was partial due to limitations in existing inventories and
the lack of existing empirical evidence on downstream substitution pathways and recovered-
material quality. This means that future research should focus on more regionally resolved
inventories, more empirically validated substitution pathways, and broader multi-impact
assessments beyond climate change. Further work is needed on the quality of glass, the
purity of silicon, and the extent of the displacement of primary production by secondary

materials in certain markets.

Overall, this thesis illustrates that the climate performance of high-value PV recycling cannot
be determined only by recovery rates or recycling efficiency. It suggests that future
evaluation of PV recycling systems should go beyond recovery rate-based assessment and
adopt approaches that explicitly address material quality, substitution realism, and regional
production conditions. The environmental value of recycling depends not only on the amount
of material recovered, but also on the extent to which those materials can displace primary

production in real industrial systems.
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