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Circular Pathways for Photovoltaic Modules

Abstract

The rapid growth of photovoltaic (PV) deployment has raised concerns about the management of end-of-life
PV modules, particularly crystalline silicon (c-Si) technologies approaching the end of their service life.
Although PV systems contribute to renewable electricity generation, the increasing number of ageing modules
poses environmental, technical, and resource-related challenges regarding whether these modules should be
reused or recycled. Since PV modules contain valuable materials, including classified critical raw materials
under current regulations, circular end-of-life management requires greater focus. At the same time, the global
PV supply chain remains dependent on energy-intensive manufacturing processes, raw material extraction, and
geographically concentrated production, raising concerns about supply chain vulnerabilities and material
security.

This study investigates reuse and recycling as two circular end-of-life pathways for first-generation PV modules
in a Nordic climate context. Reuse criteria were established based on degradation science, field data and safety
considerations, while a Life Cycle Assessment (LCA) was conducted in SimaPro using the Ecoinvent database
in alignment with EN 15804+A2 and ISO standards. Due to the absence of an established LCA framework for
PV module reuse, the study adapted the EN 15804 principles of polluter pays, end-of-waste state, functional
equivalence, and substitution, to assess the reuse scenario.

The results of this study revealed that PV modules operating in cold climates generally degrade more slowly
than those in other climates. Field evidence further suggests that many PV modules removed early from service
still retain functional value and may qualify for second-life use. However, reliable reuse depends on structured
testing capable of detecting safety-critical defects, and degradation mechanisms that may remain latent during
operation but become important as modules approach the later stages of their service life.

The LCA results further show that the production stage dominates life cycle environmental impacts, accounting
for approximately 90% of total emissions in both scenarios. Within this stage, the solar cell layer represents
only 4% of module mass yet contributes 79% of production emissions, meaning that each 1% share of module
mass associated with the solar cell corresponds to nearly 20% of production emissions. Glass and aluminium
together make up 83% of module mass but account for only 13% of production emissions. Mechanical recycling
targets these heavy and low-impact fractions, while the solar cell that carries the largest environmental footprint
remains unrecovered. This mass-impact inversion is precisely what reuse addresses by extending the lifetime of
functional PV modules, while recycling remains an important pathway for modules that can no longer be
effectively reused.

The study concludes that reuse is not simply an environmental preference but a technically achievable pathway,
as demonstrated by the reuse criteria established in this study based on degradation science and structured
testing. However, the methodological and regulatory frameworks needed to support this at scale, such as
standardised testing protocols, agreed performance thresholds, and economic incentives do not yet exist, and
their absence is what prevents the circular potential identified in this study from being realised in practice.
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1 Introduction

Over the past decades, the global energy system has shifted toward sustainable solutions and away from fossil-
fuel-based systems, largely due to the need to mitigate climate change and reduce greenhouse gas (GHG)
emissions. According to the Intergovernmental Panel on Climate Change (IPCC), global warming is the direct
result of human influence primarily via GHG emissions, noting that current surface temperatures have already
risen 1.1 °C beyond pre-industrial levels. As the energy sector remains the largest contributor of Global Warming
Potential (GWP), the rapid scaling of renewable technologies is critical to achieving net-zero targets by 2050

[1].

Furthermore, global fossil energy reserves, such as oil and natural gas, are projected to decrease by 31% and
24%, respectively, by 2050. This increases the importance of developing renewable energy technologies as
global energy demand rises [2].

However, the move toward an energy system dominated by renewables means trading dependence on fossil-
fuels for dependence on raw materials [3]. This shift suggests that the environmental benefits of reduced
emissions must be weighed against the life cycle impacts of the infrastructure itself. The rapid scaling required
to replace fossil fuels creates linear take-make-dispose pressure on global resources, bringing the circularity of
the PV life cycle into focus.

PV technologies are categorized into three main types: crystalline silicon as the first generation, thin-film as the
second generation, and emerging solar cells as the third generation [4]. A large portion of first-generation
deployed PV modules are reaching their expected end of service life. It is projected that PV waste could reach
1.7 to 8.0 million tonnes by 2030 and up to 78 million tonnes by 2050 worldwide [5].

Managing this growing waste volume requires a more detailed assessment of end-of-life (EoL) strategies. For
first-generation crystalline silicon (c-Si) PV modules, two circular pathways are available to reduce the need for
further raw material extraction while extending the use of resources already invested in. This aligns with the
purpose of the present study, which assesses reuse and recycling as two alternative strategies.

1.1 Aim & Goal

The project aims to investigate two circular pathways, namely reuse and recycling, for the first generation of
photovoltaic (PV) modules nearing the end of their service life. To support this, relevant data were collected and
analysed to identify the opportunities and challenges associated with each pathway, providing a basis for
evaluating their environmental performance. Therefore, the study seeks to answer the following research
questions:

1. Which degradation mechanisms and performance thresholds determine whether first-generation c-Si
PV modules are suitable for reuse rather than recycling?

2. How can reuse eligibility and remaining performance be translated into LCA assumptions in the
absence of an established reuse LCA framework for second-life PV modules?

3. How do the environmental impacts of reuse and recycling pathways differ under these assumptions?
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1.2 Background

1.2.1 PV growth

According to the International Renewable Energy Agency (IRENA), the global PV sector has experienced
increasing momentum since the early 2000s, when cumulative installed capacity stood at 1 GW worldwide,
increased to 100 GW by 2012 and surpassed 1 TW in 2022, with projections suggesting it will reach 2.8 TW by
2030, meaning nearly 2 800 times increase over roughly three decades [6], illustrated in Figure 1.
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Figure 1. Global cumulative installed PV capacity, including projections. Adopted from IRENA [6], regenerated by the author

This rapid growth was supported by continuously declining costs, with PV module prices decreasing by 25%
for every doubling of cumulative global production over the past 44 years, and an 82% cost reduction recorded
between 2010 and 2019 alone [7]. This cost reduction started approximately in 1980. A study in 2006 identified
that between 1980 and 2001, the expansion of manufacturing plant sizes that facilitated economies of scale, was
the driver of cost reductions, accounting for an estimated 43% of the decline. During the same era, improvements
in module efficiency and falling polysilicon costs contributed an additional 30% and 12% to cost declines,
respectively [8]. Following this period, large investments rapidly expanded global manufacturing capacity
across all stages of production. As PV supply started to exceed market demand, continual oversupply occurred
and led to a steady decline in prices for products ranging from raw feedstock materials to finished modules [9].

Building on these, another study found that between 2005 and 2012, the traditional drivers of “learning-by-
doing” and “economies of scale” became less impactful than the impact of upstream industries. The same source
acknowledged that the increasing presence of Chinese manufacturers was a primary factor, as these companies
achieved production costs 22.4% lower than international competitors through regional supply chain networks
[10].

Supportive policy frameworks such as “Feed-in-Tariff” (FiT) also played a key role in driving this growth. This
mechanism provided direct financial incentives to PV system owners by compensating them for electricity fed
into the grid at rates above standard retail electricity prices, thereby making solar systems more economically
attractive to consumers at the time [11]. Further module-level improvements also pushed this growth. PV
modules began offering lower weight-to-power ratios, meaning that the amount of materials required in the
manufacturing process was reduced and the adoption of advanced technologies maximised energy output per
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unit weight. This resulted in developments that contributed to both cost reductions and increased performance

[5].

Together, these factors have contributed to solar energy becoming the fastest-growing renewable energy source.
According to an IEA estimate, solar power is expected to surpass both wind and hydropower and will account
for approximately 16.1% of total renewable electricity generation by 2030. This represents a substantial increase
from only 3% in 2020, suggesting that long-term deployment targets may be achieved sooner than originally
anticipated [12]. As a direct consequence of this rapid market growth with installed capacity increasing from 1
GW in the early 2000s to over 1 TW by 2022, a growing number of the modules deployed during this expansion
are now approaching the end of their expected lifetimes, increasing the need for effective management of the
resulting waste stream.

1.2.2 PV structure

Among the technologies driving the widespread deployment of PV modules, first-generation crystalline silicon
(c-Si) has dominated the market since the early 2000s, as shown in Figure 2. This technology comprises two
major types: monocrystalline (single-crystalline) and polycrystalline (multi-crystalline) silicon, both of which
have a largely similar layer structure, as illustrated in Figure 3.

About 700* GWp PV module production in 2024
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Figure 2. Market share of PV technologies from 2000 to Figure 3. Cross-sectional layer structure of a c¢-Si PV module,
2024. Adopted from [7] adapted by the author from [7].

The power output of PV modules is measured under Standard Test Conditions (STC), which requires an
irradiance of 1000 W/m?, an air mass 1.5 (AM1.5) spectrum, and a cell temperature of 25 °C in a laboratory
condition. The result defines the module's nameplate capacity and is expressed as Watt-peak (W,) [13]. In
addition, the module's ability to convert this irradiance into energy under STC is defined as its conversion
efficiency [14].

C-Si PV modules have improved in efficiency over time. An efficiency range of 14% to 15% was reported for
c-Simodules in 2010, and it reached 22% in 2024 due to further advancements, mostly in mono-Si PV. However,
its twin technology had disappeared from the market by 2024, and mono-Si PV accounted for 98% of the total
market share [7], [15]. Mono-Si became dominant primarily because its higher efficiency delivers the same
power output from a smaller area, reducing land use, roof space requirements, and balance-of-system costs. It is
reported that the output per module was below 200 W in 2010, rose to approximately 350 W by 2019, and
reached between 550 W and 700 W for predominant mono-Si modules by early 2025 [16].

While both technologies are largely similar, the key difference lies in their cellular architecture. Multi-Si PV
consists of multiple small crystals of different sizes and typically has slightly thicker wafers. In contrast, mono-
Si PV has a single, uniform crystal lattice and thinner wafers. This difference directly affects their performance,
as the electrical current encounters fewer obstacles in monocrystalline cells, resulting in higher efficiencies [17],
[18], [19].
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Understanding the layered structure of ¢c-Si modules is important for EoL management because the different
materials vary in terms of purpose, recovery potential, and environmental impact. In addition to the solar cells,
which form the core of a conventional c-Si PV module, several other layers are laminated into a sandwich-like
structure. While the solar cell layer is responsible for electricity generation, the remaining layers provide
mechanical support, protection, and electrical insulation. A description of these layers is provided in Table 1.

Table 1. Material composition of the c-Si PV module

Key components Purpose

Aluminum frame | Adds mechanical stability and rigidity to the whole module and keeps the different
layers of the PV module together [20].

Tempered glass Allows solar rays to penetrate while providing physical protection and mechanical
strength, preventing the inner layers from being exposed to environmental stressors
[21].

Solar cell layer The core of a ¢c-Si module is the solar cell, which generates electricity by absorbing

photons and converting their energy into electrical current. Multiple cells are
connected in series using interconnectors and arranged in rows. The interconnectors
and busbar ribbons then act as an energy highway, carrying the collected current across
the cells to the bussing ribbon, which directs it to the junction box [22].

Ethylene-Vinyl Ethylene-Vinyl Acetate (EVA) is the primary support layer for the solar cell. Two
Acetate (EVA) layers of this polymer, one positioned above and one below the solar cell layer, to
encapsulate the cells and protect them from UV exposure, moisture ingress, and
thermal cycling, all of which can cause damage to the cell layer. It also acts as an
adhesive, binding the layers of the laminate together [23], [24].

Backsheet Isolates internal layers by preventing leakage of live electrical current from inside the
module to the outside, as well as moisture ingress and UV exposure from the outside
to the inside [25].

Junction box Consists of ribbons from the solar cell layer, bypass diodes, and cables. It serves as the
interface between the ribbons that carry energy from the solar cells and the external
cables connected to the system, while also protecting these components from moisture
ingress by isolating them from direct environmental contact [25].

1.2.3 PV resources and supply chain

PV modules generate electricity with lower greenhouse gas emissions than fossil-fuel-based systems during
operation. This transition, however, often shifts the burden from greenhouse gas emissions to resource depletion,
as the manufacturing process remains reliant on raw material extraction and non-renewable energy reserves
[26], and demand for critical materials and energy will increase accordingly as PV production expands.

C-Si PV modules typically require silicon and silver, depending on the type, and the use of each material carries
its own concerns. The manufacturing phase of PV modules is typically energy-intensive, with solar cell
production as the primary driver. Producing a solar cell involves several stages that require high temperatures,
from the mining of silica sand and the extraction of metallurgical-grade (MG) silicon, through further
purification and solidification into wafers, to final surface treatments. The purification of silicon into wafers for
multi-Si applications alone requires temperatures of 1 100 °C to 1200 °C in the Siemens process, which
accounts for the highest energy use in PV manufacturing [27]. Although the total energy use during production
is largely determined by the production process itself and remains broadly similar regardless of where modules
are produced, the resulting emissions vary considerably depending on the carbon intensity of the local electricity
grid, powering that process.
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According to the International Energy Agency (IEA), China currently has the most competitive manufacturing
costs for clean energy technologies globally. On average, production costs in other markets are higher, reaching
up to 40% more in the United States, 45% more in the European Union, and 25% more in India than in China
[28]. This makes China the global leader in providing a clean electricity generation technology. However, a
study on China's electricity grid reported that its energy mix is heavily reliant on fossil fuels, with coal
combustion accounting for 79% of its grid mix [29]. The effect of the energy source on production is further
supported by another study that conducted an LCA of the production of two conventional PV modules in China,
Germany, and the European Union. The researchers found that manufacturing in Europe reduces greenhouse
gas emissions by 30% to 40% compared to China, reflecting the effect of a cleaner electricity grid [30].

In addition to the environmental impact associated with a fossil-intensive electricity mix, the extreme
geographic concentration of PV manufacturing introduces supply-chain vulnerabilities. China currently hosts at
least 80% of the world’s manufacturing capacity across all segments of the solar PV value chain, encompassing
processes from the initial purification of polysilicon to the final assembly of modules [28]. Because such a
dominant share of the global PV production line is concentrated in a single region, global PV deployment has
become highly vulnerable to trade restrictions, geopolitical tensions, or sudden policy changes affecting that
region. In addition to the effects of fossil fuel combustion and supply chain vulnerability, resource depletion is
also on the horizon. Silver used in interconnectors and as a front paste for solar cells [18] is at risk of shortages,
as the PV industry's demand for silver is projected to reach between 29% and 41% of total global supply by
2030. At the same time, the silver supply may only meet two-thirds of total global requirements by that date
[31].

In terms of resources, the European Union introduced the Critical Raw Materials Act in 2024 in response to
expected growth in demand for critical rare earth elements and other key materials in the coming years. Critical
Raw Materials (CRMs) are materials that are both economically important to the EU and at risk of supply
disruption, largely because their production is concentrated in specific countries worldwide, making their supply
chains vulnerable. The Act aims to achieve three main goals: expanding and diversifying the EU's supply of
these materials, improving circularity through better recycling and recovery, and supporting research into more
resource-efficient processes. The regulation also aims to reduce Europe's dependence on external suppliers for
materials critical to its economy. In the context of c-Si PV modules, aluminium, copper, silicon, boron, and
phosphorus are among the critical materials included in the CRM list [32], [33].

However, the Act does not define specific recovery targets for critical materials in PV modules, nor does it
require the use of recycled materials in the manufacture of new modules. As a result, there is currently no
regulatory framework to ensure the recovery of materials of sufficient quality from EoL modules.

Overall, the material composition of c-Si PV modules highlights the importance of effective EoL management.
Nevertheless, current recycling practices and existing regulations do not fully address these resource-related
challenges. The following section, therefore, explores how the dominant recycling approach deals with the
recovery of valuable materials from EoL modules.

1.2.4 PV recycling

To address the growing volume of PV waste, recycling can offer a promising pathway to recover the valuable
materials embedded in PV modules. Among continents, Europe is the only one to have established a structured
regulatory framework to manage the PV waste stream. The European Commission expanded its Waste Electrical
and Electronic Equipment (WEEE) Directive in 2012 to include PV modules. It introduced an extended producer
responsibility (EPR) framework under which manufacturers are responsible for the logistical and administrative
processes of their products at the end of life. In 2018, the directive further set targets and mandated a minimum
total mass recovery of 85%, with at least 80% of module mass to be reused or recycled.

While this framework has provided the foundation for the expansion of recycling facilities across Europe, it has
also directed European industry toward the currently dominant commercial approach: mechanical recycling.
This approach, adapted from existing glass recycling industries in some countries, targets only bulk material
recovery, such as glass and aluminium, which together account for more than 80% of a module's total mass,
meaning that recycling these fractions alone is sufficient to meet legal requirements [34].
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Although a large fraction of PV module mass is recovered through this approach, it does not yield high-quality
recovery. Mechanical recycling heavily relies on shredding and crushing to break the PV module; therefore,
different types of scrap metals are mixed and contaminated after the recovery [34]. This type of recycling
frequently reduces the quality of materials compared to their original form and cannot be used in the same
application again, a process known as downcycling [35]. The recycled fractions, such as aluminium, glass, and
a portion of metals like copper from wires and junction boxes, can be sold to metals processors or aluminium
recyclers. Still, the remaining fraction is typically incinerated for energy recovery or landfilled [36].

In terms of cost, the polymers, such as EVA and backsheet, that are burned for energy recovery carry a higher
value within this fraction, but not these materials themselves. The solar cell layer, consisting mostly of a silicon
wafer and silver trapped in the encapsulation, accounts for half of the PV module's economic value while
representing only approximately 5% of its mass, reflecting the insufficiency of mechanical recycling in
recovering a major contributor to the PV module's economic value [37]. In response, laboratory and pilot-scale
studies explored more advanced recycling pathways, such as thermal and chemical processes, capable of
recovering more materials and at higher purity levels.

The Full Recovery End-of-Life Photovoltaic (FRELP) process, developed under the European LIFE
programme, exemplifies what is achievable at the pilot scale. The study examined one tonne of module waste;
the process recovered at least 94% of non-polymer materials, with quality close to that of the original materials.
A following life cycle assessment based on this process reported a 10% to 15% reduction across environmental
impact categories, including global warming potential, ozone depletion, and ecotoxicity, relative to the impact
reduction of conventional mechanical recycling [38]. These advanced approaches typically lead to upcycling,
in which recovered materials retain qualities close to those of their virgin counterparts and can be reintroduced
into their original supply chains [35].

However, these recovery yields represent only part of the picture, as thermal and chemical recycling typically
involve high energy use and harsh chemicals. Thermal delamination or pyrolysis, for instance, requires
temperatures of approximately 500 °C — 600 °C in an oxygen-free environment to decompose the EVA layers
and access the solar cells, followed by chemical treatment with nitric acid to fully separate the cells from the
polymer. This hybrid process can cause atmospheric emissions that contribute to acidification and lead to acid
rain, in addition to specialised equipment requirements [39], [40].

In summary, while thermal and chemical recycling offer higher recovery rates and environmental benefits, the
high upfront costs remain the primary barrier to large-scale adoption because these processes require high
energy use, specific chemicals, and specialised equipment. Mechanical recycling, on the other hand, remains
the state-of-the-art approach in the PV sector, particularly in Europe, while meeting legal requirements and
costing less, even though it loses a valuable fraction of CRMs. Given these limitations, the possibility that
modules entering the waste stream may still retain sufficient function for reuse rather than direct recycling
deserves further investigation.

1.2.5 PV reuse potential

PV modules are typically warranted for 25 to 30 years, with guaranteed output thresholds of 90% of rated peak
power in the first decade and 80% thereafter through year 25. However, many modules are decommissioned
before their expected end-of-service life. It was estimated that, in recent years, 80% of the European PV waste
stream consisted of modules that had been prematurely decommissioned, i.e., removed from service while still
functional, either individually or as part of a larger system replacement [41]. This figure aligns with an earlier
2019 study, which estimated that approximately 45% to 65% of the PV waste stream at that time was still
suitable for repair or reuse [42]. These estimates should nevertheless be interpreted with caution, and more
studies are needed to support claims of reusability.

A 2018 study, conducted in collaboration with the European Commission, examined a 10 kW, c-Si PV system
in Switzerland, the oldest grid-connected PV system in Europe, installed in 1982. Researchers measured the PV
modules' performance in 1982, 2001, 2010, and 2017 using indoor IV tracing, insulation resistance, visual
inspection, and electroluminescence (EL) imaging. They further revealed that after 35 years of operation, 60%
to 70% of the modules still met standard warranty criteria. The study concluded that a useful service life of 35
years or more is technically achievable for ¢-Si modules in temperate climates [43].
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A second study conducted a global meta-analysis of degradation rates by analysing 80 datasets comprising
approximately 70 000 modules installed worldwide since 1979. The researchers further concluded that c-Si
technology exhibited the highest stability, and that modules in cold climates degraded much more slowly, with
projected lifetimes of up to 47 years in installations with adequate ventilation [44]. These findings support the
case for module reusability and raise the question of what pushes early decommissioning despite this technical
potential. Several factors have been identified, the first of which is economic.

Economic reasons can drive revamping in some cases, when Balance-of-System (BoS) components, such as
inverters or PV modules, are replaced. At the same time, the total installed capacity remains the same, but the
use of newer, higher-efficiency modules results in less land use compared to the previous plant. In other cases,
it occurs through repowering, in which components or modules are replaced with newer, higher-efficiency
alternatives on the same ground area, resulting in higher energy generation per unit area than the previous
installation [45].

Furthermore, the decline in PV module prices has transformed building renovations into a pathway to premature
system retirement. Even when the existing plant is still functional, owners often find that the labour costs of
remounting old equipment are not justified, especially since installers are typically unwilling to provide long-
term service guarantees for a system they did not originally install. Consequently, building owners favour full
system replacements that provide both higher efficiency and renew the warranties [46]. Moreover, data from
the Australian PV sector reveal that the labour costs and time-consuming nature of field testing often outweigh
the cost of a new system. According to these industry interviews, this leads manufacturers to favour the
wholesale replacement of an entire string during warranty claims, even when a system failure is limited to a
single panel. Whilst this is efficient for the manufacturers, it contributes to the premature decommissioning of
functional modules that could otherwise remain in service [47].

Additionally, the PV sector is a global supply chain that typically involves long transportation, from the
manufacturing gate to importers and to installation locations. Internal layers of a PV module are typically brittle
and can lead to structural defects due to unavoidable mechanical stresses during transportation. Historical data
from suppliers underlines this risk. A study involving a sample of 2 million PV modules reported that
transportation damage alone accounted for 5% of early-life failures [48]. This risk persists through the
installation phase, leading to waste generation before a system begins its operational life.

Beyond the reasons behind early decommissioning, another important question is how much remaining
performance is sufficient for a module to be considered suitable for reuse. Researchers from the University of
South Australia, for instance, proposed a certification system categorising decommissioned modules by State
of Health (SoH): a Gold Tier for modules having above 80% of original performance are suitable for demanding
applications such as residential rooftops, a Silver Tier for modules between 64% and 80% that are suitable for
community or off-grid projects, and a Bronze Tier below 60%, where recycling is recommended [49]. However,
this suggestion may conflict with existing legislation. NREL has noted that in certain territories, state and local
electrical regulations restrict the reuse of PV modules on building rooftops due to fire safety [46].

A separate framework developed at UFSC in Brazil takes a different approach, adjusting the criteria based on
how much is known about a module's history. For modules with no specific background, a minimum of 60% of
rated power is required. In comparison, modules with a documented history are instead checked against a 10%
margin of their expected degraded output. When tested on a group of 22-year-old modules expected to perform
at 78% of their original rated power, a total of 68% of the PV modules qualified for reuse, which were then split
into Class A and Class B based on how well they performed relative to expectations. The same study also notes
that the TRUST PV project adopts a more lenient approach, accepting modules with as little as 50% of their
original performance for reuse [16].

Furthermore, researchers from imec and the bifa Umweltinstitut suggest that a module retaining at least 70% of
its original power can still be considered a product rather than waste. They argue that this limit makes sense, as
it sits just below what a typical module delivers after 20 years in the field [50].

Even with the lack of a minimum performance threshold suitable for PV reuse, decommissioned modules have
already been successfully deployed in real-world applications. One example of industrial-scale reuse is
SOLARCYCLE's facility in Texas, which runs in part on a 500 kW, system built from around 1 000
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decommissioned panels. Modules were tested through IV and EL testing to confirm remaining performance
without any physical repair. The system covers approximately 50% of the facility's electricity use, indicating
that decommissioned modules can serve as a reliable energy source in commercial applications [51].

Overall, the evidence reviewed in the background section highlights a clear gap in current EoL practices for PV
modules. Many modules are removed before reaching the end of their technical lifetime, while the most common
recycling methods mainly recover material mass rather than preserving environmental value. At the same time,
a considerable portion of decommissioned modules may still retain enough functionality for second-life use.
These findings shape the core problem explored in this study and guide the methodological approach presented
in the following chapter.
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2 Methods

Due to the emerging nature of second-life applications of PV modules, this study adopts an exploratory mixed-
methods approach, combining a literature review with a Life Cycle Assessment (LCA). The method is structured
into two main phases, and the overall workflow is shown in Figure 4.

Decommissioned PV module

Repowering, revamping or warranty reasons

Degradation science
Mechanisms, lifetime phases
failure modes

Degradation rates
Swedish PV system data

Testing procedure
fail at any point: exit to recycling

o e e —

Reuse criteria met?
Safety, Wear-out mechanisms

Reuse pathway

Testing, redistribution

Recycling pathway

Mechanical recycling (state-of-the-art)

Degraded performance

LCA - EN 15804+A2
13 environmental impact categories
GWP focus

Figure 4. Overall workflow of the studly.

In the first phase, a literature review was conducted to establish a reuse framework and assess the technical
feasibility of PV module reuse for this study. It allowed the study to identify the conditions under which reuse
may be preferred over recycling, whilst also considering recycling as an alternative pathway. Without
understanding the degradation mechanisms, the ways of detecting failures, and the effect of those on module
performance over time, it is not possible to define which modules are suitable candidates for reuse and which
should be directed to recycling. The literature review therefore did not serve as a standalone phase, but as the
direct source of the technical feasibility assessment and as the basis for the inputs that made the LCA reuse
scenario possible.
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In the second phase, a Life Cycle Assessment (LCA) of an aged multi-Si PV module at the end of its warranty
period was conducted as a conservative scenario. This phase evaluates the environmental impacts associated
with two EoL pathways: reuse and recycling. Key parameters identified in the literature review, particularly
those related to performance degradation and reuse suitability, were used as input assumptions for the reuse
scenario. Furthermore, as no established LCA framework exists for PV module reuse, this scenario was
constructed by adapting the principles of the EN 15804 standard that is built upon ISO 14040 and 14044.

2.1 Literature review method

To assess the technical feasibility of PV module reuse and establish a reuse criterion for this study, a structured
literature review was conducted primarily through Scopus, which served as the main database for identifying
relevant publications. The search was performed using a combination of predefined keywords, including PV
module degradation, crystalline silicon degradation rate, photovoltaic reuse, second-life PV, PV testing
procedures, applied both individually and in combination to ensure broad coverage of the relevant literature.

The initial search returned a total of 54 articles. A screening process was then applied to narrow the scope to
publications directly relevant to the goal of this study. Titles, abstracts, and conclusions were reviewed, and
articles were excluded if they did not address ¢c-Si PV module degradation at the module level, well-established
testing methods, or field evidence. Following this screening process, 28 articles were identified as directly
relevant and retained for full review.

The full review was structured around four main topics, each corresponding to the sections of the first phase.
First, the degradation mechanisms affecting c-Si PV modules were examined, focusing on processes that cause
performance loss over time. Second, reuse approaches and testing procedures proposed in the literature were
reviewed to identify the conditions under which a decommissioned module may remain suitable for second-life
use. Third, module-level degradation rates reported in field studies were analyzed, with particular attention to
studies conducted in Sweden. Finally, the findings from these three areas were synthesised to define the reuse
criteria that form the backbone of the LCA inputs in this study. The findings of each topic are presented in the
Results section.

2.2 Life Cycle Assessment (LCA)

Based on the reuse criteria established in the first phase of the study, the EoL pathways diverge depending on
the module's condition. Modules that pass the testing procedures proceed to reuse, while modules that do not
are directed to recycling. A Life Cycle Assessment (LCA) was therefore conducted to model both pathways
within the same framework.

LCA is a structured methodology for quantifying the environmental consequences of a product or service
through all stages of its life cycle, from raw material extraction to EoL treatment. By covering the full lifespan
rather than isolated stages, the method helps identify burden shifting, i.e., reducing environmental impact at one
stage such as the production phase, may lead to increased impacts at another such as EoL treatment. In this way,
LCA supports more transparent and complete environmental decision-making [52].

Furthermore, ISO 14040 defines a framework consisting of four different phases as illustrated in Figure 5. In
the first phase, the goal and scope of the assessment should be clearly defined, where the system under study
and its boundaries are established. The second phase accounts for all relevant inputs and outputs, such as
materials and energy flows, through an inventory that fulfils the goal and scope of the assessment. The third
phase translates the inventory results to the environmental impact categories to facilitate interpretation. In the
fourth phase, the LCA results are interpreted to evaluate consistency with the preceding phases. Conclusions
are drawn to spot the trade-offs, based on the contribution of each inventory result to the selected environmental
impact categories [53].
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Goal and scope Life cycle Life cycle impact
definition inventory assessment
Interpretation

Figure 5. The phases of an LCA study according to ISO 14040, adopted by the author from [53].

While ISO lays the foundation for an LCA study, different products and systems require specific benchmarks
for assessment. To identify the most appropriate framework for this study, three existing LCA guidelines
applicable to PV modules were reviewed and compared: the IEA PVPS guidelines, the PEFCR for PV, and EN
15804 with its corresponding PCR. The following sections briefly describe each and justify the selection made
for this study.

2.2.1 IEA LCA guideline

The IEA PVPS guidelines for LCA of PV systems are primarily aimed at quantifying the environmental impacts
of PV and enabling comparison with other electricity generation technologies. This methodology focuses on
electricity generation, with the functional unit recommended as kWh of electricity produced over the service
life to reflect electricity delivered to the grid and account for performance-related parameters such as efficiency
and system losses.

The system boundary includes raw material extraction, manufacturing, installation, operation, and EoL stages
of both PV modules and BoS components, enabling a system-based comparison between technologies. EoL.
aspects are covered through allocation in accordance with ISO 14044, and the methodology supports the use of
avoided-burden approaches for recycling and material recovery. However, no explicit framework is provided
for modelling second-life use of PV modules [54].

2.2.2 Product environmental footprint category rules for PV (PEFCR PV)

The Product Environmental Footprint Category Rules (PEFCR), structured within the Environmental Footprint
(EF) method, are designed to support regulatory applications, particularly under the Ecodesign Directive. This
methodology focuses on calculating the carbon footprint of PV modules. The functional unit is defined as 1
kWh of'total electricity generated over the service life of the PV module, accounting for efficiency, degradation,
lifetime, and geographic conditions, and enabling comparison with other electricity generation technologies.

The system boundary focuses on manufacturing stages, including raw material extraction, silicon processing,
cell and module production, and transportation to the market (cradle-to-EU). All EoL aspects are addressed
through the Circular Footprint Formula (CFF), a mathematical bridge that applies allocation factors to distribute
burdens and credits across product systems. However, no specific framework for assessing reuse scenarios was
identified [55].

It should be noted that the information extracted for this methodology is based on the harmonised rules proposed
as an adaptation of the PV PEFCR. At the time of this study, the final accepted version was not yet available,
and the 2024 version was used.

2.2.3 EN 15804 and Product Category Rules (PCR)

EN 15804, which defines core Product Category Rules (PCR) for construction products, together with the
relevant PCR for PV modules, provides a framework for conducting LCA of PV modules. The main purpose is
to set a consistent guideline for developing Environmental Product Declarations (EPD) to ensure transparent
and comparable results [56]. In this framework, the system boundary is structured into modular stages that cover
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manufacturing, use phase, end-of-life, and benefits and loads beyond the system boundary. For PV modules,
the PCR specifies that only the module itself is included, while balance-of-system components are excluded.
The functional unit is defined as 1 W, of a manufactured PV module, based on the nameplate capacity. This
allows environmental impacts to be expressed relative to rated power under standard test conditions, avoiding
variability related to location-dependent electricity generation. EoL modelling requires the inclusion of relevant
waste treatment and disposal scenarios in compliance with the European Waste Framework Directive
(2008/98/EC), while useful output flows, such as recycled materials, are accounted for using substitution for
primary materials.

Based on this comparison, it was found that while all three methodologies provide detailed approaches to
conducting an LCA of a PV module, none offer an explicit, structured framework for modelling the reuse
scenario of PV modules. Additionally, the IEA methodology is not suitable for the goal and scope of this
assessment, as it provides a system-based LCA. In contrast, the PEFCR method focuses primarily on the
manufacturing stage, whereas this study focuses on EoL alternatives. Therefore, EN 15804 and the
corresponding c-PCR were selected as the reference and guideline for this LCA.

In addition, while the purpose of this study is not to develop an EPD, which is most often used for commercial
purposes, the modular structure and the ability to account for benefits and loads beyond the system boundary in
EN 15804 help this study assess these scenarios more consistently. With EN 15804 as the methodological
framework, the LCA was conducted in SimaPro using the Ecoinvent 3 database as the primary source of
background data [57].

2.2.4 SimaPro and Ecoinvent

To conduct the LCA of this study, SimaPro software was used. SimaPro is a professional LCA software
developed by PR¢ Sustainability that models and calculates the environmental impacts of products and systems
across their life cycles. The "Ecoinvent 3 - unit” library was also used for background data; this database was
developed through a collaborative effort among several Swiss institutions. In addition, an Editorial Board
assesses the quality of data by reviewing, validating, and editing all new datasets before their inclusion in the
database [58]. Two types of processes are available in SimaPro:

1. A unit process which represents a single, isolated step within a production system. It contains only the
emissions and resource inputs directly associated with that specific process, while referencing other
unit processes that supply inputs to it. This structure keeps the entire supply chain visible and
traceable, so that each upstream process can be examined and understood individually. When a unit
process is selected in SimaPro, all linked upstream processes are automatically incorporated into the
calculation.

2. A system process which is a pre-aggregated version of the same production chain. Rather than
referencing individual upstream processes, it already includes the combined emissions and resource
inputs from all stages of the production system in a single process record. As a result, the internal
structure of the supply chain is not visible to the user, which is why a system process is commonly
described as a “black box”.

Material flows, energy needs, and associated waste streams were first collected and modelled in SimaPro, based
on their respective geographical scopes, using unit processes to trace and cross-check the individual upstream
data. Finally, the EN 15804+A2 methodology was used in this software to assess the study's impact.

2.2.5 Goal and scope definition

In this section, the goal and scope of the LCA study are defined in accordance with ISO 14040. This step
establishes the purpose of the LCA study, as well as the system boundaries and methodological framework
applied throughout the assessment [53]. The key requirements of the goal definition are shown in Figure 6 and
answered below.
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Figure 6. Goal definition requirements of the LCA study, adapted by the author from [53]

The intended application is to evaluate the environmental impacts of alternative EoL strategies for conventional
PV modules, namely reuse and recycling. The reason is to assess and compare the environmental benefits and
loads of these two EoL pathways. The intended audience could be academic researchers, policymakers, and
stakeholders in the PV sector and waste management. The study includes two alternatives as reuse and recycling
scenarios; however, the results are not intended for public comparative assertions.

The requirements of the scope definition are shown in Figure 7 and described below.

Th The The Impact
N functions functional . categories
product . System Allocation
of the unit or and
system to boundary? procedure?
be studied? product declared assessment
’ system? unit? method?

Figure 7. Scope definition requirements of the LCA study, adapted by the author from [53].

The product system is a multi-Si PV module. The system's function is electricity generation. Declared unit is
defined as 1 Watt-peak (W,) of PV module capacity. The system boundary is set to cradle-to-gate with options.
No allocation at the foreground level; substitution is applied for stage D. Impact categories, and methodology
of impact assessment follow EN 15804+A2.

The system boundary of the study is illustrated in Figure 8, which follows the modular structure defined in EN
15804. The figure presents the included life cycle stages, from production to EoL processes, as well as potential
benefits and loads beyond the system boundary. In addition, while the study focuses on the EoL stage, the
production stage is modelled to align with the EN 15804 framework, which states that the minimum system
boundary to be included covers modules A1-A3, C1-C4, and D [56].

A B C D

Product Construction Use Phase End of Life

Refurbishment
Deconstruction

Use
D  Benefits and loads

Al Raw material extraction
B6  Operational energy use

C2  Transportation
C3  Waste processing

A2 Transportation
A3 Manufacturing
A4 Transportation
Installation
B2 Maintenance
B3 Repair
B4 Replacement
B7 Wateruse
C4 = Disposal

AS

Bl
BS
Cl

Figure 8. LCA stages, included phases are highlighted with blue. Generated by the author in accordance with [56]

For a PV module assessed under EN 15804, the use phase represents energy consumed by the product during
operation. Since a PV module generates rather than consumes energy during use phase, this stage carries
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negligible operational energy burden, and its exclusion does not affect the results. The selection of 1 W, as the
declared unit requires further explanation, given the two-scenario structure of this study, as described in the
following section.

2.2.6 Functional unit and declared unit

In life cycle assessment, a reference unit is required to normalise material flows and environmental impacts,
ensuring consistency in reporting results. According to EN 15804, this reference may be defined as either a
functional unit or a declared unit. The functional unit represents the quantified performance of a product system
and allows comparisons between systems that fulfil the same function. It is applied when the product's specific
function and typical application scenario are clearly defined [56].

In contrast, when typical functions and scenarios are multiple or not specified, the declared unit is used as a
measurable reference for reporting environmental impacts. The choice between a functional unit and a declared
unit is also linked to the scope and system boundaries of the study: a functional unit is generally required for
full life cycle assessment, such as “cradle-to-grave”, whereas a declared unit is appropriate for only part of a
product's life cycle, such as “cradle-to-gate” or “cradle-to-gate with options” [59].

In this study, the assessment considers two EoL scenarios and does not rely on a single application context.
Consequently, the conditions for applying a functional unit are not fully established. Therefore, 1 W, of
manufactured PV module was chosen as the declared unit for this study in accordance with the PCR
requirements. In addition, selecting 1 W, as the reference unit is justified because it represents the module’s
rated power, defined under Standard Test Conditions (STC) according to [EC 60904 and corresponding to the
module's maximum power output. Therefore, differences in module design, such as solar cell efficiency and
physical dimensions, can be normalised to the rated power. This enables the evaluation of environmental
impacts based on rated capacity under identical standard conditions and provides a consistent, product-level
basis for assessment across module designs.

In contrast, alternative reference units, such as energy output (kWh) or module area (m?), require additional
assumptions about operational conditions or performance characteristics. As a result, they introduce scenario-
dependent variability and do not provide a stable basis for product-level comparison for this study. This
methodological difference is widely discussed in the literature; a synthesised summary of the advantages and
limitations of commonly used reference units in PV LCA is presented in Table 2.

Table 2. Advantages and disadvantages of common reference units in PV LCA

Reference units

Advantages

Disadvantages

Rated capacity (W) Reflects the rated capacity of the | Does not account for the actual
PV module under STC and electricity fed into the grid, which
provides a consistent basis for can vary between technologies.
product-level comparison.

Energy output (kWh) Represents the electricity Requires assumptions on location,

delivered by the PV system and is
useful for system-level
comparison.

irradiation, lifetime, degradation,
and BoS, which reduces
comparability across studies.

Module area (m?)

Useful for quantity-based LCA
and building-related applications
such as building-integrated PV
(BIPV).

Does not capture performance
differences between modules and
is therefore not appropriate for
comparing technologies with
different efficiencies.
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2.2.7 Life Cycle Inventory (LCI)

Life Cycle Inventory (LCI) is the second phase of an LCA, building upon the system boundary defined in the
scope definition phase to achieve the study's goal. It involves the collection and quantification of all relevant
inputs and outputs linked with the product system throughout its life cycle. The inventory is structured as a set
of connected unit processes, where each process transforms inputs into outputs. These inputs can be broadly
categorised as raw materials, intermediate products, energy, and ancillary materials. At the same time, the
outputs can be products, co-products, waste, and emissions to air, water, and soil [53]. In this way, the inventory
captures resources taken from nature, material and energy exchanges between processes, and the resulting waste
streams and emissions released to the environment, all within the product system.

In this study, specific manufacturing data for PV module production were not directly available. Therefore, the
PV module inventory, mostly lamination process and end of life recycling was structured using secondary data
from the IEA [39], [60]. These databases represent the most complete publicly available datasets for PV module
manufacturing and recycling. The foreground unit processes were cross-checked against additional literature
before being modelled in SimaPro. The inventory framework was subsequently adapted according to the
assumptions and module specifications defined in this study. This approach is consistent with EN 15804, which
permits the use of generic representative datasets where specific data are unavailable.

2.2.7.1 Production phase (Al - A3)

The production phase refers to all processes required to deliver the product up to the factory gate, ready for
sending to relevant markets. This phase includes the supply of material and energy inputs, their transport,
product manufacturing, and the treatment of process-related waste generated during this stage. Following the
modular principle based on EN 15804 [56], the product stage consists of three different modules that include
all "cradle-to-gate" activities:

Module A1 (Raw material supply) accounts for the extraction and processing of all primary resources. It also
includes processing secondary material inputs and products reused from previous systems. Additionally, Al
includes the generation of energy, such as electricity, steam, and heat, from both primary resources and
secondary fuels, including their extraction, refining, and transport.

Module A2 (Transport) covers transportation involved in the delivery of raw materials and intermediate pre-
products to the manufacturing site.

Module A3 (Manufacturing) includes the production of ancillary materials and the final assembly of the product.
It also encompasses the management of all manufacturing residues and waste generated during production.

In this study, due to the limited public availability of disaggregated data for specific raw material extraction
processes, the Al1-A3 modules were modelled as a single aggregated unit process. In this approach,
transportation to the factory and the final assembly processes were derived from IEA and modelled at the
foreground level. At the same time, for raw material supply (stage Al), the study relied on background data
from the Ecoinvent database to bridge the data gap.

For the transportation phase of the production stage, it was assumed that solar cell manufacturing takes place in
China. This reflects the industry standard of the 2000s, when cells were typically produced in Asia and then
transported to Europe for final module assembly [13].

The transportation route was modelled in three sequential steps. First, solar cells were transported by ocean
freight from Shanghai, China, to the Port of Rotterdam, the Netherlands, using IEA data for standard shipping
distances. Second, from Rotterdam, the cells were transported by road to Bonn, Germany, where final module
assembly takes place, with the road distance obtained from Google Maps. Third, transportation distances for the
remaining components required for final assembly in Bonn were sourced from IEA standard distances. To reflect
the historical context of this stage, Euro 3 vehicles were selected for road transport within Europe to align with
the emission standards of that era. The specific distances used for the A2 stage are presented in Table 3.
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Table 3. Transport distances for production stage (42)

Components Transport
Solar cell Shanghai to Rotterdam, sea freight: 19994 km
Rotterdam to Bonn, lorry: 286 km
Laminations Freight, lorry: 600 km
Freight, rail: 600 km

The life cycle of a c-Si solar cell begins with the extraction of silica from quartzite or quartz pebbles, which is
then processed through carbothermic reduction in an electric arc furnace to yield metallurgical-grade silicon.
To achieve the solar-grade purity necessary for high-efficiency cells, the material undergoes further refinement;
while the Siemens gasification process remains the industry standard, other methods such as fluidised-bed
reactors (FBR) or the upgraded metallurgical-grade (UMG) route are also employed. Following purification,
the silicon is cast into multicrystalline ingots, which are precision-sliced into wafers and thoroughly cleaned.
These wafers are then transformed into functional cells through a sequence of chemical and physical treatments,
including surface texturing, doping, and etching. The process concludes with the application of conductive
contacts, typically utilising aluminium for the rear surface and silver paste for the electronic connections [61].
However, to produce a ready-to-use PV module, several additional components and processes are still needed.
Once the cell layer is prepared, individual cells are connected in series using tin-coated copper ribbons and lead-
tin solder to form strings of solar cells. Additionally, the layering process takes place. First, a tempered low-
iron glass is used for the front of the module. Next, a layer of EVA is applied as a transparent adhesive to bind
the solar cell layer to the front glass. A backsheet layer, typically consisting of pressed layers such as polyvinyl
fluoride (PVF) and polyethylene terephthalate (PET), is added and adhered to the cells using a second layer of
EVA [40], [62]. Once the internal layers are laminated, the final assembly occurs. An aluminium frame is sealed
to the lamination using silicone rubber, and a junction box is fixed to the back of the module as the final step.
This box is constructed from injection-moulded thermoplastics, such as glass fibre-reinforced plastic (GRP) for
the outer casing and contains copper wiring internally [7], [62].

Since this study models a PV representative of the early 2000s, a multi-Si solar cell with an efficiency of 13.5%,
produced via the Siemens method, was selected in SimaPro. This dataset represents a unit process that
encompasses the entire production chain of a solar cell and accounts for all inputs, waste, and emissions
exchanged between the technosphere and nature.

The IEA database reports inventory data in different units, such as weight and area; therefore, two conversion
factors were derived to express all material flows and energy inputs in the assessment's declared units. The
parameters used to calculate these factors are summarised in Table 4.

Table 4. Conversion factors for scaling inventory data to the declared unit

Parameter Value Unit Source

Module Efficiency 13.5 % Assumption / Literature
Power Density 135 Wo/m? Calculated

Specific Mass (With frame) 13.2 kg/m? IEA

Area Scaling Factor 0.0074 m*/W, Calculated (1/135)
Mass Scaling Factor 0.0978 kg/W, Calculated (13.2/135)

Based on these conversion factors, the material flows for the production stage were quantified per declared
unit and are presented in Table 5. In addition, RER, GLO, and RoW dataset designations refer to European,

global, and rest-of-world averages, respectively.
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Table 5. Material flows for multi-Si PV module production stage (A1-A3)

PV components Material flows Weight per DU / (kg/W,)
Frame Aluminium alloy, AlMg3 {RER}| | 0.0158
Cut-off, U
Glass Solar glass, low iron {RER}| 0.0653
Cut-off, U
Interconnect ribbons Copper, cathode {RER}| Cut-off, U 0.0008

Lead {RER}| Cut-off, U

Tin {RER}| Cut-off, U

Solar Cells Photovoltaic cell, multi-Si wafer | 0.0036
{RoW}| Cut-off, U

EVA Ethylvinylacetate, foil {RER}| Cut- | 0.0064
off, U

Backsheet Polyethylene terephthalate, granulate | 0.0027

{RER | Cut-off, U

Polyvinylfluoride, film {RER} | Cut-
off, U

Polyethylene, HDPE {RER} | Cut-off,

U

Junction box Glass fibre reinforced plastic, | 0.0029
polyamide, injection moulded {RER}|
Cut-off, U

Silicone product {RER}| Cut-off, U

wire drawing, copper {RER}| Cut-off,
U

Diode, market for diode {GLO}| Cut-
off, U

The electricity use for the lamination process, reported as 14 kWh/m? of module area, was normalised to the
declared unit using the same scaling approach. The energy use is shown in Table 6. In addition, the database
reports solid waste outputs generated during PV module manufacturing. These waste fractions were first
summed on a mass basis, resulting in a total of 0.064 kg per m? of PV module. The value was subsequently
normalised to the declared unit using mass scaling factor, resulting in a total manufacturing waste flow of 0.0063
kg/W,.

Table 6. Energy input for the lamination process

Process Energy use per DU / (kWh/W,)
Electricity, medium voltage {ENTSO-E| Cut-off, U | 0.1

2.2.7.2 Construction process phase (A4 - AS)

The construction process phase refers to the actions required after the product leaves the factory gate and enters
the relevant market. In accordance with EN 15804, this phase includes two stages: A4, i.e., transportation of the
product to the construction site, and A5, i.e., use of any energy, water, and ancillary materials during installation.
All relevant activities between these two stages are included, such as product storage and the energy required
for this scenario at storage, including heating, cooling, and humidity control. This phase also accounts for the
additional manufacturing required to replace any products lost during these steps. Furthermore, the assessment
includes the treatment of packaging waste from the transport stage. In this study, only transportation (A4) and
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packaging waste treatment (AS5) were modelled. Storage energy, humidity control, and on-site energy use were
excluded as no data were available, and their contribution was expected to be negligible relative to
transportation.

For transportation, a EURO 3 vehicle was considered. The destination was assumed to be from Bonn to Malmo,
with an additional 500 km added per the PCR recommendation for imported PV modules, which applies when
the distance from the storage location to the relevant market is not specified. The total mass needed to calculate
the transportation for the multi-Si PV module and additional packaging was extracted from the IEA inventory.
The total mass was then scaled to the study's declared unit using the mass scaling factor and is presented in
Table 7.

Table 7. Transportation data from the manufacturing gate to the relevant market (44)

Product Transport Total weight per DU / (kg/W,)
Multi-Si PV module Bonn to Malmo, Freight, lorry: | 0.1

Corrugated board box {RER} || 810 km

Cut-off, U

Standard distance, Freight, Lorry:
500 km

For the installation stage, mounting materials, inverters, wiring, switches, battery banks, battery chargers, and
all electrical components required to connect the PV module to the system, as well as personnel transportation
and activities at the construction site, are excluded per PCR specification [59]. Packaging waste is assumed to
be sent to municipal incineration for energy recovery, and no further waste is generated at this stage. The
installation of the PV module is assumed to be carried out manually using screwdrivers, and the energy
consumption for this activity was neglected.

2.2.7.3 End-of-life phase (C1 - C4)

EoL phase is the final stage of a product's life cycle, when it is considered waste after replacement, dismantling,
or deconstruction. According to EN 15804 [56], this phase includes four different stages: module C1, which
represents the dismantling, deconstruction, or demolition of the product, module C2, which covers the
transportation of deconstructed products or materials from the site to waste treatment facilities, module C3,
which includes waste processing for potential reuse, recovery, or recycling, and module C4, which represents
the final stage for products or material fractions that are not reused, recovered, or recycled, including physical
treatment and disposal site management.

The EoL stage was modelled separately for the recycling and reuse scenarios. The processes and input flows
within the stages vary by scenario. Stage C1 is assumed to be identical and negligible in both scenarios, as
modules are assumed to be dismantled manually in the same way as during installation in stage A5, with no
energy or equipment use. Additionally, Euro 6 vehicles were selected for transportation related to stage C2
within Europe to align with the current emission standards.

In the recycling scenario, C2, C3 and C4 stages were modelled to represent the typical EoL treatment of the PV
module, including transport, mechanical recycling, and final disposal.

C2, which includes the transport of the module to the recycling facility, was extracted from the PCR, which
recommends considering 50 km if no specific recycling facility is known. A freight lorry was selected for this
scenario, and the transportation weight follows the assumptions in stage A4, excluding packaging from the total
mass. For stage C3, mechanical recycling was selected as the state-of-the-art approach for current recycling
practices, as the scenarios considered for waste processing should be realistic in terms of their economic and
technical feasibility, in accordance with EN 15804+A2. The data and information needed for this stage were
obtained from the IEA [39].

The recovery rates were obtained from a separate IEA database than the one used for the manufacturing stage
(A1-A3). The database represents a mechanical recycling facility for c-Si PV modules with a nominal treatment
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capacity of 4 200 tonnes of PV waste per year, where recovered outputs are reported as percentages of the total
incoming module mass.

Since the recycling inventory was developed independently of the manufacturing inventory, the reported
recycling outputs were not directly linked to the production inventory presented in the manufacturing stage in
section 2.2.7.1. To bridge the two inventory models within the same framework, the reported output fractions
were converted to kg/W,, using the mass scaling factor derived from the manufacturing inventory, as presented
earlier in section 2.2.7.1.

The normalised output flows were subsequently assigned to EoL scenarios based on the nature of each fraction
and the conditions set by EN 15804. Aluminium and glass fractions were linked to material recycling processes,
where the fraction is processed into a secondary material and reaches the end-of-waste state. Polymer fractions,
mainly representing EVA and backsheet materials with the solar cell layer within, were directed to incineration
for energy recovery, as these materials were assumed to meet the EN 15804 requirement that energy recovery
credits are only assigned where the recovery process exceeds 60% efficiency. Dust fractions were assigned to
landfill disposal and accounted for in stage C4. The remaining fractions were directed to municipal incineration
without additional credits in stage D. This assumption was made because the recycling database does not provide
sufficient detail for these streams, which makes individual substitution modelling uncertain, and because their
heating value and recovery efficiency could not be confirmed to meet the 60% threshold required by EN 15804.

The selected routes for aluminium, glass, and polymers together account for approximately 89.5% of the total
reported recycling output, while the remaining fractions directed to incineration without credit may result in an
underestimation of the potential environmental benefits of the mechanical recycling scenario. Fractions reaching
the end-of-waste state through either material recovery or energy recovery are credited in stage D, and the
detailed output flows and assumed scenarios for each fraction are shown in Table 8.

Table 8. Recovery fractions and assumed end-of-life scenarios for mechanical recycling (C3-C4)

Material Recovered output / % | Output flow / (kg/W,) Assumed scenarios
Aluminum frame 11.5 0.0112 Recycled

Glass 64 0.0625 Recycled
Polymers 14 0.0137 Energy recovery
Ferrous metals 0.2 0.0002 Incineration
Non-ferrous metals 1.2 0.0012 Incineration
Junction box 0.35 0.0003 Incineration
Cables 0.65 0.0006 Incineration
Mixture of glass, foil and 6.6 0.0064 Incineration
metals

Dust 1.5 0.0014 Landfilled

Total 100 0.097 -

For this mechanical recycling process, an electricity consumption of 60 kWh/tonne is reported in the source.
This was scaled to the declared unit by multiplying by the mass scaling factor and dividing by 1000 kg/tonne,
resulting in the energy use shown in Table 9.

Table 9. Energy input for the mechanical recycling process

Process Energy use per DU / (kWh/W,)
Electricity, low voltage {SE}| market for electricity, | 0.0054
low voltage | Cut-off, U

In the reuse scenario, the EoL stage includes pre-processing activities required before the PV module's second-
life use. This approach is interpreted within the EN 15804 framework, using its own principles for the EoL
phase, particularly the polluter-pays principle and the concept of the end-of-waste state.

19



Circular Pathways for Photovoltaic Modules

The EoL stage begins when a product no longer delivers its intended function. At this point, all outputs from
deconstruction and associated processes are first considered as waste. The polluter-pays principle states that
responsibility for waste processing remains with the system that generated the waste until the end-of-waste state
is reached [56]. This reflects the fact that reused modules are not immediately considered as products suitable
for reuse but must first undergo testing procedures to verify their suitability for second-life use. These processes
are therefore included within the EoL stage of the system boundary.

A freight lorry was considered for transportation in Stage C2, a distance of 100 km to the testing and sorting
facility and an additional 50 km from the facility to the reuse site was assumed. Packaging is included in the
transport mass in this scenario, as modules are assumed to be repackaged for redistribution to the second-life
site, unlike in the recycling scenario, where modules are transported as loose waste.

Stage C3 of this scenario includes the testing procedures. During the literature review five testing approaches
were identified that are described in 3.2 and among these various tests, only electroluminescence (EL) testing
is identified as having considerable energy use. The EL testing process involves powering the module until it
reaches thermal saturation. Based on the literature, this process takes 30 minutes and requires an electrical power
supply of 264 W/m? [63]. To include this data in the LCI, the process energy was first calculated in kWh/m?
and then scaled to the study’s declared unit using the area conversion factor, and the result is shown in Table
10.

Table 10. Energy input for electroluminescence testing

Process Energy use per DU / (KkWh/W,)
Electricity, low voltage {SE}| market for electricity, | 0.001
low voltage | Cut-off, U

It should be noted that the source used a mono-Si PERC module for this measurement. Since PERC is a cell
architecture applied to both mono and multi-Si technologies, and the study does not specify which variant was
tested, it was assumed here to represent a multi-Si configuration for consistency with the rest of the model.

2.2.7.4 Benefits and loads beyond the system boundary (stage D)

Benefits and loads beyond the system boundary, or stage D, provide information on the environmental burdens
and benefits resulting from reusable and recyclable materials and energy recovery, leaving the product's system,
which typically result in a negative flow.

This stage only accounts for and receives credit when the output flows reach the end-of-waste state. To reach
the end-of-waste state, flows leaving the product's system must comply with the following criteria, in accordance
with EN 15804. The end-of-waste state is reached when a recovered output has an identified downstream
application, satisfies the technical and regulatory requirements for that application, has positive market value,
and does not pose environmental or human health risks. Only once these conditions are met can the output be
considered a product rather than waste, and credited as a benefit in stage D [56].

The same regulation also acknowledges that the waste state ends for the considered material or product, as it
provides a useful output under these conditions. Furthermore, this useful output can be calculated as a potential
benefit to the system under study, where the output flow that has reached the end-of-waste state, such as
secondary material or recovered energy, substitutes another material or energy in the following product system.
The standard specifies that, this benefit as an avoided environmental burden, should have a defined scenario
and should be based on average current technology and practices. Additionally, the substitution should maintain
functional equivalence between the materials, and if the output flow does not meet that equivalence, a value-
correction factor should be applied.

In this study, stage D was also modelled separately for the reuse and recycling scenarios, reflecting the different
approaches used to avoid the burdens. The following sections describe the modelling approach applied to each
scenario.

In the recycling scenario, recovered glass and aluminium were considered for material substitution, while the
remaining fractions were directed to incineration for energy recovery. For material recovery, the outputs from
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mechanical recycling were modelled as secondary materials available for substitution. As described, such
processes often result in downcycling, where recovered materials are used in alternative applications, such as
glass cullet used in insulation or foam production [62]. Given the absence of detailed data on the exact quality
and applications of these secondary materials, no additional value-correction factor was applied; instead,
representative secondary material datasets from Ecoinvent were used directly to model the substitution in
SimaPro and shown in Table 11. In terms of energy recovery, only materials that have an efficiency rate of 60%
can be approved as suitable for energy recovery, and their waste state ends [56]. In essence, the materials must
achieve an energy recovery rate exceeding 60% of their heating value [64].

Table 11. Inputs for stage D of recycling scenario

Material Recovered flow / (kg/Wp) Secondary application
Aluminium frame 0.0112 Aluminium scrap

Glass 0.0625 Glass cullet

Polymers 0.0137 Electricity grid

For this study, stage D credit for energy recovery was applied only to polymers that are primarily encapsulant
and backsheet layers, as these materials meet the required efficiency threshold, and the resulting energy is
assumed to be fed into the electricity grid. No credit was given to other materials sent for incineration to account
for uncertainty in their efficiency rates and to avoid overestimating the environmental benefits.

In the reuse scenario as discussed, no standardised framework was identified for modelling the reuse scenario
for stage D, specifically for calculating avoided burdens. However, the general principles defined in EN 15804
can be applied to a given scenario by considering product-level substitution. In the reuse scenario, environmental
benefits beyond the system boundary were modelled by assuming that the reuse of a PV module avoids
producing a new module for the following application within the system boundary of this study. In essence, if
reuse did not occur, a new PV module would be required to provide the same function.

To represent the substituted product and current average technology, the manufacturing stage of a mono-Si PV
module was considered. The same inventory structure described in section 2.2.7.1 was applied for the mono-Si
module and is therefore not repeated here, instead, is reported in Appendix A. Since the selected IEA datasets
report identical material inventories per unit area for both mono-Si and multi-Si technologies, the same area-
based inventory structure and foreground modelling assumptions were applied in this section. However, due to
the different power density assumptions applied for the modules in this study that are 224 W,/m? for mono-Si
and 135 W,/m? for multi-Si, the normalised inventory values per declared unit differ between the two models.

Since a reused module does not perform at the same level as a newly manufactured one, a value-correction
factor of 0.88 was applied to the mono-Si model output in SimaPro to account for the reduced functional output
of the aged multi-Si module relative to a new mono-Si module. This factor was derived by applying the Swedish
module-level degradation rate of 0.5% per year over a 25-year first-life service period that is described in section
3.3, resulting in a remaining performance of 87.5%, rounded to 88%. Accordingly, the reuse scenario was
assumed to avoid 88% of the environmental impacts associated with manufacturing new mono-Si PV capacity
under the declared unit framework. The other two degradation rates were not considered for this value-correction
factor: the second Swedish field study reported a total decrease over 21 years, with the first five years of data
unavailable, making it less suitable as a consistent annual rate; and the third study represented a global average
in which hot and humid climates were also included, meaning it was not representative of Swedish or cold
temperate conditions.

2.2.8 Life Cycle Impact Assessment (LCIA)

Life Cycle Impact Assessment (LCIA) is the third phase of an LCA. In this phase, the environmental impact
categories are assigned to LCI inputs and outputs to assess their contribution to each environmental consequence
caused by the system under study. The core environmental impact categories were selected for this stage in
accordance with EN 15804 [56], and are described in Table 12.
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Table 12. Environmental impact categories in accordance with EN 15804+A2, with description adapted from [65].

Impact category Unit Name Description
AP mol H* eq. Acidification Causes the degradation of coniferous forests and
increased fish mortality through the deposition of
Potential these emissions in soil and water bodies. Driven
by acid-forming emissions released through
combustion processes in electricity generation,
heat production, and transportation.

GWP - Total kg CO2 eq. Global Potential increase in the average global
Warming temperature due to the combustion of fossil fuels

GWP - Fossil Potential such as natural gas, oil, and coal.

GWP - Biogenic

GWP - land use and land

use change (LULUC)

ODP kg CFC 11 eq. Ozone Causes risks to both human health and
depletion ecosystems, including a rise in skin cancer
potential incidence and adverse effects on plant life,

driven by the depletion of the ozone layer, which
increases harmful ultraviolet radiation (UV-B).

EP - fresh water kg P eq. Eutrophication | All occur when excessive nitrogen or
potential for phosphorus compounds are introduced into

EP - Marine kg N eq. fresh water, ecosystems, accelerating algal overgrowth and
marine and disrupting ecological balance. Driven by sewage

EP - Terrestrial mol N eq. terrestrial treatment, agricultural runoff, agricultural

fertilisers and combustion processes.

POCP kg NMVOC eq. Photochemical | Unlike stratospheric ozone, which serves a
ozone creation | protective function, ground-level ozone present
potential in the troposphere is harmful to both living

organisms and ecosystems. Causes degradation
of organic compounds in animals and plants and
contributes to the formation of photochemical
smog (Summer smog), increasing the incidence
of breathing problems in urban populations.

ADP - Mineral & Metal kg Sb eq. Depletion of Cause scarcity of finite resources for future
natural fossil generations and force them to rely on lower-

ADP - Fossil MJ reserves, grade or lower-value reserves. Driven by the
minerals and extraction of non-renewable energy resources
metals such as coal, oil, and natural gas, and the

extraction of high-concentration mineral and
metal deposits.

WDP m? Water depletion | Causes water scarcity by depleting available
potential freshwater resources through extraction from

lakes, rivers, or groundwater reserves.
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2.2.9 Life cycle interpretation

The final phase of an LCA is the interpretation of findings from the inventory analysis and the assessment of
the environmental impacts resulting from the system under study. This phase helps to conclude, which may
lead to recommendations and facilitate decision-making [53].

2.3 Limitations
When interpreting the results of this study, several limitations should be taken into account:

o The study adopts the EN 15804 framework, which does not provide an explicit procedure for modelling
PV module reuse. The reuse scenario in stage D was therefore constructed by applying the standard's
substitution principles at the product level, treating the reused module as a substitute for producing a
new module, which represents an interpretation rather than a defined process within the standard.

e Due to the limited availability of specific manufacturing data, the life cycle inventory is based on
literature sources and secondary datasets. As the LCA input is data-sensitive, the results may not fully
represent manufacturing processes.

e This study did not include a detailed sensitivity or uncertainty analysis due to time and resource
constraints. Therefore, the results should be interpreted as scenario-based estimates rather than
definitive outcomes.

e Due to the limited public availability of disaggregated data for specific raw material extraction
processes, the Al stage relied on background data. Transportation distances of materials to the factory
and final assembly processes (A2-A3) were derived from secondary database as standard distances, and
typical manufacturing processes of c-Si PV modules. These modelling choices introduce uncertainty at
the inventory level.

e The inventory for both multi-Si and mono-Si modules was derived from secondary database, which
reports identical material quantities per unit area for both technologies. While this is consistent with the
source data used in this study, actual mass may vary between module technologies and manufacturers,
meaning the inventory may not fully reflect the material reality of every decommissioned module
entering the EoL stream.

e Thermal and chemical recycling processes offer higher material recovery rates and greater
environmental credits, sufficient LCI data for these pathways were not available to include them in the
model. As a result, the environmental benefits associated with advanced recycling are not captured in
this study, which may lead to an underestimation of potential stage D credits in the recycling scenario.

e Stage D credit for energy recovery of recycling scenario was applied only to polymers, specifically the
encapsulant and backsheet layers, as these materials meet the required energy recovery threshold, and
the resulting energy is assumed to be fed into the Swedish electricity grid. No credit was given to other
materials sent for incineration, to account for uncertainty in their heating value and to avoid
overestimating the environmental benefits.

e The value-correction factor applied in stage D to account for the reduced functional output of the reused
module was derived from a Swedish field degradation rate of 0.5% per year over a 25-year first-life
period. The substituted product was assumed to be a new mono-Si module representing current average
technology. However, in practice, a reused module may substitute a range of applications and system
types where the performance benchmark differs, meaning the avoided burden in stage D is sensitive to
both the assumed degradation rate and the choice of substituted product, introducing uncertainty into
the reuse scenario's environmental credit.

e The assessment of reuse feasibility is based on literature-derived degradation mechanisms and does not

include experimental validation or field testing of modules. Therefore, the actual suitability of
individual modules for reuse may vary.
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e This study is limited to environmental assessment using LCA and does not include a life cycle cost
analysis. The economic feasibility of reuse and recycling, therefore, remains outside the scope of this
work and represents an area for further research.

o The results are scenario and mostly assumption-specific and should not be generalized to all PV systems
without considering differences in technology, climate, and system configuration.
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3 Results

This section presents the findings of the study in two parts. The first part reports the outcomes of the literature
review, covering the degradation mechanisms identified in field studies, establishing a reuse criterion based on
mechanisms, and the module-level degradation rates reported for c-Si PV systems, with particular focus on
Swedish field data. The second part presents the LCA results, including normalisation and global warming
potential analysis for the reuse and recycling scenarios.

3.1 Degradation mechanism

PV modules are generally designed to operate under varying environmental conditions because the module's
core, or solar cells, is placed between several protective layers. However, PV modules are continuously
subjected to a combination of environmental stressors, including UV radiation, thermal cycling, humidity, and
mechanical loads from wind and snow [66]. The cumulative effect of these stressors typically results in a decline
in the module's performance over time, known as degradation. Degradation is typically defined as the “gradual
deterioration of the characteristics of a component or system, which may affect its ability to operate within the
limits of acceptability criteria and which is caused by operating conditions” [67].

Previous studies in this field that investigated this phenomenon and collected data from outdoor exposure
observations have shown that degradation mechanisms vary across different climates, and environmental
conditions can dictate the failure modes of PV modules. Research indicates that in snowy or polar regions,
mechanical loads from wind and heavy snow are the leading causes of physical damage, specifically solar cell
cracks, bent frames, and front glass breakage [68]. At the same time, encapsulant discolouration (browning and
yellowing) results from exposure to intense UV radiation and high operating temperatures [69]. The differences
between types of this phenomenon become more apparent when the nature of PV module degradation is
examined. PV modules over their lifetime experience three phases: “infant mortality,” “intrinsic” or “midlife”
failures, and “wear-out” failures, in terms of durability and reliability [70], [71]. Durability is defined as “the
ability of a product to perform its required function over a lengthy period under normal conditions of use without
excessive expenditure on maintenance or repair”, and reliability can be defined as “the measure of unanticipated
interruptions during customer use” [71], [72]. In the meantime, these two share the same phases, but their
behaviours differ slightly.

The first phase is the “infant mortality”, this early-stage failure in PV modules typically happens due to defects
that occur during the manufacturing process, as well as damage that arises during transportation, and installation,
which can result in breakage of glass or solar cells, meaning that some PV modules do not even reach operation.
Therefore, failure rates are typically high during this phase [73], [74]. In terms of power loss, this can occur
within the first year of operation, when the power output decreases rapidly due to the module's initial exposure
to the environment, triggering Light-Induced Degradation (LID). However, this does not result in permanent
failure; after the initial power loss, performance stabilises [48].

The second phase is the “intrinsic” or “midlife failure”. In this phase failures are typically random and may
result from internal defects in metallization and interconnections, component failures in the junction box or
bypass diodes, or failures from sudden environmental events, such as lightning strikes and hailstorms. There,
PV modules typically experience gradual degradation mechanisms including glass coating degradation,
encapsulant discolouration, delamination, cell cracks, potential-induced degradation (PID), bypass diode
failure, and interconnection degradation, all of which generally result in an almost linear and steady power loss
that continues until the wear-out phase [48], [70], [74], [75], [76].

The final stage of a module’s operational life is known as the “wear-out” phase. During this period, operational
life is typically deemed at an end when a critical safety risk is identified or when the electrical output diminishes
past a standard benchmark, generally 70% to 80% of the module’s initial rated power. Unlike the relatively
stable midlife period, the wear-out phase is marked by an increase in the activity of existing degradation
mechanisms, resulting in non-linear power losses and an increased probability of total system failure [48], [77].
These three phases together form what is known as the “bathtub” curve [74]. The simplified schematic of this
curve is illustrated in Figure 9.
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Figure 9. Simplified schematic of the PV module “bathtub” curve. Adapted by the author from [74]

3.2 Reuse criteria

Drawing on the lifetime phases described in previous studies, it becomes possible to differentiate between
modules that may still be suitable for reuse and those that should instead be directed to recycling. Since the
wear-out phase typically occurs through the gradual increase in degradation mechanisms during midlife
operation, modules that have already passed the infant phase are the most suitable candidates for reuse.
However, this does not mean that all modules in their midlife are automatically suitable for such applications.

Modules experiencing a stable, gradual performance decline may still maintain sufficient functionality to
continue operating. In other cases, certain degradation mechanisms may already be accelerating performance
loss or increasing the probability of failure, even if the module has not yet reached the wear-out stage in terms
of age. Such modules may pose a higher risk of failures during their second life. Therefore, considering these
active degradation mechanisms during the midlife phase is important for modules that should be excluded from
reuse criteria before their condition worsens further. The following mechanisms are typically observed during
the midlife phase: glass coating degradation, encapsulant discolouration, delamination, cell cracks, potential-
induced degradation (PID), interconnection degradation, and failures involving the junction box [70].

EVA discolouration is common in c¢-Si PV modules and is caused primarily by continuous exposure to
ultraviolet (UV) radiation and high temperatures. EVA is widely used as an encapsulant due to its strong
adhesion to glass and backsheet, weather resistance, and high light transmittance. However, as this material is
positioned between the front glass and the cells, its degradation has a direct impact on energy yield. Research
indicates that continuous exposure to high operating temperatures and UV radiation triggers a chemical shift in
the EVA, causing it to lose its initial transparency. This transition which visually progresses from yellowing to
a dark brown state creates an optical barrier that limits light transmittance, resulting in performance declines

due to optical losses [67], [78].

Delamination refers to the separation between module layers, particularly between the polymer-glass interface
and the backsheet. Moisture infiltrating the module is typically what drives this degradation phenomenon, which
increases the likelihood of hotspots. The ingress and accumulation of moisture resulting from delamination can
further accelerate degradation processes, including the corrosion of metal components and metallisation layers,
such as interconnectors within the affected areas [79], [80].
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Cell cracks are a degradation issue that can occur at different stages during the operational lifetime of PV
modules. One of the primary causes stems from the production phase, where operations such as soldering may
apply too much mechanical stress to the solar cells. Cracks may also develop further due to additional
mechanical agitation during transport or operational stresses under extreme weather loads, such as snow and
wind [78], [80].

Interconnector degradation in PV modules affects both electrical performance and reliability. While multiple
solder bonds are used in a PV module, the failure of several bonds increases power losses and localised heating,
which can lead to further solder degradation. Common failure modes include solder bond issues, cell cracks,
and physical or chemical decay of the ribbons. These defects are mainly caused by thermal and mechanical
stresses during soldering, as well as by improper joint design or poor solder compatibility, which lead to
increased series resistance and reduced module performance [25].

The aforementioned degradation mechanisms can drive the module into the wear-out phase. However, other
mechanisms can go beyond performance loss and can pose direct safety risks that are critical to identify before
any reuse decision is made.

Glass breakage is the clearest example of this principle. This failure can lead to performance loss over time by
providing a pathway for moisture and oxygen to reach the laminate's interior, causing corrosion of the cells and
interconnectors. Glass fractures can also trigger the formation of hotspots and potentially cause parts of the PV
module to burn, while during a rainstorm the module may lose its insulation properties [48].

Potential-induced degradation (PID) is considered one of the more severe degradation mechanisms affecting
PV modules because leakage currents can develop between grounded module frames and solar cells under high
potential differences. Studies have shown that long-term outdoor exposure can increase the likelihood of PID,
particularly when modules already exhibit other degradation phenomena, such as cell cracking, bypass diode
failure, or encapsulant deterioration. These interacting failure mechanisms may further affect module reliability
and electrical safety, and could lead to fire risks from electrical arcs, short circuits, and hotspots [66], [78].

Fractures in the backsheet layer are also hazardous, as these defects allow moisture to penetrate the module's
interior, gradually degrading its insulation properties. A study has shown that this loss of insulation can
contribute to system-level failures, including ground faults and inverter malfunctions and, in severe cases, may
lead to burning of affected areas or even module combustion [81]. Moreover, backsheet integrity is vital because
its failure can exacerbate internal issues. When the layer cracks, moisture can reach the sensitive internal
circuits, accelerating the progression of existing problems such as corrosion, delamination and PID. This is more
than a performance issue and constitutes a primary safety hazard, as compromised insulation can lead to
dangerous leakage currents and accidental electrocution [82].

Failures involving the junction box are particularly critical because they often progress internally without
immediate visual indicators until a hazardous event occurs. Studies indicate that deterioration of the adhesive
bond between the junction box and the backsheet can result in complete separation of the housing, exposing
high-voltage internal conductors to environmental elements. Furthermore, the failure of integrated bypass
diodes presents an additional safety threat, as these components can undergo thermal runaway or arcing when
compromised [66], [70]. In summary, the high electrical current passing through the junction box components
means that any degradation in these components poses a safety risk.

To identify which modules fall within the reuse criteria, a testing process is typically required, as not all failures
are immediately visible, and not all performance losses affect reliability in the same way. The testing procedures
used for this purpose relate directly to the degradation and failure mechanisms discussed earlier, and together,
these assessments provide a basis for deciding whether a module remains suitable for reuse. Five testing
approaches are commonly reported for this purpose.

Visual inspection functions as a preliminary triage to immediately disqualify modules with catastrophic failures
such as shattered front glass, damaged backsheet, or failures in junction box, and direct them toward recycling.
By focusing only on these critical, severe defects, inspection time can be reduced, ensuring that no further labour
is wasted on non-viable units [16].
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Insulation resistance testing applies a DC voltage to measure the resistance of the module’s insulation under
various load conditions to prevent the risk of fire or electric shock in its second life. Because safety is the
primary rejection criterion, an insulation-resistance failure results in immediate recycling, regardless of the
module's power output [16].

Thermal imaging maps the distribution of operating temperature across the module at the cell level, which
cannot be identified by the naked eye, detecting hotspots that indicate bypass diode failures, resistive
interconnectors, or cell damage. It can be performed using a handheld infrared camera for module-level analysis
or a drone-mounted camera for system-level mapping [83].

Current-voltage (I-V) curve measurement is used to determine a module’s state of health. Researchers trace the
module’s current-voltage relationship to calculate the remaining maximum power output. While laboratory flash
testing is the gold standard, outdoor field measurements conducted are also increasingly used as a cost-effective
alternative for large-scale decommissioning [16]. Finally, comparing the measured output against the module's
original nameplate power output sets the primary basis for confirming performance suitability for second-life
approval.

Electroluminescence (EL) imaging is a final predictive measure. EL imaging provides an X-ray view of the
cells by applying a forward bias and capturing the emitted near-infrared light. This is the only reliable method
for detecting underlying microcracks that might not yet affect but pose a high risk of rapid degradation or failure
in the future. Researchers suggest that the high labour cost of manual EL analysis can be mitigated by using Al
and machine learning for automated defect classification [16].

The testing procedures established in this section provide the practical means for applying the exclusion criteria.
Since this study does not specify the ages of the modules under assessment, the criteria are designed to apply to
modules across all three life phases. Modules presenting midlife degradation mechanisms that show signs of
accelerating toward wear-out, modules already in the wear-out phase, and modules showing safety failures are
all directed to recycling. Those that pass the full testing procedures are considered suitable for reuse and are
then subjected to performance-based evaluation in this study.

3.3 Degradation rate

Passing the tests shows that a module does not pose a safety issue or failure and can therefore be considered a
potential candidate for reuse. However, it does not mean that the module has retained its original performance.
Like all operating PV modules, it continues to experience gradual degradation over time, and some performance
loss persists even when the module remains functional. Quantifying this remaining decline is important for
estimating how much useful output the module can continue to provide in a second-life application. This is
commonly evaluated through degradation rates and will be discussed in the following section. As established,
degradation mechanisms differ depending on the climate in which the PV modules operate; this phenomenon
often leads to a decline in performance over time, which is defined as a rate expressed as an annual percentage.

Among the degradation rates reported in the literature, some are measured at the system level and others at the
module level. The differences become more apparent when the reported rates are compared. For instance, in
one study conducted in Utah, USA, degradation rates per module were reported to be 0.5%/year, whereas the
same rate was reported to be 2.5%/year at the system level for c-Si modules [84].

This difference between system-based and module-level degradation rates can be due to the presence of BoS
components at the system level, where losses from components such as inverters can affect overall system
performance. Another contributing factor is mismatch; this phenomenon can arise from module-level problems,
as PV modules do not degrade at the same rate or through the same mechanisms, thereby affecting the entire
string in system-level measurements [85]. A mismatch can also result from several other factors, such as shading
from direct sunlight, degradation of the glass coating, glass breakage, or soiling, which prevent solar rays from
passing through the glass and generating the intended electricity output [70]. It is also reported that this could
result from other, more severe degradation mechanisms, such as cell cracking, encapsulant discolouration, and
delamination [69], [78].
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I-V tracing of individual modules was identified in the reviewed literature as the primary method for calculating
module-level degradation rates. While I-V curve measurement was introduced earlier as part of the testing
process for reuse approval, it also serves as the main method for estimating module degradation rates. Here, the
focus is on how the power output declines throughout the operational lifetime and how exactly it can be
measured.

IV tracing can be an ideal method for identifying module-level defects, as it allows different degradation
mechanisms to be traced by isolating three key electrical parameters of the PV module, such as the short-circuit
current (/s), representing the module's maximum current output; the open-circuit voltage (Voc), representing the
maximum voltage the module can generate; and the maximum power point (Pmax), which defines the peak power
output of the module [86], [87]. Studies on c-Si PV modules, for instance, have shown that power degradation
is driven primarily by losses in short-circuit current rather than other I-V curve parameters. These losses are
frequently linked to encapsulant-related issues such as yellowing/browning and delamination between the cells
and the EVA layers, along with mechanical damages like glass breakage. I-V curve analysis often reveals rising
series resistance caused by failing interconnectors and solder joints [87].

This method can be conducted under either outdoor or indoor conditions. However, both methods should follow
the Standard Test Conditions (STC) described in section 1.2.2. In both cases, a measurement setup typically
requires controlled illumination, temperature control, and instrumentation capable of recording electrical
performance. During the measurement, an external load or power supply is used to vary operating conditions
while the corresponding current-voltage response is collected and analysed [48]. Each condition, however,
differs in its approach and equipment as outlined below.

Outdoor measurements typically utilise portable I-V tracers and pyranometers to capture data under natural
sunlight. However, because field conditions rarely align perfectly with STC, researchers must apply
mathematical corrections to the resulting curves to account for fluctuations in temperature and irradiance. In
contrast, indoor testing using solar simulators offers precision. By employing reference modules with matched
spectral responses and maintaining a strictly regulated environment, the transition of measured electrical
parameters to STC can be achieved with higher accuracy. The results are also compared with the module's
nameplate power [48]. Given these findings, two Swedish field investigations that assessed the degradation rates
of c-Si PV modules using outdoor I-V tracing, and one global meta-analysis were identified as global
representative and selected for further analysis.

In the first study, a 3.2 kW, grid-connected PV system installed in 1994 on the rooftop of Dalarna University in
Borlidnge, Sweden, was examined. The system consists of 72 crystalline silicon PV modules manufactured in
1992, each with a rated power output of 45 W. I-V tracing was conducted at two time points in 2016 and 2024
using a handheld I-V tracer, with a minimum irradiance of 800 W/m? and an irradiance fluctuation of no more
than £1%. The results were then compared to the nameplate capacity of the modules from 1992. The period
between 1992 and 1994 was excluded from the measurements because the PV modules were not yet operational
and were stored in a warehouse. Furthermore, this study reported an average annual degradation rate of 0.5%
[88]. It should be noted that the source does not explicitly clarify the reason for initially reporting 72 modules,
even though measurements were applied to only 53 modules. Based on the available information, it can be
inferred that, because the system changed in 2013 and 2014, during which additional modules were integrated
into the existing array, the study likely considered only the original 53 modules installed in 1994. However, this
is not explicitly stated in the source and remains the author's interpretation.

In the second study, the first Swedish PV system, consisting of 20 ¢c-Si modules was examined. The system was
originally installed in 1981 on the facade of a building in Arsta, south of Stockholm. After six years of operation,
the system was dismantled and reconfigured in 1988 as a stand-alone system in Stockholm. In May 2006, after
25 years of outdoor exposure, the modules were dismantled once more as the island became connected to the
mainland electricity grid. The performance of the modules was assessed by comparing the 1985 and 2006 1-V
curve testing. Visual inspection of the remaining modules revealed only gradual degradation mechanisms, such
as interconnector corrosion and encapsulant bubbling, with no cracked cells and only one instance of minor
delamination. Further, the study revealed a 3.8% performance loss over 21 years, corresponding to an annual
degradation rate of approximately 0.17%/year [89].
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In the third study, conducted by NREL, a meta-analysis of nearly 2 000 individual degradation rates was
performed and reported, drawing on the global literature from field testing over the preceding 40 years. To
identify trends, the researchers partitioned the data by technology type, distinguishing between c-Si and thin-
film technologies. The analysis revealed a global median degradation rate of 0.5%/year and an average rate of
0.8%/year. Ultimately, the study concluded that current field experience supports typical 25-year commercial
warranties, as the average degradation rate is generally sufficient to ensure reasonable performance throughout
the module's intended service life [84]. The performance curves for these three degradation rates are shown in
Figure 10. Based on the degradation rates identified through this review, a module that has completed a 25-year
first-life service period under the Swedish rate of 0.5%/year is assumed as the representative input for the LCA
conducted in the second phase. This assumption reflects the Nordic field context of the study and results in a
remaining performance of 87.5% relative to the original nameplate capacity.
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Figure 10. Three degradation rates and their respective performance decline over time.

The degradation rates and performance thresholds identified in this review form the basis for the reuse scenario
modelled in the following LCA, which evaluates the environmental impacts of reuse and recycling.

34 LCA

As each life cycle stage addresses different phases, each life cycle impact categories also address distinct
burdens. To report the results for the core environmental impact categories required by EN 15804+A2, a
normalisation approach by following ISO 14044 was applied. Since each impact category is measured in a
different unit, numerical comparison across categories is not directly possible. Therefore, within each impact
category, the life cycle stage with the highest environmental impact was identified and assigned a reference
value of 100%, with all other life cycle stages expressed as percentages relative to this reference. In addition,
Global Warming Potential (GWP) was selected as an additional basis for analysing the results in a more direct
manner. While this normalisation approach is outlined in the ISO standard, its application in this study was first
inspired by another study [90]. All results are expressed based on the declared unit of the study, namely 1 W,

3.4.1 Normalisation

Figure 11 shows the normalised environmental impact contributions of the production and construction process
stages (A1-AS) across all 13 impact categories. The manufacturing stage (A1-A3) dominates across all
categories, reflecting the energy-intensive nature of solar cell production, and module assembly. Transport to
the market (A4) represents the second-highest contributor in most categories, while installation-related activities
(AS) contribute the smallest share. One exception is the GWP biogenic category, in which both A1-A3 and A4
are assigned a value of zero. This is because packaging materials such as corrugated board that is used in the
inventory contain biogenic carbon, which is sequestered during the growth of the source material and is therefore
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reported as a negative value in stages A1 to A4. Once the packaging is incinerated at stage A5, this stored carbon
is released as CO: and recorded as a positive biogenic emission, making A5 the sole contributor to this category.
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Figure 11. Normalised environmental impact contributions of the production and construction process phases (A1-A5) across 13
impact categories

In Figure 12, which represents the EoL phase for the recycling scenario, transportation is the driving factor,
contributing to 8 of 13 environmental impact categories, underscoring the importance of distance and vehicle
type. On the other hand, waste processing, where recycling activities such as mechanical recycling and
incineration for energy recovery take place, accounts for the remaining five impact categories. Waste processing
makes the largest contribution in the GWP biogenic category, here due to the presence of the backsheet and the
stored carbon it contains, which is released during incineration. Disposal is relatively low compared to other

stages, as most materials are either recycled or recovered for energy, which results in the distribution of impacts
across prior stages.
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Figure 12. Normalised environmental impact contributions of the end-of-life stages (C1-C4) for the recycling scenario across 13
impact categories
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Figure 13 shows the normalised environmental impact contributions of the EoL stages (C1-C4) for the reuse
scenario. Transport (C2) is the highest contributor and serves as the reference point across all 13 impact
categories. This reflects the longer assumed transport distance in the reuse scenario compared to 50 km assumed
for the recycling scenario. Waste processing (C3), which includes electroluminescence testing and incineration
of repackaging materials, remains low relative to transport across all categories. No disposal stage (C4) occurs
in the reuse scenario, as the module itself enters second life rather than being broken down into fractions.
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Figure 13. Normalised environmental impact contributions of the end-of-life stages (C1-C4) for the reuse scenario across 13 impact
categories

Figure 14 illustrates the environmental benefits of the reuse and recycling pathways, which were normalised
relative to the maximum benefit achieved within each impact category. The benefits are represented as negative
values at the top of each bar to indicate the real avoided burden. The results show that the reuse scenario might
offer a clear environmental advantage by avoiding the energy-intensive stages of raw material extraction and
module manufacturing. In contrast, while mechanical recycling shows only a fraction of the benefit in each
category, its magnitude is marginal, reflecting the limitations of mechanical recovery and its insufficiency to
recapture the emissions initially used to manufacture the module.
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Figure 14. Normalised avoided burdens in stage D for the reuse and recycling scenarios across 13 impact categories

3.4.2 Global Warming Potential analysis

Among the 13 impact categories assessed, GWP total was selected for detailed numerical analysis. This decision
is justified by the fact that climate change is recognised by the Intergovernmental Panel on Climate Change
(IPCC) as a fundamental risk to the health of both humanity and the planet [1]. Consequently, GWP was used
as the primary metric for detailed interpretation due to its strong relevance to global climate objectives. All
results are expressed based on the declared unit of the study, namely 1 W,,.

Figure 15 shows the total life cycle GWP contributions for both scenarios across all life cycle stages. Since both
scenarios use the same module and share identical A stages, the differences between scenarios are confined to
the EoL (C) and beyond-system-boundary (D) stages. The manufacturing stage contributes 1.51 kg CO: eq,
representing approximately 90% of total life cycle GWP in both scenarios. Transport and installation (A4-AS)
together contribute approximately 0.14 kg CO: eq, or roughly 8% of total GWP. The EoL stages (C2-C4)
account for less than 2% of total GWP in both scenarios. In stage D, the reuse scenario achieves an avoided
burden of -0.98 kg CO: eq, while the recycling scenario achieves -0.017 kg CO: eq. These figures reflect the
substitution of new module manufacturing in the reuse scenario and the recovery of glass, aluminium, and
polymer energy in the recycling scenario, respectively.
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Figure 15. GWP total across the entire life cycle stages of both reuse and recycling scenarios
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Table 13 provides a numerical breakdown of the GWP contributions from each life cycle stage. By calculating
the relative percentage of each stage against the total scenario impact, the environmental "profile" of each
pathway is more clearly defined. While stages A1-AS5 remain identical in absolute terms for both scenarios, their
relative percentages are slightly different due to the differing totals created by the EoL stages. In the reuse
scenario, transportation (C2) and waste processing (C3) account for 0.9% and 0.7% of the total impact,
respectively. Conversely, the recycling scenario shows a distinct shift in environmental burden: transportation
(C2) drops to 0.3%, while waste processing (C3) increases to 1.1%. The disposal stage (C4) does not occur in
the reuse scenario, its value for recycling is also negligible, reflecting the avoidance of waste generation even
in the mechanical recycling approach.

Table 13. Impact distribution throughout the life cycle of each scenario

Al1-A3 A4 AS C2 C3 C4 Total

Reuse / 1.51E+00 | 1.30E-01 | 1.19E-02 | 1.49E-02 | 1.20E-02 |- 1.68E+00
(kg CO:
€q.)

Relativeto | 89.9 7.8 0.7 0.9 0.7 100
total GWP
/(%)

Recycle/ | 1.51E+00 1.30E-01 1.19E-02 | 4.99E-03 | 1.81E-02 | 3.42E-04 | 1.67E+00
(kg CO:
eq.)

Relative to | 90.1 7.8 0.7 0.3 1.1 <0.1 100
total GWP
/(%)

By identifying that the manufacturing stage dominates the total life cycle GWP, this phase is further analysed
at the component level. Table 14 presents the mass share, GWP contribution, and intensity ratio for each
component and process within the manufacturing stage (A1-A3), where the intensity ratio expresses the GWP
contribution relative to mass share, a value above 1 indicates a component contributes disproportionately more
to emissions than its physical mass would suggest, while a value below 1 indicates the opposite. Assembly
energy use and module transportation are included as process-level contributions and are therefore not assigned
a mass share.

The results reveal a marked discrepancy between mass and environmental impact across the module
components. Glass dominates the module by mass at 67%, yet contributes only 5% of manufacturing GWP,
yielding an intensity ratio of 0.07, meaning glass generates less than one tenth of the emissions that its mass
share would proportionally suggest. The aluminium frame follows a similar pattern, representing 16% of module
mass while accounting for 8% of GWP, with an intensity ratio of 0.50. The solar cell layer presents the opposite
extreme at only 4% of total module mass, it is responsible for 79% of manufacturing GWP, producing an
intensity ratio of 19.75. This means the solar cell generates nearly 20 times more emissions per unit of mass
than its physical weight in the module would suggest. Assembly energy use and transportation of components
together contribute a further 3.5% of manufacturing GWP and represent the only process-level contributions
not tied to a specific material fraction.
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Table 14. Impact contribution and emission intensity ratio of PV module components in the manufacturing stage (A1-43)

Component Mass share / (%) | GWP total / GWP Intensity ratio / (-)
contribution / (%)

(kg CO: eq.)
Frame 16 1.19E-01 8 0.50
Glass 67 7.60E-02 5 0.07
EVA 6 2.42E-02 1 0.17
Solar cell 4 1.20E+00 79 19.75
Interconnector 1 2.60E-03 0.1 0.10
ribbon
Backsheet 3 1.57E-02 1 0.33
Junction box 3 2.13E-02 1.5 0.50
Assembling energy | - 3.64E-02 2.5 -
use
Transportation - 8.17E-03 1.9 -
Total 100 1.51E+00 100 -

Figure 16 shows the GWP contributions of the EoL stages (C2-C4) for both scenarios. The reuse scenario shows
a higher C2 impact than the recycling scenario, reflecting the longer assumed transport distance of 150 km for
reuse compared to 50 km for recycling. This higher transport burden is partially offset at C3, where the reuse
scenario shows a lower impact than recycling, as the testing procedure avoids the energy use of mechanical
shredding and incineration. The reuse scenario produces no C4 impact, as no material fraction is sent to disposal,
and in the recycling scenario, C4 captured the lowest emission between C stages.

GWP total / (kg CO, eq.)
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Figure 16. Impact contribution of end-of-life stages (C2-C4) for the reuse and recycling scenarios

Benefits and loads beyond the system boundary for the recycling scenario, illustrated in Figure 17, show that
the highest benefit from mechanical recycling comes from the energy recovered through the incineration of the
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backsheet and encapsulant, which is assumed to be fed into the electricity grid. Recycled glass and aluminium
from mechanical recycling led to downcycling, resulting in lower benefits.

GWP total / (kg CO, eq.)
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Figure 17. Avoided burdens in stage D for the recycling scenario

In Table 15, the benefits of recycled and recovered materials relative to their initial production impacts are
shown. Recycling aluminium through mechanical recycling only accounts for 4% of its initial production
impact, meaning that 94% of the emissions from producing an aluminium frame remained as emissions to
nature. Glass also does not provide any better benefits, as it becomes glass cullet through the same recycling
approach and only results in 3.8% of the initial emissions associated with producing this material. On the other
hand, less than 1% of the emissions from manufacturing solar cells, backsheet, and EVA are compensated for,
through energy recovery, as these materials are incinerated together and the solar cell is kept within the
encapsulation. The benefit from energy recovery, which showed the highest among other recovery approaches,
is relatively low when compared to the emissions caused by manufacturing the incinerated materials.

Table 15. Impact distribution of individual recovered components relative to production impact in recycling scenario

Components Production impact Avoided impact Avoided impact
relative to production

/ (kg CO; eq.) / (kg CO; eq.) impact /(%)

Frame 1.19E-01 -4.90E-03 4.10

Glass 4.18E-02 -1.58E-03 3.83

EVA 2.42E-02 -1.10E-02 0.89

Solar cell 1.20E+00

Backsheet 1.57E-02

The avoided burden for the reuse scenario follows a fundamentally different logic from that of recycling.
Whereas recycling recovers material and energy, reuse preserves part of the function embedded within the
module and thereby reduces the need for new module production. A value-correction factor of 0.88 was applied
to account for the lower performance of an ageing module relative to a new replacement product. Derived from
an annual degradation rate of 0.5% over a 25-year first-life operation period under Swedish field conditions, the
factor represents the share of functionality retained by a multi-Si module at the end of its warranty period. Rather
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than corresponding to a specific number of additional service years, it represents the share of functionality
assumed to remain available for second-life use, provided the module satisfies the testing and reuse criteria
defined in this study. As shown in Figure 18, the reused module is therefore assumed to substitute 88% of the
functionality of a new mono-Si module, resulting in a credit equivalent to 88% of the manufacturing impacts of
the substituted product. The new mono-Si module carries a total manufacturing GWP of 1.11 kg CO: eq. and
applying the 0.88 factor yields an avoided burden of 0.98 kg CO: eq., shown ecarlier as a negative flow in Figure
15. This avoided burden is sensitive to the module's actual second-life performance. For a module retaining only
50% of its original performance, the value-correction factor would be 0.50 and the avoided burden would
decrease to approximately 0.54 kg CO: eq., illustrating the direct relationship between remaining functionality
and the environmental benefits of reuse.

Avoided production & substitution factors
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Figure 18. Avoided burden in stage D for the reuse scenario based on value-correction factors

Figure 19 presents a component-level breakdown of the 0.98 kg CO- eq. avoided burden in the reuse scenario.
Solar cell manufacturing represents the largest driver of environmental benefit in this scenario. This is consistent
with the manufacturing stage analysis in Table 14, which identified the solar cell as the most GWP-intensive
component. It is important to note that the proportional contribution of each component to the avoided burden
remains constant regardless of the value-correction factor applied, because all components scale proportionally
together. Therefore, under any performance level, whether 50% or 88%, solar cell production avoidance remains
the dominant environmental benefit of the reuse pathway.

37



Circular Pathways for Photovoltaic Modules

GWP total / (kg CO, eq.)

-9.00E-01 -8.00E-01 -7.00E-01 -6.00E-01 -5.00E-01 -4.00E-01 -3.00E-01 -2.00E-01 -1.00E-01 0.00E+00

B Transport M Assembling process M Ribbon & Junction box Backsheet Solar Cell EVA mGlass MFrame

Figure 19. Component-level breakdown of the avoided burden in the stage D of reuse scenario

By comparing the impacts created in EoL scenarios with those avoided in Stage D, a recovery efficiency ratio
can be calculated to determine how much avoided impact is gained relative to the cost of processing the module
at end of life. This comparison is presented in Table 16. As shown, the reuse scenario achieves a recovery
efficiency of 66, meaning the avoided burden in Stage D is 66 times greater than the EoL processing cost in
Stage C. The recycling scenario, by contrast, results in a ratio of 0.75, indicating that the environmental cost of
mechanical processing exceeds the credits gained through material recovery, either via recycling or energy
recovery. In other words, for every kg of CO: eq. emitted during EoL treatment to bring the module or its
fractions to the circular pathways, the reuse scenario provides 66 kg CO: eq. of avoided burden once the module
enters its second life. For recycling, this ratio falls below 1, meaning that the emissions caused to bring material
fractions into a useful output, exceed the environmental credits gained after the waste state is ended.

Table 16. Recovery efficiency ratio of reuse and recycling scenarios

Total C/ (kg CO2eq.) | Total D/ (kg CO:eq.) | Recovery efficiency/ (-)

Reuse 1.49E-02 -9.82E-01 66

Recycling 2.34E-02 -1.75E-02 0.75
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4 Discussion

This thesis developed a decision framework that links PV module degradation behaviour, reuse suitability,
recycling, and LCA into a connected whole, with particular attention to Nordic climate conditions. Whereas
previous work has addressed second-life preparation [16], [49], [91], this study treats reuse and recycling as two
pathways within the same circular-economy problem: reuse when a module remains functional and safe, and
recycling when it does not. Cold-climate degradation rates and Nordic field evidence inform both the reuse
suitability criteria and the LCA modelling, translating what is technically knowable about an aged module into
an EoL decision. The findings suggest that EoL decisions for PV modules should not be based solely on age,
warranty expiration, or material recovery potential. Instead, they require consideration of degradation
behaviour, remaining functionality, safety, and environmental impacts simultaneously. The following sections
interpret the results from this perspective.

4.1 Reuse potential

The literature reviewed in this study sets the backbone of the work and challenges the assumption that PV
modules should automatically be treated as waste once their warranty period expires. While a 25- to 30-year
lifetime is commonly assumed, the evidence suggests that this reflects commercial practice rather than technical
reality. Studies have shown that ¢-Si PV modules do not always follow the assumed degradation and can remain
functional well beyond their expected service life. This is evident in cold climates, where low degradation rates
show that modules can stay functional for years beyond their warranty period. The field findings support this: a
noticeable portion of systems still met typical warranty performance thresholds after their expected operational
lifetime had passed.

It is also well established that PV modules do not always degrade linearly or uniformly; rather, they often follow
a bathtub curve shape characterised by three phases. Understanding where a module sits on this curve is
important for approving its reuse potential. Modules that have passed the first phase without critical failure can
demonstrate a degree of reliability, and those in the midlife phase show a gradual, almost predictable decline.
As such, several decommissioned modules from a typical PV system may still be in their midlife phase rather
than approaching wear-out, meaning they likely have years of useful life remaining, and their future
performance can still be measured and relied upon.

It is also worth questioning how well this pattern applies to individual modules. The bathtub curve is based on
groups of modules, and any single module can behave differently depending on its conditions. While the curve
can provide a useful guide, making decisions about individual modules based on it alone has limitations. This
is where testing becomes particularly important in the context of reuse, since a reused system is only as good as
its individual modules; each module, therefore, needs to be assessed on its own qualities.

At the same time, remaining power output alone is not a sufficient indicator of reuse suitability. A module may
still satisfy common performance thresholds while containing degradation mechanisms that increase the
likelihood of future failure. The reuse criteria developed in this study therefore combine performance assessment
with degradation-based exclusion criteria. Safety-critical failures such as glass breakage, backsheet cracking,
junction box failures, and PID require immediate exclusion from reuse regardless of remaining power output.
In addition, degradation mechanisms such as encapsulant discolouration, delamination, cell cracks,
interconnection degradation, and glass coating deterioration may indicate that a module is transitioning from a
stable midlife phase towards accelerated wear-out. When these defects accumulate, they can also increase the
likelihood of failure during the final stage of the module's service life. Although these defects do not always
cause immediate failure, their presence increases uncertainty regarding future reliability and service life. This
highlights the importance of the five-stage testing framework, which shifts reuse decisions away from age or
power output alone and towards a more comprehensive assessment of module condition. In this sense, the main
challenge of reuse is not identifying modules that are still functioning today, but identifying modules that are
likely to remain functional throughout their second life.

Another aspect to consider is LID, a common mechanism in c-Si PV modules that occurs during the first few

light exposures. Among the studies considered, it was found that the typical approach to measuring the
degradation rate and performance threshold is to compare the measured output current or voltage at specific
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time intervals after years of operation with the nameplate capacity of the PV modules. However, in this
approach, the performance drop over the years of operation is attributed to LID, which may overestimate the
real degradation rate and output decline by including the initial rapid decline caused by this mechanism.
Therefore, it may be more accurate to measure performance against the post-LID output. It is also possible for
manufacturers to anticipate this phenomenon through laboratory tests due to newer policy requirements;
however, in the context of reuse, this remains an important consideration, where some PV modules may be older
than the policy changes.

The 0.5% per year degradation rate used in this study was taken from field studies that measure performance
loss relative to the original nameplate capacity. This means the initial drop caused by LID is included in that
rate. If performance were measured from the stabilised post-LID output instead, the degradation rate over the
actual service life would be lower, and the remaining performance after 25 years would be slightly higher than
88% of the initial capacity. This can be interpreted as a sign that PV modules degrade even less than expected
in cold climates.

4.2 LCA adaptation and challenges

This study faced a methodological challenge that is not explicitly addressed in current LCA standards: there is
no established framework for assessing PV module reuse. Standard LCA practice for EoL scenarios assumes
that waste enters well-defined processes such as recycling, energy recovery through incineration, or landfill
disposal. Reuse does not fit this structure because the product itself remains in use and retains part of its
functional value, thereby avoiding or delaying the need for new module production, rather than creating benefits
through the recovery of material fractions. Assessing these benefits and loads therefore required the
development of a methodological approach based on the principles of EN 15804, including the polluter-pays
principle, end-of-waste state, functional equivalence, and substitution, and adapting them to a context that is not
explicitly addressed by the standard.

This also reflects a broader limitation found in the reviewed literature: current LCA standards remain largely
aligned with linear product systems and do not effectively meet circularity requirements. Although LCA is a
well-established tool for recognising environmental hotspots and informing design decisions, it is still important
to provide clearer guidance for scenarios where circularity, and reuse in particular, are the preferred solutions.
EN 15804 already provides a foundation for expanding toward more circular assessment through principles such
as the polluter pays principle and the end-of-waste state, but further adjustment is certainly needed. In addition,
PV reuse remains a relatively novel scenario; however, as the reuse market grows and the PV waste stream
expands, more consistent ways to communicate its environmental benefits and burdens will likely become
necessary.

4.3 Reuse and recycling, benefits and loads

The results clearly show that the manufacturing stage dominates the total life cycle environmental impact across
all assessed impact categories and accounts for approximately 90% of total GWP in both scenarios. At this
stage, the solar cell layer is the dominant contributor to manufacturing GWP, despite accounting for only around
4% of the total module mass. The component-level analysis quantified this inversion through the intensity ratio,
where the solar cell yields a value of 19.75, meaning that for every 1% of module mass the solar cell uses, it is
responsible for nearly 20% of manufacturing GWP. By contrast, glass at 67% of module mass produces an
intensity ratio of only 0.07, and the aluminium frame at 16% mass yields 0.50, confirming that the two heaviest
components by mass are among the least emission-intensive per kilogram. This has a direct effect on how the
two EoL pathways in this study should be interpreted. When manufacturing accounts for approximately 90% of
total life cycle GWP, the environmental difference between pathways is driven mainly by how much of that
manufacturing impacts each one avoids or recovers, rather than by differences in the efficiency of EoL
processing itself, which contributes only a small fraction of total life cycle impact in this study.

Reuse addresses this directly by substituting new module production and avoiding the most environmentally
costly stage of the entire life cycle. Mechanical recycling by contrast, targets glass and aluminium that are two
heaviest constituents of the module by mass, yet neither ranks among the top contributors to manufacturing
GWP. Glass, despite forming 67% of module mass, contributes only 5% of manufacturing GWP. Aluminium,
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at 16% of mass, accounts for 8% of GWP. Together they represent 13% of manufacturing emissions while
making up 83% of module mass, this is the structural mismatch on which mechanical recycling is built, yet it
does not reflect where environmental value is actually concentrated. For the solar cell layer, recovery via the
mechanical pathway is effectively zero, as cells remain encapsulated in EVA and are directed toward
incineration with the backsheet, and energy recovery primarily comes from burning polymers due to their high
heating value. Even the energy recovery credit from incinerating these polymer fractions amounts to less than
1% of the combined impact on encapsulation production. It is worth noting that the electricity grid mix assumed
for energy recovery in recycling is the Swedish grid mix, which is among the cleaner grids in Europe. In
countries with coal-heavy grids, the GWP credit from incinerating polymers would be favourable. Also, if
China's electricity grid were to decarbonise, the absolute stage D benefit of reuse would decrease, because the
new module being substituted would carry a lower carbon footprint. But this would apply equally to both
pathways. Cleaner manufacturing would narrow the absolute gap between reuse and recycling, but it would not
reverse the ranking. The logic holds as long as manufacturing remains the dominant contributor to life cycle
GWP, which is unlikely to change in the near term, given the material and energy requirements of solar cell
production.

Moreover, the recovery efficiency ratio represents the environmental return on investment for each pathway.
For the reuse scenario, this ratio is 66, meaning the avoided burden in Stage D is 66 times greater than the
environmental cost of transport and testing, and the emissions invested in bringing the module to its second life
are recovered 66-fold through the substitution of new module production. For mechanical recycling, the ratio is
0.75, meaning the environmental cost of EoL processing exceeds the credit from recovered materials; in GWP
terms, mechanical recycling does not recover even the environmental cost of its own waste processing. In
absolute terms, the Stage D avoided burden from reuse (-0.982 kg CO- eq.) exceeds the total stage D credit from
mechanical recycling (-0.0175 kg CO: eq.) by a factor of approximately 56, meaning reuse avoids approximately
56 times the GWP impact that recycling avoids beyond the system boundary.

As interpreted, mechanical recycling captures a negligible fraction of the environmental value embedded in a
PV module, despite meeting the WEEE Directive's legal mass recovery targets, indicating that current practice
is characterised as circular mass management rather than actual circularity. This does not simply mean that reuse
outperforms recycling in this study; rather, mechanical recycling is fundamentally misaligned with the
distribution of environmental impacts across PV module components. However, this misalignment could be
explained by the fact that mechanical recycling is not specifically developed for PV modules but is adapted
from other recycling industries, where the waste streams might not experience this kind of mass-impact
inversion.

Additionally, the EU Critical Raw Materials Act designates silicon, aluminium, boron, and phosphorus as
critical raw materials for its economy, but does not yet translate this into separate recovery requirements that
would support advanced recycling approaches or reuse over bulk mechanical processing. In addition, extended
producer responsibility frameworks assign responsibilities for EoL. management but do not currently link
producer fees to the quality of recovery. As a result, there is no financial motivation to pursue reuse or high-
value material recovery over cheaper mechanical recycling that meets the same legal threshold at lower cost.
Closing this gap requires regulatory frameworks that reflect environmental value rather than mass. Producer
fees structured around the quality of material recovery rather than mass alone, or mandatory requirements for
recycled PV-grade silicon in new module manufacturing, could create the financial push needed to shift the
industry toward higher-value EoL pathways and accelerate circularity in the PV sector, but without such, the
industry has no reason to move beyond an approach that meets legal requirements while resulting in minimal
environmental return.

4.4 Market potential and supply chain

The scale of reuse opportunities is supported by estimates that up to 80% of the European PV waste stream
consists of prematurely decommissioned modules, with earlier assessments indicating that 45% to 65% of
modules entering the waste stream were still suitable for repair or reuse. The environmental benefits modelled
in this study, therefore, do not depend solely on future market development; they are available now for modules
already being decommissioned. A fully developed second-life market for PV modules does not yet exist at a
commercial scale. Current reuse activity happens mostly through individual resellers, community projects, and
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off-grid applications. The absence of standardised testing protocols, globally applicable PV performance
thresholds suitable for reuse, and warranty criteria hinders broader market development.

In addition to its direct environmental benefit, the reuse pathway may also have strategic value. Given that the
PV industry is heavily dependent on global supply chains and critical raw materials, disruptions in
manufacturing or international trade could directly affect the availability and cost of new modules. Under such
conditions, keeping functional modules rather than directing them to recycling could increase resilience,
particularly for off-grid, emergency, or low-demand applications where performance requirements are less
strict.

The findings also suggest that policy measures could play an important role in developing reuse pathways.
Subsidies or regulatory incentives for testing, certification, and redistribution of second-life modules could help
offset some of the additional labour and logistical costs that currently make reuse economically unattractive
relative to replacement. Without such instruments, market conditions will continue to require repowering or
revamping with newer modules, even where older modules provide sufficient function and environmental value
to justify a second life.
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5 Conclusion

The aim of this study was to investigate whether reuse can represent a viable circular end-of-life pathway for
ageing crystalline silicon photovoltaic (PV) modules and under what conditions such an approach may be
possible, while considering mechanical recycling as the conventional treatment pathway for end-of-life PV
modules in Europe. To address this, a literature review was conducted to identify the main degradation
mechanisms affecting PV modules, evaluate existing testing approaches, and establish criteria for second-life
use. These findings were subsequently integrated into a Life Cycle Assessment (LCA) conducted according
to EN 15804+A2, in which the environmental footprint of reuse and recycling was assessed. The main findings
of the project are summarised through the three research questions that guided this study.

1. Which degradation mechanisms and performance thresholds determine whether first-generation c-Si
PV modules are suitable for reuse rather than recycling?

Reuse suitability is determined by both safety-critical failures and performance thresholds, evaluated together
rather than independently. Failures such as glass breakage, backsheet cracking, junction box detachment, and
Potential Induced Degradation (PID) pose electrical and fire hazards that disqualify a module from reuse and
direct it to recycling, regardless of remaining power output. In addition, degradation mechanisms such as glass
coating degradation, encapsulant discolouration, delamination, cell cracks, and interconnection degradation
can increase failure rates as modules progress from middle age towards the later stages of their service life.
Although these mechanisms may not always cause immediate failure, they should be identified through testing,
and modules exhibiting them should be excluded from reuse criteria where such mechanisms indicate an
elevated risk of future performance loss and reliability issues. The five-stage testing framework provides a
structured basis for this purpose. In terms of performance, proposed thresholds range from 50% to 95% of
original nameplate capacity, but there is still no agreement among studies, and the appropriate threshold
depends on the intended application. From an environmental perspective, most modules provide meaningful
avoided burden even at 50% of original capacity. Field evidence shows that ¢c-Si modules in cold climates can
retain at least 80% of their original performance after 25 years, keeping them above typical warranty
thresholds. Where critical failures do not occur, modules in well-ventilated conditions can remain functional
well beyond their expected service life.

2. How can reuse eligibility and remaining performance be translated into LCA assumptions in the
absence of an established reuse LCA framework for second-life PV modules?

Reuse eligibility was assessed using performance thresholds derived from field degradation data, while the
remaining functionality of decommissioned modules was incorporated into the LCA through a substitution
approach based on the stage D principles of EN 15804+A2. Since no dedicated LCA framework currently exists
for second-life PV module reuse, this study adapted the modular structure and avoided-burden logic of EN
15804 to assess the environmental benefit of extending module service life and avoiding the production of a
new PV module. Degradation rates were used to assess how much functionality a reused module could still
provide relative to the new module it might replace under the system boundary of this study. A further
contribution of this approach was that both reuse and recycling were modelled within the same system boundary
and declared unit, with the two pathways diverging only at the end-of-life and stage D phases. This means the
environmental difference between pathways is directly attributable to the substitution logic, making the
comparison transparent and consistent in a way that is not always achieved in existing PV LCA studies.
Although this approach does not address the lack of a standardised reuse methodology, it offers a transparent
and reproducible way to incorporate second-life scenarios into environmental assessment until more specific
frameworks become available.

3. How do the environmental impacts of reuse and recycling pathways differ under these assumptions?

Based on the assumptions applied in this study, reuse and recycling differ fundamentally in how they recover
environmental value. The manufacturing stage dominates the life cycle Global Warming Potential (GWP) of
both scenarios, accounting for approximately 90% of total emissions. Within this stage, component-level
analysis revealed a mass-impact inversion. The solar cell layer accounts for approximately 79% of
manufacturing GWP while representing only around 4% of module mass, resulting in an intensity ratio of 19.75.
This means for every 1% of module mass occupied by the solar cell, nearly 20% of manufacturing emissions
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are generated. In contrast, glass constitutes approximately 67% of module mass but has an intensity ratio of only
0.07, while the aluminium frame represents 16% of module mass and yields an intensity ratio of 0.50. Together,
glass and aluminium account for approximately 83% of module mass but only 13% of manufacturing GWP.
These findings show that environmental impacts are concentrated in a relatively small and highly impact-
intensive fraction of the module, whereas the heaviest components contribute comparatively little to
manufacturing emissions.

Reuse addresses this imbalance by extending the module's operational life and avoiding the need for new
manufacturing. As a result, the reuse scenario achieved an avoided burden approximately 56 times greater than
mechanical recycling and yielded a recovery efficiency ratio of 66, revealing that the environmental impacts
required to transition a PV from waste status to a second-life product were recovered 66-fold through the
avoidance of new module production. In contrast, mechanical recycling achieved a recovery efficiency ratio of
only 0.75, revealing that the environmental benefits obtained from recovered materials and energy were lower
than the impacts generated by the recycling process itself. These findings suggest that, as long as PV
manufacturing remains the dominant contributor to life cycle impacts, end-of-life strategies that do not offset,
reduce, or avoid new production are likely to provide limited environmental benefits, regardless of how
efficiently PV waste is processed. The results nevertheless suggest that the decision between reuse and recycling
is not solely a matter of technical recovery efficiency but rather depends on where environmental impacts are
concentrated across the life cycle, and which strategy is more effective at retaining or recovering that
environmental value. Lastly, the results remain dependent on the degradation assumptions and substitution
approach adopted in this study and should therefore be interpreted as indicative rather than absolute.

The gaps identified in this study are a clear sign that the development of the reuse market is being prevented
and addressing this misalignment is possibly the most important policy challenge facing the PV waste sector.
Recovery targets defined by material-value fraction rather than mass, and economic instruments that reflect the
value of critical material recovery, will be necessary to drive the transition from bulk mechanical recycling
toward high-value end-of-life pathways at the scale demanded by the expanding PV waste stream. The absence
of a defined performance threshold further underlines that, without mandatory standards, the boundary between
a reusable and a non-reusable PV module remains uncertain.
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6 Future research

While this study answers its research questions, it also raises further questions that warrant further investigation.
Future research could examine the repairability of degraded modules, specifically whether defects can be
reliably repaired without introducing safety risks, and whether repaired modules can meet the same reuse criteria
as unrepaired ones. Standardised testing procedures and certification frameworks for repaired modules would
also be needed to support this direction.

Degradation behaviour beyond linear annual rates also requires deeper investigation, particularly into how
mechanisms accumulate and accelerate during the transition from midlife to the wear-out phase, and how
climate-specific stressors in Nordic conditions affect this progression relative to global averages. Long-term
field studies tracking module-level degradation across different climates, and different system types such as
ground-mounted and Building-Integrated Photovoltaics (BIPV) would provide a stronger evidence base for
reuse decisions.

The potential interaction between second-life PV deployment and the ongoing heat pump-based energy
transition also could be an investigation. As electrification of heating through heat pumps increases electricity
use in Nordic countries, distributed second-life PV systems could contribute to lowering this demand at the
building or district level. Research examining the alignment between the seasonal electricity generation profile
of reused PV systems and the electricity use patterns of heat pumps would help quantify this potential.

The environmental and economic viability of closed-loop recycling deserves further investigation, particularly
for advanced pathways such as thermal and chemical processes that allow upcycling and reintroduction of
recovered materials into their original supply chains. Special attention should be given to the solar cell layer,
which this study identified as responsible for the largest share of manufacturing GWP despite representing only
a small fraction of module mass. The energy required to recover it at high purity through advanced recycling
may still be substantially lower than that needed for virgin material production. The same assessment could be
extended to other components such as glass and aluminium, examining whether the energy, emissions, and cost
related to thermal or chemical recycling are justified by the quality of recovered fraction compared to their
original material, or whether it is more effective to spend the energy and cost toward recovering only the solar
cells layer and its silver content and treat the other fractions via mechanical recycling where they still have
economic value and a market demand, even though these fraction are downcycled. This could be addressed by
integrating LCA with life cycle costing (LCC) into a combined framework, sometimes referred to as Integrated
Life Cycle Assessment (ILCA), which would provide a more complete basis for decision-making by
manufacturers, recyclers, and policymakers. Additionally, the electricity grid mix can play a critical role in such
assessments, as the carbon intensity of the electricity grid directly affects the environmental impacts of advanced
recycling pathways, and accounting for different grid scenarios could influence the conclusions of such a study.

From a systems perspective, the role of second-life PV modules in supporting energy security deserves attention.
Decommissioned modules that retain sufficient performance could serve as a decentralised energy resource in
contexts where supply chain disruptions limit access to new modules, a concern that is particularly relevant
given the current concentration of PV manufacturing as discussed in this study. Investigating the logistics,
regulatory requirements, and technical standards needed to organise such a reserve would be valuable.

Finally, real-world cases of reused PV modules deserve much more documentation and analysis. While
examples such as the SOLARCYCLE could validate the technical feasibility of deploying decommissioned
modules at scale, systematic studies tracking the performance, reliability, and environmental outcomes of
second-life systems across different applications and geographic contexts are still lacking. Such studies would
also help improve the performance thresholds and certification criteria currently proposed in the literature.

45



Circular Pathways for Photovoltaic Modules

Declaration of generative AI and Al-assisted technologies in the writing
process
During the preparation of this work the author used ChatGPT in order to improve grammar, readability, and

rephrasing. After using this tool, the author reviewed and edited the content as needed and takes full
responsibility for the content of the published work.

46



Circular Pathways for Photovoltaic Modules

References

[1] K. Calvin et al., ‘IPCC, 2023: Climate Change 2023: Synthesis Report. Contribution of
Working Groups I, II and III to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change [Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland.’,
Intergovernmental Panel on Climate Change (IPCC), Jul. 2023. doi: 10.59327/IPCC/ARG6-
9789291691647.

[2] P. Gadonneix, M.-J. Nadeau, Y. D. Kim, L. Birnbaum, H. Cho, and A. R. Choudhury,
‘World Energy Scenarios: Composing Energy Futures to 2050°, 2013, Accessed: Feb. 02, 2026.
[Online]. Available: https://www.worldenergy.org/assets/downloads/World-Energy-

Scenarios Composing-energy-futures-to-2050 Full-reportl.pdf

[3] IEA, ‘The Role of Critical Minerals in Clean Energy Transitions’, International Energy
Agency, Paris, 2021. Accessed: Feb. 12, 2026. [Online]. Available: https://www.iea.org/reports/the-
role-of-critical-minerals-in-clean-energy-transitions

[4] E. T. Ymer, H. G. Lemu, and M. A. Tolcha, ‘Identification of the key material
degradation mechanisms affecting silicon solar cells: Systematic literature review’, Results in
Engineering, vol. 27, p. 106113, Sep. 2025, doi: 10.1016/j.rineng.2025.106113.

[5] S. Weckend, A. Wade, and G. Heath, ‘End of Life Management: Solar Photovoltaic
Panels’, NREL/TP--6A20-73852, T12-06:2016, 1561525, Jun. 2016. doi: 10.2172/1561525.
[6] Future of solar photovoltaic: deployment, investment, technology, grid integration and

socio-economic aspects. Abu Dhabi: International Renewable Energy Agency, 2019. Accessed: Feb.
03, 2026. [Online]. Available: https://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2019/Nov/IRENA_ Future of Solar PV 2019.pdf

[7] D. S. Philipps, F. Ise, W. Warmuth, and P. P. GmbH, ‘Photovoltaics Report’, Accessed:
Jan. 29, 2026. [Online]. Available:
https://www.ise.fraunhofer.de/en/publications/studies/photovoltaics-report.html

[8] G. F. Nemet, ‘Beyond the learning curve: factors influencing cost reductions in
photovoltaics’, Energy Policy, vol. 34, no. 17, pp. 3218-3232, Nov. 2006, doi:
10.1016/j.enpol.2005.06.020.

[9] A. Jaeger-Waldau, ‘PV Status Report 2019°, JRC Publications Repository. Accessed:
Mar. 01, 2026. [Online]. Available:
https://publications.jrc.ec.europa.eu/repository/handle/JRC118058

[10] U. Pillai, ‘Drivers of cost reduction in solar photovoltaics’, Energy Economics, vol. 50,
pp. 286—293, Jul. 2015, doi: 10.1016/j.enec0.2015.05.015.
[11] J. Lindahl, ‘National Survey Report of PV Power Applications in Sweden 2010°, IEA

Photovoltaic Power Systems Programme, Uppsala, 2011. Accessed: Jan. 28, 2026. [Online].
Available: https://iea-pvps.org/wp-content/uploads/2020/01/nsr 2010 SWE.pdf

[12] ‘Global renewable electricity generation shares by technology, 2015-2030 — Charts —
Data & Statistics’, IEA. Accessed: Apr. 14, 2026. [Online]. Available: https://www.iea.org/data-and-
statistics/charts/global-renewable-electricity-generation-shares-by-technology-2015-2030

[13] U. Malm and L. Stolt, ‘National Survey Report of PV Power Applications in Sweden
2005’, IEA Photovoltaic Power Systems Programme, Uppsala, 2006. Accessed: Jan. 28, 2026.
[Online]. Available: https://iea-pvps.org/wp-content/uploads/2020/01/nsr 2005 SWE.pdf

[14] ‘Solar Photovoltaic Performance and Efficiency Basics’, Energy.gov. Accessed: Feb.
10, 2026. [Online]. Available: https://www.energy.gov/cmei/systems/solar-photovoltaic-
performance-and-eftficiency-basics

[15] Fraunhofer ISE, ‘Fraunhofer ISE AnnualReport 2011°, Fraunhofer Institute for Solar
Energy Systems ISE, Freiburg, 2011. Accessed: Feb. 10, 2026. [Online]. Available:
https://www.ise.fraunhofer.de/content/dam/ise/en/documents/annual reports/Fraunhofer ISE Annua
IReport 2011.pdf

47



Circular Pathways for Photovoltaic Modules

[16] P. Marinna, V. Lais, P. Fernando O.R, and R. Ricardo, ‘Circular solar economy: PV
modules decision-making framework for reuse’, Journal of Cleaner Production, vol. 493, p. 144941,
Feb. 2025, doi: 10.1016/j.jclepro.2025.144941.

[17] S. Tsurekawa, K. Kido, and T. Watanabe, ‘Interfacial state and potential barrier height
associated with grain boundaries in polycrystalline silicon’, Materials Science and Engineering: A,
vol. 462, no. 1-2, pp. 61-67, Jul. 2007, doi: 10.1016/j.msea.2006.02.471.

[18] C. Ballif, F.-J. Haug, M. Boccard, P. J. Verlinden, and G. Hahn, ‘Status and
perspectives of crystalline silicon photovoltaics in research and industry’, Nat Rev Mater, vol. 7, no.
8, pp- 597-616, Mar. 2022, doi: 10.1038/s41578-022-00423-2.

[19] G. Miiller, J. Friedrich, W. Wang, K. Tsukamoto, and D. Wu, ‘Optimization and
Modeling of Photovoltaic Silicon Crystallization Processes’, presented at the SELECTED TOPICS
ON CRYSTAL GROWTH: 14th International Summer School on Crystal Growth, Dalian (China),
2010, pp. 255-281. doi: 10.1063/1.3476230.

[20] R. Sanathi, S. Banerjee, and S. Bhowmik, ‘A technical review of crystalline silicon
photovoltaic module recycling’, Solar Energy, vol. 281, p. 112869, Oct. 2024, doi:
10.1016/j.solener.2024.112869.

[21] P.-H. Chen, W.-S. Chen, C.-H. Lee, and J.-Y. Wu, ‘Comprehensive Review of
Crystalline Silicon Solar Panel Recycling: From Historical Context to Advanced Techniques’,
Sustainability, vol. 16, no. 1, p. 60, Jan. 2024, doi: 10.3390/sul16010060.

[22] A. Goodrich et al., ‘A wafer-based monocrystalline silicon photovoltaics road map:
Utilizing known technology improvement opportunities for further reductions in manufacturing
costs’, Solar Energy Materials and Solar Cells, vol. 114, pp. 110-135, Jul. 2013, doi:
10.1016/j.s0lmat.2013.01.030.

[23] D. K. Tiwari et al., ‘Recycling Silicon PV Modules: Advances, Economic Feasibility,
and Policy for a Circular Solar Economy’, Solar RRL, vol. 10, no. 1, p. €202500759, 2026, doi:
10.1002/501r.202500759.

[24] M. Bosnjakovi¢, ‘Advance of Sustainable Energy Materials: Technology Trends for
Silicon-Based Photovoltaic Cells’, Sustainability, vol. 16, no. 18, p. 7962, Jan. 2024, doi:
10.3390/s5u16187962.

[25] E. J. Schneller et al., ‘Manufacturing metrology for c-Si module reliability and
durability Part III: Module manufacturing’, Renewable and Sustainable Energy Reviews, vol. 59, pp.
992-1016, Jun. 2016, doi: 10.1016/j.rser.2015.12.215.

[26] H.-L. Daniela-Abigail, M. 1. Vega-De-Lille, J. C. Sacramento-Rivero, C. Ponce-
Caballero, A. El-Mekaoui, and F. Navarro-Pineda, ‘Life cycle assessment of photovoltaic panels
including transportation and two end-of-life scenarios: Shaping a sustainable future for renewable
energy’, Renewable Energy Focus, vol. 51, p. 100649, Oct. 2024, doi: 10.1016/j.ref.2024.100649.
[27] V. Fthenakis and M. Raugei, ‘Environmental life-cycle assessment of photovoltaic
systems’, in The Performance of Photovoltaic (PV) Systems, Elsevier, 2017, pp. 209-232. doi:
10.1016/B978-1-78242-336-2.00007-0.

[28] G. Andrean, ‘Energy Technology Perspectives 2024°, Energy Technology Perspectives,
2024, Accessed: Mar. 07, 2026. [Online]. Available: https://www.iea.org/reports/energy-technology-
perspectives-2024

[29] D. Yang, J. Liu, J. Yang, and N. Ding, ‘Life-cycle assessment of China’s multi-
crystalline silicon photovoltaic modules considering international trade’, Journal of Cleaner
Production, vol. 94, pp. 3545, May 2015, doi: 10.1016/j.jclepro.2015.02.003.

[30] A. Miiller, L. Friedrich, C. Reichel, S. Herceg, M. Mittag, and D. H. Neuhaus, ‘A
comparative life cycle assessment of silicon PV modules: Impact of module design, manufacturing
location and inventory’, Solar Energy Materials and Solar Cells, vol. 230, p. 111277, Sep. 2021, doi:
10.1016/j.s0lmat.2021.111277.

[31] V. Cattaneo et al., ‘Forecasting silver demand and supply by 2030: Impact of silver-
intensive photovoltaic cells and sectoral competition’, Resources, Conservation and Recycling, vol.
224, p. 108562, Jan. 2026, doi: 10.1016/j.resconrec.2025.108562.

48



Circular Pathways for Photovoltaic Modules

[32] ‘Critical raw materials - Internal Market, Industry, Entrepreneurship and SMEs’.
Accessed: Feb. 12, 2026. [Online]. Available: https://single-market-
economy.ec.europa.eu/sectors/raw-materials/areas-specific-interest/critical-raw-materials_en

[33] K. Guzik, J. Szlugaj, and A. Burkowicz, ‘The EU’s demand for selected critical raw
materials used in the photovoltaic industry’, Gospodarka Surowcami Mineralnymi - Mineral
Resources Management,; 2022; vol. 38; No 2; 31-59, 2022, Accessed: Feb. 12, 2026. [Online].
Available: https://journals.pan.pl/dlibra/publication/141666/edition/123713

[34] K. Komoto ef al., ‘Status of PV Module Recycling in IEA PVPS Task 12 Countries’,
IEA Photovoltaic Power Systems Programme, 2025. doi: 10.69766/XLFG7020.
[35] A. Auer, ‘Photovoltaic module decommissioning and recycling in Europe and Japan’,

Uppsala, 2015. Accessed: Feb. 28, 2026. [Online]. Available:
https://stud.epsilon.slu.se/7608/1/auer a 150211.pdf

[36] B. Seo, J. Y. Kim, and J. Chung, ‘Overview of global status and challenges for end-of-
life crystalline silicon photovoltaic panels: A focus on environmental impacts’, Waste Management,
vol. 128, pp. 45-54, Jun. 2021, doi: 10.1016/j.wasman.2021.04.045.

[37] R. Deng, Y. Zhuo, and Y. Shen, ‘Recent progress in silicon photovoltaic module
recycling processes’, Resources, Conservation and Recycling, vol. 187, p. 106612, Dec. 2022, doi:
10.1016/j.resconrec.2022.106612.

[38] European Commission. Joint Research Centre., Analysis of material recovery from
photovoltaic panels. LU: Publications Office, 2016. doi: 10.2788/786252.
[39] IEA PVPS, ‘IEA-PVPS-T12-28-2024-Report-PV-Recycling-LCI_EPRI’. Accessed:

Feb. 02, 2026. [Online]. Available: https://iea-pvps.org/wp-content/uploads/2024/06/IEA-PVPS-
T12-28-2024-Report-PV-Recycling-LCI_EPRI.pdf

[40] P. Su, Y. He, Y. Feng, Q. Wan, and T. Li, ‘Advancements in end-of-life crystalline
silicon photovoltaic module recycling: Current state and future prospects’, Solar Energy Materials
and Solar Cells, vol. 277, p. 113109, Oct. 2024, doi: 10.1016/j.solmat.2024.113109.

[41] I. (John) A. Tsanakas et al., ‘Toward Reuse-Ready PV: A Perspective on Recent
Advances, Practices, and Future Challenges’, Advanced Energy and Sustainability Research, vol. 6,
no. 10, p. 2400237, 2025, doi: 10.1002/aesr.202400237.

[42] J. A. Tsanakas et al., “Towards a circular supply chain for PV modules: Review of
today’s challenges in PV recycling, refurbishment and re-certification’, Progress in Photovoltaics:
Research and Applications, vol. 28, no. 6, pp. 454-464, 2020, doi: 10.1002/pip.3193.

[43] A. Virtuani et al., ‘35 years of photovoltaics: Analysis of the TISO-10-kW solar plant,
lessons learnt in safety and performance—Part 1°, Progress in Photovoltaics: Research and
Applications, vol. 27, no. 4, pp. 328-339, 2019, doi: 10.1002/pip.3104.

[44] M. Straub-Miick, J. Geyer-Klingeberg, and A. W. Rathgeber, ‘Determinants of the
long-term degradation rate of photovoltaic modules: A meta-analysis’, Renewable and Sustainable
Energy Reviews, vol. 216, p. 115697, Jul. 2025, doi: 10.1016/j.rser.2025.115697.

[45] E. Bosch, P. Macg¢, C. Plaza, and G. Masson, ‘A Techno-Economic Comparison
Analysis for Optimal PV Revamping Strategies’, 4/st European Photovoltaic Solar Energy
Conference and Exhibition, pp. 020416-001-020416—-006, 2024, doi:
10.4229/EUPVSEC2024/4DO.1.3.

[46] T. Curtis, G. Heath, A. Walker, J. Desai, E. Settle, and C. Barbosa, ‘Best Practices at
the End of the Photovoltaic System Performance Period’, National Renewable Energy Laboratory,
2021, Accessed: Feb. 25, 2026. [Online]. Available: https://docs.nrel.gov/docs/tfy210sti/78678.pdf
[47] University of Queensland and Circular PV Alliance, ‘Reclaimed PV Panels Market
Assessment Industry Report’, University of Queensland / Circular PV Alliance, Brisbane, 2023.
Accessed: Mar. 01, 2025. [Online]. Available: https://assets.pc.gov.au/387395/sub062-circular-
economy-attachment.pdf

[48] M. Kontges, S. Kurtz, C. Packard, U. Jahn, K. A. Berger, and K. Kato, Performance
and reliability of photovoltaic systems: subtask 3.2: Review of failures of photovoltaic modules: IEA
PVPS task 13: external final report IEA-PVPS. Sankt Ursen: International Energy Agency,

49



Circular Pathways for Photovoltaic Modules

Photovoltaic Power Systems Programme, 2014. Accessed: Feb. 25, 2026. [Online]. Available:
https://iea-pvps.org/wp-content/uploads/2020/01/IEA-PVPS_T13-

01 2014 Review_ of Failures of Photovoltaic Modules Final.pdf

[49] L. Chhillar, S. Sandhu, S. Parida, and P. Majewski, ‘Certification for Solar Panel Reuse:
A Systematic Review of Cross-Sector Practices and Gaps’, Sustainability, vol. 17, no. 13, p. 5995,
Jan. 2025, doi: 10.3390/sul7135995.

[50] A. van der Heide, L. Tous, K. Wambach, J. Poortmans, J. Clyncke, and E. Voroshazi,
‘Towards a successful re-use of decommissioned photovoltaic modules’, Progress in Photovoltaics:
Research and Applications, vol. 30, no. 8, pp. 910-920, 2022, doi: 10.1002/pip.3490.

[51] G. Oreski et al., ‘Performance and Reliability Aspects of 2nd Life Photovoltaic
Modules’, International Energy Agency Photovoltaic Power Systems Programme, 2026. doi:
10.69766/JGY V39009.

[52] European Commission. Joint Research Centre. Institute for Environment and
Sustainability., International Reference Life Cycle Data System (ILCD) Handbook :general guide for
life cycle assessment . detailed guidance. LU: Publications Office, 2010. doi: 10.2788/38479.

[53] ISO, Environmental Management - Life Cycle Assessment - Principles and Framework,
ISO 14040:2006, Geneva., 2006. Accessed: Mar. 04, 2026. [Online]. Available:
https://www.iso.org/standard/37456.html

[54] R. Frischknecht, ‘Methodology Guidelines on Life Cycle Assessment of Photovoltaic’,
2020, Accessed: Mar. 01, 2026. [Online]. Available: https://iea-pvps.org/key-topics/methodology-
guidelines-on-life-cycle-assessment-of-photovoltaic-2020/

[55] European Commission. Joint Research Centre., Harmonised rules for the calculation of
the carbon footprint of photovoltaic modules in the context of the EU Ecodesign Directive. LU:
Publications Office, 2025. doi: 10.2760/4062978.

[56] CEN, ‘Sustainability of Construction Works - Environmental Product Declarations -
Core Rules for the Product Category of Construction Products’, European Committee for
Standardization, Standard EN 15804:2012+A2:2019, 2019. Accessed: May 01, 2025. [Online].
Available: https://www.en-standard.eu/bs-en-15804-2012-a2-2019

[57] ‘Sustainability insights for informed changemakers’, SimaPro. Accessed: Apr. 02,
2026. [Online]. Available: https://simapro.com/
[58] PR¢ Sustainability, ‘SimaPro Tutorial’, PR¢ Sustainability B.V., Amersfoort, Software

Manual, 2023. Accessed: May 10, 2026. [Online]. Available: https://simapro.com/wp-
content/uploads/2023/07/SimaPro-Tutorial.pdf

[59] EPD Norway, ‘Photovoltaic modules and parts thereof (c-PCR to PCR 2019:14)’, The
Norwegian EPD Foundation, Oslo, Product Category Rules NPCR 029:2022, 2022. Accessed: Mar.
01, 2026. [Online]. Available: https://www.environdec.com/pcr-library/pcr_d2322eee-828a-4995-
31a7-08da281808ad

[60] IEA PVPS, ‘Life Cycle Inventories and Life Cycle Assessments of Photovoltaic
Systems’, IEA Photovoltaic Power Systems Programme, Paris, [EA-PVPS T12-19:2020, 2020.
Accessed: Feb. 15, 2026. [Online]. Available: https://iea-pvps.org/wp-content/uploads/2020/12/IEA-
PVPS-LClI-report-2020.pdf

[61] International Energy Agency, Special Report on Solar PV Global Supply Chains.
OECD, 2022. doi: 10.1787/9¢8b0121-en.
[62] X. Wang, X. Tian, X. Chen, L. Ren, and C. Geng, ‘A review of end-of-life crystalline

silicon solar photovoltaic panel recycling technology’, Solar Energy Materials and Solar Cells, vol.
248, p. 111976, Dec. 2022, doi: 10.1016/j.s0lmat.2022.111976.

[63] L. Koester, E. Vallarella, A. Louwen, S. Lindig, and D. Moser, ‘Evaluating the effects
of photovoltaic module heating during electroluminescence inspection’, EPJ Photovolt., vol. 14, p.
14, 2023, doi: 10.1051/epjpv/2023002.

[64] S. Manfredi, K. Allacker, N. Pelletier, and D. M. de Souza, ‘Joint Research Centre
(JRC)’, Accessed: Apr. 12, 2026. [Online]. Available:
https://www.vliz.be/imisdocs/publications/396125.pdf

50



Circular Pathways for Photovoltaic Modules

[65] ‘Life Cycle Assessment & the EF methods - Green Forum’. Accessed: May 12, 2026.
[Online]. Available: https://green-forum.ec.europa.eu/green-business/environmental-footprint-
methods/life-cycle-assessment-ef-methods _en

[66] M. Aghaei et al., ‘Review of degradation and failure phenomena in photovoltaic
modules’, Renewable and Sustainable Energy Reviews, vol. 159, p. 112160, May 2022, doi:
10.1016/j.rser.2022.112160.

[67] A. Ndiaye, A. Charki, A. Kobi, C. M. F. Kébé¢, P. A. Ndiaye, and V. Sambou,
‘Degradations of silicon photovoltaic modules: A literature review’, Solar Energy, vol. 96, pp. 140—
151, Oct. 2013, doi: 10.1016/j.solener.2013.07.005.

[68] A. Omazic et al., ‘Relation between degradation of polymeric components in
crystalline silicon PV module and climatic conditions: A literature review’, Solar Energy Materials
and Solar Cells, vol. 192, pp. 123—-133, Apr. 2019, doi: 10.1016/j.solmat.2018.12.027.

[69] S. Chattopadhyay, ‘Encapsulant Discoloration in Photovoltaic Modules in Different’,
Indian Institute of Technology Bombay, Mumbai, 2021. Accessed: Feb. 16, 2026. [Online].
Available: https://www.ee.iitb.ac.in/~anilkg/Shashwata thesis.pdf

[70] S. Yang and L. Jiang, ‘Crystalline Silicon PV Module Field Failures’, in Durability and
Reliability of Polymers and Other Materials in Photovoltaic Modules, Elsevier, 2019, pp. 177-216.
doi: 10.1016/B978-0-12-811545-9.00008-2.

[71] A. F. Zielnik and D. M. Burns, ‘Service Life Prediction of PV Materials’, in Durability
and Reliability of Polymers and Other Materials in Photovoltaic Modules, Elsevier, 2019, pp. 297—
328. doi: 10.1016/B978-0-12-811545-9.00013-6.

[72] D. H. J. Bajaria, ‘Difference between reliability testing and durability testing’,
Multiface, 2000. Accessed: Feb. 10, 2026. [Online]. Available: https://multiface.com/RvsDTest.PDF
[73] T. J. Peshek, J. S. Fada, and I. T. Martin, ‘Degradation Processes in Photovoltaic

Cells’, in Durability and Reliability of Polymers and Other Materials in Photovoltaic Modules,
Elsevier, 2019, pp. 97-118. doi: 10.1016/B978-0-12-811545-9.00004-5.

[74] A. Gok, D. A. Gordon, M. Wang, R. H. French, and L. S. Bruckman, ‘Degradation
Science and Pathways in PV Systems’, in Durability and Reliability of Polymers and Other
Materials in Photovoltaic Modules, Elsevier, 2019, pp. 47-93. doi: 10.1016/B978-0-12-811545-
9.00003-3.

[75] M. Vazquez and 1. Rey-Stolle, ‘Photovoltaic module reliability model based on field
degradation studies’, Progress in Photovoltaics: Research and Applications, vol. 16, no. 5, pp. 419—
433, 2008, doi: 10.1002/pip.825.

[76] A. Skoczek, T. Sample, and E. D. Dunlop, ‘The results of performance measurements
of field-aged crystalline silicon photovoltaic modules’, Progress in Photovoltaics: Research and
Applications, vol. 17, no. 4, pp. 227-240, 2009, doi: 10.1002/pip.874.

[77] D. C. Jordan, S. R. Kurtz, K. VanSant, and J. Newmiller, ‘Compendium of photovoltaic
degradation rates’, Progress in Photovoltaics: Research and Applications, vol. 24, no. 7, pp. 978—
989, 2016, doi: 10.1002/pip.2744.

[78] Z. Ullah Khan et al., ‘A Review of Degradation and Reliability Analysis of a Solar PV
Module’, IEEE Access, vol. 12, pp. 185036—185056, 2024, doi: 10.1109/ACCESS.2024.3432394.
[79] S. Chattopadhyay et al., ‘Visual Degradation in Field-Aged Crystalline Silicon PV

Modules in India and Correlation With Electrical Degradation’, IEEE Journal of Photovoltaics, vol.
4, no. 6, pp. 1470-1476, Nov. 2014, doi: 10.1109/JPHOTOV.2014.2356717.

[80] A. Michail et al., ‘A comprehensive review of unmanned aerial vehicle-based
approaches to support photovoltaic plant diagnosis’, Heliyon, vol. 10, no. 1, p. €23983, Jan. 2024,
doi: 10.1016/j.heliyon.2024.e23983.

[81] J. Tracy et al., ‘Survey of Material Degradation in Globally Fielded PV Modules’, in
2019 IEEE 46th Photovoltaic Specialists Conference (PVSC), Jun. 2019, pp. 0874—0879. doi:
10.1109/PVSC40753.2019.8981140.

[82] Y. Voronko et al., ‘Repair options for PV modules with cracked backsheets’, Energy
Science & Engineering, vol. 9, no. 9, pp. 1583-1595, 2021, doi: 10.1002/ese3.936.

51



Circular Pathways for Photovoltaic Modules

[83] H. Salim, N. Florin, R. Wakefield-Rann, and B. Madden, ‘Enabling a Responsible
Second-Hand Market for Photovoltaic Systems in Australia’, Institute for Sustainable Futures,
University of Technology Sydney, Sydney, 2023. Accessed: Feb. 19, 2026. [Online]. Available:
https://www.uts.edu.au/globalassets/sites/default/files/2023-07/enabling-a-responsible-reuse-
market.pdf

[84] D. C. Jordan and S. R. Kurtz, ‘Photovoltaic Degradation Rates—an Analytical
Review’, Progress in Photovoltaics, vol. 21, no. 1, pp. 12-29, Jan. 2013, doi: 10.1002/pip.1182.
[85] M. Piliougine ef al., ‘Analysis of the degradation of single-crystalline silicon modules

after 21 years of operation’, Progress in Photovoltaics: Research and Applications, vol. 29, no. 8,
pp. 907-919, 2021, doi: 10.1002/pip.3409.

[86] S. Shrestha and G. TamizhMani, ‘Selection of best methods to calculate degradation
rates of PV modules’, in 2015 IEEE 42nd Photovoltaic Specialist Conference (PVSC), Jun. 2015, pp.
1-4. doi: 10.1109/PVSC.2015.7355703.

[87] A. Phinikarides, N. Kindyni, G. Makrides, and G. E. Georghiou, ‘Review of
photovoltaic degradation rate methodologies’, Renewable and Sustainable Energy Reviews, vol. 40,
pp. 143-152, Dec. 2014, doi: 10.1016/j.rser.2014.07.155.

[88] E. Psimopoulos, J. Plautz, F. Fiedler, and A. Augusto, ‘Performance of a PV System
Operating for 30-Years in Scandinavia’, in 2024 IEEE 52nd Photovoltaic Specialist Conference
(PVSC), Jun. 2024, pp. 0353—0355. doi: 10.1109/PVSC57443.2024.10748925.

[89] J. Hedstrom and L. Palmblad, ‘Performance of Old PV Modules: Measurement of 25
Year Old Crystalline Silicon Modules’, Elforsk, 06:71, 2006.

[90] M. Askari, ‘Towards Circularity in Solar Energy’, Lund, 2025. Accessed: Mar. 26,
2026. [Online]. Available: https://lup.lub.lu.se/student-papers/record/9197051

[91] CIRCUSOL project, ‘Labelling and certification protocols for second life PV modules’,
imec, 2022. Accessed: Feb. 12, 2026. [Online]. Available:
https://www.circusol.eu/files/Deliverables/D3-

2 Labelling and certification protocols for second life PV _modules.pdf

52



Circular Pathways for Photovoltaic Modules

Appendix A

Table A1. Mass of materials and components used in manufacturing stage of multi-Si and mono-Si PV modules.
Component kg/m?
Aluminum frame 2.13
Solar glass 8.81
Interconnector ribbon 0.12
Solar cells / Multi-Si 0.49
Solar cells / Mono-Si 0.47
EVA foil 0.88
Backsheet 0.37
Junction box and cables 0.40

Table A2. Conversion factors for scaling inventory data of mono-Si PV to the declared unit (Wp).

Parameter Value Unit Source

Module Efficiency 22.4 % Assumption / Literature
Power Density 224 Wo/m? Calculated

Specific Mass (With frame) | 13.2 kg/m? I[EA

Area Scaling Factor 0.0044 m?/W, Calculated (1/224)
Mass Scaling Factor 0.0589 kg/W, Calculated (13.2/224)

Table A3. Material flows for mono-Si PV module production stage (A1-A3).

PV components Material flows Weight per DU / (kg/Wp)

Frame Aluminium alloy, AIMg3 {RER}| | 0.0095
Cut-off, U

Glass Solar glass, low iron {RER} 0.0393
Cut-off, U

Interconnect ribbons Copper, cathode {RER}| Cut-off, | 0.0005
U
Lead {RER}| Cut-off, U
Tin {RER}| Cut-off, U

Solar Cells Photovoltaic cell, multi-Si wafer | 0.0021
{RoW}| Cut-off, U

EVA Ethylvinylacetate, foil {RER}| | 0.0039
Cut-off, U

Backsheet Polyethylene terephthalate, | 0.0016
granulate {RER | Cut-off, U
Polyvinylfluoride, film {RER} |
Cut-off, U
Polyethylene, HDPE {RER} | Cut-
off, U

Junction box Glass fibre reinforced plastic, | 0.0017

polyamide, injection moulded
{RER}| Cut-off, U
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Silicone product {RER}| Cut-off,
U

wire drawing, copper {RER}| Cut-
off, U

Diode, market for diode {GLO}|
Cut-off, U
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