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Abstract

The rapid adoption of photovoltaics (PV) is crucial for meeting global climate goals, yet it presents significant
challenges related to PV waste management. This research aims to project PV end-of-life (EoL) streams glob-
ally, regionally, and nationally, with some focus on the effects that an aging PV fleet will have on demand for
PV modules. Utilizing the PV ICE software developed by NREL, this study models the degradation, failure,
and EoL processes of PV modules, accounting for new installation rates and technological advancements. The
methodology involves three key components: PV capacity installation forecasts, module technology characteris-
tics, and EoL determination. Historical and projected PV installation data were sourced from IRENA, IEA, and
LUT University. These data were interpolated and modeled using polynomial and sigmoid functions to predict
capacity growth. Module aging was simulated through degradation rates, random failures modeled by Weibull
distribution, and economic lifetimes. The PV ICE tool facilitated these simulations, converting capacity forecasts
into material flows, from installation to removal.

Global PV EoL volumes are expected to increase significantly starting from 2040, reaching 42 million tons of
cumulative material by 2050, and potentially surging to 432 million tons in the low scenario and 1 billion tons in
the high scenario by 2070. Simultaneously, the PV market will see increased demand, with projections indicating
a 62% rise in the low scenario (from 14.7 TW to 23.8 TW) and a 28% rise in the high scenario (from 95.8 TW
to 122.8 TW). Regionally, Asia & Oceania is the region forecasted to generate the most EoL material, with 274
million tons in the low scenario and 539 million tons in the high scenario by 2070. Europe and North America
will also see significant volumes, with Europe reaching 57 million tons and North America 65 million tons in
the low scenario, rising to 141 million tons and 107 million tons, respectively, in the high scenario. The high
scenario also forecasts Africa to become the secondary global hub for PV EoL volumes and for demand of new
modules. Nationally, China is projected to accumulate the largest volume of EoL material, with 197 million tons
by 2070, followed by the USA (49 million tons) and India (33 million tons).

The findings highlight a substantial increase in PV waste volumes, necessitating the development of large-scale
recycling infrastructure, Regional and national disparities underscore the need for specific and potentially collab-
orative waste management strategies. The impact of modules reaching End of Life not only emphasizes the need
for the development of effective collection and recycling policies but will also allow the solar manufacturing in-
dustry to keep producing at high output levels. The industry in fact will need to scale up considerably in the next
few decades and modules intended for the replacement of aging capacity will allow for continuous production,
enabling investments in manufacturing capacity fundamental for the global energy present and future.
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Introduction

The adoption of photovoltaics (PV) is happening at a pace that few could have anticipated. This incredible de-
velopment, key to humanity’s race towards its climate goals, introduces an obvious but easy to forget issue: PV
waste. The risks and opportunities of this novel challenge are unclear and still rather far in the future. Mass de-
ployment of PV has, by no means, reached its maximum potential. As of 2024, the global deployed capacity was
1.5 TWp with an annual installation rate of about 380 GW/year, these numbers are projected to grow to about
500-1000 GW/year by 2030 and stabilize at a total installed capacity of around 16-75TW by 2050 [2] [3] [4].
Considering different authors and scenarios, installed PV capacity might stabilize by 2060, with new installations
being balanced out by modules entering the waste cycle [4]. Other scenarios project that energy demand and PV
installations will continue to grow well beyond 2050 [5], while some papers limit their scope and predictions to
2050 [6]. Regardless of different models and assumptions, given the timeline at which PV modules are being
deployed and their lifetime of around 30 years, the management of decommissioned PV modules will become a
more tangible issue by the second part of the century. Nevertheless, significant analysis and investments need to
be made well before then to ensure a smooth transition to effective recycling and disposal processes [7].

Before analyzing opportunities and risks related to PV waste material, the scale, regional implications, and fore-
seen technological advancements need to be assessed and understood. Before beginning with a deeper analysis
and forecast, is necessary to point out that making predictions is always risky, especially when referring to such
fast-changing technologies. Still, it is essential to prepare and be aware by envisioning the policies, resources,
and technologies necessary once the problem presents itself.

This research aims to develop updated global, regional and national projections of PV End of Life (EoL) mass
streams, underlying the materials that can be obtained from decommissioned modules undergoing recycling, and
the impacts that this could have. This research in fact will try to analyze the impact that an aging fleet of PV will
have on waste volumes, but also on new demand, given that lost photovoltaic capacity will have to be replaced
once lost.

This work leverages PV ICE, a Python-based open-source software developed at the National Renewable En-
ergy Laboratory (NREL), which facilitates the modelling of mass flows in the photovoltaic industry. Given PV
development projections, degradation rates, and other technology-dependent inputs, the software models the ag-
ing and failure processes of modules, determining the amount of panels reaching their End of Life each year and
the resulting waste material flow.

Chapter 2 provides an overview of the current literature perspective, focusing on four main topics. Section 2.1
delves into PV installation forecasts at national and regional levels. Section 2.2 discusses the current state and
evolution of PV technology. Section 2.3 offers an overview of the current state of PV waste, circularity, and
materials. Finally, section 2.4 examines PV reliability, failure, and degradation due to environmental influences.

Chapter 3 outlines the methodology followed in modeling PV installations and End of Life processes.

Chapter 4 provides results at the global level. This chapter presents the expected waste volumes from photo-
voltaics before 2070 for a high and a low installation scenario. The chapter also investigates the reasons why

1



modules will reach the end of their operational lifetime and the implications to global PV markets that this will
have. This chapter, other that confronting ts results with previous literature, also introduces two additional sce-
narios to the baseline results: a scenario on degradation and a scenario on the use extension of modules past their
project lifetime (merchant tail), and a scenario on reduced reliability of modules.

Chapter 5 presents the results obtained at the regional level, confronting different regions, such as Europe and
North America, to understand the evolution of PV end of life in different regions of the globe. This analysis
will also be presented for one high and one low installation scenarios and will try to understand, other than the
region-specific levels of end of life material and their evolution, how these volumes compare among different
regions and with other sources of waste.

Finally chapter 6 details the results found for some selected nations. These include cumulative and annual End
of Life flows, together with the expected demand of photovoltaics in the future, understanding the impact that
lost capacity will have on national PV demand. For the different countries, the economical impact of recycling
will be also analyzed, understanding if and when different countries should start domestic PV recycling plants,
together with the expected profits of such operations.



Literature review

Photovoltaics is among the most revolutionary industries of our time. It has reached the threshold of 1 TWp
installed in late 2022 and at the beginning of 2024 the total cumulative installed capacity reached 1.5 TWp [8]. In
2014, only 10 years before, the total installed capacity was of 180 GWp; a growth of 730% in installed capacity
in a decade [9]. Given the enormous change and the rapid pace at which this is happening, it is fundamental to
stay updated on the latest version of every paper and report that predicts the future of the industry.

To introduce the main body of this work, four aspects were researched in the literature:

+ Installation projections: How much PV power will be deployed from now to 2050? How will it be divided
by country and region?

* Technology and trends: What is a PV panel today and how will it change? How will the material usage
change?

* End of Life and circularity: What is the current understanding of circularity and recyclability of PV? Is
there any value in pursuing recycling in photovoltaics?

* Failure, degradation, and reliability: When does a PV panel enter its End Of Life? What influences it?

2.1. PV installation projections

Many research centers and institutions published predicions the future of PV, regarding its technological evolu-
tion and penetration into tomorrow’s energy landscape. The findings often differ quite significantly, installation
forecast to 2050 vary in recent literature from 9 TWp [3] to 117 TWp [5]. Later in this research the difference
between these numbers will be analyzed.

This section presents three updated projections from some of the most regarded institutions. Forecasts from the
International Energy Agency (IEA), the International Renewable Energy Agency(IRENA), and LUT University
will be shown and discussed in this section.

2.1.1. International Energy Agency, IEA

The IEA has a yearly release on the current trend and future forecast for renewables and fossil energy, called the
World Energy Outlook [2]. In this report, three different scenarios for the evolution of the energy mix are pre-
sented. The Stated Policies Scenario, STEPS is based on current policy settings and considers the implications
of industrial policies that support clean energy supply chains as well as measures related to energy and climate.
The Announced Pledges Scenario, APS gives governments the benefit of the doubt and explores what the full
and timely implementation of national energy and climate goals, including net zero emissions targets, would
mean for the energy sector. The Net Zero Emissions by 2050 Scenario, NZE maps out a transition pathway that
would limit global warming to 1.5 °C.

Methodology

The IEA uses a hybrid modeling approach, a combination between the World Energy Model (WEM) —a large-scale
simulation model designed to replicate how energy markets function and the Energy Technology Perspectives
model (ETP) — a technology-rich bottom-up model. This model is called Global Energy and Climate model

3



2.1. PV installation projections 4
2030 2050
STEPS APS NZE STEPS APS NZE
Total Final Consumption 402 EJ 451 EJ 406 EJ 536 EJ 429 EJ 343 EJ
(of which electricity) (108 EJ) (109 EJ) (113 EJ) (159 EJ) (176 EJ) (183 EJ)
Yearly PV yield 19EJ] 23 EJ 29 EJ 62 EJ 87 EJ 112 EJ
Cumulative PV capacity | 4.70 TWp | 538 TWp | 6.10 TWp | 12.64 TWp | 16.04 TWp | 18.75 TWp
Yearly PV installations 0.50 TWp | 0.64 TWp | 0.82TWp | 0.58 TWp 0.77 TWp 0.82 TWp

Table 2.1: IEA World Energy Outlook 2023 Global PV forecast

(GEC) and is now the principal tool used to generate detailed sector-by-sector and region-by-region long-term
scenarios across IEA publications. The model is fully private and its data or assumptions can’t be accessed. The
model is primarily based on the idea of finding the solution that is more economically viable for each of the 29
regions considered. It is explained that: while the model aims to identify an economical way for society to reach the
desired scenario outcomes, the results do not necessarily reflect the least-cost way of doing so. This is because an
unconstrained least-cost approach may fail to take account of all the issues that need to be considered in practice,
such as political or individual preferences, feasible ramp-up rates, capital constraints and public acceptance[10].

PV forecast

On a global scale, the IEA forecasts the numbers seen in table 2.1 for its three scenarios.

It is interesting to note that in the Net Zero Emissions scenario, global energy demand is the lowest. This is due
to higher energy efficiency brought by a greater electrification of the energy mix. In such an electrified energy
mix, PV will have much more space to grow, producing about 62% of the total electricity and 32% of the total
energy demand. It is easy to see that these numbers are much lower than the ones described in the introduction. In
subsection 2.1.4 these discrepancies are considered and explained. The report also gives installation forecasts for
some selected countries and regions, the details on these figures can be seen in the respective chapters; chapter 5
for the regional forecast and chapter 6 for the national ones.

2.1.2. International Renewable Energy Agency, IRENA

IRENA publishes a similar report to the one released by the IEA, called World Energy Transitions Outlook [3].
The report, according to the official description, provides an overview of progress by tracking implementation
and gaps across all energy sectors, identifying priority areas and actions based on available technologies. The
focus of the report is, also, outlining the steps needed to take to achieve carbon neutrality and the 1.5° goal. In
this report two scenarios are presented, the 1.5° Scenario (limiting global warming to 1.5°C by 2050), and the
Planned Energy Scenario, PES based on current countries plans and ideas for the future of the energy mix. No
methodology for the modeling process is provided by IRENA, nor a dataset is presented in correlation to the
report.

PV Forecast
For its two scenarios, IRENA forecasts the figures that can be seen in table 2.2
2030 2050
PES 1.5° PES 1.5°
Total Final Energy Consumption 370 EJ 353 EJ
(of which electricity) i (170 EJ) ) (180 EJ)
Yearly PV yield 15EJ 30EJ 49 EJ 109 EJ
Cumulative PV installed 3.10 TWp | 547 TWp | 8.66 TWp | 18.20 TWp
Yearly PV installations - 0.55 TWp - 0.62 TWp

Table 2.2: IRENA World Energy Transitions Outlook 2023 Global PV forecast

The numbers provided by IRENA are in line with the ones from the IEA. The scale of PV installations is similar
to the one proposed by the IEA, just like the yearly installations of PV. The Total Final Energy Consumption
(TFEC) and its share of electricity are comparable with the results in section subsection 2.1.1. The trend of lower
energy consumption with a greater share of electricity is confirmed in this study as well. The discrepancies with
the numbers presented in the introduction are treated in subsection 2.1.4.
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2030 2050
LEES DEES EEES LEES DEES EEES
TFEC 543 EJ 565 EJ 586 EJ 585 EJ 677 EJ 813 EJ
(of which electricity) (330 EJ) (347 EJ) (364 EJ) (546 EJ) (660 EJ) (833 EJ)
Yearly PV yield 182 EJ 192 EJ 202 EJ 430 EJ 526 EJ 676 EJ
Cumulative PV installed | 31.83 TWp | 33.54 TWp | 33.25TWp | 7543 TWp | 91.99 TWp | 117.45 TWp
Yearly PV installations 5.49 TWp 6.05 TWp 6.69 TWp 1.27 TWp 2.06 TWp 3.37 TWp

Table 2.3: LUT-Demand Global PV forecast, TFEC indicates Total Final Energy Consumption

2.1.3. LUT university

LUT University (Lappeenranta-Lahti University of Technology) is a Finnish technological university that has
risen to international fame in the PV world for its numerous studies in energy systems forecasting, both at a
global and regional/national level. The group led by professor Christian Breyer published more than 200 papers
describing scenarios and possibilities for countries and regions to reach a fully sustainable energy system.

Methodology

The software used by the group is "LUT Demand”, an open-source model able to predict the energy demand of the
future. Based on baselines and inputs, the model assumes the future energy demand and mix based on population
and economic growth. The main assumption of the scenarios is that countries will eventually reach a shared
economic condition, with every country having the same GDP per capita. In particular, three scenarios were
proposed. The Early Economic Equality Scenario (EEES), the Delay Economic Equality Scenario (DEES), and
the Late Economic Equality Scenario (LEES). The three scenarios assume, respectively, equality by 2100, 2175,
and 2300. The software allows for modeling up to 2100. LUT-Deamand has been regarded as one of the best
energy systems models in multiple studies [11, 12] for its precision and high temporal definition. After outlining
the energy demand for the coming years, the model calculates what mix of sustainable energy sources could suit
better the specific characteristics of each world region and country. With the constraint of keeping emissions in
line with the 1.5°C scenario, the software then outputs the cost-optimal energy mix for every country/region and
the pathway from today’s situation. The model is fully open-source.

PV Forecast

From the research of LUT University, the data in table 2.3 can be extracted.

The data presented is considerably higher than the projections of IRENA and the IEA. Firstly, the Total Final
Energy Consumption (TFEC) proposed by LUT University is more than double the previously shown numbers.
Greater demand coincides with greater electricity needs. This study models differently the electrification rates as
well. While the IEA and IRENA foresee that electricity will account for around 30% of total energy in 2030, and
for slightly more than 50% in 2050, LUT University foresees an energy demand made of 64% by electricity in
2030 and 96% of electricity in 2050. PV installation numbers vary greatly as well. According to LUT University
in 2030 global installed PV capacity will surpass the 30 TWp mark, to then grow to 75-117 TWp by 2050. The
growth numbers are remarkable as well. According to the model, PV installations will ramp up greatly already
before 2030, to then slow down before 2050. The model predicts 5.8 TWp in 2025 and 33.5 TWp in 2030, almost
28 TWp of capacity in only 5 years! In the discussion of this section, these numbers will be analyzed with the
previously exposed results.

2.1.4. Discordant Outlooks, discussion of PV projections in literature

Understanding the nature of these conflicting projections is necessary to build a baseline projection for the model.
Luckily this issue has already received attention in literature. Plenty of publications have expressed doubts and
criticisms towards models that foresee low shares of PV in the future energy mix [4, 13, 14, 15, 16, 17, 18]. In
particular, Haegel et al. [4] and Breyer et al. [13, 14] will be further explained and analyzed in this section. Nancy
Haegel, director of the Materials Science Centre at NREL, coauthored by many leading figures of the photovoltaic
industry [4], supports the projection of 75 TWp installed by 2050. The authors stress how recognizing too late the
authentic scale of PV demand would mean needing to ramp up manufacturing and deployment to unrealistic and
unsustainable levels. This could potentially jeopardize the chances of completing the energy transition [19, 20].
Haegel also adds that PV is a “no regret” option and does not see why this technology is sometimes not consid-
ered the best solution in projection papers even if it is the cheapest and risk-free energy solution. Both authors
express a common doubt about the figures reported in the IEA and IRENA projections: the global south. These
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Figure 2.1: Market share and absolute installation comparison of Si-based and thin film PVs [26], the share of thin film gas been reducing,
while mono-si is taking more than 80% of the marketshare.

more conservative projections seemingly imply low demographic and economic growth in those countries, today
characterized by low energy per capita consumption. If they were to grow to levels similar or even comparable to
the ones of Europe and North America, worldwide energy demand would skyrocket, a scenario not considered by
conservative publications. Another point that both authors bring forward is cost assumptions for energy sources.
Distorted cost projections for PV and its competing technologies play a fundamental role in the definition of
the future energy mix. Conservative projections from the IEA and IRENA, frequently cited alongside the IPCC
report [21], have faced criticism for employing too pessimistic, if not unrealistic, cost projection assumptions
regarding photovoltaics and over-optimistic assumptions for technologies that today show no path towards lower
prices, such as fossil Carbon Capture and Storage (CCS), nuclear and hydrogen. The rapid growth projected for
these latter technologies, and the consequent believed price reduction, still needs to be realized. Conservative
PV forecasts often disregard PV in favor of more expensive solutions altogether, citing regional-specific reasons
for this decision. Breyer highlights that even if these higher-cost solutions might be justified, it is fundamental
that these assumptions are made public and transparent, to ensure a smooth and realistic path towards a 100%
renewable energy system.

2.2. PV technology and trends

To understand what to expect from the End of Life mass flows of PV, it is needed to know what elements and
materials make a solar panel, what they used to be, and what the the industry thinks they will become. The
feasibility and potential success of recycling heavily relies on the technological evolution of PV modules. A 2022
paper by Ovait et al. [22] explains how most existing studies on EoL waste flows don’t capture the non-linear
evolution of PV technologies and fail to foresee improvements in material efficiency and circularity, focusing
instead on waste projections for one static module. Of particular interest in photovoltaics, as in many other
renewable energy technologies, is the focus on critical materials; elements whose availability in today’s known
reserves does not align with the demand expected in a future characterized by multi-terawatt annual installations.
In this section, the past present, and future of PV modules are presented.

2.2.1. The evolution of PV, from the '50s to today

PV technology was introduced in the 1950s, shortly after the first semiconductor diode was produced. From the
beginning, silicon emerged as the chosen semiconductor for this technology; the first efficiency recorded from
PV cells was 6%. In the 60s the industry introduced the product that started the deployment of PV as we know it
today: the Aluminum Back Surface Field (Al-BSF). This technology used either mono or polycrystalline silicon
cells and was initially employed in space applications. In the 80’s the solar industry took a very important step
towards mass production with the introduction of the Spectrola Block II cells and modules [23, 24]. At the end
of the 80’s another photovoltaic technology started taking a relevant part of the market share: thin film photo-
voltaics. These are semiconductor materials with significantly higher absorption coefficients that can be made
into a photovoltaic device in only a few nanometers of thickness. Even if these modules are flexible, light, and
easy to deploy, their penetration in the photovoltaic industry has been marginal and relegated to specific uses as
can be seen in figure 2.1. While this is the case today, the share of thin films is expected to grow in the future,
thanks to applications such as microelectronics, building integrated PV and floating PV [25].
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Figure 2.2: Al-BSF(a) and PERC(b) cells cross sections [23]. The two cell designs are very similar, allowing for an easy transformation of
production lines.

Silicon technology in the form of Al-BSF dominated the market until the mid-2010s when progress over its
efficiency plateaued, opening the way for new technologies. The Passivated Emitter and Rear Cell or PERC tech-
nology was came up as the natural evolution of AI-BSF and started gaining more and more marketshare. This
cell technology required only two additional steps in the already well-known manufacturing line of Al-BSF and
even if other technologies already looked promising, the similarity between Al-BSF and PERC, as can be seen
in figure 2.2, allowed PERC to take over the industry. In 1999 a record PERC cell was built with an efficiency
of 25.0%, while the best Al-BSF cell ever made, in 2017, could only reach 20.3% [23, 27]. PERC can be de-
fined as the workhorse of the PV industry, its technology allowed for the explosion of photovoltaics as we know
them today. In the decade between 2010 and 2020 the photovoltaic industry went through significant changes;
manufacturing cost decreased at a rate of roughly 15% a year, with a yearly efficiency improvement of 2%. The
cost of producing photovoltaics dropped by about 30% for every doubling of cumulative production [23]. As
of 2024 PERC modules represent the vast majority of installed photovoltaic capacity but are now projected to
slowly leave the market for better technologies, as presented in subsection 2.2.2 [28].

2.2.2. Expected evolution of PV technologies

Photovoltaics went through great change in the last decade and the consensus is that the next decades will bring
similar disruption. The International Technology Roadmap for PhotoVoltaic, or ITRPV, is a biannual publication
that forecasts and keeps track of technological change in the photovoltaic industry. It is an anonymous collection
of data from multiple parties of the PV environment (researchers, manufacturers, sellers). The data is collected,
processed, and evaluated by a team of researchers and a report is published. It is considered the reference point
for technological forecasting in the PV industry. In the latest ITRPV report [28], the following projections for the
PV industry were outlined:

» PERC will exit the market, going from a market share of around 80% in 2023 to around 10% in 2032

* Three new cell technologies will enter mass production and distribution: SHJ (Silicon HeteroJunctions),
IBC (Interdigitated Back Contact) and TOPCon (Tunnel Oxide Passivated Contact). These are all Silicon-
based technologies with better performances than PERC. In figure 2.3 the latest numbers of ITRPV predic-
tions are presented, up to 2033. It is clear to see how TOPCon will be the dominant technology while SHJ
and IBC will represent a minor part of the market. While these upcoming technologies are distinguished by
higher efficiencies, manufacturing know-how will play a major factor in PV market shares; tandem cells
would be the ideal solution but the industry’s inexperience will slow down their introduction.



2.2. PV technology and trends 8

100% B

90%

80%
g 70% -
4
o
5 60% E §
3 = >
£ s0% 3- >
1] [<]

= 1
§ 40% o= —E
- o
w

2 30% .

20%

10%

o,
SPGI2022 2022 2023 2025 2027 2030 2033
mBSF u PERC on p-type mono-Si mpassivated contacts on p-type mono-Si
= TOPCon on n-type mono-Si Si-hetergjunction (SHJ) on n-type mono-Si = Back contact (p and n-type)

= Si-based tandem

Figure 2.3: Technological evolution forecast to 2033 [28]

* Bifacial PV modules will represent the majority the installed capacity. These are modules that have similar
cell technology used in conventional panels, but encapsulated by two sheets of glass, therefore able to
absorb light from the both top and rear side. These modules will represent the vast majority of installations
in large scale PV farms. The ITRPV projects that 70% of the marketshare will go to bifacial modules in
2033, and that 25% of the marketshare will be composed by monofacial modules, with bifacial cells.

» While promising great performance, the presence of persovskite modules withing the PV market is still
zero, and will stay close to these levels for the foreseeable future (around 5% in 2033). The main issue
with these modules today is performance degradation; today in fact perovskite modules have a 90% drop
in performance within the fist 500 hours (20 days) of exposure to outdoor conditions [29], making them
not suitable for any sort of application.

As already mentioned in the introduction of this work, making predictions in such a fast-paced industry is risky,
and not always accurate. Vicari Stafani et al. [27] collected and analyzed the evolution and accuracy of the
ITRPV report, compared with actual market evolution. The results can be seen in figure 2.4. The author explains
how the speed at which the market moves is often unpredictable. For example, the adoption of PERC technology
was much faster than anticipated, in opposition to the struggles that SHJ faced. The author emphasizes how the
“business as usual”’evo lution does not always describe the reality of the fast-moving PV industry and should
therefore be approached with caution.

2.2.3. Materials in PV: current technology, trends, and challenges

Analyzing the material composition of each PV technology, combined with the prediction of their future market
penetration, will provide a first glance at what the industry should focus on regarding material use and recycling.
Fundamental to this analysis is the recognition of critical materials and trends in their use. In figure 2.5, the
evolution in PV technology can be observed. The image shows what an average module looked like around 15
years ago compared to a modern module. Most elements remained the same, other than the presence of a back
glass sheet in modern technological models.

Materials use and trends in different PV technologies

In a 2022 paper, Ovaitt et al. [22] explain how tracking down the historical evolution of material used in PV is
not an easy task given the low availability and segmentation of data in the existing literature. Through a com-
prehensive study of industry data, publications, LCA datasets and projections, the authors were able to develop
a mass composition baseline for PV modules, as can be seen in figure 2.6. This baseline tracks down the evo-
lution of silicon-based technologies from 1995 to today and is extended to 2030 following ITRPV projections.
The 2030 values are then assumed constant until 2050. The mass rate of glass, aluminum, silicon, silver, copper,
encapsulant and backsheet are reported. The main observable trend is the constant reduction in silicon and alu-
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Figure 2.4: ITRPV projections compared with actual market evolution [27]
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Figure 2.5: Schematic representation of common PV modules in 2010 (left) and in 2023 (right), [22]
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Figure 2.6: Average PV module composition mass shares [22]

minum contribution to the overall mass, in opposition to the growing percentage of glass. This trend is due to the
increasing adoption of glass-glass configurations for monofacial and bifacial modules.

Glass is the main contributor to the weight of PV panels. Its contribution is not negligible in End of Life
mass and energy flows. The ITRPV 2023 report gives projections for glass use in the coming years. The overall
trend seems to be reducing glass thickness for both front and back side glass. Today around 10% of front glass
enclosures have a thickness greater than 3mm while the rest 90% of marketshare has a thickness between 2 and
3 mm. The ITRPV projects that in 2033 around 85% of modules will have a thickness between 2 and 3 mm and
15% will have a thickness lower than 2mm. The trend is the same with the backside glass. Today, less than 5%
of back glasses are > 3mm and the rest have a thickness in between 2 and 3mm. It is projected that by 2033 75%
of market share will be between 2 and 3 mm while the remaining 25% will be thinner than 2mm.

Silicon is the second most abundant element in a PV module and the main contributor to the module’s price.
Most modules being produced today use monocrystalline silicon, a high-purity form of crystalline silicon com-
posed of a single crystal structure.Si intensity has been going down and is projected to drop even further in the
coming years; state-of-the-art modules in 2023 consume around 2.0 g/W, a number foreseen to drop to around
1.55 g/W by 2033.

The frame constitutes another essential component of a PV module, playing a pivotal role both during its
operational phase and End of Life stage. The frame is usually made of aluminum (92% market share in 2023 per
the ITRPV), an extremely well-recyclable material. By 2033 it’s projected that aluminum will only have 75% of
market share, in favor of frameless (10%), plastic (5%), and steel (10%). The steep increase of bifacial modules’
market share will have a great impact on aluminum consumption. The ITRPV reports that bifacial configurations
need only around 25% of the aluminum needed in regular monofacial configurations.

The backsheet and the encapsulant are two fundamental components of a PV module as well. These are
polymeric layers that allow for the protection of the solar cells from environmental stressors such as moisture, UV
radiation, and mechanical damage. The backsheet serves as the outermost layer, providing electrical insulation
and structural support, while the encapsulant, typically made of ethylene-vinyl acetate (EVA), cushions the cells
and binds them to the glass and backsheet. Together, they enhance the durability and longevity of the module,
ensuring consistent performance over its lifespan. In bifacial modules, the backsheet will be substituted by a rear
glass protection (as seen in figure 2.5).

Silver and Copper are the elements present in the smallest share in a module, but they serve a fundamental
role. Both silver and copper are essential for conducting electricity. Silver is used in conductive pastes for creating
electrical contacts on the solar cells, while copper is used for interconnecting the cells with ribbons or busbars. In
the next paragraph, the presence of silver in PV modules will be discussed, focusing on the availability of silver
for the projected demand coming from photovoltaics.
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Figure 2.7: Silver use projections for the main solar cell technologies [28]

Materials scarcity in Photovoltaics

The photovoltaic industry, as many other industries in the energy field, is regarded as likely to suffer from material
shortages[30, 31]. This section will consider materials potentially able to disrupt the regular evolution of the
technology’s supply chain. Understanding the role of scarce materials in photovoltaics could push technological
development towards the preservation of the industry’s market potential by, for example, shifting material use to
more available resources.

Silver is the main element worth mentioning for PV applications. Silver is used as a conducting paste in
silicon-based cells and is key to high module efficiencies. As per the Global Silver Institute, PV is now respon-
sible for 11-12.7% of global silver demand [32, 33] and for 30% of silver going into the industry sector. Silver
consumption in modules experienced a remarkable reduction in the past decade: in 2010 consumption was of
52-65 mg/W while in 2023 the average Ag consumption was of 11 mg/W [34, 33]. figure 2.7 shows the ITRPV
forecast for silver consumption in the leading crystalline silicon cells technologies. A downward trend is evident
for all technologies but there is another crucial factor fundamental to analyze. SHJ and TOPCon technologies,
expected to fully replace PERC (figure 2.3), are projected to have in 2033 higher silver consumption than com-
mercial 2023 PERC. a In particular, by 2033 TOPCon is expected to consume 12 mg/W, SHJ is projected to use
around 14 mg/W while PERC technologies, almost phased out by then, would reach a consumption of 6.5 mg/W.
The ITRPV reports that if in 2022 10% of the world supply went into producing PERC cells, for SHJ and TOPCon
this number would have been double (at current consumption levels). Copper has, already for a long time, been
considered a possible replacement for silver, being a cheaper and more abundant material. The ITRPV though
excludes a rapid shift towards it citing technological issues that still make silver so much more appealing. In the
latest report modules with copper are expected to only capture 7.5% of the 2033 market share. Material intensity
is closely correlated with technology; higher efficiencies and bifaciality might increase the material need for a
single module, but reduce the intensity per unit of produced energy.

The available literature is discordant on the future impact that silver will have on PV deployment. The main source
of disagreement comes from conflicting predictions for PV installation forecasts. Papers that consider lower-end
numbers (table 2.1, table 2.2) come to more reassuring conclusions for silver’s role in the energy transition [35],
while research that forecast over 60 TWp of installations show concerns for Ag availability. A 2022 review by
Hallam et al. [33] takes into account the possibility of 63,4 TWp cumulative installations by 2050 and explains
how, even if taking into account technological reduction in Ag use or learning rates (LRs), the required silver
would account for 89-93% or current known global silver reserves. The report adds that if Ag availability for PV
was limited to 20% of reserves, then the maximum installable capacity would be 6.7 TW, less than the lowest IEA
or IRENA scenarios. A concerning remark is made towards the rapid adoption of SHJ and TOPCon technologies,
a quick and immediate transition, as currently forecast by the ITRPV, would increase silver demands to 554-599
kt, meaning 101-109% of global silver reserves known in 2023 (550 kton) [36], as can be seen in figure 2.8.
In order to maintain silver demand within 10 kt/year (43% annual silver supply), the silver learning curve must
accelerate to rates of 30-40%; as mentioned before, it looks like the learning curve right now is around 0% given
the technological changes. The author ends its paper by strongly recommending that the PV industry shift its
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Figure 2.8: Global projected silver consumption for PV applications [33]

practices and developments from the pursuit of the highest possible efficiency to material use considerations.
Having Ag consumption close to the limit capacity would mean needing to use caves with poor concentrations or
with very deep ores, two extremely energy-intensive practices that would significantly higher modules’ carbon
footprint and prices. Other than reducing silver intensity, the authors indicate recycling and silver recovery as the
solution to ensure stable long-term- capacity of PV production.

Other than silver, the main other materials worries are to be found in CdTe thin-film technologies. CdTe
plus c-Si technologies make up almost 100% of the current and future photovoltaic market share [37] and will
therefore be the only other technology considered. In particular, tellurium is the metal that could cause supply
chain disruptions. Heath et al. [38] reports that in a high electrification scenario (with more than 60 TWp of
PV in 2050), Te would require 600% of the current annual market demand. Contrary to c-Si, CdTe technologies
already have well-established recycling and circularity paths [39] and therefore constitute a lower interest in EoL
mass flows [22].

2.2.4. Final use of PV

PV modules are, by definition, modular, meaning that they can be installed in infinite configurations, sizes, and
installation purposes. Understanding the final destination of a PV module means understanding the conditions
under which the panel will operate and degrade. The size of modules installed for different uses also differs
and is relevant in the projections of end-of-life mass flows. The ITRPV reports projections for deployment
characteristics up to 2033 as can be seen in figure 2.9. The share of rooftop PV is assumed to stay constant, right
above 30% of installed capacity. Power plant installations, now covering almost 70% of installed capacity are
supposed to share their market share with emerging technologies such as floating PV and agrivoltaics. Regarding
size,power plant installations, almost uniquely bifacial, are today between 2.5 m? and 3.0 m? while rooftops are
between 1.8 m? and 2 m?.

2.3. PV waste and circularity

The current growth in PV installations is highlighting the need for sustainable and circular practices in the pho-
tovoltaic industry. Many studies have investigated challenges and strategies for doing so. In 2016 a highly
influential paper on photovoltaic end-of-life was published in a cooperation between the IRENA and IEA-PVPS
[40]; the agencies collaborated to shine a light on what to expect from waste flows of photovoltaics. The paper
presented a methodology on how to model the dynamics of panels reaching their end of life through a Weibull
curve and two loss scenarios (regular and early), a practice still used today. In the 2016 study around a range of
60 to 72 million tonnes of worldwide cumulative PV modules were projected to reach their end of life by 2050.
The research gave a first glance at the scale of the challenge ahead but today, in 2024, it can be said that those
numbers are profoundly outdated. The 2016 paper was based on installation projections that saw PV reaching
4.5TWp by 2050; a figure that the conservative IEA and IRENA projections now expect around 2030. Even if
the numbers and scale are outdated, the ideas behind PV recycling and circularity presented in the paper are today
more relevant than ever.

The authors of the 2016 paper outlined that when recycling processes are efficient, they offer energy and emis-
sion reductions compared to virgin material extraction and treatment. Energy saving is today the biggest push
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Figure 2.9: Projections of market share for different PV end-uses [28]

for recycling given that the low volumes would not yet make critical materials replenishment relevant enough
[41]. In photovoltaics, energy and carbon savings are particularly applicable to silicon which requires highly in-
tensive processes to reach low impurity concentrations. These necessary steps cause it to be responsible for half
the energy content of a module [42]. Bartie et al. [43] modeled the entire manufacturing process of a crystalline
silicon photovoltaic module and explained how recycling would reduce power consumption significantly, from
116 kWh/m? to 75kWh/m?. The noted 35% reduction, achieved through the use of silicon from old wafers,
is attributed to avoiding the Siemens process, a purification step aimed at obtaining solar-grade silicon. More
energy could by saved by reintroducing in the manufacturing line kerf material as well. Kerf is the byproduct of
cell slicing and is today considered waste material. Kerf would need to go through the Siemens process again
but would allow omitting the fist purification step. The mass flows of virgin and recycled silicon can be seen in
figure 2.10.

Another element that is often overlooked but that could be an important driver for PV recycling is carbon savings,
especially in countries with net zero goals or financial mechanisms around carbon [44]. CO, emissions decrease
thanks to the recycling process, in particular avoiding silicon purification would on average save 14% of the usual
carbon emissions (from 146 kgCO, /m? to 125 kgCO, /m?) and kerf residues could support another 1% of carbon
emissions [43]. Even if energy and carbon savings represent evident reasons to pursue recycling and EoL manage-
ment, these process will never happen without profitability. What makes the recyclability of a module financially
advantageous is the presence of valuable materials such as silver and copper[45]. A recent analysis from Granata
et al. [1] dived into the economical feasibility of c-Si recycling and found that the price and amount of silver in
modules combined with the quantity of panels entering the waste stream can alone indicate the profitability of
recycling. The study indicates that with great possibilities some sort of fee will be required to allow recycling
plant to offer interesting (> 20%) Return Of Investment (ROI). The trend of higher silver consumption in newer
cell technologies could prove fundamental for the feasibility of recycling and high collection rates of Ag from
dismissed modules could help on the long run to solve availability issues described in subsection 2.2.3. This is
particularly relevant for regions such as the EU that will have ample capacity demand but don’t have the natural
resources to partly self-sustain the manufacturing process. Material streams coming from European recycling
facilities might prove necessary and fundamental to the energy security and independence goals of the European
area [46]. Literature is definitive that the path toward photovoltaic recycling will be turbulent and will require
significant efforts from multiple stakeholders [7, 47, 48]. Other than economic feasibility, considered by far the
main issue, the other obstacles to PV recycling are:

* Missing policy and unclear responsibilities of each stakeholder.

» Unwillingness to pay a recycling fees from customers.

» Uncertainty about waste volumes at a regional/national causing investment uncertainty.
* Unclear logistics and high transportation fees.

» Concerns about toxicity of modules
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Figure 2.10: Silicon mass flows in a recycling process to scale, [43]

Heath et al. [42] emphasizes the necessity of publications that focus on a national or regional level and that con-
sider interactions between different jurisdiction to provide investors with enough information to spark investments
in circularity paths for PV. Regarding logistic issues, literature is unambiguous on the need for high recycling
volumes to enable profitability, and therefore central, often international, recycling plants will be necessary, at
least for the first half of the century [38, 48]. Chen et al. [48] points out how transporting heavy modules for
long distances might cause high costs and cut already slim profits, the author suggests that modules should be
first treated locally to remove the glass enclosure(s), responsible for around 75% of the weight (figure 2.6). By
doing so cargo would be lighter and only high-value materials would be transported to central recycling plants
while glass could be treated at local and already specialized facilities. Heath et al. [38] points out that even if
most literature concerning circular economy in photovoltaics is focused on recycling, more space and attention
should be given to other circular paths such as reduce, rethink, and reuse. These alternative strategies could over-
all improve the sustainability footprint of photovoltaics and at the same time cause waterfall effects for the whole
chain. Reducing material use, for example, would make modules more affordable and less energy intensive to
produce but at the same time would reduce recycling revenues. More research needs to be done for these strate-
gies that could potentially prove fundamental for photovoltaics’ circular economy. The authors point out how it
is still more than unclear how well-recovered silicon can be inserted back in the manufacturing line; the recycling
process would probably slightly contaminate the silicon, causing unknown effects on performance and making
recycled silicon less appealing to producers than predictable virgin silicon.

2.4. Failure, degradation, and reliability

The previous section portrayed the “fate” of solar modules that entered their end-of-life phase. This section will
provide a brief explanation on the process that leads a module to its failure. This can happen for three main
reasons: excessive degradation,the end of economic lifetime and random failures.

During operation, modules go through steady and unavoidable degradation caused by multiple and simultane-
ous events, also potentially leading to failures due to excessive degradation. Jordan and Haegel [49] explain
that a modules are considered failed due to excessive degradation when they operate below 80% of their rated
capacity. When modules drop below this threshold they are considered failed and ready to enter the end-of-life
stream. Literature is well documented on causes and effects of degradation [50, 51], but the pace at which pho-
tovoltaic technologies are evolving is making it harder to predict exactly the lifetime of new installations. Most
photovoltaics will be installed and operated without the three year of performance data that has been usually
required to estimate long term performance [49]. Available publications have analyzed performance of moder
photovoltaic systems and came to the common conclusion that the average degradation rate for a PV system is
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of -0.7% to -0.75% per year [49, 52, 53]. In literature, the value of -0.5% per year is found as well but it often
refers to single modules, rather than to entire systems. Note that these values are to be considered as percentile
changes and not as absolute changes (a 0.5% drop will make a 20% efficient module go to 19.9%, not to 19.5%).
The ITRPV reports that degradation rates are projected to diminish in 2033, in particular by then modules would
have a -0.4%/year drop while systems would degrade at a -0.5%/year rate [28]. Even if in reality degradation is
often irregular, the industry and literature has decided to use a linear degradation rate to ease customer’s under-
standing and expectations. Degradation values are influenced by a vast range of variables such as climate, size
and maintenance standards [52, 54] but an average figure can give a good first glance at what to expect during
the lifetime of a module. All the main cell technologies, Al-BSF, PERC, SHJ and IBC show similar degradation
rates; CdTe as well degrades with a comparable rate [52].

Economical failure are something that needs to be considered as well. Photovoltaic manufacturers offer a war-
ranty for their technologies, specifying the timespan during which a module is expected to maintain a production
capacity deemed “acceptable”. This ensures that modules will operate at no less than 80% of their designated
nameplate value throughout the warranty period. During the early stages of the PV industry, performance war-
ranties were 10 to 15 years but steadily grew as technology progressed and are now at around 25 to 40 years [22].
The ITRPV projects that by 2033 warranty will be 35 years [28]. Warranty is a very good indication of a module’s
expected economical lifetime but these two are not always necessarily the same. When a module is economically
failed, it indicates that its owner has a stronger business case in substituting the panels with new factory fresh
pieces, even if its current fleet does is still properly working. This practice, defined as “on site re-powering”,
makes the prediction of modules economic failure more complex and dynamic. The opposite phenomenon is
possible as well: if a module exceeds its lifetime warranty and the owner does not have a clear economical reason
tu replace the installed fleet, every W produced would be free for its operator. This phenomenon is referred to as
”Merchant tail”.

The third and final pathway through which modules can reach End of Life (EoL) are random failures. These
failures result from one-time events that cause modules to perform below their acceptable range or cease func-
tioning entirely. The causes of these failures are multiple and are usually related in imperfections in the module
manufacturing process or in the installation and cabling procedures. Some examples are thermal stress leading
to solder bonds failure [55], corrosion caused by moisture ingress [56], cracked cells [57], localized overheating
(hot-spots) caused by manufacturing errors [58], bypass diode failures (more frequent in poor field configura-
tions) [59] and many more. Failures connected to extreme weather such as hail or dust storms are also considered
in this category.

To conclude, this paragraph explained that a PV module has three pathways for reaching End of Life: excessive
degradation, the end of its economic lifetime and random failures. These considerations will be used in the
simulation of the lifetime of a PV module

2.5. Methodology to simulate EoL: the past and the present

In 2016, a paper in collaboration between the IEA and IRENA laid the grounds for research of PV EoL modeling
by proposing a methodology that would forecast PV waste volumes given installation forecasts and information
about the module’s technology [40]. While this methodology managed to spark the interest in research of PV
waste flows and allowed for multiple researchers to simulate the evolution of PV EoL material in different coun-
tries, the assumptions used in 2016 do not apply anymore to the photovoltaic industry of 2024.

In the previous section of the report, we explained how a PV module can reach End of Life (EoL) through three
pathways: excessive degradation, random failures, and the end of its economic lifetime. The most problematic
aspect of the old methodology are its assumptions on random failures, not in line with today’s standards. The
2016 paper in fact proposes a method to forecast PV random failures through two Weibull curves, two different
distributions correlating the probability of failure with age. These two scenarios are presented under the names
of “Early loss” and “Regular loss”. The two scenarios follow for the most part different distributions, but have a
common point: the loss of 64% of the installed capacity within the first 30 years of operation due to random fail-
ures. This number is today profoundly outdated, leading to overestimating waste volumes. Today, system owners
and financial models expect only around 10% of their fleet to fail within their economical lifetime as explained in
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section 2.4. This issue led to the creation of a the new methodology in 2022 by Ovaitt et al. [22], where only 10%
of installed capacity is lost due to random failures. Furthermore, in the 2016 methodology economic lifetime was
modeled by assuming that modules had a definite lifetime of 40 years, and that after the 40 years modules would
be removed regardless. In the novel methodology, modules are removed after their economic lifetime expires. By
doing so, the historical value of LCOE calculations is taken into account, evaluating investment considerations in
End of Life. The last issue with the old methodology is that degradation was not considered. In the new proposed
methodology, however, modules are removed when they degrade below 80% of their rated capacity.

2.6. Research Question and Aim

After the considerations summarized before, this section will outline the specific aim of this project. The objec-
tive of this research is to provide a projected estimation of PV EoL streams on three scopes: global, continental
(regional), and national.

These results will be studied through two main lenses: analyzing the scale of module replacements and deter-
mining the amount of EoL materials available for recycling in different nations and regions. The first analysis
will outline the share of installations aimed at replacing failed modules compared to the total yearly installation
size. The second analysis will focus on illustrating the amount of materials available for recycling. These num-
bers could then be used to develop investment decisions for large-scale recycling infrastructure. As mentioned in
previous sections, uncertainty about the scale of EoL material at national and regional levels is one of the main
hurdles to the development of recycling plants. Literature offers research on EoL projections, but papers usually
focus on single countries or regions, such as China [44, 60], the USA [22, 61], Thailand [62], Flanders [63],
Spain [64], among others, or they focus on specific selections of countries such as OECD countries [65] or other
arbitrary selections [66]. While these papers are fundamental contributions to the PV recycling landscape, their
scope is different from this research. Country-specific studies might not provide a sufficient scale to facilitate
large-scale PV recycling initiatives. Initially, recycling plants will likely need to be central international hubs
to receive the necessary material inflow to prove a business case [1]. This will be particularly true in regions
with multiple countries nearby, such as Europe or Southeast Asia. The role of transportations costs, now one
of the major barriers to PV recycling economic viability, needs to be assessed before any central PV recycling
center can start operating. The methodology used in these papers raises some concerns as well. Most of the
publications use the outdated 2016 methodology better explained in section 2.5. It is therefore necessary for this
research to implement the new methodology to the scopes shown above, and develop new and updated figures
on photovoltaic End of Life. In the following chapter, the methodology followed to model PV EOL is shown and
explained.



Methodology

This chapter of the report outlines the methodology followed in the simulation and modeling of this reaserch. All
the assumptions regarding input data and model calculations are reported and justified in the following sections.
The primary objective of this study is to forecast the volumes of photovoltaic waste worldwide, until 2070. After
reporting the main findings, the study aims at exploring the implications and relations of these forecasts. The
forecasts will be conducted at a global, continental (regional) and national scale, which each scope focusing on
different issues. For the global analysis, chapter 4, a high and low installation forecast scenario will be compared.
At the global level other scenarios, that don’t entail different installation forecast but that differ for assumptions
or methodology, will be run tested and analyzed as well. At the regional level, chapter 5, the similarities and
differences of different world regions will be underlined and studied. Finally for the national level chapter 6, the
different nations will be compared over the time evolution of the expected waste flows.

In order to develop the forecast for any of the three scopes outlined, three “ingredients” are necessary inputs
to the model:

1. PV capacity installation forecasts
2. Module technology characteristics and expected evolution
3. Methodology on how to determine End of Life

All three aspects will be discussed in the following subsections. A deeper dive into PV installation forecast data
selection and manipulation is presented in section 3.1, section 3.1 dives deeper into the baseline assumptions on
module technology and section 3.3 describes the methodology used to model End of Life. Once all the required
“ingredients” are ready, simulations about modules’ operational lifetime, degradation, and failure can start. By
simulating modules’ operational lifetime, multiple parameters can be explored, starting from the expected amount
of PV discarded material. The main instrument used to perform the waste flow calculation is PV ICE, a Python-
based tool developed by NREL that provides functions to simulate PV lifetime.

3.1. Photovoltaic installation forecast

In section 2.1, the latest available information on PV installation forecasting are presented. In particular, it is
emphasized how different research centers and universities present radically different outlooks for installed pho-
tovoltaic capacity. Given that the scope of this project is not to analyze and verify which forecast can be consid-
ered more reliable; both a high and a low installation scenario will be used. The findings of the two scenarios
will then be analyzed and compared. For the low scenario, the IEA World Energy Outlook 2023 “Announced
Pledges Scenario” (APS) forecast will be used [2]. Using the APS scenario comes from the unavailability of data
for the Net Zero Emission (NZE) scenario in the full dataset. The IEA dataset provides installation forecasts for
the following regions: Europe, Africa, North America, Central and South America, Eurasia, Middle East, Asia
Pacific and Southest Asia. In figure 3.1 the regional divide can be seen. IEA datasets are highly regarded and
widely used in policy-making. For the high scenario, data coming from LUT University is used. The projec-
tions are of 75TW of installed capacity by 2050. The LUT dataset contains projections for the following regions:
Europe, Eurasia, Sub-Saharan Africa (SSA), Middle East and North Africa (MENA), South Asian Association
for Regional Cooperation (SAARC), Northeast Asia, Southeast Asia, North America, and South America. The

17
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Figure 3.1: Regional divide IEA

regional divide can be seen in figure 3.2. The comparison between IEA and LUT data will be performed both at
a global scale in chapter 4 and at a regional scale chapter 5. To compare the two projection scenarios, it is nec-
essary to select a common regional division for the two forecasts. In the following lines, the main discrepancies
between the regional divisions of the two datasets will be explained, as well as the choices made in order to build
a common and comparable regional divide.

First of all, the IEA decided to divide Africa and the Middle East (using the Suez Canal). The forecast com-
ing from LUT University, on the other, chose the Sahara Desert as point of separation between regions, defying
the Sub-Saharan Africa (SSA) region, and the Middle East and North Africa (MENA) region. This discrepancy
led to the necessity of merging the African continent and the Middle East into a common entity for regional con-
frontation, under the name of Africa & Middle East. The other major difference resides in the division of Asia
and Oceania. While in teh LUT university forecast this region is divided in three separate entities, Southeast Asia,
Northeast Asia and South Asian Association for Regional Cooperation (SAARC), the IEA forecast combines the
whole region under the name od Asia Pacific. Given the lower amount of detail of the IEA’s regional division,
the latter had to used as the common regional division for the confrontation, leading to the merging of the three
LUT regions under a new region defined as Asia & Oceania.

The regions chosen for the comparison are therefore Asia & Oceania, Europe, Eurasia, Africa & Middle East,
Central & South America, and North America. The final regional division can be seen in figure 3.3.

In the final chapter of the report, chapter 6, forecasts for individual nations are also shown. Installation forecasts
of individual nations come from multiple sources, given that the IEA World Energy Outlook dataset only provides
data for 6 countries (India, China, USA, Russia, Japan, and Brazil).

3.1.1. Historical PV installation data

To generate accurate forecasts regarding end-of-life (EoL) material flows, it is crucial to include historical pho-
tovoltaic (PV) deployment data. However, neither the International Energy Agency (IEA) nor the LUT dataset
provides this historical deployment data. To fill this gap, data from the 2024 IRENA Capacity Statistics report
was utilized [67]. This report offers a dataset with detailed historical data on installed capacity for both countries
and regions, divided under another unique regional scheme. In particular, the IRENA dataset divides historical
installations among Asia, Oceania, North America, Central America and the Caribbean, South America, Europe,
Eurasia, Africa and the Middle East. This new categorization led to the necessity of constructing a historical
regional PV capacity dataset that accurately reflects the regional divisions used in this research, as delineated in
figure 3.3. This involved aggregating the data for Central America and the Caribbean with South America for the
South & Central America region and combining the figures for Africa with those for the Middle East to align with
the regional breakdown used in this research of Africa & Middle East. Similarly, the installation figures for Asia
and Oceania were summed to represent the Asia & Oceania region. Some minor adjustments had to be added as
well, regarding the belonging of certain countries to particular regions. Turkey in the IRENA historical dataset

@ Central and South America
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was considered as part of Eurasia, while in the final division used in this reaserch belonged to Europe. This meant
subtracting Turkish historical installation numbers from the Eurasian total to add them to the European one. The
same procedure was followed for Palestine-Israel which was moved from Europe to Africa & Middle East. Be-
larus was moved from Eurasia to Europe. These adjustments ensured that the input data for the modeling was
as consistent as possible. The refined historical dataset was employed for both high and low scenario forecasts
of this study, providing historical installation data from 2000 to 2023 fundamental for the calculation of waste
flows.

3.1.2. Low installation scenario: IEA dataset

The IEA dataset used in this project comes from the full dataset of the 2023 World Energy Outlook report [2].
The database provides PV installation forecasts up to 2050 globally and for main world regions: Europe, Eurasia,
Africa, the Middle East, North America, and Central & South America. It also forecasts six major countries:
Russia, China, Japan, India, the United States and Brazil. The dataset provides regional installation forecasts for
only the Stated Policies Scenario (STEPS) and the Announced Pledges Scenario (APS). The APS scenario was
chosen and used in this project. The dataset provided projections for 2030, 2035, 2040, 2045 and 2050. To model
PV EoL mass flow calculations, forecasts on a yearly base are required. This implied that the given data needed
to be interpolated.

Data interpolation

Many techniques and algorithms are today available for data interpolation. After some trial and error, polynomial
interpolation was chosen. The best results were obtained by fitting a grade 10 polynomial through the available
data. The definition of “best” was based on two parameters: the Mean Relative Error (MRE) and visual inspection
of the interpolated data. The Mean Relative Erroris calculated by averaging the absolute differences between the
interpolated function values and the corresponding given data points.

f(@i) —vi
Yi

n

1
MRE:;Z

i=1

3.1)

where:

 f(x;) is the value of the interpolated function at point x;,
* y; is the given data value at point x;,
* n is the number of data points.

The MRE was calculated between the interpolated data and the original dataset for the points present in both
datasets (so the cumulative capacity in 2020, 2025, 2030, 2035, 2040, 2045, and 2050) for every region and
summed up. Different MREs were calculated for different grades of fitted polynomials. By tracking the MRE
relation with different polynomial grades, it was apparent that in general the higher the polynomial grade the
lower the error. The majority of error reduction happens between the first 5 grades to then stay relatively constant
until grade 10 to then drop from grade 11, for the low scenario, and from grande 12, for the high scenario, to then
stay relatively constant until the highest grade tested (50). The polynomials with a grade higher than 10 were
discarded because of visual inspections; the high grade polynomials would overfit the datapoints, leading to high
swings on the capacity between years. It was therefore decided to use a grade 6 polynomial for the interpolation
of both scenarios, given that it lead to sufficiently low error and had a lower level of complexity than a grade
10 polynomial. The curve was fitted using the data from 2020 onwards, but only “new” data points (from 2024
on) were used and appended to the historical data. The results fo the interpolation can be seen in figure 3.4. The
value of the MRE based on different polynomial grades and the factors of the grade 6 polynomials used in the
final interpolations are shown to allow for repeatability of the results: table A.1, table A.2, table A.3, table A.4 .

Data extension to 2070

After the interpolation for every year between 2023 and 2050 and the merging with the existing historical data,
the forecast was extended to 2070. Given that modules have an economic lifetime of 30 - 35 years, ending the
projection in 2050 would significantly limit the relevance and interest of the results. As shown in the projections
of figure 3.4, most modules will be installed around 2040 - 2050; to observe the waste flow generated by those
modules, or at least by a part of them, the timeline considered needs to be extended past 2050 (as further demon-
strated in chapter 4). The choice of 2070 was a compromise between accuracy (forecasting too much into the
future leads to excessive uncertainty) and the “appeal” of the obtainable results. With “appeal”, it is intended the
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Figure 3.5: Predicted PV installation evolution globally [4]. This image allows for a perfect understanding of the expected evolution of the
photovoltaic marker and will be the source for the methodology used in extending the installation forecast from 2050 to 2070.

quantity and interest of data that can be observed. Extending to 2070 allows for the inclusion of at least some of
the major PV installations in the waste flow analysis, providing a more comprehensive and insightful assessment
of future EoL material streams. Extending the scope further would call for excessive assumption on module
material composition and PV installations. The temporal extension of the scope of the research demands for the
extension of the input data, including PV forecast installations. While the extension of module-specific data will
be presented in section 3.2, the extension of PV installation data will be explained in the following paragraphs.
Figure 3.5 describes the current sentiment around PV installation evolution, estimations see the cumulative global
PV capacity to grow steadily, reaching a stable figure around 2060. Annual installations are, on the other had,
are projected to grow until 2040, to they stay constant. This particular shape of the installation evolution would
allow the PV market to stay healthy. While the global capacity is expected to plateau, potentially signaling the
end for PV modules demand, the role of replacements modules should allow demand to stay constant. If currently
new modules are installed to add capacity, by the second part of the century replacements of old modules will
represent most (if not all) of the demand for new modules. This idea will be further investigated in chapter 4;
how will replacements of lost capacity influence annual demand for PV modules?

In order to extend PV capacity forecast data, a family of particular functions were used: sigmoid functions.
Sigmoid functions are a class of mathematical functions that produce an S-shaped curve, in line with historical
photovoltaic trends and the future projections just described.The typical behavior of a sigmoid function involves
a gradual increase in the initial phase of its domain, followed by a more pronounced growth in the middle, and
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culminating in a slow, nearly plateau-like progression toward the end of its domain. In this research, sigmoid
functions were specifically chosen for their ability to model the gradual uptake and eventual saturation of PV
global installed capacity. These functions were fitted using data from 2000 to 2050 and were then extrapolated
to extend up to 2070 to provide a comprehensive long-term forecast. The sigmoid function is given by:

K

S(t) = 1 + e—b(t—to)

(3.2)

In this formula:

» K represents the maximum value that the function can reach.
* b determines how steep or flat the curve is.
* 1o shifts the midpoint of the curve along the time axis.

Given the project’s scope, which involves analyzing multiple regions to obtain global installed PV capacity, it
was necessary to develop a sigmoidal extension function tailored for each region by adjusting the above listed
parameters. The optimization of these parameters was accomplished using an algorithm designed to minimize the
discrepancy between the sigmoid curve and the available data, meaning the interpolated installed capacity from
2000 to 2050. This optimization procedure was done through the use of the function curve fit(). The curve_fit
function comes from the scipy.optimize module, which is part of the SciPy library. The curve_fit function is
used to find the optimal parameters of a specified function so that the function best fits a given set of data points.
In this context, the sigmoidal function’s parameters were fine-tuned to align closely with the interpolated data,
providing a reliable model for projecting future installations based on historical trends. This method ensures that
each regional model is accurately calibrated to reflect its unique growth dynamics.

The first calculation of the sigmoid extension curves led to some improbable behaviour, with predicted capacity
in 2070 (from the sigmoidal curve) being lower than the 2050 capacity (provided as fitting point). This anomaly
was attributed to the nature of the optimization problem which, while offering an overall better fit within the
scope of the problem, did not align with the anticipated trends for the projection period, described in the previous
paragraphs. The curve-fitting optimization problem was therefore constrained by the assumption that the 2070
cumulative capacity should have be higher than the 2050 capacity by at least 3%. This constrain led to satisfying
and reasonable extension functions used for the extension to 2070 of PV capacity. In table A.5 the optimal pa-
rameters for both low and high scenarios in every region are presented. Figure 3.6 shows the application of the
sigmoid functions to two different regions, Europe and Africa, regions that show a different evolution of their
photovoltaics capacity and therefore underline the need for such an optimization problem. In particular, the figure
shows how European capacity is set to star stagnating (according to the low scenario) around 2037 while Africa
& M.E. capacity is set to keep its upwards growth until 2050. This means that the two sigmoidal function used
need to have different shapes and upward trends to extend these two different regional evolution.
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Figure 3.6: Example of sigmoid functions fitting for two different regions of the low scenario. The blue dots represent the points through
which the sigmoid curve (red line) is fitted. This shows how some optimization is needed in order to find for each region the better curve
given the different expected evolution of different regions.
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Year | North America C. & S. America FEurope Africa& M.E. FEurasia Asia & Oceania | Global
2023 0.15 0.05 0.30 0.03 0.00 0.85 1.39
2025 0.28 0.08 0.40 0.05 0.01 1.44 2.26
2030 0.77 0.14 0.71 0.21 0.02 3.37 5.23
2035 1.29 0.23 1.02 0.47 0.04 5.45 8.49
2040 1.67 0.34 1.24 0.78 0.06 7.40 11.49
2045 1.90 0.46 1.35 1.13 0.07 9.04 13.95
2050 2.08 0.57 1.41 1.57 0.09 9.96 15.68
2055 2.13 0.64 1.44 1.80 0.09 10.27 16.37
2060 2.15 0.67 1.45 1.90 0.09 10.41 16.67
2065 2.16 0.69 1.45 1.95 0.09 10.46 16.80
2070 2.16 0.70 1.45 1.97 0.09 10.48 16.85

Table 3.1: Low installation scenario cumulative installations [TW]

The new data (form 2051 to 2070) was appended to the 2000 - 2050 previously interpolated data. Given that these
two portions of the data come from different functions, a polynomial interpolation for the 2000 - 2050 period and a
fitted sigmoidal function for the 2051 - 2070 portion, the juncture between the series had to be carefully analyzed.
The approach of “gluing together” the two functions at 2050 - 2051 juncture led to a noticeable discontinuity,
particularly in the year 2051, where capacity values were often observed to be lower than those for 2050 and
2052, suggesting an implausible scenario of negative installations for that year. This phenomenon was caused by
the sigmoid function being too low for the 2051 value in some regions compared to the 2050 value, as could be
observed in the left side of figure 3.6. This plot, confronting the sigmoid function with the beforehand calculated
capacity until 2050, shows how the sigmoid function for Africa & the Middle East does not follow the data until
the last point (2050) but starts to flatten out in 2049. This behavior makes the sigmoid function start from a value
that is lower than what is expected after seeing the general trend in the final part of the 2000 - 2050 data series,
leading to some misalignment in the years around the juncture. In case of misalignment, the 2051 capacity was
changed to the average between the 2050 and the 2052 values. This operation lead to increasing the sigmoidal
2051 capacity by delta of extra added capacity. This offset was added to all the years after 2051 as well. By
adding the offset to all the years after 2051 it was ensured that the growth trend described by the sigmoid function
would follow the PV capacity evolution described in the 2000 - 2050 portion. The value of the added offset for
every region (in both scenarios) can be seen in table A.6.

Once two portions of the dataset were attached together, the final PV installation data was considered ready
to be used. The forecasted PV capacity is therefore represented by a function defined piece-wise as follows:

ax® + bx® + cxt + dx® + ex® + fr + g for 2000 < z < 2050

C(z) = 33
() K +A for2051 <z <2070 )

where:

+ x is the time expressed in years

* a,b,c,d, e, f, g are coefficients of the polynomial fitted to data from 2000 to 2050.
* K is the maximum value of the sigmoid function.

* b is the steepness of the curve.

* ¢ is the midpoint of the sigmoid.

A is the constant offset added to align the polynomial and sigmoid functions.

The values for all the parameters are reported in the appendix, from table A.1 to table A.6.

The plots reporting the final capacity evolution forecast used in the low scenario can be seen in figure 3.7 and
are reported in 5 years intervals in table 3.1. On the left side of the figure, the dots represent the provided points
of forecasted capacity for the different regions while the lines are product of the operations explained above and
will be used in the remainder of this research.
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Figure 3.7: Low scenario 2070 PV installation forecast. The dots on the (left) figure represent the provided forecast, while the lines
indicate the interpolation and data extension peculiar to this research.

3.1.3. High installation scenario: LUT University dataset

The high electrification scenario comes from projections done and published by LUT university researchers. More
details about their work can be found in subsection 2.1.3. The data from LUT used in this work comes from two
papers, a 2023 paper by D. Keiner et al. [5] and a 2021 paper by D.Bogdanov et al. [6]. A combination of the
data provided in the two papers was used to develop the “high installation scenario” data for this project. In this
section the motivations and methodology behind the choice and modifications of data are reported.

High scenario: PV data selection

In the literature review section, the results of the 2023 paper by Keiner et al. [5] on forecasting the future
energy mix are reported. The research in question provides PV installation forecast at the regional level using
the LUT-demand model. The paper proposes three scenarios, different in terms of the pace and scale of the en-
ergy transition. For this research the slowest and lowest installation scenario proposed, the LEES scenario, is
used. This scenario forecasts 75 TWp of cumulative global capacity by 2050 and this data could technically be
used without further modifications. After detailed considerations, the particular shape of the installed capacity
forecast raised some concerns. According to the data reported in the paper, the year 2030 would be the peak of
annual added capacity, while, by 2050, annual added capacity would be almost zero. This would imply a ramp-
up in installations in the coming few years that does not reflect current trends and expectations. In particular
the model foresees 5.7 TWp of cumulative capacity by 2025; to put this into prospective 2023 global installed
capacity was 1.6TWp, with 0.44TWp of new additions. This model foresees capacity to grow to 31.8 TWp by
2030 and 60.6 TWp by 2035, with average annual installations close to 5.5 TWp per year, something that is not
likely to happen if compared to current growth rates. This indicated the need for some modification to the dataset.

As already described in the previous subsection, the Haegel et al. paper [4] forecasts installed capacity to reach
a plateau around the year 2060. In a high installation scenario, this timeline would allow for a more realistic in-
stallation progression, with manufacturing able to keep up with demand. Given this, the data had to be modified
to generate an installation curve similar to the one shown in Haegel et al. (figure 3.5). A very similar ramp-up
scenario was proposed in another paper, the 2021 paper from Bogdanov et al. [6]. In this paper, the authors
provides a forecast for PV global installations until 2050, with an overall cumulative capacity predicted of 63.38
TWp by 2050. Even if this number is lower than what more modern literature points to, and even if this paper does
not provide a regional division for this capacity, the shape of the capacity evolution matches what is expected.
Combining the data coming from the 2023 Keiner et al. [5] and the 2021 Bogdanov et al.[6] papers, with the
more qualitative ideas described by Haegel et al [4], led to the final high scenario forecast dataset used in this
research. These ideas and concepts were combined, with the methodology explained in the next paragraph, in
order to have the following characteristics:

* Installed capacity of 75 TWp in 2050
* Regional division
* A ramp-up similar to the one shown in figure 3.5
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3.1.4. High scenario: PV Data Modification

Given the ideas and motivations described in the previous paragraph, this section aims at describing the methods
followed to build the high scenario PV installation forecast for this research. First, in the new dataset, the 2050
global capacity should be 75 TWp. In order to obtain this result, the 63.38 TWp scenario from the 2021 Bogdanov
paper was scaled up to 75 TWp. This scaling involved progressively increasing the 5-year interval capacity
forecasts, with forecasts closer to the year 2050 receiving a larger adjustment than those projected for earlier
years. This adjustment was implemented through a simple linear increase in the scaling factor over time, applied
specifically to the years 2020, 2025, 2030, 2035, 2040, 2045, and 2050. The scale-up factors used and the results
of this operation are reported in table A.7. The scaling factor S(¢) at year ¢ can be expressed as:

7 — 63.38> t — 2020 (3.4)

=1 .
S() + ( 63.38 2050 — 2020

Given a 75 TWp installation scenario, the model still needs a regional division of said capacity. This information
was obtained from the 2023 Keiner paper by calculating the share of global capacity that each region was fore-
casted to have in the original provision. The regional share for region r at year ¢, denoted as R,.(¢), is calculated
as:

Cr,Keiner (t)

R.(t) = —————
( ) Cglobal, Keiner(t)

(3.5)
where C) keiner(t) is the capacity forecast for region r in the Keiner paper, and Clyjobal, Keiner(t) is the global
capacity forecast in the Keiner paper.

Once both the new global installation forecast (scaled to 75 TWp) and the regional shares were calculated, these
two figures were multiplied to obtain a scaled-up and regionally divided installation forecast to 2050. The regional
capacity C,(t) at year t is given by:

Cr(t) = Cgiopal(t) - Rr(t) - S(1) (3.6)

The new installation forecast follows the growth path delineated in the 2021 Bogdanov paper and therefore follows
the expected ramp-up described by Haegel, providing the new datasets with all the characteristics described before
this paragraph. These results hold the same “shape” of both initial datasets, with forecasts every 5 years starting
from 2020 to 2050. Given that the model needs yearly forecast figures, the next paragraph explains how this data
was interpolated and extended past 2070.

High scenario: Data interpolation and extension

In the previous paragraph, the methode through which the initial data was calculated for the high scenario is
reported; in this section the methodology through which this data is transformed from 5-year values from 2020
to 2050 into yearly values from 2000 to 2070 is explained. First, the high scenario was given the same historical
values (2000 to 2023) as the low installation scenario, from the IRENA database mentioned above. In order to
have yearly data for capacity forecast, the same procedure explained for the low scenario in subsection 3.1.2 was
used. Briefly, this procedure consists of using polynomial interpolation for the data between the provided years
(2023 - 2050) and of extending the dataset to 2070 with sigmoid equations, paying attention to the connection
between the two functions (polynomial and sigmoid), adjusting the connection if needed.

The results can be seen in figure 3.8, with the plot of all regional installed capacity forecast, and in table 3.2,
outlining for every five years the expected regional PV installed capacity. These are the final projections used
for the high scenario forecast. Regarding the detail on data interpolation and extension. All the data is available
in the tables from table A.1 to table A.6

3.2. PV modules technology model inputs

PV modules can be described by their technological performances and by their material characteristics. Both
technological and material characteristics are necessary to explore and model waste projections. In this project,
only crystalline silicon-based modules will be considered. Therefore the installed capacity figures presented
above are reduced by 15%. This is assumed to be a valid balance between the historical share of thin films and
the future projected market. In recent years the share of thin film, around 15% until 2010, started to decrease to
roughly 5% of market share in more recent years. In this research, the figure of 15% is used for every year given
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Figure 3.8: High scenario 2070 PV installation forecast. The dots on the (left) figure represent the provided forecast, while the lines

indicate the interpolation and data extension peculiar to this research.

Year | North America C. & S. America Europe Africa & M.E. Eurasia Asia & Oceania | Global
2023 0.16 0.05 0.30 0.03 0.00 0.87 1.42
2025 0.44 0.19 0.60 0.34 0.08 1.84 3.49
2030 1.23 0.59 1.56 1.23 0.30 5.50 10.40
2035 2.20 1.14 2.82 2.73 0.59 11.18 20.67
2040 322 1.83 4.20 491 0.92 18.60 33.68
2045 4.32 2.78 5.72 8.16 1.34 28.05 50.37
2050 5.85 4.24 7.94 13.66 2.00 41.27 74.96
2055 6.56 5.33 9.11 18.61 2.40 50.23 92.24
2060 6.88 6.05 9.72 22.27 2.62 55.56 103.11
2065 7.04 6.49 10.04 24.57 2.75 58.49 109.38
2070 7.12 6.73 10.20 25.82 2.81 59.98 112.66

Table 3.2: High installation scenario cumulative installations [TW]
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that the ITRPV report foresees growth in the thin film market for applications like BIPV (Building Integrated
PhotoVoltaics), floating PV, and other applications like cars, drones, and portable electronics.

Technological performance of a module incorporates all those characteristics that are necessary to describe the
performance of a module and its evolution with time. This includes the module’s efficiency, degradation rates,
reliability, and the module’s expected economical lifetime. The second fundamental list of characteristics needed
to model a photovoltaic fleet are material characteristics. These include all of those elements that describe the
physical side of the module, such as the year-specific material composition. In the introduction chapter, it was
underlined how module technology has changed significantly since the beginning of PV and will do the same
in the future. In this research different cell technologies are not explicitly considered, the figures used for
material characteristics come from averaging out the features of different module technologies based on their
past, current, and future market share. For this project, already existing datasets developed at NREL on tech-
nology and material characteristics are used. These datasets are only provided until 2050 and combine differ-
ent historical data and forecasts, the datasets are characterized by a yearly evolution of PV technologies until
2030. The 2030 values are then repeated for every year until 2050; in this research, with a temporal scope
that goes until 2070. the values are repeated for all the years between 2050 and 2070. This assumption should
not have significant impact on the results given that later - installed modules will not show up in the end-of-
life streams. All of the sources of these datasets were cited in section 2.2.In the GitHub repository of PV ICE
(https://github.com/NREL/PV_ICE/tree/main/PV_ICE/baselines), all the material baselines used in
this project can be found. In the next section of the report, the methodology used to transform capacity installa-
tions to mass are reported. This is the step that allows to keep track of all the materials deployed in the field for
when they reach end of life.

Calculation of Material Mass from Installed Capacity

The following steps outline the process to calculate the total mass of materials used in photovoltaic modules based
on the installed capacity in watts. The following operations are done every time new capacity is given in input,
relative to a certain year. Given the year when the capacity is installed, the mass calculation takes into account
the technological characteristics of that year.

Step 1: Calculate the Installed PV Area

The total installed PV area A in square meters (m?) is calculated from the new installed capacity P , the module
efficiency 7 in percent (%), and the standard irradiance I in watts per square meter (W/m?). The formula is given

by:

P x 106
oy x001x1 (3.7)
where:

+ P is the new installed capacity in MW.
* 7 is the module efficiency in percent.
« I is the irradiance in W/m?: 1000 W/m? for standard test conditions (STC).

Step 2: Calculate Total Material Consumption per Unit Area

To calculate the total mass of a specific material (e.g., glass) used in the PV modules, we use the material mass
per unit area Mmyaterial i kilograms per square meter (kg/mQ). These are values given in input to the model, based
on PV material consumption historical and forecasted trends. The total mass M of the material is then given by:

Minaterial = A x Mmaterial (38)
where:

A s the total installed area calculated from Step 1.
* Mmaterial 1 the material mass per unit area in kg/m2.


https://github.com/NREL/PV_ICE/tree/main/PV_ICE/baselines
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Example Calculation for Glass
Using the above formulas, the total mass of glass Mi,es used in the PV modules is calculated as follows:

P x 106
Mglass = X— X Myglass (39)
17 % 0.01 x 1000

Combination of All Materials
The total material consumption for the PV modules includes several different materials, each calculated using the
same method as shown for glass. The total mass My, is the sum of the masses of all individual materials:

Mtotal = Mglass + Maluminum + Msilicon + Msilver + Mcopper + Mbacksheet (310)

where:

* Myiqss is the total mass of glass.

* M auminum 18 the total mass of aluminum.

* Miiicon 18 the total mass of silicon.

o Miiver 18 the total mass of silver.

* Mopper is the total mass of copper.

o Myacksheet 18 the total mass of the backsheet material.

Each material mass is calculated using its specific mass per unit area as follows:

P x 10°

Mmaterial i P P ———
1 % 0.01 x 1000

) X Mimaterial (311)

This comprehensive method ensures that the total material consumption is accurately determined based on the
installed PV capacity, module efficiency, irradiance, and specific material properties. In the following paragraphs,
the calculation on how much capacity gets installed is explained.

3.2.1. Capacity input: new installed capacity

For how the modeling code was set up, in order to operate the simulation model requires the input of new in-
stalled capacity for each year. This figure is crucial as it is directly transformed into new installed area. The
new installed capacity used in the global and regional simulations was determined by subtracting the cumulative
installed capacity of a given year (as detailed in section 3.1) from the capacity of the previous year. The new
annual capacity in year ¢, denoted as K, is calculated using the following formula:

K, =C; — Ci_1 (3.12)
where:

» K, is the new annual capacity installed in year ¢,
+ (} is the cumulative installed capacity at the end of year ¢,
* (Cy_1 is the cumulative installed capacity at the end of the previous year ¢ — 1.

This calculation yields the newly installed capacity as shown in figure 3.9. The two scenarios are reported with
different y-axis in order to allow for a good visualization of the low scenario. It is important to emphasize that this
“original” new installed capacity does not account for modules installed in order to replace capacity that reaches
end-of-life or degrades; it solely represents the additional capacity required to achieve the targeted cumulative
installed capacity. The significance of considering new installations prompted by failures and degradation is
explored in the results-specific sections of this report.

3.3. Methodology on end of life

In this section, the ways in which the lifetime of modules is simulated is described. In particular with this section
the intent is to show how modules can reach their end of life and how these different pathways are modeled. PV
modules can reach their End of Life through three different pathways:

* Excessive degradation
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Figure 3.9: Low (left) and high (right) scenario annual new installed capacity to 2070. The two figures are reported with significantly
different y-axis in order to clearly show the shape of forecasted installations in the low scenario as well. These plots only show
crystalline-based PV yearly projections.

¢ Random failures
¢ Economic lifetime

When a module reaches EoL it is considered failed. In the first part of this section, the three pathways toward
failure are explained. The theory and reasoning behind the definition of these three pathways was described in
section 2.4; in this section, the formulas behind the simulations of the three pathways are reported and justified.

Excessive degradation

During their operation, modules are placed in outdoor conditions; the exposure to light, temperature swings
and moisture causes materials to change their optical and electrical properties. This leads to the degradation
of the module’s ability to transform solar irradiation into electricity. Once the degradation causes the module’s
performance to drop below a certain threshold, the module is considered outdated and enters the End of Life
stream. As already explained, even if module degradation has been found to follow a non-linear evolution, the
industry decided to use as standard constant yearly value. This was done in this research as well. The formula
that correlates degradation with capacity is the following:

Ct)=Co-(1—7)t (3.13)
Where:

* P(t) is the production capacity time ¢ (in years)
P is the initial capacity

* ris the annual degradation rate (as a decimal)

* t is the time (in years)

Random failures
The outdoor setting and the fragile nature of silicon cells can also lead to random failures during the module’s
lifetime. Random failures can be caused by multiple factors and stresses such as hail or electrical short circuits.
In this reaserch they are modeled by a weibull curve that relates age with probability of failure of a module.

The Weibull distribution is a continuous probability distribution commonly used in reliability analysis and
life data analysis. Its probability density function (PDF) is given by:

F(r;a,8) =1—e @8 forz >0, (3.14)
where:

* « is the shape parameter, it influences the form of the Weibull distribution. If a@ < 1, the distribution
has a decreasing failure rate, useful for modeling products with higher likelihood of failing early, @ > 1 is
suitable for modeling wear-out failures.
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[ is the scale parameter; stretches or compresses the distribution along the z-axis. Larger values of 3
stretch the distribution, indicating a longer characteristic life.

* x is the time in years, starting from the installation year.

From Equation 3.14, it is evident how the Weibull distribution is dictated from the values of the shape («) and
scale () parameters. These values should therefore be related with the lifetime expectations of the modules. The
main assumption is that only 10% of modules is lost through random failures within the economical lifetime. In
order to do so, two figures are calculated and used to dictate the shape of the Weibull curves: T50 and T90. These
are, respectively, the time in years at which 50% and 90% of modules have failed. The T50 and T90 figures
are calculated for every year to ensure that changes on expected lifetime are reflected on the failure rate. In the
following set of equations, the procedure that leads from t50 and t90 to  and § is shown.

The Cumulative Distribution Function (CDF) of the Weibull distribution, which describes the probability that
a random variable X will take a value less than or equal to x,is given by:

F(t)=1—e /A" (3.15)
If we apply the definition of ¢5¢ and tgg to the concept of CDF we obtain that:
For t5p:
F(tso) =1 — e (ts0/0% = .50
e 50/8% =050 = —(tso/B)™ = In(0.50)
For tgp:

F(tgg) =1 — e~ "0/ = .90
e (100/B)" =010 =  —(tgo/B)™ = In(0.10)

Taking the natural logarithm of both sides, we get:

(t50/6)a = — 111(050)
(too/B)" = —In(0.10)

Dividing these equations, we obtain:

ts0\ " In(0.50)
(tgo) ~ In(0.10) (3.16)

Solving for a:

_In(In(0.10)) — In(In(0.50))
T T n(teo) — In(tso) 3-17)

Once « is found, S can be calculated using either ¢5¢ or tgq:

. t50 B too
7= (= In(0.50))1/> — (—1n(0.10))/« (3.18)

Therefore:

In(In(0.10)) — In(In(0.50))
h‘l(tgo) — ln(t50)
3= t50 t9o

(= In(0.50))1/ ~ (—In(0.10))1/«

The process shown above relates the weibull curve to the ¢59 and ¢9g parameters. As stated above, these paramey-
ers are closely related to the expected economical lifetime of modules; in particular the main assumption, as
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already stated, is that only 10% of modules will fail during the economic lifetime of a module. This means that
the assumed economic lifetime of a modules coincides with an hypothetical ¢1¢. From this value, t5q and g are
calculated with the following formula:

For t59:
—1n(0.50) /*
_ 1
fs0 =10 (—ln(O.QO)) 3.19)
For tgo:
[ —n(0.10)\ /"
oo = t10 (—111(090)) (3.20)

As is clearly visible from the formulas above, both ¢5¢ and tg( are related to ¢1¢ through «. This calls for the need
of an iteration between the formulas introduced thus far in order to find the values of ¢5y and tgg starting only
from ¢19. The steps to follow for this iterative calculation are:

1. Initial Guess: Start with an initial guess for the shape parameter «.

ap = 1.5 (or any reasonable initial guess) (3.21)

2. Calculate 3: Using the initial guess for « and the given ¢14, compute (.

_ 10
p= (—1In(0.90))/ (3:22)

3. Compute t50 and tgg: Calculate ¢5g and tgp using o and 3.

—_1 ) 1/«

ts0 =t (toog) (3.23)
. 1/

too = t10 (M) (3.24)

4. Check Convergence: Compare the calculated ¢1o with the given ¢1¢. If they are sufficiently close, the
process has converged. If not, adjust o and repeat the process.

Once this operation comes to convergence, the value for 5 can be calculated as well and used for the simulation
of random failures.

Economical lifetime

The third and last cause of modules reaching End of Life are economical considerations. Owners of both large-
scale and rooftop solar photovoltaic systems may consider replacing their modules before they fail unexpectedly
or suffer excessive degradation. This decision is often influenced the cost-effectiveness of new modules, which
offer improved performance and can justify the initial investment. The implementation of this pathway is straight
forward; once modules installed reach the end of their economical lifetime, they get removed. Only the modules
that have not failed through one of the other paths are removed at the end of the economic lifetime. This pathway
might not reflect a real-world scenario where system owners extend the lifetime of their fleet past the economic
lifetime. The effects of such considerations are tested and discussed in section 4.3.

Modeling End of Life; a summary
The overall capacity of PV modules over time, considering degradation, random failures, and economic lifetime,
can be expressed as:

(=) e WA ift < min(t..
Ct(t)Z{OtO ( r)t-e ift <min(tecon, tdeg) (3.25)

0 ift > mil’l(te(:(ﬂu tdeg)
Where:

» (} is the remaining capacity at year ¢, originating from the capacity installed at year ¢.
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» (Y, is the initial capacity installed in year ¢.
* ris the annual degradation rate.

» « and (3 represent the shape and scale parameters of the Weibull distribution, modeling the rate and pattern
of failures.

* tecon 18 the economic lifetime (in years)

* tqeq 1s the time at which the production capacity degrades to 80% of it’s rated capacity due to degradation
alone.

* ¢ is the time in years passed from the year of installation .

The degradation lifetime t4.4 is defined as the time it takes for the module’s capacity to degrade to 80% of its
initial value:

theg = — 2 (3.26)

The combined equation provides a holistic view of the PV module’s capacity over time, incorporating the effects
of degradation, random failures, and economic considerations. The production capacity declines over time due
to degradation, which is modeled by the factor (1 — 7)?, and random failures are accounted for using the Weibull
survival function e~(*/#)" | representing the probability that a module will still be functioning at time ¢. The re-
maining capacity installed is then considered to reach EoL when ¢ exceeds the minimum of the economic lifetime
tecon and the degradation lifetime ¢4, at which point the capacity Cy(¢) is set to zero. This approach must be
applied annually to each new cohort of installed modules, as each group has their own lifetime characteristics.
Tracking the evolution of each “annual” cohort individually allows for dynamic modeling, with lifetime character-
istics adapting year over year based on the actual conditions experienced by the modules. This section analyzed
how modules are modeled to reach their end of life. In the next section the need for substituting these modules is
explained, specifying the procedure through which the amount of capacity to replace is calculated.

3.4. Replacing lost capacity

In section 3.3, the paths through which a module can reach EoL are explained and discussed. It is described
how modules can fail through three pathways and the formulas that dictate these are reported. While excessive
degradation is reported as one of these possible causes it is necessary to say that this pathway should theoretically
happen with low frequency given that warrant times should take into account degradation, and not allow modules
to degrade below 80% during the operational lifetime. While this is true, degradation will still occur and needs to
be considered when discussing new installation and deployed capacity. The main assumption regarding installed
capacity in this research is that both capacity lost through degradation (but still deployed) and capacity failed and
removed needs to be re-powered, every year, to allow for adequate production capacity. The projections used in
this research come from models that simulate future energy demand; these models usually operate by dividing
the forecasted required energy production among different energy-producing technologies, such as PV, wind, nu-
clear, etc... . This means that provided forecasts for PV installations denote the installed photovoltaic capacity
necessary to sustain a future energy system. If degradation and failures of modules were neglected, this would
lead to an active capacity that is lower than anticipated. Consequently, PV would contribute less than expected to
the grid, reducing the available energy in the system. It is, therefore, necessary to add extra capacity to make up
for the lost capacity (degraded + reached EoL). This operation will be indicated in the remainder of this research
as replacing lost capacity.

To accomplish this, we first calculate the capacity lost without any replacements by running simulations with
only the “original” yearly installed capacity projected from new installations (figure 3.9). This simulation ac-
counts for degradation and capacity loss that occurs naturally over time, as described in the previous section of
the methodology; these results are stored and they indicate, for every year, how much capacity would be there
if only the originally forecasted demand was installed; not considering any replacement to lost capacity. Sub-
sequently, for the second year considered in the time domain, the first where degradation of capacity is visible,
the effective cumulative capacity (without replacements) is compared against the planned cumulative installed
capacity (original capacity planned). The difference between the expected and the actual capacity without replace-
ments determines the necessary adjustments to the corresponding yearly new installed capacity. This operation
then determines the necessary new installed capacity in year 2, made of the originally planned new capacity and
the necessary adjustment. The simulation process is then run again, and the new cumulative capacity for year 3 is
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found. This capacity, will be lower than the expected one; a new extra addition to the yearly installations in year 3
will be calculated and added to the new installation figure of that year. This operation will allow that at the end of
the year, cumulative capacity equals what is expected. This operation is then repeated for all the years considered.

The operation detailed above is necessary to ensure that the total capacity of the photovoltaic system meets the
projected demand by compensating for both the decline in operational capacity due to aging and failures. This
calculation incorporates both the expansion needs and the losses experienced by the system through modules
degrading and through modules reaching End of Life. Itrepresents the real photovoltaic demand to be expected
in the coming years. In the next section, the formulas behind this operation are listed and explained.

Components of the Calculation
1. Projected Expansion (K;): This is the forecasted new installation requirement for the year, based on the
anticipated demand and system expansion plans.

2. Degradation and End-of-Life Losses: This accounts for the reduction in available capacity due to the
natural aging of modules and modules reaching their lifespan end, either through physical degradation or
economic obsolescence.

Calculating the Expected and Actual Capacities

The goal is to determine how much capacity has been lost between the end of the previous year (¢ — 1) and the
start of the current year (¢), and to establish how much new capacity needs to be installed to not only fill this
deficit but also meet the new capacity requirements.

Expected Capacity at the Start of Year ¢
t—1
Expected Capacity at the start of ¢ = Z Ci- (1 —r)itmi e (@=1=0/B)" (3.27)
i=0

Actual Remaining Capacity at the Start of Year ¢
t—1
Actual Remaining Capacity at the start of ¢ = Z Ci- (1 —r)imi. e (@=0/B)" (3.28)
=0

Formula for Required Annual Installation (4;)
The additional capacity needed each year, A;, is calculated by adding the projected new capacity requirements to
the net loss of capacity observed due to degradation and the end of operational life:

A; = K, + (Expected Capacity at the start of ¢ — Actual Remaining Capacity at the start of ¢) (3.29)

This calculation ensures that each year’s installations are sufficient to maintain the system’s operational effective-
ness by replacing lost capacity and accommodating new growth.

t—1 t—1
A =K, + ((Z Ci-(1—r)t-17t. e—((t—l—i)/ﬁ)“> — (Z Ci-(1—r)tt. e—((t—i)/ﬂ)a>> (3.30)
=0

i=0
Where:

A, is the capacity required to be installed in year ¢.

» K, is the projected capacity expansion needed in year ¢.

 C; is the capacity initially installed in year 7.

* tecon and t4e4 represent the economic and degradation lifetimes, respectively.

» « and (3 are the Weibull distribution parameters affecting the probability of failure over time.
* (1 — r)*~% models the remaining capacity after accounting for degradation.
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For example, if initially in year X 500 MW of new installations were predicted to achieve 2 GW of cumulative
installations but after the simulation it is found that, due to capacity loss, the total installed capacity in year X
would only reach 1.8 GW, an additional 200 MW is needed, increasing the new installations in year X to 700
MW. This formulation ensures the accurate tracking and compensation of capacity loss due to degradation and
end-of-life each year, facilitating effective and sustainable capacity management in PV systems.

By running the simulation annually and incorporating the additional capacity, we ensure that each year’s new
installations not only contribute to increasing the total cumulative capacity but also compensate for the lost ca-
pacity due to aging. This approach also ensures that any modules installed to replace old capacity undergo the
same lifetime simulations, contributing to the overall End-of-Life (EoL) volumes. This methodology is consis-
tently applied every year covered in the research. While it might not be extremely precise for the “historical”
years, the real impact of replacements becomes evident in the later years of the century (figure 4.10). Choosing a
different method for managing replacements before 2024 would add unnecessary complexity to the code without
changing the results.

This section explored the methodology followed for determining replacement capacity and the need for including
this particular aspect, in the next section the assumptions made on reselling and reusing of modules made in this
research are explained.

Reselling and reusing

This section explores the assumptions reselling and reusing of PV modules in this research. Reselling and reusing
are two concepts that can easily be linked with photovoltaics sustainability and EoL calculations. They refer to
the possibility that modules that get dismounted because of economical considerations, can get deployed again
somewhere else if their performance is still adequate. This can happen once expected lifetime is over or due to
early terminations of projects, determined by economical calculations.

A general guideline for selecting modules that are suitable for reuse is that the production power available in
the modules is greater than 90% when the economical end of life is triggered.

In this research, the possibility of reselling is not taken into account because of the following considerations:

* All the modules deployed in the same year are given one and steady degradation rate. These means that
when modules reach the end of their economic lifetime, they will all have degraded past the 90% threshold.
To put this number into perspective, modules would have to experience a degradation rate of 0.35% per
year, something that is possible in real module applications but that is not foreseen by this research.

This research does not consider the possibility of a dynamic economical lifetime. All the modules installed
in a specific year will be dismantled at the end of their predicted lifetime, if they don’t fail through one
of the other two presented pathways. The idea that a system owner decides to change its fleet before the
expiration of their economical lifetime because of other considerations (breakthrough in new photovoltaics
modules leading to much higher efficiency for example).

In recent years, the resale market for modules has been particularly volatile, with limited data available
on resold units. Currently, the majority of modules entering the resale market are older units. These are
primarily sought for replacing modules that have failed or degraded in systems, where such issues have led
to a power output too low for the deployed inverter. This gives today’s reselling market a marginal role
and makes forecasting hard.

To some extent the concept of reselling could be associated with the concept of merchant tail explored in sec-
tion 4.3. With merchant tail, it is indicated the possibility that modules were left on the field past their econom-
ical expected lifetime, in order to keep producing until excessive degradation or random failure. At first, one
might think that modules that are interested by merchant tail could potentially be associated with modules that
get removed from their original location and reused/resold at different locations, locations where performance is
not valued as much. While this might be close to reality for some specific situations, merchant tail and reselling
differ significantly for the absence of logistics in merchant tail. In merchant tail scenarios, modules keep being
deployed in the same location where they were originally installed, with the same mounting and the same inverter.
With reselling, modules need to be picked up, transported, installed and connected in a different location adding
significant costs that would probably make the whole operation not economically viable. The potential for re-
selling is therefore not explored in this research.
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The above sections outlined the steps and procedures followed in the calculation of PV installation forecasts
and in the simulation of the lifetime of modules. In the following section, we introduce the tool that facilitated
these calculations: PV ICE.

3.5. PV ICE and its functions

This paragraph explains and defines the python based model this research uses to model End of Life and waste
flows: PV ICE. PhotoVoltaics In the Circular Economy or PV ICE is an open-source Python-based tool devel-
oped at the National Renewable Energy Laboratory (NREL) to study and assess mass and energy flows in the PV
industry [68]. The complete model can be found here: https.//www.nrel.gov/pv/pv-ice-tool. html.

The model provides built in functions that allow for two main things:

+ Calculate the installed area from capacity.

+ Simulate the lifetime and aging of modules, applying degradation and “killing” modules once they reach
EoL through one of the three pathways.

In order to run, the model requires inputs on historical and forecasted characteristics of PV. This is done through
two input files defined as “baselines”. Baselines are .csv files in the form of annual time series. The first base-
line needed incorporates technology-based data. This includes, for every year scope of the modeling, newly
installed PV capacity, module efficiency, degradation rates, end-of-life paths, and lifetime and reliability parame-
ters. End-of-life paths indicate the share of modules that will follow each of the potential outcomes possible once
they are dismounted; outcomes such as landfilling, recycling, and reusing, among others. The details regarding
input lifetime and reliability parameters will be explained in the following chapters. As explained in previous
sections of this research, these data are assumed to change year over year in line with literature consensus. For
the sake of this research, all the circularity paths were set to zero, meaning that when a module reached EoL all
of its materials were sent to landfill. This allows to see and analyze the total amount of PV material ready to be
potentially recycled.

The second dataset and input relevant to PV ICE incorporates material-specific data. For every material dis-
cussed and analyzed, such as copper, silicon, and glass, manufacturing and processing data needs to be made
explicit and fed to the model. This data contains material usage for photovoltaics in grams per square meter,
material manufacturing efficiencies from virgin material to final product, and data on recycling efficiency. This
information needs to be provided for every year included in the simulation. Once both files are given in input, the
software converts newly installed capacity from capacity in watts to the equivalent photovoltaic area, in squared
meters. For the sake of this reaserch, these parameters were taken from NREL research.

Once all the data is and processed, the mass flow or lifetime simulation calculation can start. This operation
simulates the aging and failure of the installed fleet following the three EoL pathways explained above, and ap-
plying the formulas described in the previous sections. The simulation provides in output several parameters
regarding PV End of Life, both regarding lost capacity and produced waste mass / volumes . In the following
section the relation between PV ICE and the rest of the model can be observed.
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3.6. Flowchart of the Model

figure 3.10 shows the flowchart behind the methodology explained thus far. The yellow boxes indicate what
happens thanks to PV_ICE, following the details explained above and the formulas shown in this chapter.
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Figure 3.10: Flowchart of the research methodology



Global Projections

In this chapter, the findings regarding PV End of Life at the global level will be presented and analyzed. The
analysis will be done for both the two installation scenarios presented in the previous chapter. First, a base
scenario will be analyzed and compared with previous literature findings. The base results will then be compared
with other scenarios, where particular aspects of the base inputs will be changed and the differences analyzed. In
particular the scenarios will explore how changing the merchant tail, reliability and degradation rates affect the
base global results. For the base analysis and for the scenario, both the high and low installation forecasts will be
used. To better put into perspective the differences between the high and low installation scenario, fundamental
to better reflect on the contrast of the results, figure 4.1 shows the two installation scenarios plotted with the same
y-axis. The graphs only show the share of crystalline silicon in the total installed capacity (85%), given that this
research only analyses crystalline silicon.
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Figure 4.1: Comparison of forecasted crystalline silicon capacity in the two scenarios

Before analyzing the results, it is important to define what the figures that will be discussed actually represent.
With End-of-Life volumes, it is intended the amount of photovoltaic material that is modeled to enter End of Life.
It is important to note that this does not necessarily make it waste, this material could be collected and go through
one of the sustainability pathways such as recycling or, if in good conditions, reusing. In the following graphs,
the volumes represent the material that will be potentially available for recycling, therefore EoL volumes.

4.1. Base scenario

4.1.1. Assumptions and justifications of the base scenario

In this section of the report, the base scenario is explained and its results discussed. The results in this section
should be considered as the base findings of this research and will be compared with previous literature. figure 4.2
shows the input degradation rates and project lifetime used in the base scenario. These evolution trajectories come
from forecasts made at NREL. Lifetime projections come from a Lawrence Berkeley Laboratory study [69]. and

37
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Figure 4.2: Base scenario parameter evolution; the left axis and the blue line indicate degradation rated considered, the red one together
with the y axis show the economical lifetime considerations made in the base scenario of the global installation forecast.

indicate the values that is most often used in LCOE calculations, therefore the expected lifetime of a system. This
value is not the warranty period given by module manufacturers, but the expected lifetime of systems. The projec-
tions are forecasted to stay at a constant level from 2020 to 2070 at 35 years, seen as a standard value today. In the
base results, there is no possibility of life extension through merchant tail. Merchant tail indicates the possibility
of extending a module’s operations past its projected lifetime, even if the module is still in good condition. The
effects of merchant tail will be explored in section 4.3.

Regarding degradation rates, in this research was decided to use the the -0.75%/year degradation rate for all
the historical years, from 2000 to 2023. This decision came from the fact that papers that describe the state of
degradation of PV modules in real installations, do not differentiate between the years of installations of modules.
Since the 2016 ITRPV report, modules were reported to degrade at a rate below 0.7, with the latest ITRPV re-
porting degradation rates below 0.5% [25, 70]. Module manufacturers provide as well degradation rates in their
warranty sheets, which go from -0.7 to -0.5 for different modules. The main issue with using the data provided
from these sources is that modules degrade faster when installed in a system rather than when tested and degraded
on their own [52, 53]. This led to the choice of using recorded field degradation data for modules installed in
historical years (2000 - 2023). There is also a more nuanced consideration that can be made on this point; the
degradation rates announced by module manufacturers are designed to assure consumers of the product’s durabil-
ity and reliability. However, these modules’ actual lifespan and efficiency may not meet the optimistic projections
set at the time of purchase. It is a real possibility that given the rapid economic returns of solar PV, especially if
combined with financing schemes, manufacturers might anticipate that only a minority of consumers to actively
pursue a warranty claim decades after installation, when modules potentially under-perform promises. On the
other hand, module manufacturers might not support future insurance claims, indicating that the excessive degra-
dation was caused by the mounting configuration, and not by the module itself. These possible practices raise
important questions about the confidence in product longevity and the realistic expectations consumers should
have regarding the performance of their solar installations over such extended periods. This is the reason why in
the possibility that degradation rated will not improve is tested, discovering the impact of flat degradation rate
(at -0.75%/year) would have on cumulative EoL volumes and on PV demand.

4.1.2. Global cumulative EoL volumes to 2050

In this section the global cumulative EoL volumes to 2050 will be shown and compared with the results found
in the 2016 IRENA-IEA paper [40]. The 2016 figures are, as explained in section 3.3, product of a methodology
that is not anymore suited for the standards of today’s photovoltaics and are based on extremely low forecasts
for PV (5TWp in 2016 compared to the 16-75 TWp of the low and high scenario). In the 2016 paper, only the
waste coming from modules reaching end of life was considered. In this research as well, only the potential
waste coming from modules reaching end of life is considered, ignoring the waste produced in the mining and
manufacturing phases. This decision allows for the comparison with the 2016 figures but leaves out some impor-
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Figure 4.3: Low & high scenario global cumulative volumes to 2050 compare with the results from the 2016 Weckend et al. paper in the
regular and early loss scenarios. While the new methodology considers higher installation volumes, higher quality and reliability of new
modules leads to lower random failures, leading to lower cumulative volumes.

tant consideration on the circularity of photovoltaic modules. In figure 4.3 the cumulative results are shown and
compared with the two scenarios from the 2016 paper.
The results reported in figure 4.3 can be analyzed through the two main aspects:

* The similarity of results between in the two scenarios.
* The relation with the 2016 results, with new estimations being lower than literature.

Similarity of the results of both scenarios in 2050

Even if the forecast installations for the two scenarios, shown in figure 4.1, are considerably different, the 2050
cumulative EoL volumes are very close. While it might seem counter-intuitive at first, after some considerations
it is expected for the two scenarios to present similar cumulative volumes in 2050. Modern module technology
is associated with an expected lifetime of around 30 to 35 years. This means that the cumulative 2050 volume
is made up mainly of modules installed around 2020. Therefore, the modules that reach EoL are mainly made
up of modules installed in years where the data used is historical and therefore the same in both scenarios. In
subsection 4.1.3 the cumulative results for 2070 will be shown, exposing the true divergence of the two scenarios.

Comparison with 2016 results

The obtained results are smaller than both scenarios presented in the 2016 paper. This shows that, even though the
installation forecast used in this research is much higher than what was expected in 2016, the influence of the End
of Life methodology is greater. In order to better visualize the novelty of this methodology, figure 4.4 compares
the above presented findings with 2050 cumulative EoL volumes calculated using the 2016 methodology and the
new installation projections; for both scenarios. In the graph, low scenario results are darker while high scenario
results are lighter; it is clear how using the old methodology not only produces much higher results, but underlines
the difference between the two scenarios in terms of waste volumes. For the regular loss methodology 109 and
178 million tons are forecasted for the low and high scenario respectively. Using the early loss methodology, the
difference with the new methodology grows even more, reaching 199 and 431 million tons in the low and high
installation forecasts scenarios. This difference is justified by the more frequent early losses of modules in the
old methodologies, a factor that significantly separates the two installation scenarios in terms of waste volumes
already in 2050.
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4.1.3. Global cumulative EoL volumes to 2070

In this section, the same figures shown above for 2050 are reported for the year 2070. In figure 4.5 the cumulative
EoL volumes are shown.

The cumulative 2070, contrary to the 2050 results, clearly show the divergence between the two scenarios. The
high scenario, with 1000 million tonnes of cumulative EoL material, is around 2.3 times higher than the 433 mil-
lion tonnes forecasted for the low scenario. The results are validated by the ratio between the installed capacity
forecast of the two scenarios for the year 2035, 35 years before 2070. In figure 4.5 the findings are as well com-
pared with the 2050 results. The relation with the 2050 numbers is remarkable for both scenarios. Respectively
for the low and high installation scenarios, the 2070 volumes are 10 and 24 times higher than the 2050 volumes.
These differences make it clear that most volumes will come towards the end of the century. If the analysis was
further extended past 2070, the difference between the two scenarios would further increase, given that the major-
ity of the difference in cumulative capacity is recorded after 2035. In the next section of the report, the timeline
of expected EoL flows is shown, together with the materials that will be potentially available for recycling.

4.1.4. Material streams & trends
In the previous section the total cumulative 2050 and 2070 volumes were shown. This section will present a
deeper dive into the expected cumulative volumes of EoL material and their composition.
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Figure 4.6: Low (left) & high (right) scenarios annual (bars - left axis) and cumulative (line - right axis) material streams to 2070. The two
scenarios start to spread apart after 2060. The reason behind the draught in the years preceding 2060 will be explained in subsection 4.1.5

Glass | Silver | Silicon | Aluminium | Copper | Backsheet | Encapsulant
EoL material | Low scenario | 342.49 | 0.09 12.20 41.80 0.25 11.52 24.56
[million tons] | High scenario | 797.55 | 0.17 27.47 93.98 0.57 25.16 55.22
Share of total weight 79.11% | 0.02% | 2.82% 9.65% 0.06% 2.67% 5.67%

Table 4.1: Cumulative 2070 EoL material composition, scenario comparison.

figure 4.6 shows the annual and cumulative modeled material flow for the two scenarios for every year between
2000 and 2070. Both scenarios have a similar evolution until around 2060, with volumes growing relatively
constantly until 2053 then dropping between 2054 and 2058. After 2058 the two scenarios start to diverge signif-
icantly. The reason behind the drop in volumes between 2050 and 2060 resides in the End-of-Life causes which
will be explained in the following section. The shape of both plots further demonstrates the comments made
in the section above regarding the timing of waste volumes; these will rise significantly after 2060. Table 4.1
shows the cumulative 2070 materials volumes, together with the relative shares of each material in the total EoL
material. Glass makes up the vast majority of the weight, contributing to around 80% of weight in both scenarios.
Aluminium is the second biggest contributor with around 10% of share in the total weight. The encapsulant repre-
sents a bit more than 5% of weight while silicon and backsheet are responsible for around 3% of weight. Copper
and silver are both below 0.1%. This means that only around 20% of the total waste stream will be composed of
non-glass materials. The impact of this amount of glass waste will be analyzed for Europe in chapter 5.

4.1.5. Causes of End of Life

This section shows the causes that lead modules to failure. As mentioned in the methodology section, a module
reaches failure (End of Life) through three possible pathways: random failures dictated by a Weibull function,
degradation above 80% of rated capacity and economical lifetime dictated by project lifetime.

In figure 4.7 and figure 4.8 the amount of capacity lost through failures is shown, along with the respective shares
of causes that led to failure. In both scenarios, economic lifetime is by far the biggest cause of failures, accounting
for 85% of total failures in the low scenario and for 91% in the high scenario. In both scenarios, random failures
account for around 4% of failed capacity while degradation accounts for 11% in the low scenario and for 5%
in the high scenario. If the evolution of failures is taken into account, it is clear to see that the two scenarios
present a very similar evolution until 2060, to then diverge. Random failures are dominant in the first years of
the century (between 2000 and 2020), when overall volumes are too small to be visible in the plot. After 2020
modules begin to hit their lifetime projection, leading to economical failures in some years between 2020 and
2046. Economical failures disappear around 2050 to then “come back” in 2059 and stay until 2070. The years
around 2050 are dominated by failures caused by degradation, a path that should technically not occur. Later
in this paragraph, the causes of this effect are explained. What is also clearly visible is the minimal amount of
failures in the years between 2054 and 2058. This “valley” is visible as well in figure 4.6 between the same years.

Cumulative EoL volume [Million tonnes]
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Figure 4.7: Low scenario causes of failure and share of each EoL path in the total. The main cause of EoL is economic lifetime. Followed
by excessive degradation (found in the years around 2050) and random failure.
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Figure 4.8: High scenario causes of failure and share of each EoL path in the total. The main cause of EoL is economic lifetime. Followed
by excessive degradation (found in the years around 2050) and random failure.

The presence of degradation failures and of the failure “valley” have a common explanation: the misalignment of
project lifetime with documented degradation rates. Modules that failed through degradation between 2048 and
2053 were installed in the years between 2017 and 2023. During these years the economic lifetime of modules
was already considered too high compared to the documented degradation rate, leading to excessive degradation
before the economic lifetime was reached.

4.1.6. Replacing lost capacity

As mentioned in the methodology section of this research (chapter 3), replacements are a fundamental aspect to
consider when discussing PV EoL. By replacements, in this work, we indicate replacing lost capacity through the
installation of new capacity. Capacity can be lost in two ways; through failures (EoL), as described in the section
above, or through module degradation, with module performance degrading with time on the field. In this section
the concept and effects of replacements will be explored, highlighting the impact of failures on replacements
compared to degradation. The section will also explore how replacements will affect the future of PV module
demand.

From table 4.2 the values of the impact of replacements can be seen. In the low scenario, if replacements were
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Figure 4.9: Effect of replacements on cumulative capacity in the low (left) and high (right) scenarios, presented with different y-axis to
allow for better visualization. If only modules that fail are replaced, the producing capacity would be significantly lower than expected;
capacity degradation in modules that are still installed needs to be taken into account and replaced

Low scenario High scenario
2070 capacity Reduction 2070 capacity Reduction
™ ™ % ™ ™ %
Fully replaced 14.65 - - 95.76 - -
Replacing only failures 12.23 242 | -17% 84.74 -11.02 | -11%
No replacements 6.35 -83 | -57% 70.50 -25.26 | -26%

Table 4.2: Impact of replacements on cumulative installed capacity

not considered, 2070 capacity would be almost 60% lower than projections. In the high scenario, the share of
reduction is lower compared to the low scenario, but the absolute values of capacity reduction are considerable.
Not considering replacements would lead to a 25TW capacity deficit in 2070, a number that is hard to ignore, if
put in the context that in 2023 the global cumulative capacity reached 1.3TW.

Impact of replacements on new installations

In this section, the effects of replacements on new installations will be explored. In both scenarios used in this
research, total cumulative capacity is expected to flatten out towards the end of the century. This will come after
years of constant capacity growth. To sustain such a growth, especially for the high scenario, production centers
need to be built and operated at rates that will reach, according to the data used in the high scenario, STW/year of
installed capacity in 2050. This will only be possible if companies are assured that even after 2050, when demand
for new capacity will slow down, demand for modules will still be high enough to run the plants. In this section,
the demand for new modules aimed at replacing lost capacity is shown.

Figure 4.10 shows the forecast yearly installations for the high and low scenarios, outlining the origin of new
installation demand. For both scenarios, the same trend can be observed. Towards the end of the century, the
shape of the replacements-driven demand, caused by both failures and degradation, (yellow and red bars) be-
comes the dominant source of PV demand. This new source of demand can also be closely correlated with the
shape of new installations aimed at increasing cumulative capacity (green bars) in earlier years. If this analysis
was extended further into the future, some sort of undulations in new installed capacity was to be expected, with
peaks and valleys translated with multiples of 35 years from the original valley (around 2020) and the original
peak (around 2035 for the low scenario and 2050 for the high scenario). The first peak of the low scenario is even
visible in the further right side of its plot. in the high scenario, this undulatory effect was damped down by the
still non-negligible presence of new added capacity in the latest part of the considered time domain, which makes
the forecasted yearly new installations quite constant towards 2070. Once these installations aimed at highering
capacity will disappear, an undulatory effect is expected for the high scenario as well. The expected waves of PV
demand will have to be considered by PV manufacturers; these companies in fact will need to produce a constant
output of modules, storing some of the production during periods of low demand to then sell it during periods
of higher demand. These cycles of high and low demand periods might cause the price of modules to rise and
fall based on the size of the demand (given that production will be likely constant) if there will be no cooperation
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Figure 4.10: Effect of replacements on yearly added capacity for the low scenario (left) and the high scenario(right). Other than underling
the greater tool on replacements caused by failures rather than degradation, the plot shows how global demand for PV will experience peaks
and valleys, shifts of around 30-40 years from the “original” peak (2030 for the low scenario and 2050 for the high scenario) and the
original valleys (around 2010)

between the major module manufacturers.

In the nest sections of this chapter, two scenarios are presented. In the first one the effects of a degradation
rate that does not improve in the coming years is tested. The second scenario explores the impact that extending
a module lifetime (after its economic lifetime) has on module’s demand and on expected EoL volumes.

4.2. Scenario: flat degradation rate

This section will explore the effects that a stagnating degradation rate might have on the figures investigated in
this research (End of Life volumes and moudule’s demand). In the base scenario, the degradation rate of modules
was based on the installation year: -0.75% from 2000 to 2023, -0.6%/year from 2024 to 2029, and -0.5%/year
from 2030 to 2070. These values, chosen as baseline, have different origins. The -0.75% comes from the median
value in field measurements [49], the most recent large-scale investigation on PV fleet degradation. For future
values the assumption made is that module manufacturers improve the degradation performances of their modules,
in line with what was reported in the ITRPV reports and in their warranty promises [25].

This methodology was selected because most new photovoltaic (PV) modules are installed before they undergo
comprehensive aging tests. Consequently, the degradation rates provided by manufacturers often differ from
actual field measurements [52]. In-lab tests try to emulate fast aging, leading to degradation rates that are not
guaranteed to respect the actual in-site degradation [71]. Recent data collections indicate that PV system degrada-
tion rates are distributed, as shown in figure 4.11, with a median rate of -0.75%, the value used for the 2000-2023
values in this research and extended to all the other years in this scenario. This distribution does not clarify
whether newer modules degrade slower than older ones, however, the rapid expansion in manufacturing might
have decreased the consistency in module production, contributing to the variability in degradation rates and the
possible stagnation or increase in these rates. The expected penetration of photovoltaics in regions where there
is a lack of experience in PV installations might also lead to higher system degradation: modules in fact are sus-
ceptible to higher levels of degradation if mounted with poor electrical or mounting configurations [72, 73]. For
these reasons, this section will explore a scenario in which the degradation rate for all modules will be fixed at
-0.75% across all years covered by this study to examine the effects of a flat degradation performance.

4.2.1. No improvements in degradation: the effects of a flat degradation rate

Figure 4.12 shows the comparison in cumulative expected global EoL volume in 2070 for the base case and for
the explored case with flat degradation at 0.75% in all the years considered. The results show a clear increase in
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Figure 4.11: Recorded degradation rate distribution, the widely used figure of -0.75%/year comes from the median of a much wider
distribution that starts from -5%/year and goes into, apparently impossible, positive degradation rates [49].

2070 EoL volumes: base and flat degradation cases

1600/ mmm Base Case
[ Flat Degradation

—

14001
+ 61.9%
1200
10001
800
600+
400

200+

Cumulative EoL volumes [Million tons

0,

Low Scenario High Scenario

Figure 4.12: Cumulative 2070 EoL volumes, base (purple bars) and flat degradation (yellow bars) cases compared for both low (left bars)
and high (right bars) scenarios. In the low scenario, the cumulative volumes grow by 36%, from 432 to 588 million tonnes. In the high
scenario, there is a 62% growth, from 1000 to 1619 million tonnes.
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Figure 4.13: Flat and regular degradation; yearly (bars) and cumulative (lines) losses compared. The two cases differ in cumulative waste
in 2070 for the absence of a period of almost no waste in the flat degradation case. In this scenario modules mainly fail through excessive
degradation, continuing the trend of modules reaching EoL through this path in the years around 2050 seen in the base scenario.

volume, a 36% increase for the low scenario which goes from 432 to 588 million tonnes, and a 62% for the high
scenario that goes from 1000 to 1619 million tons. These results are in line with expectations; for both scenarios,
we see an increase in cumulative volumes. This increase is more present in the high scenario because of the
effects that a higher degradation rate has on the specific timelines of expected EoL volumes of the two scenarios.
These relations are described in the next paragraph.

Figure 4.13 shows the time distribution of modules reaching EoL, in both scenarios, for the base and flat degrada-
tion cases in terms of capacity lost. The losses are divided up in the three modes of failure (excessive degradation,
random failures, and economic lifetime). The first main difference between the base and flat degradation case is
the pathways through which modules enter EoL. For the base case, the majority of modules reaches End of Life
through the end of their economic lifetime, as shown in figure 4.7 and figure 4.8. In the flat degradation scenario,
modules reach their EoL mainly through excessive degradation between 2048 and 2070. This result is in line
with expectations, given that modules with a -0.75% degradation rate are set to reach 80% of rated capacity 29
years after their installations, 6 years before the end of the 35-year module expected lifetime.

The second main difference between the base and flat degradation cases is that the flat degradation case does
not show the ”valley” between 2054 and 2058 with almost no modules reaching EoL, as shown in in the base
case (figure 4.8). This behavior was present in the base scenario because of the discrepancy between degradation
rates and lifetime in modules installed between 2017 and 2023, when the expected lifetime was longer than the
healthy lifetime of a module degrading with 0.75%/year. The discrepancy led modules installed in those years to
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Figure 4.14: Flat degradation scenario capacity demand evolution. The bars are compared with the results obtained in the regular case
(dashed line and dashed bars), to show the temporal divergence of the two cases regarding yearly installations.

be removed between 2048 and 2053 because of excessive degradation, rather than because of the end of economic
lifetime. In the flat degradation scenario, this phenomenon does not stop in 2053, but continues until 2070. By
following the pink and brown lines shown in figure 4.13, indicating cumulative EoL volumes, it is clear that the
years without any economic or degradation failures in the base scenario are the cause of the difference in volumes
with the flat degradation scenario. The flat degradation scenario appears in fact to be roughly a shift of five years
from the regular scenario. This shift is the main reason for this increase in waste volumes. A parallelism can be
done with what is discussed in table 4.1.6 and shown in figure 4.10 regarding global yearly demand. From what is
shown in the above figure, also lost capacity (and therefore waste flows) appears to follow a cyclic pattern. This
behavior is visible from the yearly lost capacity of the flat degradation scenario in the low scenario; towards 2060,
the bars indicating the low scenario in the flat degradation case start to decrease, hinting that yearly capacity loss
(and therefore yearly waste volumes) will have the same shape of new yearly installations and, therefore, will
follow periods of highs and periods of lows.

To conclude this analysis, figure 4.14 together with table 4.3 show the impact that a flat degradation rate has on
total module demand; demand that includes modules aimed at highering capacity and aimed at substituting lost
capacity: both failed and degraded, as better explained in subsection 4.1.6. These results underline the importance
of keeping degradation rates under control in order to contain the demand within reasonable limits. In the high
scenario, total demand resulting from a flat degradation rate is 43% higher compared to the expected demand if
modules had no degradation and did not have to be substituted, 43% that in TW translates to 41.5 TW, figure that
can be lowered to 27.0 TW in the regular case. In the low scenario, the extra demand caused by replacements
is forecast to make up a bigger share of the required production capacity; 62% and 84% for the base and flat
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Table 4.3: Total demand in the regular and flat degradation case for the low and high scenarios
Scenario Case Demand Extra Demand: Extra Demand: Total
New capacity [TW] | Failures [TW] | Degradations [TW] | Demand [TW]
LowScenario |-t o | 147 i6 7 270 (5549
High Scenariv |-t 958 73 ) 1373 (143%

scenarios. The comparison with the regular case shows shown in the figures portrays a much smoother transition
to the next cycle of module demand, lowering the decrease in module demand from the peak to lower demand
periods, in both scenarios. Flat degradation therefore increases module demand and lowers the demand swings
that would happen with a reducing degradation rate. This could play as an incentive to module manufacturers to
keep degradation rates from decreasing as this would leat to an overall higher demand and to reduced alterations
of the demand.

To conclude, this section showed the effects that a non-improvement of degradation rates would have on waste
flow, capacity losses, and module demand. It underlines the necessity of keeping degradation lower to ensure
significantly lower volumes of waste. A flat degradation rate was also found to significantly increase the demand
for PV modules, lowering the swing in demand found in the regular scenario.

4.3. Scenario: Merchant tail variations

This section explores the effects that varying levels of merchant tail have on the cumulative expected EoL vol-
umes. The term merchant tail indicates the possibility of keeping PV modules installed past the expiration of their
warranty time, if the overall performance is still above the threshold of 50% of original capacity. In this section
11 scenarios were tested; each characterized by a different merchant tail percentage, going from 0% to 100% with
10% increases. The aim of these scenarios is to explore how much decisions of system owners on lifetime could
influence EoL mass flows. As will be explored in chapter 6, merchant tail is expected to be closely related to two
main parameters: land price and cost of capital. Where land is more expensive to rent or buy, merchant tail will
probably play a very marginal role, given that system owners need to secure the highest revenue to ensure prof-
itability. At the same time in countries where capital is more expensive, meaning that loans tend to have higher
interest rates, merchant tail will play a more marginal role given that removing and substituting modules requires
significant fixed costs. In the analysis done in the following paragraphs, the 0% scenario should be considered
equal to the general case and serve as a reference.

Figure 4.15 shows the correlation between 2050 and 2070 cumulative EoL volumes with the different merchant
tail scenarios. For both high and low installation forecasts, merchant tail is set to play a similar role; in both scenar-
ios in fact an increase in merchant tail is correlated with a reduction of waste volumes. For the low scenario, 50%
of merchant tail helps reduce 2070 cumulative volumes by 16%, while 100% merchant tail brings a total reduction
0f 45%. For the high scenario, a 50% merchant tail reduces volumes by 20% while 100% merchant tail lowers to-
tal volumes by 55%. It was therefore investigated what kind of function would better fit the data. In order to find
a function to relate these figures, the correlation between merchant tail and total waste was tested fitted with mul-
tiple functions and the results evaluated through three primary data analysis metrics: Mean Squared Error (MSE),
Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC). MSE assesses the difference be-
tween the expected value and the predicted quality, AIC and BIC help balance a model fit and complexity. After
fitting the cumulative waste volumes shown in figure 4.15 with exponential, linear, quadratic, cubic and power
law curves, the cubic curve resulted into the lowest MSE value. This gave the indication that polynomials would
represent the better fit, therefore higher polynomials were tested to find the best function in terms of fit (MSE)
and simplicity (AIC and BIC). Polynomial grade 4 was found to better fit the data for both high and low scenarios.

Figure 4.16 explores the correlation between the causes of End of Life and merchant tail. As expected mer-
chant tail reduces, until complete elimination, the quote of modules lost through economical lifetime. Quite



EoL volume [million tons]

4.3. Scenario: Merchant tail variations

49

1000

800

600

432

400

200

0

Low scenario High scenario
Cumulative waste with different merchant tails Cumulative waste with different merchant tails
2070 10001 1000 2070
= 2050 2050
A
S 800
C
e
T 600
o 454
IS
3 400
g
239 | O
o
& 200
10 20 30 40 50 60 70 80 90 100 970 10 20 30 40 50 60 70 80 90 100
Merchant tail [%] Merchant tail [%]

Figure 4.15: Effect of merchant tail on cumulative 2050 and 2070 EoL volumes, for both scenarios the 2070 cumulative waste volumes
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Figure 4.17: Effect of merchant tail on replacements; a 100% share of merchant tail reduces the need of replacements (and therefore the
total installation demand) by more than 30% in both scenarios.

unexpectedly, most of the modules that are left on the field end up getting to EoL through random failures rather
than degradation, a value that remains constant in all the tested scenarios. This results is acceptable given that
the new threshold for modules reaching their EoL through excessive degradation is lowered at 50%, making this
pathways less probable than random failure during the lifetime of modules. In order to fail because of excessive
degradation, modules would have to degrade below 50% of their initial performance; with a degradation rate of
-0.75/year, this would take 92 years. Both the high and low installation scenarios show the same trend, therefore
only the high scenario was shown in the figure.

Figure 4.17 concludes this analysis on global merchant tail by showing the effects of different shares on the
requirements of replacements. As expected, for both the high and low scenarios, a higher share of merchant tail
leads to lower required levels of replacements. For the low installation scenario, no merchant tail leads to the
extra installations of 9.1 TWp of capacity between 2000 and 2070, a number that drops by 34%, to 6.0 TWp if the
merchant tail is set at 100%. For the high scenario, the original 0% merchant tail leads to a replacement demand
of 27.0 TWp, while a 100% merchant tail lowers cumulative replacement demand to 18.5 TWp; a 32% decrease.
Both for the low and high scenarios, the drop in replacement demand is lower than the drop in cumulative waste:
45% vs. 34% for the low scenario and 55% vs. 32% in the high scenario. This is because if merchant tail is
very effective at reducing the number of modules reaching End of life (and therefore EoL volumes), the effect on
replacements is smaller given the constant presence of degradation which lowers installed producing capacity. A
significant part of replacements, in fact, is composed of the replacement of degraded and not failed capacity, a
contribution to replacements that higher merchant tail increases. Merchant tail was shown to be a very important

factor to consider during the forecasting of future PV waste and of the PV market. A high share of merchant tail
was found to decrease cumulative 2070 waste volumes by around 50% in both scenarios; modules in fact are left
longer on the field and are mainly removed due to random failures in cases of high merchant tail shares. Higher
merchant tail also reduces the need for modules aimed at replacing lost capacity (either failed or degraded but
still installed) by around 30% in both scenarios. Extending the lifetime of modules therefore has a positive effect
on the global impact of photovoltaics: it reduces both the waste volumes and the material impact of fabricating
new photovoltaics. These considerations have the limitations of only considering results until 2070; extending
the scope past this point would provide a better insight into the real impact of the lifetime extension of modules.
The main question that an extension of the temporal scope would answer is if this reduction is maintained in years
past 2070 or if the reduction experienced in the years simulated would appear after 2070.
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4.4. Conclusions

This chapter gave a complete and broad investigation the effects that aging will have on the global PV fleet
concerning waste and demand for new modules. Through a detailed comparative analysis of both high and low
installation scenarios, this research has identified trends and variances that could significantly influence future
policies and practices in photovoltaic energy systems.

Firstly, the base scenario provided an understanding of the current state of PV module degradation and failure
rates, setting a benchmark for comparison against historically popular figures regarding volumes of expected PV
waste. The results of cumulative PV waste for 2050 were found to be lower than previous projections developed
with an outdated methodology. In particular, the novel results show a cumulative EoL volume in 2050 of 42
million tons (for both scenarios) compared to the literature numbers of 60 to 78 million tons. The divergence
between the low and high scenarios was then highlighted in the cumulative waste volumes for 2070, showcasing
the substantial impact that installation rates have on cumulative EoL volumes in an extended simulation period.
In particular the 2070 cumulative EoL volumes add up to 432 million tons for the low scenario and to 1000 million
tons for the high scenario.

Secondly, the analysis of various scenarios adjusting merchant tail, and degradation rates offered some insights
into the potential to mitigate waste and extend the useful life of PV systems. The scenario variations underscore
the sensitivity of EoL projections to these factors and suggest that improving module performance losses and
system lifetime could substantially decrease waste volumes, while not improving the degradation rate would lead
to higher waste flows, correlated with a higher but more constant demand for PV modules.

As the solar industry grows, the insights from this chapter emphasize the importance of developing strategies
that address both the immediate need for more energy and the long-term sustainability challenges. Effective EoL
management will require improvements in technology, regulatory approaches, and recycling processes to ensure
that the expansion of solar power remains sustainable.



Regional Projections

This chapter of the report will delve deeper into the regional aspects of EoL projections, illuminating the differ-
ences and similarities of global regions. The methodology through which the regional division in this chapter
was obtained is discussed in section 3.1, and the final regional division can be seen in figure 3.3.
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Figure 5.1: 2050 regional predicted EoL volumes, low (left) and high (right) scenarios. Asia & Oceania will be the biggest hub of PV
recycling, followed by Europe and North America
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Figure 5.2: 2070 regional predicted EoL volumes, low (left) and high (right) scenarios. Asia & Oceania will remain the biggest hub in both
scenarios, like in 2050. In the low scenario the apport of African EoL material is considered much lower than in the high scenario where
cumulative African volumes are projected to be comparable with Europe and North America by 2070

In figure 5.1, figure 5.2 and in table 5.1 the regional expected EoL volumes forecasts are reported. It is clear to
observe that 2050 volumes are almost exactly the same for both scenarios. As already discussed in figure 4.1.2,
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Table 5.1: Forecast regional EoL volumes for low and high scenarios for 2050 and 2070. In parenthesis the share of total volumes
represented by one region over the global one.

2050 EoL Volumes (million tons) 2070 EoL Volumes (million tons)

Region Low (share) High (share) Low (share) High (share)
North America 5.0 (12%) 5.0 (12%) 64.7 (15%) 107.1 (11%)
C. & S. America 0.9 2%) 0.9 2%) 11.5 (3%) 54.5 (5%)
Europe 10.7 (25%) 10.7 (25%) 56.9 (13%) 141.3 (14%)
Africa & M.E. 0.9 (2%) 0.9 (2%) 22.9 (5%) 129.8 (13%)
Eurasia 0.1 (1%) 0.1 (1%) 1.9 (1%) 28.2 (3%)
Asia & Oceania  24.4 (58%) 24.4 (58%) 274.8 (63%) 539.2 (54%)
Total 42.1 42.1 432.9 1000.2

volumes in 2050 are mainly made of installations that are today already deployed, a figure common in both sce-
narios. In 2050 Asia will already be the biggest hub for EoL volumes, with 24.4 million tons of material while
Europe will be the second biggest hub with 10.7 million tons. If the analysis is shifted to 2070, the difference
between the two scenarios becomes clear. In both scenarios Asia will remain by far the biggest contributor to
global volumes, with 275 and 539 million tons for the low and high scenario. By 2070, the second biggest con-
tributor becomes differs in the two scenarios, while in the low scenario North America takes second place with
59 million tons compared to Europe’s 57, in the high scenario Europe’s projected 141 million tons are more than
North America’s 107. For both scenarios, as can be seen in figure 5.2, the EoL volumes expected in North Amer-
ica alone, will be higher than the 2050 worldwide cumulative volumes. It is therefore fundamental that regions
start to developed policy to ensure a smooth handling of the exponentially surging volumes of PV waste material.

All the high-scenario regional forecasts are higher than the low-scenario counterparts, but some differences are
more remarked than others. This is the case for those regions that are today considered as “developing”, such
as Africa, Central-South America and Eurasia. These regions are characterized by the biggest gap between the
two scenarios. In particular, C.& S. America’s End of Life volumes in the low scenario are 80% lower than
in the high scenario, a difference that grows to 82% for Africa and to 93% for Eurasia. To find the source of
these misalignments, the focus needs to be shifted to installation projections for those regions. These regions
are forecast to together represent in 2050 14% of installed capacity in the low scenario and 26% in the high sce-
nario. This difference is responsible for 42% of the total difference between the two scenarios in 2050. The low
scenario forecasts 16TWp in 2050, compared with the 75STWp of the high scenario, a difference of S9TWp. Of
these S9TWp, 17.7TWp (42%) reside in the differences between the above-mentioned regions. It is challenging
to justify this discrepancy, given that these regions are expected to experience significant population growth in
this century [74], and that solar energy is projected to become the cheapest form of electricity (according to the
IEA [2]), the IEA nevertheless appears to forecast other forms of energy to supply electricity to these developing
regions.

5.1. Asia and Europe comparison

In this chapter the expected EoL volumes for Europe and Asia-Oceania will be discussed. In figure 5.3 the
expected yearly EoL volumes for the two regions are put side by side. It is evident how Europe is expected to
experience higher yearly volumes between 2000 and 2035, when Asia will start to grow exponentially, surpassing
Europe’s cumulative volumes around 2040. This trend increments after 2050, as can be seen in the right part of the
figure. The two images were reported with different y-axis to allow for a visualization of the 2000-2050 period.
In the picture showing the expected PV waste flow between 2051 and 2070, two extra values are reported, the
2022 European Union’s WEEE waste (electrical waste); a category that contains PV modules, and the forecasted
2050 cumulative EoL volumes at the global scale. The bars seen in the image do not consider any recycling rate
but only give a glimpse at the scale expected in the two regions and their evolution. As already said, only a small
portion of these volumes will become waste; that portion will not get recycled.

WEEE in Europe and the EU's recycling goals
From the findings shown in figure 5.3, Europe is expected to encounter by 2060 annual PV waste flows similar
to the combined electrical waste experienced today, and double that quantity in 2070. This number should be
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Figure 5.3: Yearly expected volumes in Europe and Asia-Oceania for two different periods - High scenario. The left plot indicates the time
between 2000 and 2050, the right one from 2051 to 2070.

considered in the framework of the EU’s current policies for PV recycling. Even if Europe and the EU are not
the same combination of countries, in this section the two entities will be used interchangeably given that the
difference resides mainly in smaller countries, not influential to the results. In 2018 the EU passed legislation
to mandate that EU member states ensure a minimum recycling rate of 80% by weight for photovoltaic modules.
This directive includes specific provisions for the collection, treatment, and recycling of PV panels to promote
environmental sustainability and resource recovery. Therefore must collect 85% and recycle 80% of discarded
modules by weight, which often translates to recycling the glass and some cables, leaving behind most of the
valuable material, such as silver silicon, and copper then used as filling material for roads or construction works.
The impact that the handling of glass coming from discarded PV modules is now investigated. In figure 5.4, the
comparison between European glass waste in 2022 [Eurostat] and the projected yearly waste volume for PV glass
in selected years in the future is shown, for the two scenarios. By PV glass waste, we assume 85% of all the glass
produced in Europe from PV applications reaching EoL. This does not mean that this glass will automatically
become waste, but this comparison provides an idea of the scale expected. The comparison is made with the
EU’s 2022 glass waste volumes given that this quantity has not changed significantly in the past decade, and is
therefore projected to remain relatively constant in the coming years. What is set to change are glass’ recycling
rates, from today’s 64% to 2035°s 75%. The comparison, shown in the figure, shows how by 2050 PV glass could
sum up to around 0.9 million tons in Europe (around 6% of 2022 EU glass waste), to then potentially grow to
10.5 million tons in 2070 for the high scenario or 2.7 million tons for the low scenario, 67% and 17% of currently
handled glass waste volumes, a significant increase in both cases. Given the potential non-negligible impact of
glass coming from PV modules in the future waste stream, it is important to reflect on the implementation of
sustainable practices for the handling of End of Life PV glass. The glass used in PV modules is of extreme high
quality, built with tempered or float glass, is highly durable, and is designed to be as transparent as possible to
allow for the majority of incident light to go through. These characteristics make it ideal for re-purposing in other
applications, such as windows for homes, vehicles, or greenhouses, rather than being relegated to mere glass
fiber filler or lower-quality glass products. Reductions in glass consumption for PV modules could significantly
impact the volume of glass waste anticipated in 2070. However, these changes need to be implemented more
swiftly than currently projected. According to the ITRPV report, only a minimal reduction in glass consumption
is expected for modules installed between today and 2033. Considering that the majority of the waste in 2070 will
originate from modules installed around 2035, achieving a meaningful decrease in glass waste requires that glass
consumption in modules should be reduced within the next decade, at a pace faster than what currently forecasted.

5.2. Replacements in regions

In this section the impact of replacements of old capacity on regional cumulative installations. A more in-depth
explanation of what what replacements are and why they are necessary to consider when exploring End of Life
can be found in section 3.4. Table 5.2 and table 5.3 illustrate the impact of replacements on cumulative 2070
installations for the low and high scenarios respectively. The table shows both projected capacity (original total
capacity needed to meet solar installation goals) and real capacity installed, capacity that accounts for both ca-
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Figure 5.4: Comparison between 2022 EU glass waste and PV glass projected waste. With PV glass waste in eurpe we assume 85% of
projected EoL PV glass; a figure in line with EU policies. This assumes that the glass from dismissed PV modules will not be reused or
repurpoused.

pacity expansion and replacements. In the low scenario, the relative difference between forecasted and required
installations is higher, with an extra 62% needed, compared to 28% of the high scenario. The low scenario antic-
ipates new installations peaking around 2035, while the high scenario peaks in 2050. Thus, replacements have
a greater relative impact in the low scenario. In absolute terms, the high scenario requires 27 TW of additional
capacity, three times more than the 9.1 TW needed in the low scenario. In terms of regional impact, the regions
subject to the greater relative difference between projected and real installations are Europe and North America
for both scenarios. This result does not defy expectations, these two regions were historically the first two regions
to implement photovoltaics at a larger scale, leading to an earlier need for replacements. The historical evolution
of replacements in some selected regions is shown in the following subsection.

Table 5.2: 2070 Cumulative Installed Capacity - Low Scenario

Region Projected Capacity Total Capacity Installed Increase Due to Lost Capacity
North America 1.9TW 32TW 1.3 TW (+71%)
C. & S. America 0.6 TW 09 TW 0.3 TW (+44%)
Europe 1.3TW 23TW 1.0 TW (+88%)
Africa & M.E. 1.7TW 23TW 0.6 TW (+34%)
Eurasia 0.08 TW 0.12 TW 0.04 TW (+51%)
Asia & Oceania 9.1 TW 149 TW 5.8 TW (+63%)
Total 147 TW 238 TW 9.1 TW (+62%)

Table 5.3: 2070 Cumulative Installed Capacity - High Scenario

Region Projected Capacity Total Capacity Installed Increase Due to Lost Capacity
North America 6.0 TW 85TW 2.5 TW (+41%)
C. & S. America 57TW 72TW 1.5 TW (+26%)
Europe 8.7TW 12.0 TW 3.3 TW (+39%)
Africa & M.E. 219 TW 262 TW 4.3 TW (+19%)
Eurasia 24TW 31 TW 0.7 TW (+31%)
Asia & Oceania 51.0 TW 65.6 TW 14.6 TW (+29%)

Total 95.8 TW 1228 TW 27.0 TW (+28%)
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Figure 5.5: Effect and comparison of replacements in Europe and Africa & M.E. under high and low scenarios. The lines (left axis)
indicate the cumulative capacity without (thin lines) and with (thick lines) replacements. The bars (right axis) indicate how much of the
installed capacity comes from replacements. Given the different scales of installations between the two scenarios, replacement play a bigger
role in the low installation scenario, even though they absolute replaced capacity is higher in the low scenario. In Europe replacements will
influence installations and capacity more than in Africa & M.E. .

5.2.1. Replacements timeline for regions

This section of the report analyzes the temporal and quantitative impacts of replacements on selected regions.
Figure figure 5.5 shows the comparison of cumulative capacity between Europe and Africa & the Middle East
across the two scenarios considered in this research. The analysis assesses the implications of replacing lost
capacity versus not doing so. These regions in particular were selected because although both are projected to have
similar cumulative installed capacity in 2070, their paths toward this point differ significantly. The two scenarios
in the figure are reported with different y-axis to allow for the visualization of the different developments If the
same y-axis was used for both the low and high scenarios, the low scenario’s curves would be indistinguishable
given the scale difference with the high scenario. The figures also showcase the percentage of installed capacity
every year that has been installed to replace lost capacity because of replacements. This is shown thanks to the
vertical bars that refer to the right y-axis. By following the development of the bars, information on the temporal
impact of replacements can be explored. The difference between Europe and Africa is evident in both scenarios,
but it is particularly pronounced in the low scenario. Africa is expected to start mass deployment of PV modules
only after 2030 making the impact of replacements modest before 2070; on the other hand, a significant portion
of Europe’s existing capacity was installed around 2010 and will reach end-of-life and begin to degrade before
2050. Europe’s earlier adoption of photovoltaics necessitates substantial replacements compared to the installed
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capacity, particularly in scenarios predicting low capacity growth, where forecasts suggest that 74% of installed
capacity in 2070 will consist of modules installed to replace lost capacity. Even under the high scenario, it is
predicted that by 2070, about 35% of installed capacity will result from replacement efforts. Africa’s percentages
are lower at 32% in the low scenario and 18% in the high scenario. These percentages are also similar to the ones
shown in table 5.2 and table 5.3 but not exactly. In the tables, the shares indicate extra demand exceeding forecasts
installed to have enough production capacity, the figures shown above on the other hand indicate how much of
the installed capacity comes from replacements. As a note, this analysis did not consider climate-dependent
degradation; a factor that might significantly impact the results in certain regions subject to extreme weather, like
Africa & the Middle East. Having discussed the temporal evolution of replacements for two regions expected to
develop differently, the next section will offer a regional comparison of the evolution of new installations in all
the regions considered. While this section was essential to demonstrate the impact of replacements on installed
capacity fleets, highlighting the importance of replacing lost capacity to maintain sufficient production levels,
the next section will discuss the evolution of annual installations, offering insights into the future demand for
photovoltaic modules.

5.2.2. New installations: how much goes towards replacements?

In this section, yearly installations will be analyzed to understand the scale at which replacements will influence
yearly installations, with the opportunity to understand how demand will fluctuate between today and 2070 in
different regions. In figure 5.6, new installations forecasted for Europe and Africa & M.E. are shown. Both
scenarios are reported and, again, the choice was to plot the two scenarios with different y-axis to allow for an
immediate visual comparison between the two regions in the low scenario. Contrary to what was shown in the
previous section of the report, this plot and the ones following show annual installations and not cumulative ones,
offering an insight on the temporal evolution of the PV market. In the figures, two adjacent bars can be seen
for every year; the darker bar represents the total yearly capacity demand for a region, the lighter bar indicates
the amount of yearly demand that is caused by replacements, for the same year. This means that the difference
between the darker and lighter bar is the amount of capacity installed for adding “new” capacity. The grey
line on the plot, which refers to the right y-axis, shows the impact of replacements on total annual installations,
underlining the temporal shift from installations aimed at highering capacity to modules installed to replace lost
capacity.

The analysis of the result should start by comparing the scale of annual deployments, between the two scenarios
and between the regions. In the low scenario, the scale of new installments between Africa and Europe is sim-
ilar, averaging around 50 GW per year but with different developments. As hinted in the previous section and
confirmed here, Europe’s early adoption of PV, alongside modest growth projections in the low scenario, will
lead to replacements accounting for over 50% of new installations by 2050—a figure that rises to 98% by 2060.
Conversely, the African trajectory in the low scenario predicts that new installations will still dominate in 2050,
with replacements contributing only 8% of new installations that year, increasing to 60% by 2060. By 2070,
both Africa and Europe, along with all other regions analyzed under the low scenario data, are expected to see
replacement installations comprise over 95% of total annual installations. Africa and South-Central America will
have the lowest share at 95%, while Europe and North America will reach the highest at 99%. Before shifting the
focus to comparing the two regions in the high scenario, it is crucial to emphasize once again the stark differences
between the two scenarios considered. In the low scenario, around 50 GW of annual average installations are
anticipated for both Africa and Europe. However, in the high scenario, this figure surges to 300 GW/year for
Europe and approximately 500 GW /year for Africa, peaking at 1.2 TW/year in 2050 — a value that matches
the cumulative capacity projected for Africa in the low scenario for the same year. In the high scenario the two
regions show a similar evolution in terms of evolution, but not in terms of scale. The 2020 cumulative installation
figure is not visible in the high scenario plot, contrary to the low scenario plot, underlying how much more “new”
capacity (aimed at adding producing capacity) is expected in the high scenario. The presence of this demand
for new capacity keeps the share of replacements below 10% for Europe and below 5% in Africa in 2050. For
Europe, a similar share of replacements as seen in the low scenario is expected by 2070, reaching 93%. Africa’s
share of replacements in new installations for the high scenario in 2070 will reach 70%.

Replacing modules in Asia and in the rest of the world

In the previous sections, we focused on Europe and Africa because their similarities and differences led to some
valuable insights. However a comprehensive regional analysis would be incomplete without considering Asia,
the, expected, largest source of PV demand. Figure 5.7 presents, for both scenarios, the demand of Asia & Oceania



Europe influence of replacements on yearly installations

5.2. Replacements in regions 58

Low scenario

Africa & M.E. influence of replacements on yearly installations

— 99.7% - =
So0.10| W Total 97.8% 1% l100%  Toqo| W Total 95.3% 100
9] Repowering c ] I Repowering p c
> s > S
Z s 2 =
E 0.08 80 E 0.08 7
z 2z £
 0.06 57.1% — 60 =  ©0.06 2z
g ’ § & S
o > g -
9] £ o] £
2 0.04 40 2 0.04

g 27 23 E
£ ' g = g
>0.02 13 20 & >0.02 @
= . [} — (9]
5 5 s 8 ke
> . § > §

0007020 2030 2040 2050 2060 2070 ° 00075020 2030 2040 2050 2060 2070 °

Europe influence of replacements on yearly installations

=
[N]

° © iy
o o =}

N
IS

Yearly installed capacity [TW / year]

High Scenario

S
I Total _ 92 5% 100" El'z I Total . 100
I | Repowering 27 S o I Repowering
10
o5 g
(%]
63.2% £ 20.8
’ 60 = @
© Q
e Soe
£ k5
" =
z S04
(] (9]
e £
@ >
8 502
g ¢
o

o
=)

2020

2030 2040 2050 2060 2070

2020

2030 2040 2050 2060 2070

Figure 5.6: Influence of replacements on annual installations for Europe and Africa & M.E. under high and low scenarios. In both
scenarios, the share or replacements in new installations is expected to reach above 90% by 2070 in Europe. The high scenario delays this
figure in Africa, expected to still install a significant portion of new capacity by 2070

for 2020, 2030, 2040, 2050, 2060 and 2070. This is similar to what is reported in figure 5.6, where the annual
demand for new PV modules is compared with the portion of it driven by replacements of lost capacity. The shares
reported in the previous section with a grey line are not reported in this figure given the similarities to what is
already discussed for Europe and Africa in for both scenarios. This novel representation is aimed at showing the
scale of Asian photovoltaic demand, compared with the total annual demand of the rest of the world. For both
scenarios, Asian demand is shown on the left of the image, and the projected demand for the rest of the globe is
shown on the right of each scenario-specific plot. Also in this occasion, the y-axis used for representing the two
scenarios in the respective plots is different to allow for a clear representation of the low scenario. To allow some
degree of comparison between the two scenarios, a portion of the high scenario y-axis is highlighted, this is the
interval of values shown in the low scenario y-axis: from 0 to 0.47 TW/year. In both scenarios the comparison
between Asia’s demand and the rest of the world is striking; for most of the years plotted Asian demand is higher
or similar to the rest of the world combined. This is particularly evident in the low scenario where in 2060 Asian
demand is forecasted to be 175% of global demand and 168% in 2070. In the high scenario this difference is
damped down but still comparable with the rest of the world; in 2060 Asian demand will be 99% of what is
expected for the rest of the world, and 116% of global demand in 2070. In this scenario Asian demand is closer
to the rest of the world due to higher installations in general but mainly due to the more significant influence of
Africa, the only market that is forecasted to be somewhat comparable to the Asian one in the high scenario. This
analysis can lead to some other comments on the future of the photovoltaic industry and the role that Asia will
play in it.

Regional implications of the future PV market on policy and trade

Today the vast majority of PV modules are produced in China and shipped to Europe and North America, markets
that find in Chinese PV modules the ideal answer to a growing demand for renewable energy production. This
ample availability of cheap modules is today at the center of the solar energy push in those markets; however,

Africa & M.E. influence of replacements on yearly installations

Replacements in yearly installations [%
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Figure 5.7: Comparison of Asia’s demand for new installations with the rest of the world; in both scenarios, the role of Asia will be
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PV modules. The high scenario y-axis has a highlighted part which represents the full y-axis used in the low scenario.
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European and American governments do not appreciate the centrality of China in such a strategic sector as energy,
sector expected to go through major changes in the coming years and able to bring manufacturing jobs. Recently
President Biden imposed a 50% fee on PV cells coming from China, to push for the commencement of a domestic
PV manufacturing industry, a line that is being followed with other policies focused at reducing the dominance of
China in the energy transition sector, such as a 100% fee on EV coming in the US from China. Even though these
policies might have negative consequences on the immediate market share of Chinese manufacturers, focusing
on a longer timeline, China will still be able to produce and satisfy the majority of the global demand for PV
modules according to the outlined results. The majority of the demand will in fact be located in adjacent Asian
countries and in Africa, a continent that is becoming progressively more intertwined with Beijing and that will
probably turn to China for cheap and accessible modules as well as for other energy technologies. European and
American policies, aimed at bringing manufacturing away from China, might yes spark internal manufacturing
movements, but will not hurt China significantly, especially in the case of high installation scenarios.

5.3. Conclusions on Regional implications

In this chapter, we explored the dynamics of end-of-life photovoltaic projections across different global regions,
underlying the similarities and differences between different locations. Key findings highlight Asia & Oceania’s
as the primary hub for PV EoL volumes, with significant growth anticipated through 2070. In particular, Asia is
expected to handle around 60% of global end-of-life volumes, with Europe and North America representing the
second potential hubs with around 13% of the volumes each. These results, especially in higher scenario projec-
tions, accentuate the need for robust EoL strategies tailored to handle increasing PV waste volumes efficiently.
In particular, the levels of expected glass waste in Europe coming from photovoltaics were compared with to-
day’s volumes of glass waste, showing that by 2070 the amount of glass coming from photovoltaic waste could
represent around 70% of all the glass waste processed today in the European union. The analysis also underlined
the predominance that Asia & Oceania together with Africa & the Middle East will have on future PV demand.m
The two regions combined will represent significantly more PV demand than the rest of the world together. As
we move forward, the implications of these regional forecasts on global environmental policies and PV recycling
initiatives become key, necessitating a clear understanding of regional capacities and developmental trajectories
to ensure effective management of PV waste. Understanding the dynamics that will shape regional PV waste
management is crucial for developing national policies. Countries within the same region, experiencing similar
flows of EoL PV, may benefit from collaborations and common efforts. This regional approach can lead to more
effective and harmonized waste management strategies.



National Projections

This chapter of the report will investigate EoL projections at the national level. The chapter will contain projec-
tions for installed capacity and expected end-of-life volumes for some selected countries. The analysis will also
contain a brief economic analysis on the possibilities of recycling in the countries considered.

6.1. National PV projections data

The initial aim of this chapter was to investigate all countries worldwide, anticipating that the IEA would provide
country-specific projections in its World Energy Outlook report. Although many countries are mentioned and
discussed in the report, the full dataset included installation scenarios for only a few countries: China, the United
States, Japan, Brazil, India, and Russia. Due to this data limitation, the scope of this chapter was modified,
with the aim of only including few specific countries. The data for the remaining countries of this research
was obtained through the IEA-PVPS Task 12 experts. 1 am grateful for their assistance and for providing the
national projections for PV installations. In table 6.1 the table with the projected capacity in 2030 and 2050 for
the countries analyzed in this research, with the sources of the forecast data.

Table 6.1: Country-specific projections used in this research, with source. The 2070 data is not derived from the reported sources but from
interpolation and extension of forecasted data, with the methodology used in the global and regional scope (equations 3.1, 3.2 and 3.3)

Countr Capacity 2030 [GW] Capacity 2050 [GW] Capacity 2070* [GW] Source
y pacity pacity pacity

USA 744 1853 1926 [2]
China 2558 6749 7030 [2]
India 351 1716 1912 [2]
Brazil 78 197 233 [2]
Russia 6 33 38 [2]
Japan 156 208 208 [2]
Austria 21 61 69 [75]
Australia 76 405 704 [76]
France 35 117 138 [77]
Italy 80 250 294 [78]
Sweden 5 24 35 [79]
Netherlands 48 88 91 [80]
Germany 220 583 652 [81]

The capacity numbers reported in table 6.1 show the forecast for total PV capacity in 2030, 2050, and 2070 for
the countries considered in this research. The sources cited in the last column of the table only provide forecasts
until 2030. The 2070 numbers are product of the same data fit and extension already explained and discussed in
subsection 3.1.2, previously applied to both the global and the regional scopes. Shortly, this procedure consists
of fitting a polynomial through the points provided by the forecast source and extending the data past 2050 using
a sigmoidal function fitted on the interpolated values. This research only includes projections for silicon-based
PV modules, therefore the initial interpolated and extended capacity was multiplied by the share of silicon-based

61
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Figure 6.1: Annual installation forecast for the countries considered in this chapter. Comparison with the same figure for the global low
scenario forecast analyzed in Chapter 4.

modules assumed to be in the PV market of each country. The full list with the thin film shares assumed for each
country can be found in table A.8. In the same table, the effect that the share of thin film has on total capacity
is shown as well; from this point on, the figures reported for this chapter will only include information about
silicon-based modules. Also in the appendix, in table A.9, table ?? and in table A.11, the polynomial coefficients,
the spline coefficients and the added delta for the countries considered is reported.

Figure 6.1 shows the annual installation forecast for the countries considered in this chapter. The figure indicates
that China is, and will continue to be, the leading source of PV installations. India and the USA are the two
countries contending for second place. The figure also compares the sum of the annual installations for these
countries with the global annual installation forecast used in the low deployment scenario of chapter 4. The two
projections are quite close to each other, prompting further considerations. While this analysis includes many of
the largest energy-consuming countries, it omits numerous nations and regions that are likely to see significant PV
deployment surges. Notably absent are countries from Africa and South-East Asia, as well as major countries such
as Spain, South Korea, Canada, Mexico, and the rest of Central and South America excluding Brazil. It is difficult
to believe that all these global regions will experience PV growth only to the extent of the difference between
the country-specific bars and the global low scenario line. This skepticism is particularly valid when considering
the anticipated growth in global energy demand driven by population increases in developing countries. Given
that PV is currently the cheapest form of electricity, it is unlikely that these regions will opt for other forms
of production capacity. This analysis casts doubt on the feasibility of the low scenario, putting some shade on
the findings regarding waste and PV demand outlined in the previous chapters associated with the low scenario.
Moreover, the fact that the main contributors to each bar representing yearly installed capacity are China, India,
and the USA,countries whose forecasts come directly from the IEA dataset (used for the low scenario), further
exacerbates the uncertainty about the capacity forecasts for the remaining countries in the IEA’s model.

Figure 6.2 compares the capacity forecasts for India and the USA until 2070. The data used in this research
shows the United States experiencing higher installed capacity until 2045, when India’s cumulative capacity is
projected to overtake that of the USA. The figure clearly shows that the United States is expected to reach its
peak installation rate in 2030, around eight years before India’s peak. Although India’s peak installation rate
(69 GW/year) is slightly lower than the American peak (73 GW/year), it is projected to decrease more gradually,
leading to a higher overall installed capacity in India. It is important to note that this difference is particularly
evident because this research focuses solely on silicon-based modules; when considering photovoltaic capacity
as a whole, both countries are projected to have almost the same installed capacity by 2070 but the USA is
assumed to have an higher share of thin film modules. In the country-specific sections (in the appendix), the
expected installation evolution of each country is reported. Countries like Japan (figure A.8) or the Netherlands
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Figure 6.2: Comparison of cumulative (left axis) and new installed capacity (right axis) in India and in the USA. The dots represent
forecasted points given from the source, the line is the interpolation and extension going through them.

(figure A.32) are forecasted to slow their installation rates between 2030 and 2040, with installations in 2050
projected to be minimal. In contrast, countries such as Austria, Italy, and Germany are forecasted to maintain a
relatively stable growth rate from 2025 to 2050, before beginning a slower growth phase around 2050.

6.1.1. Merchant tail assumptions for the different countries

In this section of the report, the assumptions made regarding merchant tail in the countries considered are reported
and justified. As already explored in section 4.3, merchant tail is the phenomenon that takes into consideration
the possibility that modules are left in the field past the end of their expected economic lifetime. In this chapter,
different levels of merchant tail were assumed and applied for each country; in the following paragraphs, the
reasons and values of these assumptions are explained. The remainder of this chapter considers the merchant
tail assumptions in the results, in order to see what different shares of merchant tail have on results, section 4.3
related merchant tail percentages with waste flows and its findings can be applied to the numbers presented here.

In determining the viability and financial sustainability of photovoltaic systems beyond their initial economic
lifetime, two country-specific parameters were selected to indicate the potential share of the merchant tail: the
Weighted Average Cost of Capital (WACC) and the share of total land area forecasted to be occupied by PV
systems by 2070 in each country. The Weighted Average Cost of Capital (WACC) is a crucial metric in this
analysis, as it encapsulates the overall cost of financing a project, including equity and debt. A higher WACC in-
dicates more expensive financing, which could discourage investments in renovating PV fields at the end of their
economic lifetime, thereby extending the use of existing systems. Conversely, a lower WACC suggests cheaper
capital, which encourages investment in newer, more efficient technologies. In addition to WACC, the second
parameter is the forecasted share of land that PV systems are expected to occupy by 2070. In countries where PV
is expected to occupy only a minimal portion of the available land, land constraints are less of an issue, leading
to the decision to implement new systems alongside existing ones rather than replacing them. By integrating
WACC and projected land share, this research aims to establish a stable foundation for the assumptions regarding
national merchant tail shares, an area where real data is not currently unavailable.
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WACC in the Context of Merchant Tail

The Weighted Average Cost of Capital (WACC) is a critical financial metric used to assess the cost of financing
for a company’s investments, including projects in the energy sector such as photovoltaic (PV) systems. In
the context of merchant tail analysis, which examines the financial viability of a project beyond the contracted
period, WACC helps determine the attractiveness of extending the operational life of PV modules after their initial
economic lifetime. The WACC represents the average rate of return required by all of the company’s investors.
It combines the cost of equity and the cost of debt, weighted by their respective proportions in the company’s
capital structure. The formula for WACC is:

E D
WACC = <V X Re> + <V x Rd x (1 Tc))

where:

* F is the market value of equity

* D is the market value of debt

+ V is the total market value of the company’s financing (equity + debt)
* Re is the cost of equity

* Rd is the cost of debt

* Tc is the corporate tax rate

To understand and calculate the WACC, we need to break down its components and understand how each is
derived.

Cost of Equity (Re)
The cost of equity represents the return required by equity investors. It is calculated with the following formula:

Cost of Equity = Ry + 8 x ERP

where:

* Ry is the Risk-Free Rate, the return on an investment with zero risk, typically represented by government
bond yields.
* [ is the beta, representing the volatility of the stock relative to the market.

* ERP is the Total Equity Risk Premium, the additional return over the risk-free rate required by investors
to compensate for the risk of investing in the stock market.

Cost of Debt (Rd)

The cost of debt is the effective rate that a company pays on its borrowed funds. It is calculated as:

Cost of Debt = Ry + Country Default Spread

where:

* Ry is the Risk-Free Rate.

* The Country Default Spread represents the additional risk associated with investing in a specific country,
often derived from sovereign credit ratings.

After-Tax Cost of Debt
The cost of debt after accounting for tax savings due to interest payments being tax-deductible is:

After-Tax Cost of Debt = Cost of Debt x (1 — Tc)

where:

* Tc is the Corporate Tax Rate, the effective tax rate on corporate earnings.
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Justification for Assumption of Equity and Debt Proportions (E/V and D/V)
In calculating the WACC, we assume the following proportions for equity and debt:

E D

These assumptions are based on industry norms. Companies in the renewable energy sector typically finance
their projects with a higher proportion of equity. A capital structure involving around 60-80% equity and 20-40%
debt is common. This higher equity proportion helps to reduce the financial risk associated with high leverage,
providing a cushion against potential financial distress [82, 83].

Given these justifications, the assumed proportions of 70% equity and 30% debt are applied to our WACC calcu-
lations, reflecting realistic and prudent financial practices.

Provided Data for Calculation

We can now look at the specific data for each country, sources and used for this research. This data includes the
Risk-Free Rate, Total Equity Risk Premium, Corporate Tax Rate, and Country Default Spread, which we will use
to calculate the Cost of Debt, Cost of Equity, After-Tax Cost of Debt, and finally, the WACC for each country.
The specific data for each country is reported in table 6.2, along with the source of each data point. In table A.12
the full intermediate results for every country are shown. The final results for WACC, as well as the merchant
tail percentages chosen, can be seen in table 6.3.

Table 6.2: Financial parameters used in the calculation of the cost of capital for the countries considered in this research. * = the risk-free
rate is the current yield of the 10-year bonds.

Risk-Free  Total Equity  Corporate Country
Country
Rate* Risk Premium  Tax Rate  Default Spread

China 2.3% 5.63% 25% 0.99%
United States 4.21% 4.60% 21% 0.58%
Japan 0.93% 5.63% 30% 0.43%
Italy 4.05% 7.81% 24% 1.34%
India 7.00% 7.81% 30% 0.99%
Australia 4.00% 4.60% 30% 0.26%
Austria 2.50% 5.18% 25% 0.27%
Germany 2.30% 4.60% 30% 0.29%
The Netherlands 2.50% 4.60% 25% 0.24%
Sweden 2.00% 4.60% 22% 0.28%
France 3.00% 5.32% 28% 0.43%
Brazil 11.30% 9.00% 34% 2.39%
Russia 15.15% 11.18% 25% 6.00%
Source [84] [85] [85] [85]

Example Calculation
Using the provided data, let’s calculate the WACC for China.

China
* Risk-Free Rate: 2.3%

* Total Equity Risk Premium: 5.63%
» Corporate Tax Rate: 25%

* Country Default Spread: 0.99%

* Beta: 1.2

Cost of Debt:
Cost of Debt = 2.3% + 0.99% = 3.29%

Cost of Equity:
Cost of Equity = 2.3% + 1.2 x 5.63% = 9.06%
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After-Tax Cost of Debt:
After-Tax Cost of Debt = 3.29% x (1 — 0.25) = 2.47%

WACC:
WACC = (0.7 x 9.06%) + (0.3 x 2.47%) = 6.34% + 0.74% = 7.08%

Share of land area used for PV applications

Besides WACC, the other parameter used to determine a reasonable assumption for different merchant tails in
the selected countries was the share of total land area that PV is expected to occupy by 2070. This measure
aims to reflect the competition PV installations will face regarding access to land. Using the projected share of
land occupied by PV rather than the total land area provides a more accurate picture of the scale at which PV
needs to be implemented, highlighting the competition with other sectors for land and the subsequent challenges
of obtaining new land. As mentioned at the beginning of this section on merchant tail, easy access to new land
makes PV system owners more likely to extend the lifetime of their systems by building new installations in
different locations rather than replacing the existing ones. However, this value does not capture other factors
that might influence investment decisions, such as the suitability of empty land for PV installations (e.g., the
Russian tundra or the Brazilian Amazon forest are not ideal locations) or the fact that suitable land might already
be occupied by other uses.

For this calculation the same formula shown in section 3.2 (formula 3.7) for area calculation was applied and then
divided by the land area of each country.

Final assumptions on merchant tail

Table 6.3: Merchant tail assumptions for different countries based on cost of capital and share of land occupied by PV in 2070

Country Cost of capital (WACC) PV land share Merchant tail assumption
China 7% 0.01028% 10%
United States 8% 0.00250% 30%
Japan 6% 0.00674% 15%
Italy 10% 0.01317% 25%
India 13% 0.00836% 25%
Australia 8% 0.00089% 35%
Austria 7% 0.01088% 10%
Germany 6% 0.02663% 5%
The Netherlands 6% 0.03693% 0%
Sweden 6% 0.00097% 10%
France 8% 0.00397% 25%
Brazil 18% 0.00068% 50%
Russia 25% 0.00003% 50%

Table 6.3 shows the final values chosen for the merchant tail in different countries. The choice of the bound-
aries is arbitrary (instead of 0% - 50% the boundaries could have been set at 5% - 30%). Given that no literature
is available on the topic, 50% gave the opportunity of clearly differentiate between countries that will reason-
ably experience significantly different shares of merchant tail, based on the data shown above. Silvana Ovaitt,
an expert at NREL on photovoltaics sustainability and the supervisor of this research project, also approved the
choices made. The highest values were chosen for Russia and Brazil, at 50%. These countries not only present
the lowest shares of land use, but also have the highest cost of capital among all the countries considered. Con-
versely, the lowest merchant tail shares were assigned to the Netherlands, Germany, and Austria, at 0%, 5%, and
5%, respectively. These countries share both very favorable costs of capital and high shares of PV over the total
land area.

In the next section, the country-specific expected levels of PV waste are reported and discussed.

6.2. Waste volumes

This section reports the main findings of global End of Life volumes expected for the countries considered in
this research. By End of Life volumes, we consider the amount of weight from failed and removed modules. As
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already stated, this does not necessarily entail waste given that this material could potentially go through other
end-of-life paths like reusing or re-purposing. The numbers that will be presented indicate how much material is
forecasted to be available for recycling, with an ideal 100% collection rate.

Figure 6.3 illustrates the cumulative expected EoL volumes for all the countries considered, in the years 2050,
2060, and 2070. As expected, China is forecasted to be the main hub for PV waste handling, with 14.13 million
tonnes in 2050, 56.07 million tonnes in 2060, and 197.46 million tonnes in 2070. These figures are remark-
ably higher than those of any other country considered in this research. The United States, the second-largest
forecasted hub for PV waste management, is expected to experience 3.55 million tonnes in 2050, 11.73 million
tonnes in 2060, and 46.51 million tonnes in 2070. India is projected to have the third-largest flow of PV EoL
material by 2070, although by 2060 Germany and Japan are projected to have higher cumulative waste volumes.

In order to glimpse the temporal scale of the expected PV EoL flows, figure 6.4 shows the average expected
volumes for the five decades between 2020 and 2070. The countries are divided into three groups, each with its
unique scale of reference. All countries show a growth in EoL rates over the decades, with some minor exceptions.
One such exception is Italy’s 2030-2039 period, which is higher than the following two decades.Italy’s installa-
tion history explains this anomaly. As shown in figure A.11, Italy experienced 9 GW of installations in 2010
alone (thanks to some favorable PV financing schemes [86]), a scale that is not forecasted to occur again in the
country’s future. Most of those modules installed in 2011, with a lifetime of 23 years, are expected to reach EoL
around 2034 resulting in a higher average for that decade. For more detailed insights on the year-by-year break-
down of expected EoL flows in each country, each of the country-specific sections (in the appendix) contains
a plot depicting the expected yearly volumes in comparison with the cumulative value. In the country-specific
plots, each figure is presented with the most appropriate y-axis, allowing for a better visualization of the results.

This section compares waste volumes across countries, noting China’s significantly larger expected end-of-life
(EoL) flows compared to other major PV markets. It highlights the forecasted doubling of average annual vol-
umes from 2060 to 2070 in nearly all studied countries. The following section will explore the effects of an aging
PV fleet on demand and capacity replacement.

In the next, and final, section of this chapter, a brief “back of the envelope” consideration of the economic feasi-

bility of recycling in the different countries is proposed, offering an idea on what to expect from the future of PV
recycling in the countries considered above

6.3. Capacity demand

Table 6.4: National silicon-based PV demand - comparison between original forecasted demand and real demand, including the original
forecast and the capacity aimed at replacing lost capacity

Country Original Forecasted Total Demand 2070 Increase
Demand 2070 (TW) (original + replacements) (TW)
USA 1.34 2.34 75%
China 5.98 10.07 69%
India 1.63 2.40 47%
Brazil 0.20 0.31 56%
Russia 0.03 0.05 45%
Japan 0.18 0.37 110%
Austria 0.07 0.11 57%
Australia 0.60 0.76 27%
France 0.13 0.20 56%
Italy 0.25 0.39 58%
Sweden 0.03 0.04 34%
Netherlands 0.09 0.16 86%
Germany 0.62 1.02 64%

Table 6.4, shows the increase in expected demand for silicon-based capacity caused by the replacement of lost
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Figure 6.5: Comparison of new installed capacity (bars - left axis) and cumulative installations (line - right axis) in India and in the USA.
The difference displayed in figure 6.2, where replacements were nit considered, does not appear anymore.

capacity. The table also shows to what percentage of the original expected demand this capacity corresponds.
The increase differs significantly between the different countries. The lowest value of 27% in Australia and the
highest of 110% in Japan can be explained according to the same phenomenon, the timeline of PV installations.
In particular, countries where a significant portion of total capacity was added in the years around 2030 will
experience a higher share of replacements. To put into perspective the influence of replacements on total demand,
figure 6.5 shows the comparison on new installations and cumulative installations of India and the USA when
considering replacements. These figures were already explored in figure 6.2, the figure showed India significantly
ahead of the United States without considering replacements, including lost capacity adjustments reveals that the
two countries have a much closer cumulative installation total by 2070.

6.4. Economic feasibility of recycling

This section will explore the economic feasibility related to recycling, in the different countries explored in this
section. The method, assumptions and results of Pv recycling in the different countries considered is shown,
exploring the optimal timing for the different countries to start domestic recycling practices, and the economical
impact of such operations.

6.4.1. Methodology and Assumptions of the Economics of recycling

This subsection provides a detailed breakdown of the methodology used to evaluate the financial viability of
photovoltaic recycling projects. The analysis follows a sequence of computational steps, in order to determine
the optimal year to commence recycling operations, where “optimal” is defined as the start year that achieves
the best possible economical conditions. For this analysis, PV recycling is treated as a state-owned enterprise,
with all recycling plants operating under uniform conditions and sharing revenues and costs. Although in reality,
recycling plants are likely to be privately owned, this simulation framework helps to assess the feasibility of
recycling across different countries. Specifically, it helps



6.4. Economic feasibility of recycling 71

Data Preparation

1. Data Import: For each country, specific data on available EoL PV material are used. The data comes from
the EoL simulations done in the previous chapter, and it is divided among the materials that make up a PV
module: glass, silicon, silver, aluminum (frame), backsheet, encapsulant and copper.

2. Collection Rate Adjustment: The available quantity is adjusted to account for the collection rate. This
collection rate was set, for every country, at the value set by the European Union of 85%. This means that
for every 1000kg of PV EoL material, 850kg were made available for recycling in this economic analysis.
From this point forward, every reference to available recyclable material will account for this collection
rate already.

Material Recovery

Each material’s recoverable amount is calculated by applying material-specific recycling rates to the collected
quantities, reflecting the efficiency of the recycling process. These values come from literature [87] and are the
following:

* Glass = 100%

* Silver = 94%

+ Silicon =95%

* Aluminium = 100%
» Copper = 100%

The encapsulant and backseat are considered byproducts of the recycling process, together with the recycling
scraps, and sold as filling material.

Financial Calculations

Revenue Estimation

For each material, the potential revenue is computed by multiplying the recoverable quantity by its respective
market price per kilogram. These values were obtained from a 2023 D’Adamo et al. paper [87], in the “baseline
price scenario” proposed by them . These prices are subject to market volatility and should therefore be treated
as the main point of uncertainty of this economic analysis.

* Glass =0.125 €/kg

* Silver = 650 €/kg

* Silicon = 2.1 €/kg

* Aluminium = 2.3 €/kg

» Copper = 8.5 €/kg

+ Filling material = 0.01 €/kg

To diminish the effects of spikes and droughts in material availability caused by the nature of the simulation used
in this research, the input data was dynamically averaged over a period of 10 years using a centered rolling
average. This means that the input value for material availability for year X was calculated as the average of
the available materials between year X-4 and year X+5. This approach reduces the impact of extremes while
keeping the cumulative volumes close to the actual cumulative volumes. The effects of averaging at the edges,
where fewer points are available, lead to some minimal misalignment. Every reference to input data or material
availability in the remainder of this section will reference this rolling average rather than the raw input data coming
from the PV ICE simulations.

Costs estimation

The estimation of fixed and variable costs for recycling in the different countries was treated by following these
considerations. When operating a recycling plant, two expenditures need to be considered: the CAPEX and the
OPEX. The CAPEX is the initial investment required to set up the recycling plant, while the OPEX are the annual
recurring costs; such as labor, recycling operations, maintenance etc. The values for opex and capex were obtained
from a 2022 Granata et al. paper [1] for different sizes of recycling plants and can be seen in table A.13. The
available data considers plants that can handle volumes from 3000 to 30000 tons per year, providing the financial
characteristics of each size between the extremes with steps of 3000 tonnes per year of recyclable capacity.
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Determining the recycling capacity of countries

In order to understand the costs related with recycling in teh different countries, the size and time of investment
in recycling plants was a crucial factor. In order to determine the schedule at which the recycling capacity of
different countries was built, the following process was followed:

1. Initial capacity estimation: The initial capacity is estimated based on the average demand for the first 5
years. The initial capacity is chosen to be the smallest available capacity in the provided capacity sizes
(table A.13) that can meet this average demand. The specific size chosen is correlated with an initial
CAPEX and a corresponding OPEX in the first five years of operation.

2. Evolution of recycling capacity: Every five years, the installed recycling capacity is evaluated to deter-
mine if it is sufficient to meet the average recycling demands for the upcoming 5 years. If the current
capacity is adequate, no changes are made and the recycling fleet continues to operate as is; if it is not,
capacity expansion is undertaken. The expansion can consist of the following operations:

* The current plant is expanded to minimum available capacity that allows to process the average future
demand. Plants can only be expanded until the maximum size shown in table A.13. The CAPEX
of this expansion are accounted by taking the difference of the new size with the old size. This
approssimation does not lead to major effects in the results given that CAPEX costs are significantly
lower than OPEX costs.

« If the plant is expanded to the maximum capacity, but this does not allow to satisfy demand, then
a new plant in “installed”. The capacity of the new plant is the minimum required to satisfy future
demand. It is possible that multiple plants get installed at the beginning of every 5 year period. The
capex is calculated by summing up the CAPEXs associated with building new plants with the one
coming from plant’s expansion. At the end of this operation a new OPEX is calculated by summing
up all the operational costs of the various plants.

This methodology allows to build up the recycling fleet dynamically, minimizing overall CAPEX and
OPEX costs.

Once the full expected costs are found, the cash flow calculation can be undertaken. In the next section the
calculations and assumptions made are shown.

Cash Flow and NPV Calculation

This section shows how the cash flow of the recycling system was calculated. A 5% discount rate was considered
to include a dynamic economical consideration. This is the same rate considered in the D’ Adamo et al. paper used
for the input data on recovery rates and material prices, in order to have similar assumptions when comparing the
results.

1. Net Cash Flow: For each year, net cash flow is calculated by subtracting the sum of CAPEX and OPEX
from the total revenue of that year. The CAPEX value was different than zero only in the years when the
recycling fleet was expanded.

Net Cash Flow, = Total Revenue, — (CAPEX; + OPEX;)

2. Discounting Cash Flows: Apply a discount rate (5%) to each year’s net cash flow to account for the time
value of money, summing these to calculate the project’s NPV.

Net Cash Flowt
Npy -y Nt o

The results of these calculations led to the (expected) finding that recycling is not profitable on its own, given
the low values of recovered materials and the high costs of recycling procedures. For these reasons, the next
section will explore how much recycling plants should be aided with a recycling fee, a monetary compensation
that whoever sends its modules to the recycling center needs to pay. In this research we will explore how much
countries should ask as a recycling fee, indicated in this research as “PV fee”, in order to make their recycling
operations break even.
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PV Fee Calculation

In order to calculate the average PV fee required in each country, the main assumption was that the Net Present
Value at the end of the simulation process had to be zero. This would allow for the assurance of an economically
sustainable investment. The PV fee is therefore calculated as following

NPV

PV Fee = -
= Total Recycled Material

This formulation allows to calculate what is the overall exta fee (€/ton) needed to make sure that recycling breaks
even during the years of operation. In the next section the results of the economical consideration will be shown,
exploring when countries should start their recycling efforts and what PV fees are required to make it sustainable.

6.4.2. Economical consideration results
Given the model the possibility to choose the ideal starting year, based on the lowest possible PV fee. In the next
paragraphs and sections, teh results of this economical model will be presented and analyzed.

Best starting year and recycling fee

Table 6.5 shows the results for the best starting year and the consequential PV fee in the countries considered.
The model was set up so that recycling operations could have started anywhere between 2025 and 2070, to follow
then the evolution and calculations explained above. The main consideration is that the majority of countries
would benefit from starting recycling operations sooner rather than later. Increasing the recycling fleet from
earlier years leads to lower PV fee requirements over the considered period. This result is influenced by how the
PV fee was calculated; considering the cash flow as discounted least to the fact that an investment made today is
cheaper than an investment made tomorrow, leading towards a bias for early investments. The model also show
a clear correlation between higher waste volumes and lower PV fees, as expected. Running bigger plants leads
to lower operational costs and therefore to lower PV fees. The lowest fee is found in Germany, at 10€/tonne of
recycled material. The reason behind this value is that the waste increase of the country is expected to be quite
regular, without the presence of a significant increase in average waste flows in the latest decades considered
(figure 6.3). These spikes in waste flows, present in most other similar countries (like the USA or India), lead to
late investments in newer plants.

To put these figures into perspective, the D’ Adamo et al. paper already cited above proposes a fee between

6€/ton and 476€/ton, with the most probable result being indicated as 241€/ton in order to lead to a zero NPV.
These figures are calculated in the optics of a 3000 tons/year recycling center, a capacity significantly lower than
what countries are expected to have (figure 6.6) that is therefore correlated with higher fees. Nevertheless the
results found with the methodology proposed in this section are within the paper’s range. Other literature sources
proposes fees in the range of 112$/tonne [88] or in a range of and 225-425 $/tonne [1]. Both these papers consider
smaller recycling sizes. The Netherlands in 2023 highered its PV recycling fee from 6.5€/tonne to 40€/tonne [89],
a value more in line with the results of this economical analysis. To give these figures a more practical connotation,
in 2033 solar energy is expected to cost around 608€/KWp [28], considering the whole installation process and
BoS; considering an average module of 420 Wp, this would make the average price of a module equal to 255€.
A 420 Wp module by Trina solar (Trina Solar Vertex S all black 420wp) weights 21.8kg, making the price per
kilogram of solar energy equal to 11.7 €/kg. A PV fee of 100 €/ton would therefore translate to an increase of
0.1€/kg, less than 1% of total costs. It is fundamental to underline once more that these values for PV fees are
the minimal values that over the timespam of operations lead to a 0€ NPV, considering a 5% discount rate.
This paragraph underlined the optimal schedule for Pv recycling in the different countries considered. Those
countries where recycling does not make economic sense until later years will need to send their local pv waste to
closer recycling plants. This will introduce higher costs related with transportations. In future analis, the impact
of having a central European recycling facility for the European area could be investigated, exploring the effects
on PV fees that a central collection center could have on a potentially common PV fee.

Recycling capacity

In figure 6.6, the projected optima recycling capacity is shown for the countries considered. The results are in line
with expectations and scale with the expected waste flows shown in figure 6.4. The values are slightly lower than
the decade waste flows because the recycling size considers an 85% collection rate. As shown above, smaller
countries begin recycling operations later than smaller ones. By 2070, China is projected to have the largest
recycling capacity at 12 million tonnes, significantly surpassing the USA, which ranks second with 3 million
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Table 6.5: Best Starting Year and PV Fee for Recycling

Country Best Starting Year PV Fee (€/tonne)
Germany 2025 10.4
Japan 2025 40.5
USA 2025 41.5
China 2025 443
India 2025 47.3
Australia 2027 48.0
Italy 2027 70.8
France 2025 78.0
Brazil 2027 98.8
The Netherlands 2029 104.1
Austria 2044 147.7
Russia 2059 339.0
Sweden 2065 305.1

tonnes. India, Germany, Japan, and Italy follow, with recycling capacities of 2.4 million, 1.0 million, 0.4 million,
and 0.4 million tonnes, respectively.

6.5. Conclusion on National consideration

This chapter delved into the national projections for photovoltaic installations and the associated end-of-life waste
across various countries. Despite initial data limitations from the IEA, we expanded our scope through valuable
insights from IEA-PVPS Task 12 experts, enabling a broader and more detailed analysis. The findings highlight
the critical role of key countries like China, the USA, and India in the future landscape of PV installations, waste
management and recycling. China, in particular, stands out with its significant projected increase in both PV
capacity and EoL volumes, underscoring its pivotal position in the global PV market.

The economic feasibility of recycling PV modules was another aspect explored in this chapter. The analysis
showed that early investment in recycling infrastructure could prove key to economic sustainability, in countries
with sufficient PV EoL flows. One of the main discoveries of the economics of recycling was that every country
will have to introduce a PV recycling fee to offset for negative profits deriving from PV recycling, a process
where costs are higher than revenues. Countries with larger PV markets, such as China and the USA, could ben-
efit from economies of scale, leading to lower PV fees compared to smaller markets like Austria and Sweden,
where higher fees would be necessary to ensure financial viability. These smaller countries will probably have to
initially send their PV waste to other central recycling since investments in a domestic PV recycling plant would
not be economically viable The growth in PV EoL material and the economic infeasibility in some countries
to run recycling plants in the near future, will require coordinated efforts, innovative solutions, and substantial
investments to manage the economical and environmental impact effectively.

Overall, the national projections presented in this chapter offer a comprehensive overview of the anticipated
growth and challenges in the PV industry at the local level. They underscore the need for proactive measures in
both capacity expansion and waste management to ensure a sustainable energy future and underline the challenges
correlated with PV recycling, a practice that will require adequate economic considerations and international col-
laboration.
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Figure 6.6: Economical model recycling capacity forecast every five years. The figure represents how much EoL Pv material can be
handled in the country’s recycling plants. The countries are divided into three groups to allow for better visualization of the results.



Conclusion

The objective of this research was to provide a projected estimation of photovoltaic (PV) End-of-Life (EoL)
streams on three levels: global, continental (regional), and national. By analyzing the scale of module replace-
ments and determining the amount of EoL materials available for recycling, this study offers critical insights into
future PV waste management and recycling infrastructure needs.

Globally, the research forecasts a significant growth in PV EoL volumes, starting from 2040 and growing ex-
ponentially after 2060. By 2050, the projected cumulative EoL volumes are estimated at 42 million tons under
both considered scenarios, significantly lower than the 60 to 78 million tons commonly cited in current literature.
This difference comes from the different and updated methodology used in this research, which considers the tem-
poral technological evolution of photovoltaics, in terms of reliability, performance, and material use. By 2070,
global End of Life cumulative volumes are expected to surge to 432 million tons in the low scenario and 1 billion
tons in the high scenario. This implies a 10 to 24 times higher cumulative volume than what was experienced
in 2050, emphasizing the need for resilient and efficient plans of photovoltaic waste management. Modules that
reach End of Life will need to be replaced, resulting in an expected increase in demand compared to the pro-
jections of cumulative installations proposed today. These increases were found to be equal to 62% in the low
scenario (from 14.7 TW to 23.8 TW) and 28% in the high scenario (from 95.8 TW to 122.8 TW).

The peculiar shape of the installation forecast and the subsequent need for replacements will cause the demand
for photovoltaic modules to experience periods of highs and lows, with peaks and draughts shifted of about 30
years (the average lifetime of a module) from the “original” valley (2000 to 2030) and peak, around 2050.

Two scenarios were also run on the global level, testing the effects on PV module installations and PV EOL
volumes caused by different assumptions on degradation rates and on merchant tail. First, a scenario where degra-
dation rates do not get better in the coming years (stagnating degradation) was tested, showing a clear increase
in EoL volumes, +35% in the low installation scenario and 62% in the high one for cumulative 2070 volumes.
A non - improving degradation would also lead to a significant increase in global module demand. The second
scenario tested concerned the effects that merchant tail might have on modules. By merchant tail it is intended
the possibility that modules are left on the field past the expiration of their economic lifetime. The effects are that
higher merchant tail reduced both PV EOL volumes and module’s demand.

Regionally, the distribution of potential EoL material will be predominantly concentrated in the Asia & Ocea-
nia region, with significant volumes also expected in North America and Europe. In the low scenario, Asia is
projected to produce 274 million tons of EoL material, compared to 57 million tons in Europe and 65 million
tons in North America. In the high scenario, these numbers rise to 539 million tons in Asia, 141 million tons in
Europe, and 107 million tons in North America. In the high scenario, Africa is expected to play a fundamental
role, becoming the secondary hub for both EoL material and PV demand. This research also investigated the
impact that glass coming from photovoltaics in Europe might have on glass recycling volumes. In particular,
given the trends on material use used in this research, it is forecasted that in case of a high installation scenario,
glass waste coming from photovoltaics might account in 2070 to 10.5 million tons, a number that is equal to 67%
of the total glass waste handled today in the European Union, signaling a clear need for sustainable glass policies,
which might include finding alternative solutions for EoL glass, such as reusing or repurposing. The research
also showed how countries more historically involved in photovoltaics, like Europe, will have around 70% of the
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installed capacity in 2070 being composed by modules installed in order to replace lost capacity. The research
also investigated where the market for modules will be located, a market that considers new modules aimed at
highering capacity and at substituting lost one. The results are that the region of Asia & Oceania will be, in both
scenarios, responsible for around the same demand of the rest of the globe combined, with Africa being in both
scenarios the second center of PV modules’ demand.

Nationally, China is projected to accumulate the largest volume of EoL material, with 197 million tons by 2070.
followed by India and the USA, with 33 million tons and 49 million tons, respectively. These results were ob-
tained by assuming different shares of merchant tails in the countries considered, assumptions based on the cost
of capital, and on the share of land that PV is expected to occupy over the total land of the respective country.
With the results, a simple economic calculation on the possibility of PV recycling in the different countries was
run, showing how all the countries considered will need to implement a PV recycling fee in order to allow for
the economic sustainability of PV recycling. The value of this fee was found to be around 10 to 80 €/tonne for
bigger countries, and around 100 to 340 €/tonne in smaller (in terms of PV installations) countries.

As solar energy continues to expand its role in the global energy mix, the need for robust end-of-life manage-
ment becomes increasingly urgent. This study’s projections underscore the necessity for investment in recycling
technologies and the development of global standards and policies that encourage the reuse and recycling of ma-
terials. Such initiatives will be crucial to reducing the environmental footprint of solar energy and enhancing its
sustainability over the long term, ensuring that the solar industry remains a cornerstone of the global transition to
renewable energy, even when modules will stop producing.

Recommendations for future research

In order to make the results seen in this research more precise, some improvements are recommended

* Using a non-fixed degradation rate for modules installed the same year

In this research, all modules installed in the same year were assigned identical characteristics in terms of
material use and performance. This approach introduces a level of homogeneity in the photovoltaic fleet
that is unrealistic, as each module produced may contain unique defects that could either reduce or enhance
performance. This is particularly relevant for degradation rates. Measurements from real installations
demonstrate that modules exhibit a wide distribution of degradation rates. To make End of Life simulations
as realistic as possible, each installed module should be assigned a degradation rate within this distribution,
rather than a standard median rate.

* Economic lifetime subject to variability
As with degradation rates, the economic lifetime of photovoltaic systems should not be fixed based on the
year of installation but should incorporate some degree of randomness, as the decisions regarding it largely
depend on the operator. The combination of this and the previous recommendation would have reduced
the “valley” in PV waste that this research forecasts in the years around 2050, introducing more realism.

Climate dependant degradation

Literature is consistent in saying that photovoltaic degradation is highly dependent on the installation lo-
cation. Introducing a regional or country-specific degradation rate, related to the climate conditions of a
certain country, would increase the accuracy of this forecast.

Introducing manufacturing waste

The results presented in this research do not account for manufacturing waste, which could significantly
impact the overall footprint of photovoltaics. The effects of manufacturing waste should be approached
and analyzed more deeply than was done in this study. Manufacturing waste carries important geographical
connotations that cannot be ignored and are not related to the geographical distribution of photovoltaic
modules. This waste is produced during the mining, refining, and assembly phases, which can occur in
different locations and may have highly localized implications.

* Understanding the impact of bifacial modules on installed capacity

This research only considered “traditional” monofacial modules, ignoring the potential impacts of bifacial
modules on production capacity. The impact that bifacial modules might have given that their rating only
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includes the electricity produced from the front side, leading to more unpredictable outputs and therefore
more unpredictable needs for replacements of lost capacity
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Figure A.1: MRE related to polynomial grade
. . Central & Africa & . Asia &
Polynomial grade | North America South America Europe M.E. Eurasia Oceania Total
1 6.15E-02 9.94E-02 8.51E-02 2.59E-01 6.34E-02 4.04E-02 | 1.02E-01
2 4.42E-02 2.79E-02 2.35E-02 3.92E-02 4.09E-02 3.96E-02 | 3.59E-02
3 1.98E-02 2.13E-02 1.42E-02 2.53E-02 1.04E-02 4.71E-03 | 1.60E-02
5 3.97E-03 1.77E-02 8.87E-05 8.72E-03 1.95E-03 5.06E-03 | 6.24E-03
6 3.96E-03 1.77E-02 9.63E-05 8.75E-03 1.95E-03 5.06E-03 | 6.24E-03
7 3.96E-03 1.76E-02 9.62E-05 8.77E-03  1.94E-03 5.08E-03 | 6.25E-03
8 3.96E-03 1.76E-02 9.12E-05 8.78E-03 1.94E-03 5.08E-03 | 6.25E-03
9 3.95E-03 1.76E-02 8.89E-05 8.80E-03 1.94E-03 5.09E-03 | 6.25E-03
10 3.95E-03 1.76E-02 8.62E-05 8.81E-03 1.94E-03 5.10E-03 | 6.25E-03
20 2.82E-04 1.89E-04 2.22E-04 1.08E-04 1.20E-04 1.09E-04 | 1.72E-04
30 2.82E-04 1.62E-04 2.16E-04 9.69E-05 1.15E-04 1.10E-04 | 1.64E-04
40 1.44E-05 5.10E-06 1.17E-05 4.83E-06 3.27E-06 5.32E-06 | 7.43E-06
50 1.42E-06 1.56E-06 2.65E-06 5.23E-07 1.00E-06 1.04E-06 | 1.37E-06

Table A.1: MRE with different polynomial grades, Low scenario
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. . Central & Africa & . Asia &
Polynomial grade | North America South America Europe M.E. Eurasia Oceania Total
1 1.04E-01 2.64E-01 1.34E-01 4.61E-01 2.10E-01 2.70E-01 | 1.44E+00
2 2.15E-02 4.91E-02 2.16E-02 9.65E-02 4.21E-02 2.77E-02 | 2.59E-01
3 2.06E-02 1.52E-02 1.85E-02 1.81E-02 2.42E-02 1.70E-02 | 1.14E-01
5 2.10E-02 1.50E-02 1.96E-02 2.22E-02 2.06E-02 1.92E-02 | 1.18E-01
6 2.10E-02 1.50E-02 1.96E-02 2.22E-02 2.06E-02 1.92E-02 | 1.18E-01
7 2.10E-02 1.50E-02 1.96E-02 2.22E-02 2.06E-02 1.92E-02 | 1.18E-01
8 2.10E-02 1.50E-02 1.96E-02 2.22E-02 2.06E-02 1.92E-02 | 1.18E-01
9 2.10E-02 1.50E-02 1.96E-02 2.22E-02 2.06E-02 1.92E-02 | 1.18E-01
10 2.10E-02 1.50E-02 1.96E-02 2.22E-02 2.06E-02 1.92E-02 | 1.18E-01
20 9.09E-04 1.47E-03 4.31E-03 1.21E-03 1.80E-03 5.03E-03 | 1.47E-02
30 7.00E-04 1.62E-03 4.10E-03 1.43E-03 1.59E-03 4.82E-03 | 1.43E-02
40 4.56E-04 5.07E-04 1.65E-04 6.50E-04 5.05E-04 3.25E-05 | 2.32E-03
50 4.50E-04 4.98E-04 1.67E-04 6.41E-04 4.95E-04 2.38E-05 | 2.27E-03
Table A.2: MRE with different polynomial grades, high scenario
Cumulative capacity = ax*6 + bx"5 + ¢x*4 + dx"3 + ex*2 + fx + g [MW]
Region a b c d e f g
North America -2.1431E-11  1.7626E-07  -4.5419E-04 1.0058E-02  1.8834E+03  -3.1057E+06 1.5960E+09
Central & South America | 1.7251E-11  -1.4068E-07 3.5873E-04  -2.0402E-03 -1.4835E+03 2.4211E+06  -1.2338E+09
Europe 3.9730E-11  -3.2284E-07 8.1967E-04  9.8384E-04  -3.3859E+03 5.5016E+06  -2.7939E+09
Africa & ML.E. 3.0439E-11  -2.4741E-07 6.2836E-04  4.2595E-04  -2.5959E+03 4.2193E+06  -2.1433E+09
Eurasia 5.6046E-13  -4.5361E-09 1.1459E-05 1.0570E-04 -4.7273E+01 7.6415E+04  -3.8641E+07
Asia & Oceania -2.0863E-10 1.6999E-06 -4.3307E-03 1.8239E-02  1.7905E+04  -2.9194E+07 1.4868E+10
Table A.3: Low scenario grade 6 polynomial polynomial coefficients
Cumulative capacity = ax"6 + bx"5 + cx*4 + dx"3 + ex*2 + fx + g [MW]
Region a b c d e f g
North America 6.4316E-11 -5.2136E-07 1.3200E-03  5.8095E-03  -5.4412E+03 8.8160E+06 -4.4661E+09
Central & South America | 4.1068E-11 -3.3310E-07 8.4395E-04 2.7063E-03  -3.4796E+03 5.6422E+06 -2.8601E+09
Europe 1.4103E-10 -1.1452E-06 2.9058E-03 2.7323E-03  -1.1985E+04 1.9461E+07 -9.8767E+09
Africa & ML.E. 2.4222E-10 -1.9680E-06 4.9968E-03 -7.1071E-04 -2.0613E+04 3.3496E+07 -1.7009E+10
Eurasia 1.3793E-11  -1.1134E-07 2.8043E-04 3.5584E-03  -1.1544E+03 1.8605E+06 -9.3840E+08
Asia & Oceania 4.8091E-10 -3.9082E-06 9.9259E-03 -5.6690E-03 -4.0950E+04 6.6560E+07 -3.3806E+10
Table A.4: High scenario grade 6 polynomial polynomial coefficients
Low scenario High scenario
Region Koptimal b optimal t0optimal | K optimal b optimal t0 optimal
North America 1.863 0.203 2033.331 5.711 0.156 2040.378
Central & South America | 0.596 0.148 2039.863 5.729 0.142 2047.043
Europe 1.262 0.183 2030.274 8.301 0.147 2041.901
Africa & ML.E. 1.642 0.171 2042.137 22.432 0.151 2050.000
Eurasia 0.079 0.181 2037.019 2316 0.150 2044.559
Asia & Oceania 8.997 0.186 2034.518 50.433 0.151 2045.315
Table A.5: Optimal values for the sigmoid extension functions, high and low scenario
\ North America Central & South America Europe Africa & M.E. Eurasia Asia & Oceania
Low scenario 0.0163 0.0164 0.0016 0.0858 0.0041 0.1295
High scenario 0.398 0.198 0.506 0.551 0.123 1.735

Table A.6: Delta of added capacity [TW], years 2051 - 2070
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2020 2025 2030 2035 2040 2045 2050
63 TWp scenario -
Global Cumulative Capacity 1.10 3.53 10.21 18.27 | 30.53 | 4349 | 63.38
Scaling factor 1.0000 | 1.0306 | 1.0611 | 1.0917 | 1.1222 | 1.1528 | 1.1833
75 TWp scenario -
Global Cumulative Capacity 1.10 3.64 10.83 19.95 | 3426 | 50.13 75.00
Table A.7: High scenario: scaling up the global forecast from 63 to 75 TWp
Full PV capacity Thin film Silicon PV Capacit
Country 2070 [G[\)V] Y hare 2070 [GV\?] Y| Source
USA 1926 30% 1348 [90]
China 7030 15% 5975 Assumption
India 1912 15% 1625 Assumption
Brazil 233 15% 198 Assumption
Russia 38 15% 32 Assumption
Japan 208 15% 177 Assumption
Austria 69 2% 68 [75]
Australia 704 15% 598 Assumption
France 138 5% 131 Assumption
Italy 294 5% 279 Assumption
Sweden 35 5% 33 Assumption
Netherlands 91 5% 86 Assumption
Germany 652 5% 619 Assumption

Table A.8: Share of thin film compared to silicon capacity used in this research and effect on cumulative 2070 number. The assumption
unknown countriess of 15%, European countries were assumed to be at 5% to resemble the only real data available for Europe, Austria.

Cumulative capacity = ax*6 + bx"5 + ¢x*4 + dx"3 + ex*2 + fx + g [MW]

Country a \ b c d e f g
Brazil 6.1220E-12  -4.9966E-08  1.2756E-04 -9.4866E-04 -5.2765E+02  8.6208E+05 -4.3974E+08
China -2.2807E-10  1.8582E-06  -4.7335E-03  1.9177E-02  1.9570E+04 -3.1905E+07  1.6247E+10
India 7.3869E-11  -6.0150E-07 1.5311E-03  -4.3944E-03 -6.3290E+03  1.0310E+07  -5.2468E+09
Japan -8.9786E-12  7.3303E-08 -1.8720E-04  1.4990E-03  7.7445E+02 -1.2658E+06  6.4583E+08
Russia 1.1553E-12  -9.4036E-09 2.3924E-05 -4.8342E-05 -9.8878E+01  1.6099E+05 -8.1891E+07

USA -2.6656E-11  2.1856E-07 -5.6113E-04 9.1784E-03  2.3246E+03  -3.8194E+06 1.9571E+09

Austria -8.8194E-13  7.1854E-09  -1.8303E-05 7.2670E-05  7.5670E+01 -1.2336E+05 6.2812E+07

France 5.6751E-12  -4.6223E-08 1.1772E-04 -5.7741E-04 -4.8600E+02  7.9212E+05 -4.0321E+08

Italy -3.4435E-12  2.8097E-08 -7.1700E-05 4.9221E-04 2.9657E+02 -4.8436E+05 2.4700E+08

Sweden 5.4197E-12  -44118E-08 1.1226E-04 -2.5679E-04 -4.6398E+02  7.5558E+05 -3.8440E+08

The Netherlands | 8.5494E-12 -6.9611E-08 1.7710E-04  1.3865E-04 -7.3429E+02  1.1956E+06 -6.0840E+08

Germany -2.0768E-11  1.6924E-07 -4.3101E-04 3.4936E-04  1.7875E+03  -2.9134E+06 1.4837E+09
Australia - - - - - - -

Table A.9: Nations PV installation forecasts grade 6 polynomial coefficients. The data for Australia was already provided for every year,
therefore no interpolation was needed
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Country K_optimal b_optimal t0_optimal
Brazil 0.20098443031311036  0.1257274276459582  2037.3460029406724
China 5.874188770678936 0.1997742397566031  2033.3255098851512
India 1.6174624156951911 0.1823022554150431  2038.3992477906208
Japan 0.18113585800192666  0.19247288777241686 2024.5752532860201
Russia 0.031187188331826834  0.1706962044698027  2039.1115080769657

USA 1.349007377624512 0.20918513591724144  2032.7285272589927

Austria 0.06694630026817323  0.14642721655782312  2036.7737023635514

Australia 0.6552228205061961  0.11814716883035017  2049.9999999958986
France 0.13193206923697054  0.13111446421759193  2037.804494528876

Italy 0.248602161182453 0.1324030137887841  2037.8372503156377

Sweden 0.03221044298153059  0.11033772752322828  2046.053863950456

The Netherlands | 0.08532295888548234  0.20342048223221545  2029.117750862055
Germany 0.6067982673645022  0.13715680917745376  2035.5929596979038
Australia - - -

Table A.10: Optimal values for the sigmoid extension functions for the countries considered. The data for Australia was already provided
for every year, therefore no interpolation was needed

Country Brazil China India Japan Russia USA Austria
Delta [GW] 9.11 259.52  67.66 8.79 1.19 70.33 2.57
Country Australia France Italy Sweden Netherlands Germany Australia
Delta [GW] 14.04 5.67 13.22 0.97 4.17 25.0 14.01
Table A.11: Added delta for the countries considered
. After-Tax

Country Cost of Debt | Cost of Equity Cost of Debt WACC

China 0.0329 0.0906 0.0247 0.0692

United States 0.0479 0.0973 0.0378 0.0795

Japan 0.0136 0.0768 0.0095 0.0564

Italy 0.0539 0.1342 0.041 0.1031

India 0.0799 0.1637 0.0559 0.1271

Australia 0.0426 0.0952 0.0298 0.0768

Austria 0.0277 0.0872 0.0208 0.0661

Germany 0.0259 0.0782 0.0181 0.0597

The Netherlands 0.0274 0.0802 0.0206 0.0645

Sweden 0.0228 0.0752 0.0178 0.0566

France 0.0343 0.0938 0.0247 0.0771

Brazil 0.1369 0.221 0.0903 0.1765
Russia 0.2115 0.28566 0.158625 0.24755

Table A.12: Intermediate steps results for WACC calculation
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Table A.13: CAPEX and OPEX for Various Recycling Capacities, [1]

Capacity (ton/year) CAPEX ($) OPEX ($/year) Price per ton ($/ton)

3000 5444410 17903211 5977
6000 6173070 18422395 3070
9000 6825217 18946677 2105
12000 7468212 19469 284 1622
15000 8065611 19983 692 1332
18000 8680687 20501 246 1138
21000 9256 206 21011707 1000
24000 10333671 21612276 900
27000 10897224 22120593 819
30000 10976 143 22362070 745
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Figure A.2: Annual installation forecast for China. The dots represent forecasted points given from the source, the line is the interpolation
and extension going through them.
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China yearly & cumulative material stream
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Figure A.3: Annual and cumulative expected End of Life flows for China. The dip in the years around 2060 has origins in the assumptions
on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5

China yearly installation forecast

N
w
o

N
o
o
—
—
—
—

150

100 IIII

Yearly installed capcity [GW/year]

w
o
I
]
I
I
I

072000 2010 2020 2030 2040 2050 2060 2070
Year
Bl Replacing: degradations Replacing: failures B New Added capacity

Figure A.4: Annual expected PV demand in China, divided among the three causes of new capacity demand: new installations (green bars),
capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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A.2. United States of America
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Figure A.5: Annual installation forecast for the United States of America. The dots represent forecasted points given from the source, the
line is the interpolation and extension going through them.
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Figure A.6: Annual and cumulative expected End of Life flows for the United States of America. The dip in the years around 2060 has
origins in the assumptions on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Figure A.7: Annual expected PV demand in the United States of America, divided among the three causes of new capacity demand: new
installations (green bars), capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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A.3. Japan
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Figure A.8: Annual installation forecast for Japan. The dots represent forecasted points given from the source, the line is the interpolation
and extension going through them.
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Japan yearly & cumulative material stream
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Figure A.9: Annual and cumulative expected End of Life flows for Japan. The dip in the years around 2060 has origins in the assumptions
on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Japan yearly installation forecast
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Figure A.10: Annual expected PV demand in Japan, divided among the three causes of new capacity demand: new installations (green
bars), capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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Figure A.11: Annual installation forecast for Italy. The dots represent forecasted points given from the source, the line is the interpolation

and extension going through them.
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Italy yearly & cumulative material stream
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Figure A.12: Annual and cumulative expected End of Life flows for Italy. The dip in the years around 2060 has origins in the assumptions
on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Figure A.13: Annual expected PV demand in Italy, divided among the three causes of new capacity demand: new installations (green bars),
capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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Figure A.14: Annual installation forecast for India. The dots represent forecasted points given from the source, the line is the interpolation
and extension going through them.
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Figure A.15: Annual and cumulative expected End of Life flows for India. The dip in the years around 2060 has origins in the assumptions
on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Figure A.16: Annual expected PV demand in India, divided among the three causes of new capacity demand: new installations (green
bars), capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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Figure A.17: Annual installation forecast for Russia. The dots represent forecasted points given from the source, the line is the
interpolation and extension going through them.
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Figure A.18: Annual and cumulative expected End of Life flows for Russia. The dip in the years around 2060 has origins in the
assumptions on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Figure A.19: Annual expected PV demand in Russia, divided among the three causes of new capacity demand: new installations (green
bars), capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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Figure A.20: Annual installation forecast for Australia. The dots represent forecasted points given from the source, the line is the
interpolation and extension going through them.
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Figure A.21: Annual and cumulative expected End of Life flows for Australia. The dip in the years around 2060 has origins in the
assumptions on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Figure A.22: Annual expected PV demand in Australia, divided among the three causes of new capacity demand: new installations (green
bars), capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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Figure A.23: Annual installation forecast for Austria. The dots represent forecasted points given from the source, the line is the
interpolation and extension going through them.

Austria yearly & cumulative material stream

_0.167 mmm glass 1,75§
© m silver S
= silicon DU -
251> M aluminium_frames 2
c - 1.25=
S BN copper £
0.101

.5 [ ] backshe:at , 1.00%
= encapsulan >
= 0.081 =
S 10.75 S
& 0.061 o
g 0.50';
g 0.04 - E
I 0.25©
© 0.021 2
w - e

—— O O S —l- 0.008

2000 2010 2020 2030 2040 2050 2060 2070
Year

Figure A.24: Annual and cumulative expected End of Life flows for Austria. The dip in the years around 2060 has origins in the
assumptions on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Figure A.25: Annual expected PV demand in Austria, divided among the three causes of new capacity demand: new installations (green
bars), capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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Figure A.26: Annual installation forecast for Brazil. The dots represent forecasted points given from the source, the line is the interpolation
and extension going through them.
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Figure A.27: Annual and cumulative expected End of Life flows for Brazil. The dip in the years around 2060 has origins in the

assumptions on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Figure A.28: Annual expected PV demand in Brazil, divided among the three causes of new capacity demand: new installations (green
bars), capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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Figure A.29: Annual installation forecast for Germany. The dots represent forecasted points given from the source, the line is the
interpolation and extension going through them.
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Figure A.30: Annual and cumulative expected End of Life flows for Germany. The dip in the years around 2060 has origins in the
assumptions on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Figure A.31: Annual expected PV demand in Germany, divided among the three causes of new capacity demand: new installations (green
bars), capacity failed (blue bars) and capacity degraded but still in operation (orange bars)



A.10. The Netherlands 114

A.10. The Netherlands

The Netherlands cumulative and yearly installed capacity

o

o

®
IS

o

o

o
w

0.04

N
Yearly Installed capacity (GW/year)

0.02

Cumulative installed capacity [TW]
—

0.00

o

2000 2010 2020 2030 2040 2050 2060 2070

Figure A.32: Annual installation forecast for the Netherlands. The dots represent forecasted points given from the source, the line is the
interpolation and extension going through them.
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Figure A.33: Annual and cumulative expected End of Life flows for the Netherlands. The dip in the years around 2060 has origins in the
assumptions on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Figure A.34: Annual expected PV demand in the Netherlands, divided among the three causes of new capacity demand: new installations
(green bars), capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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Figure A.35: Annual installation forecast for Sweden. The dots represent forecasted points given from the source, the line is the
interpolation and extension going through them.
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Figure A.36: Annual and cumulative expected End of Life flows for Sweden. The dip in the years around 2060 has origins in the
assumptions on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Figure A.37: Annual expected PV demand in Sweden, divided among the three causes of new capacity demand: new installations (green

bars), capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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Figure A.38: Annual installation forecast for France. The dots represent forecasted points given from the source, the line is the
interpolation and extension going through them.
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Figure A.39: Annual and cumulative expected End of Life flows for France. The dip in the years around 2060 has origins in the
assumptions on degradation and lifetime; a more thorough explanation can be found in subsection 4.1.5
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Figure A.40: Annual expected PV demand in France, divided among the three causes of new capacity demand: new installations (green
bars), capacity failed (blue bars) and capacity degraded but still in operation (orange bars)
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