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A vision of perpetual utility
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SUMMARY

To achieve carbon neutrality, a significant increase in photovoltaic
module production is needed, affecting material demand and recy-
cling perspectives. Circular recycling is essential for managing the
material flows of a multi-terawatt global photovoltaic fleet. Immedi-
ate action is required to prevent the accumulation of millions of tons
of low-value waste. Circularity’s importance is multi-faceted and
varies across materials. Limited silver reserves and competition
with other markets necessitate reducing or substituting silver. For
polymers, constrained production capacities can also be mitigated
through circular recycling. The photovoltaic industry’s immense
glass demand calls for circular recycling to avoid overwhelming
alternative markets. Recycling silicon, aluminum, and copper is vital
for the economic feasibility of recycling, especially if silver is
replaced. Although prolonging module lifespan reduces yearly
material needs and influx into the recycling stream, it might also
postpone achieving carbon reduction goals.

INTRODUCTION

Decarbonizing global energy generation demands a rapid transition toward renew-
able energies, with photovoltaics (PVs) and wind being projected to bear a major
part of the load.' The year 2022 saw the completion of the first terawatt of cumulative
installation, about 60 years after the first module for terrestrial applications entered
the market.” The second terawatt will not take nearly as long and is expected before
2025,>—and before 2030, the industry expects to install more than a terawatt each
year.” On the basis of these growth projections, as well as on global energy demand
and the remaining carbon dioxide budget to stay below two degrees warming, we
should see cumulative capacities of between 30 TWp and 80 TWp by mid-century.”’
Put differently, for every human on the planet, there will be between 10 and 25 solar
panels. The rapid growth of PV manufacturing will have massive implications for sup-
ply chain and material demand. Recent studies, for example, by Goldschmidt et al.®
and Hallam et al.,” have estimated the amount of feedstock materials and have
pointed out supply chain and research challenges associated with the growing de-
mand. Moreover, the scale of the PV supply chain and the embodied materials in
the module fleet make dedicated efforts to move toward a circular economy neces-
sary. Corresponding research challenges have notably been discussed by Heath
etal.”

In this study, we explore the role of a rapidly expanding PV industry vis-a-vis its
setting in a market that competes for resources. As a baseline, we use a scenario
defined by Verlinden,"'™"® which is characterized by an exponential increase in
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CONTEXT & SCALE

As the world races toward carbon
neutrality, the photovoltaic (PV)
industry is experiencing
unprecedented growth, with
projections indicating a need for
multi-10-terawatt capacity by
mid-century. This expansion
underscores the critical role of PV
in global energy transition while
simultaneously emphasizing the
need to formulate effective
strategies for material demand
management and recycling. The
study reveals the critical role of
circular recycling in supporting
the sustained rapid growth of PV
production. Circular recycling is
particularly relevant, given the
finite availability of essential
resources such as silver and the
constraints in polymer production
capacities. We argue that circular
recycling is a strategic imperative
for the PV industry to sustain its
growth while minimizing the strain
on global resource pools. For
instance, silver, crucial for PV
module manufacturing, faces
competition from other markets,
highlighting the need for its
reduction or replacement.
Similarly, the vast demand for
glass by the PV industry could
potentially overwhelm alternative
markets, making circular recycling
a vital solution. Moreover, the
study points out that recycling
materials like silicon, aluminum,
and copper is essential for
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installation and manufacturing until a steady-state manufacturing value of about 3.3
TWhe/year is reached in 2033 and a cumulative capacity of 80 TWp is reached by mid-
century. Some more details about this scenario are given in the supporting informa-
tion. We discuss the development of the PV industry as a consumer of some of the
major materials used in PV module production today, including glass, aluminum, sil-
ver, copper, ethylene-vinyl-acetate (EVA), and silicon. The discussion focuses on
crystalline silicon technology and excludes thin-film technologies. One aspect of
this discussion is the availability of alternative markets that could absorb recycled
materials from solar panels or that could act as a source. On the basis of these re-
sults, we lay out arguments supporting the need for a circular economy with
cradle-to-cradle recycling in PVs, and we describe an idealized picture that inte-
grates cradle-to-cradle recycling of solar panels into the context of a general circular
economy.

MATERIAL AND VALUE DISTRIBUTION IN A SILICON PV MODULE

Recycling in the European Union (EU) is driven by regulatory requirements and rev-
enue. The Waste Electrical and Electronic Equipment (WEEE) directive mandates
that 85% of panels should be recovered, with 80% prepared for reuse or recycling.'*
These percentages refer to the mass fractions of a module. Silicon PV modules

consist of various materials, the mass distribution of which'>~"”

is shown in Figure 1
in the left column; 80% of recycling demands the recycling of glass and either
aluminum or polymer components, with recycling routes for glass and aluminum be-
ing well established. The value in recycled materials, on the other hand, is concen-
trated in metals, accounting for over 75% of the theoretical recycling value.'®
Notably, silver, despite being a small fraction of the module mass, contributes nearly
50% of the recovered value, making it economically crucial in recycling. It is note-
worthy that the commercial value of recycled module materials is significantly below
that of the feedstock materials used to make the module. The former was given as
551$/ton in an article in PV magazine'?, and we estimate the latter at around
2,500%/ton.??" The cause for this de-valuation lies in the reduction of material qual-
ity after recycling and differs for the various materials (Figure 1, center and right). For
example, silicon enters the process as high-grade polysilicon in wafers and exits the
recycling process as metallurgical-grade silicon in fragments. Enhancing the
commercial appeal of recycling involves reducing the de-valuation at the end of
the module’s life by facilitating easier separation and sorting of module materials.
This analysis focuses on silicon technology, which dominates the market, while circu-
lar recycling of CdTe modules is actively pursued by First Solar.??

THE CIRCULAR RECYCLING SCENARIO FOR GLASS

Glass makes the largest contribution to solar panel weight. Depending on module
architecture and glass thickness, 2/3 to 3/4 of the mass of a solar panel is glass. Glass
also has also one of the best-established and documented recycling infrastructures,
making it a perfect candidate to explore the implications of circular recycling.

How glass demand for PV develops was explored by Goldschmidt et al.? Here, we
use similar assumptions as in that study, with a few alterations: (1) we use the
Verlinden scenario for capacity expansion, which projects faster growth and a higher
cumulative installation than that used by Goldschmidt at al; (2) we use more conser-
vative efficiency improvements, taken from Peters et al.”?, as shown in Figure 2; and
(3) we assume an average glass thickness that is greater than the one in Goldschmidt
et al. In this study, a glass thickness of 2 mm was used for every glass panel. We
assume an average thickness of 3 mm (which is slightly below the current industry
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economic viability, especially if
silver is replaced. This circular
approach aligns with the broader
objectives of a circular economy,
where cradle-to-cradle recycling
integrates with other industries’
needs and sustainability goals.
Thus, this study not only maps the
current landscape of PV material
demand and recycling but also
charts a course toward a more
sustainable and economically
viable future for the PV industry.
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Figure 1. Mass and value of materials in a solar panel
Distribution of mass and values in a silicon solar panel using the initial material feedstock (middle)
and the recycling value (right).

standard of 3.2 mm for single-glass modules) and a learning rate corresponding to
ITRPV?* projections of about 1%, reaching 2.5 mm in 2060 (see Figure 2). Note that
we make no assumptions about single-glass or double-glass modules and that this
number should be interpreted as the average amount of glass used per module.
The resulting glass demand over time is shown in Figure 2 and peaks at about 100
million tons by the mid-2030s. This is consistent with that observed by Goldschmidt
et al.? Subsequently, demand is declining due to a constant capacity paired with
technological learning. This decline should, however, not be over-interpreted.

This development will have significant implications for the role of the PV industry in
glass manufacturing. The compound annual growth rate (CAGR) of the PV industry in
the past decades has consistently been above 20%. This rate far exceeds the pro-
jected growth of the glass industry as a whole, which lies, according to publicly avail-
able market projections, somewhere around 3.5%.”> Consequently, the market
share of glass produced for PV modules in relation to total glass produced is
increasing. Following the Verlinden scenario, the share could grow from 1.5% in
2015 (this year was used because of data availability for sector-specific glass produc-
tion) to almost 38% in 2034 and would be the by far the biggest single market for
glass (see Figure 3). For flat glass alone, the market share would even be above
55%. Regardless of the exact growth scenario, the role of the PV industry as a con-
sumer of glass will grow, and with it the socio-economic relevance. In 2023, more
than 100,000 people were employed in the glass industry in the US?® and more
than 180,000%” in Europe. With the increasing role of glass in the industry, a closer
alignment between the PV industry and flat glass production is to be expected.
The first examples can already be observed, such as First Solar locating solar panel
manufacturing to an area with significant glass production.®

Growing glass consumption also has impacts on recycling. In January of 2023, the
amount of glass coming from end-of-life (EOL) modules was a negligible fraction
of total glass manufacturing, and recycled glass from solar panels can be absorbed
by markets that do not require high glass quality, such as road construction” or
other construction material markets.>® This situation starts to change drastically as
modules installed in the last 10 years reach EOL. At this point, which we will likely
reach in the mid- to late-2030s, the amount of glass coming from EOL panels will
be in the tens of millions of tons, and no alternative market will be able to absorb
it. Moreover, even for the glass that could be absorbed, it is not without challenge
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Figure 2. Projected glass use

Detailed scenario for annual glass demand according to the Verlinden scenario and making
assumptions about the development of average module efficiency in production and required
glass thickness.

for today's solar panel recycling processes to provide glass of sufficient quality. Flat
glass manufacturers typically permit impurities of earthenware, stones, and porce-
lain (ESP) of less than 5g per ton." This requirement is a major exclusion criterion
and—for example—prevents glass from demolished buildings from being used for
recycled flat glass. Although this criterion is not immediately relevant to the PV in-
dustry, the shredding and incineration processes of solar panels in recycling today*?
result in a mixture of materials and components that, at a minimum, would make a
thorough sorting unavoidable. Yet, given the small amount of solar panel glass avail-
able for recycling today, impurity requirements and recycling efficiency are issues
that are currently not addressed—at least, we could find no studies quoting
numbers. And even that is not all—recycling processes for white glass are far from
perfectly circular. According to Harder,?® white glass productions only permits a re-
cycling rate of about 60%.

The need for circular recycling for glass stems from a lack of an alternative market
that could absorbed sufficient materials from EOL modules. Vice versa, it would
be difficult to satisfy the massively growing demand of the PV industry with recycled
glass from other markets.

SILVER AND COPPER

Silver poses the greatest resource challenge in PV panel production. Detailed dis-
cussions about silver demand in the PV industry were given by Hallam et al.” and
Goldschmidt et al.” The PV industry's silver demand in 2020 was approximately
12.7% of annual silver production (23,500 t) and is projected to surpass annual pro-
duction before 2030 in the Verlinden scenario. Known global reserves would be
depleted at a cumulative installation of approximately 70 TW;’. Silver is widely
used in various applications, including soldering and brazing alloys, batteries,
dentistry, glass coatings, LED chips, medicine, nuclear reactors, photography, ra-
dio-frequency identification (RFID) chips, semiconductors, touch screens, and water
purification.>® In today’s market, the PV industry faces increasing difficulties in ex-
tending its market share for silver production, as price pressure favors other markets
with higher margins. The development in silver usage across different markets is
shown in Figure 4. Urgent action is needed to reduce and replace silver in PV
panels.” Recycling does not reduce silver demand to install the necessary module
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Figure 3. Glass
The glass market and the PV industry’s role in it in 2015 and 2034.

capacity initially, but it can help maintain a certain amount of silver in coming module
generations and reduce future demand.

Replacing silver would significantly impact recycling economies, as silver recovery
currently generates substantial revenue (see Figure 1). New module concepts are
required to enhance the value of recovered materials in the absence of silver. Cop-
per is a promising candidate for silver replacement, with significantly larger re-
serves—2 billion tons estimated®® compared with 550,000 for silver’’—and higher
annual mining—26 million tons compared with 26,000. The price of copper in
February 2023 was about a factor 60 below that of silver. Technological challenges
remain, but successful examples of copper usage as a partial silver replacement
exist.”**° Copper recycling is well established, with the US alone having recycled
800,000 tons of copper in 2018.%" In addition, large alternative markets in construc-

42

tion, electronics, and transportation™ exist that could serve as sources of recycled

copper for PV manufacturing.

Another resource-limited material used in the PV industry is indium, which is espe-
cially relevant for low-temperature passivating contacts used in heterojunction-
type solar cells and tandems. World indium reserves are undetermined with just
about 900 tons being mined per year.* Indium is most commonly recycled from
scrap indium tin oxide (ITO), to which the PV industry could become a major contrib-
utor. The finite nature of indium deposits has long been recognized, and alternative
materials are the subject of active research.**

Silver is resource limited, which is an immediate challenge for scaling module
manufacturing. Circular recycling cannot resolve this issue but is necessary to alle-
viate it by making silver from old solar panels available. Replacing silver with copper
reduces the economic appeal of existing recycling processes, and efficient copper
recycling will be important to compensate for this loss.

ALUMINUM, EVA, AND SILICON

Aluminum

Apart from iron, aluminum is the most produced metal by mass globally. The World
Economic Forum quotes the annual production in 2021 at 68 million tons.*® United
States Geological Survey (USGS) estimates global resources at between 55 and 75
billion tons.*® The major markets for aluminum are the car industry, construction,
and packaging. In PV module production, by far the largest amount of aluminum
is used for the frames. We estimate that 300,000 tons of aluminum was used for
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Figure 4. Silver

The silver market and the PV industry’s role in it in 2012, 2022, and, hypothetically, 2032 if the
transition away from silver was not accelerated and enough silver could be mined. In this
hypothetical scenario, silver mining would have to increase by almost 80% compared with 2022 to
accommodate the additional demand of the PV industry. Given the small growth in silver mining in
the past years, such an expansion seems unlikely.

this purpose in 2014. Following the Verlinden scenario, this number would increase
to 16 million tons in 2032 and constitute a 17% share of the aluminum market,
assuming a 2.5% CAGR for all markets other than Pv*’ (Figure 5 [Aluminium]). We
made no assumptions about learnings in aluminium consumption. Lighter frames,
larger modules, and frameless modules would all contribute to reducing the
aluminum demand of the PV industry. Under these assumptions, the PV industry
would become the fourth-largest market for aluminum. It is worth noting that recy-
cling of aluminum is already well established and global consumption contains an
estimated 75% of secondary aluminum.

The argument for circular recycling of aluminum is an economical one and is similar
to that for copper. Currently, aluminum is the second-most valuable recycling prod-
uct of a PV module, and its role will likely increase as silver is replaced. Recycling pro-
cesses that retain the value of recycled components are indispensable.

EVA

We are using EVA as an example for the polymer demand in PV production. EVA is the
main material used as an encapsulant and is expected to maintain its dominant role
over the next decade, though with a reduction in its market share.?* The PV market is
already a major consumer of EVA, with a demand of 1 million tons per year or 26% of
today’s production. The largest market currently is the footwear industry (EVA is the
main material in the sole of sneakers), which is about twice the size of the PV market. A
projection to 2030—according to the Verlinden scenario and assuming that EVA's
share in solar panels reduces from 95% to 70%—results in a demand of 6 million
tons per year and a market share in excess of 50% of total production (Figure 5
[EVA]). The growing demand for EVA in solar panels has several consequences:
one is that footwear producers and solar panel producers become even fiercer com-
petitors if EVA production is not scaled fast enough. This could be an issue for the PV
industry because the profit margins and markup for footwear are typically greater
than for solar panels.”®*? A second consequence is that, similar to glass, we expect
an increase in EVA manufacturing specifically for and collocated with solar panel
manufacturing. A third consequence is that the footwear industry will not be able
to function as a potential alternative market for recycled EVA from solar panels.
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Figure 5. Aluminum, EVA, and silicon

Markets and the PV industry’s role in them for aluminum (a) in 2014 and 2032, EVA in 2020 and 2030, and silicon in 2022 and 2032.

Itis important to note that EVA comes in various forms and that the PV and footwear
industries use different ones. Still, basic materials and processes are similar, and
with growing demand, the PV and footwear industries become even stronger
competitors.

Additional polymers are used in modules as edge sealants and backsheets, yet the
large variety of available materials and the dynamics in their development make the
market situation difficult to analyze. In general, we expect the role of the PV industry
as a consumer for these polymers to also grow, though the transition to bifacial mod-
ules will reduce the demand for backsheets.

EVA is not a fundamentally resource-limited material like silver, but there is a threat
of a bottleneck in production capacity. Circular recycling of EVA cannot remove the
need to expand production, but it would give us more time and it will reduce the
number of factories we need.

Silicon

Silicon is the second-most common element in the Earth’s crust. Global production
of metallurgical-grade silicon in 2020 was about 8 million tons,”® which includes
feedstock for polysilicon production—projected to surpass 1 million tons (or 17%)
in 2023.5152 Polysilicon production, in turn, includes about 15,000 tons of
semiconductor-grade silicon.”® We project silicon demand using a 4% CAGR®* for
metal-grade silicon demand, excluding PV applications, and for the demand of
semiconductor-grade silicon. Demand for PVs is scaled assuming that 1 million
tons is sufficient for producing 400 GW worth of panels (2.5g/W) and a 10% learning
rate in demand per capacity doubling. The resulting numbers for 2032 suggest a
doubling of overall silicon demand and a growth of polysilicon demand to 5.8 million
tons (36% share) (see Figure 5 - Silicon). Although the significance of the PV market
for silicon production will grow, it is unlikely to become dominant. The majority of
silicon will still be used in metallurgical processes in ferrous foundries, the steel in-
dustry, and aluminum production. The limited demand for material purity and the
high demand make these applications potential consumers of recovered silicon
from PV panels. The availability of an alternative market to absorb downgraded
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silicon reduces the risk of waste creation. Still, material flows between these indus-
tries need to be established.

Remarkably, the USGS report on silicon characterizes recycling as “insignificant.”*°
Yet, while the downgrading of PV silicon is an option, there are clear benefits to its
recycling. The study by Heath et al. argues that silicon should be recovered at high
purity to increase its economic benefit to recyclers and decrease the energy foot-
print of polysilicon production.’® Our analysis supports this conclusion. Silicon pro-
duction requires between 160 and 375 kWh of electrical energy to generate 1 kg of
silicon wafers from newly mined material.>® In our opinion, the greatest benefit of sil-
icon recycling is to reduce this energy demand and consequently shorten the energy
payback time of modules made from recycled silicon. In the process of contact and
junction formation, silicon wafers are admixed with small amounts of other elements.
Using this silicon, the energy demand for creating solar grade silicon would already
reduce to 60 kWh/kg. A research task to improve silicon quality and reduce the en-
ergy demand even further while boosting commercial value would be to develop
concepts that avoid the mixture of impurities into solar grade silicon altogether or
concepts that facilitate their removal.

Circular recycling of silicon has the potential to become the main economic driver for
module recycling. Today, silicon is the most de-valued material that is recovered
from modules. Recovering silicon with higher quality will require innovation in solar
cell and module architectures.

BEYOND THE MODULE

The preceding sections focused on the PV module, while circular recycling also en-
compasses other PV system elements. This includes materials like mounting struc-
tures, cables, and inverters. Mounting structures, typically made from steel,
aluminum, and concrete, have a varied selection based on installation type and
location. Their combined mass is difficult to estimate, but will likely also be tens
of millions of tons. Iron constitutes over 90% of mined metals, with 2.6 billion
tons mined globally in 2021,°° while 4.2 billion tons of concrete was produced
in 2020.°” Iron and concrete are essential in manufacturing and civil engineering,”®
and only a small fraction of these materials will be used for PV installations. Recy-
cling concepts are developed in the context of urban mining.”” Use as a mounting
structure will increase the relevance of the PV market for this material. Copper, vi-
tal for the power grid, sees approximately 45% usage in that sector.’” An
expanded power grid supporting renewable energies®' is expected to increase
copper demand. Recycling paths for copper wire are discussed, e.g., in Li
et al.®? Inverters, which are intricate electronic devices, consist of numerous mate-
rials and components. Although delving into inverter recycling exceeds the arti-
cle's scope, it is crucial due to the substantial quantities required. With tens of mil-
lions needed, inverter recycling deserves heightened attention from research and
industry.

Further aspects that demand attention are transportation and logistics. Today,
disassembly and transportation of old modules to a recycling location add costs
that may well turn a profit into a loss. Recycling would be aided by short distances
and easy—ideally automated—disassembly.®® The growth in quantity of EOL mod-
ules over time, as well as integration with other products, will likely support the local
establishment of multi-purpose facilities for circular recycling. Careful positioning of
recycling facilities as further infrastructure is installed seems sensible.
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Figure 6. Material quality during a cycle
Sketch of the purity levels materials go through during mining, in production, in a final product, and
at the end of life.

THE CASE FOR CIRCULAR RECYCLING

We need to design solar panels for circular recycling

Fundamentally, recycling can be described as a process of restoring the quality of
materials obtained from EOL modules to a level needed for the manufacturing of
new components. In many regards, quality improvement is identical to refining a
given material to an acceptable concentration of impurities. The necessary lift in
material quality determines the time-, energy- and capital-intensity of the recycling
process, and it decides whether recovered materials from recycling can compete
with newly mined ones (see Figure 6). These considerations result in several tasks
for research and development. One aspect of improving the usefulness and the
competitive advantage of recycled materials is to improve the quality of the EOL
feedstock. To realize this improvement, we need to develop concepts for modules
in which materials can be separated more easily and cleanly. These concepts
require effort in materials development and in interface design. Crucially,
enhancing separation methods should not compromise module durability. Any
developed concept must adeptly balance the challenges of improving separability
while ensuring the longevity and robustness of modules. Another aspect is that we
need better sorting of module components according to their exact bill of mate-
rials. This need requires improved documentation of bill of materials and improved
characterization to enable quick, easy, and accurate material identification. These
measures then need to be integrated into novel PV module architectures to tran-
sition from a “design for immortality”“* toward a “design for recycling” paradigm.
The required lift in material quality can be reduced complementarily through the
utilization of materials that can tolerate higher levels of impurities. Searches for
materials with improved tolerance to contamination and improved separability
can be supported with high-throughput methods of materials development.®*%®
Overall, these measure will increase the value of recycled materials, close the
de-valuation gap shown in Figure 1, and make recycling commercially viable.®’
This is especially important to compensate for lower recycling values in modules
with low or no silver.

We need dedicated circular recycling of PV modules to conserve and manage
resources

A global module fleet capacity in the tens of TWps involves material flows in the
tens of millions of tons per year for PV panels alone. If all the components of the
energy infrastructure are considered, these numbers will be even higher. Circular
recycling in PVs will be crucial to avoid waste streams on a scale roughly equivalent
to today’s global e-waste. As shown for the example of glass in Figure 3, EVA in
Figure 5 (EVA), and polysilicon in Figure 5 (Silicon), PV manufacturing is already
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dominating—or has a good chance to dominate—the supply chain to an
extent where passing materials to a different sector, and particularly a sector
with a lower demand for material quality, will no longer be an option. The most
suitable market, and in some cases the only one large enough to absorb the
amount of recycled material, will be PV module manufacturing itself. In addition,
we need to recover precious metals like silver and copper with very high
efficiency to limit the amount of new material required to maintain the module fleet
and to support the economic success of recycling. Several open research tasks are
connected to these issues that go beyond those outlined in the previous discus-
sion. These tasks include the reduction and replacement of silver in PV modules,
the improvement in recycling efficiency of PV glass, and facilitating polymer
recycling.

We need a circular economy to boost the economic prospect of recycling
Recycling success will benefit greatly from being economically competitive. Estab-
lishing a circular economy for PV panels will help accomplish this in several ways.
The most important aspect is simply market size. In 2019, Veolia collected about
5,000 tons of PV modules in total in France.®® This amount is sufficient for the oper-
ation of one exemplary dedicated recycling site. As this market grows, economies of
scale will play a part in reducing costs, supported by mechanisms like improved
binning of components with different composition, such as, for example, different
cover glasses. Such a development can be supported by the development of tech-
nologies that allow mono-material sorting. Furthermore, larger production volumes
will allow the establishment of reliable supply chains that have the potential to
reduce the risks of supply chain disruption. A second important aspect is the techno-
logical innovation that anticipates the needs of circular recycling. Ensuring the
growth of a circular economy will require market incentives and support for research
and development.

A VISION OF PERPETUAL UTILITY

Establishing a full circular economy for PV modules is a process that needs to
accompany the energy transition and rapid installation of solar panels. As installa-
tions undergo different phases (growth, consolidation, steady state), circular recy-
cling also adopts different roles. A vision of what this development could look like
is shown in Figure 7. During the growth phase, recycling can do little to reduce ma-
terial demand. Module generations constructed during this phase that we are
currently in, which has lasted 40 years or more and that will continue for at least
another decade, will need to be made predominantly from new materials. The ma-
jor task for PV module recycling during this phase is preparation. Processes need to
be in place to handle vast amounts of EOL modules and recover the buried mate-
rials. Although there is a delay equal to the module lifetime, eventually the flow of
recycled modules will equal that of produced ones. Hence, recycling will need to
be a process with features similar to module production. Recycling needs to be
fast, automated, and extremely cost effective. Making sure module technologies
are compatible with these requirements, and developing the industrial processes
to make this possible at the required scales is the major R&D challenge today.
As we enter the consolidation phase, PV module recycling must be implemented,
and these materials need to enter the circle to reduce the demand for newly mined
ones. The main challenge for PV module recycling during this phase will be one of
interconnection. Because PV technologies change over generations, and because
recycling will not be perfect, a narrow, closed loop for a single product is not a use-
ful goal. Rather than aiming for a narrow, closed loop, the ideal should be
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Figure 7. Perpetual utility

Vision for the development of a photovoltaic module over multiple lifecycles. At the beginning of each life, energy, capital, and material are invested to
construct a module (in the figure, this phase is indicated with the word “build"). During its life, the module is operated, generating energy and capital
(run). At the end of life (EOL), the module is deconstructed into materials and components (strip), which are treated (treat) and returned to a material
pool from which materials for subsequent cycles are taken. Initially, while photovoltaic installations are expanded (first life), the majority of materials
have to be newly mined. Asecond generation of modules can already be made partially of materials mined from old modules. By the time the cumulative
installed module capacity (cap) converges toward a steady-state value, all material should come from a material pool. This material pool will be open
and include materials from old modules as well as other products.

interconnected loops in which various products provide building blocks for a com-
mon material pool from which new products can be created. An analogy for this
process is the natural cycle of bio matter nourishing soil for the growth of new
plants. A tree at the end of its life is subjected to decomposition through manifold
processes. Decomposition reduces the tree to chemicals and compositions that
are, in general, simpler and more inert than the original substance. These materials
become part of the soil or are used by other life for nourishment and other pur-
poses. In conjunction with other life entering this circle, a substrate is created
that is simultaneously compatible and sufficiently complex to support the vast va-
riety of life on earth. In a similar way, we envision components and materials from
old products to enter a material pool that will become the substrate for any new
product that we may want to build. Constructing the interconnected loops of
this great circle will be the main research and development task in this coming
phase, which we may enter in about 10 years. In this picture, the subsequent
steady-state phase is not only characterized by an equilibrium of module produc-
tion and retirement but also by an equilibrium of material flows into and out of
the common material pool; hence, only a minute fraction of newly mined materials
are needed to maintain the established module fleet. Materials do not become
waste but enter a stage of perpetual utility, with the sun providing the energy to
treat and rejuvenate them. To minimize the environmental impact of our future en-
ergy system, this vision should be implemented in the next 25 years.

CONCLUSION

Transitioning to carbon neutrality requires a massive expansion of PV installations
and production, which has implications for the PV industry as a consumer of
materials needed for module construction. An ambitious expansion scenario
formulated by Pierre Verlinden was explored to understand its materials
demand and recycling perspectives. As the PV market grows rapidly, its share in
global materials consumption increases, particularly for materials essential to
silicon PV module production. This growth has consequences for recycling, as
alternative markets accepting lower material quality become unavailable.
Flat glass is a notable example where the PV industry could reach a 55% market
share.
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The PV industry will face an increasingly competitive environment for obtaining feed-
stock materials due to low margins in module manufacturing. This gives alternative
markets a competitive advantage as prices rise. Silver is a critical example where PV
module manufacturing competes with higher-margin applications, and the demand
for PV alone could exceed known reserves. Reducing silver demand is imperative,
but eliminating silver has further implications for recycling. Currently, silver contrib-
utes about half of the value recovered from a recycled PV module. Alternatives need
to be established to make recycling more profitable. Recovering materials at higher
purity enhances their value, as seen in the recycling of silicon (see also Heath et al'®)
or aluminum. Although large alternative markets exist for these materials, the market
value of low-quality recycled materials is low, estimated at around 20% of the initial
purchase value.

Although the Verlinden scenario is ambitious in terms of production scaling
speed, the final production capacity needed to maintain a certain cumulative
PV capacity depends on the production capacity and module lifetime reached—
not the speed of scaling. Hence, less ambitious expansion scenarios would still
project similar material demands, albeit at a later stage. Increasing module lifetime
from 25 to 50 years is the most effective lever to reduce material demand while
reaching the target capacity. However, this approach also extends the time
required to reach the target, potentially jeopardizing carbon reduction goals. A po-
tential workaround using intermediate manufacturing of technologies with lower
material demand and lower capital expenditure is discussed in the supporting
information.

As we move toward a renewable energy infrastructure, supporting innovation is
crucial to ensure that renewable energy is also sustainable. Circular recycling is
essential for managing the significant material flows required for a global PV mod-
ule fleet in the multi-terawatt range. Although the mass recycling of PV modules is
still years or decades away, it is vital to prepare for circular recycling now to avoid
dealing with millions of tons of low-value waste in the future. This perspective pre-
sents a vision for approaching circular recycling of PV materials with perpetual
utility.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2024.01.025.
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