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ARTICLE INFO ABSTRACT

Keywords: The surge in global solar photovoltaic (PV) deployment as a measure to combat climate change is undeniable.
dMFA. However, this growth comes with its own set of challenges, particularly concerning the materials required for
Material demand silicon-based PV modules. In this study, we quantify future material demand for silicon-based PV modules,
Critical raw materials - . . _— S . .
- . considering technological advancements in PV module efficiency and material intensity. The annual material
Silicon-based photovoltaic modules . . . C e .. . . . .

. . . demand is projected to increase significantly for indium (38-286 times), silver (4-27 times), and other materials
Photovoltaic module efficiency . . . . . .
Closed-loop recycling (2-20 times) over the period from 2022 to 2050, depending on PV deployment scenarios. Indium and silver

demand are notably influenced by PV technology choice. Cumulative indium demand during 2022-2050 could
range from 0 kt (for 100 % passivated emitter and rear contact or tunnel oxide passivated contact PV) to 209 kt
(for 100 % perovskite-silicon four-terminal tandem PV). Cumulative silver demand during the same period could
vary from 144 kt (for 100 % passivated emitter and rear contact PV) to 1121 kt (for 100 % silicon heterojunction
PV). One promising approach to mitigate the increasing demand for primary materials is closed-loop recycling.
By implementing efficient PV collection and recycling processes, cumulative primary material demand could be

reduced by 10 % to 30 % between 2022 and 2050.

1. Introduction

Driven by global commitments to climate change goals and low-cost
energy sources (Yuan et al., 2022), global photovoltaic (PV) deployment
has surged from only 1.2 GW}, in 2000 to 1046 GW, in 2022 (IRENA,
2023Db). During the same period, there has been a 95 % reduction in PV
module cost, plummeting from 5 USD per Watt to 0.25 USD per Watt
(BloombergNEF, 2022). This impressive trajectory is largely attributed
to the continuous technological advancements across various PV tech-
nologies. However, most of the advancements have focused on
silicon-based PV, which currently dominates the market with a share of
approximately 95 % (Ballif et al., 2022; European et al., 2022).
Silicon-based PV is projected to maintain its dominant position due to its
superior efficiency and reliability (Zhou et al., 2022).

Silicon-based PV relies on a diverse range of raw materials, including
silicon, tin, aluminum, copper, indium, silver, lead, glass, plastics, and
others (IEA, 2022a). Some PV materials have been identified as critical
and strategic, considering their economic significance, associated supply
risks, and other factors (Goe and Gaustad, 2014). In 2023, the EU
designated silicon, aluminum, and copper as critical raw materials

(European et al., 2023), while the US classified them as near-critical
materials within the medium-term horizon (2025-2035) (USDOE,
2023). The UK’s critical materials list for 2022 includes tin and indium
in addition to silicon (GOV.UK, 2023). China, in its National Mineral
Resources Planning (2016-2020), classified aluminum, copper, and tin
as strategic and critical materials (Resources, 2016).

The supply chain for PV and associated components/materials may
encounter vulnerability and disruption, particularly during periods of
rapid upscaling of PV deployment. This is partly because the PV supply
chain is currently concentrated in specific countries or regions, such as
China (IEA, 2022a). Further concerns arise from the environmental and
social impacts inherent in PV materials (Dubey et al., 2013; Hernandez
etal., 2014), including occupational health hazards, such as SiH,Cl, and
SiH3Cl, associated with producing solar-grade silicon (Ramirez-Marquez
et al,, 2020). To address these concerns, securing sustainable and
responsible sourcing of raw materials for PV production is crucial
(Kiigerl et al., 2023).

As the world increasingly turns to solar power as a key renewable
energy source, understanding the associated material demands and
exploring strategies for sustainable resource management become
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imperative. Identifying critical PV materials and implementing mea-
sures to ensure a sustainable supply chain requires a comprehensive
understanding of future PV material demand. While existing research
acknowledges the growing demand for PV materials, it is often
concentrated on specific countries/regions like the EU (European et al.,
2020; Guzik et al., 2022), US (Basore and Feldman, 2022; Smith and
Margolis, 2019), and China (Duan et al., 2016; Elshkaki and Shen, 2019;
Ren et al., 2021), and is limited to timeframes only until 2030 (European
et al., 2016; Heidari and Anctil, 2021; IRENA, 2023a) or 2040 (Nassar
et al., 2016). Furthermore, some existing studies investigate only a
single material, such as silver (Hallam et al., 2023; Li and Adachi, 2019;
Lo Piano et al., 2019) or indium (Choi et al., 2016; Gomez et al., 2023).
These studies often utilize PV material intensity data for specific PV
technologies in particular years, failing to develop dynamic material
intensity for different PV technologies over time.

This study addresses research gaps by building a dynamic material
flow analysis (AMFA) model for silicon-based PV modules. The novelty
of the dMFA model lies in its implementation to reflect future data dy-
namics, rather than in the dMFA methodology itself. The model captures
annual dynamics not only in PV deployment size but also in module
efficiency, material compositions, and market shares for various silicon-
based PV technologies until 2050. The PV technologies include
aluminum back surface field (Al-BSF), passivated emitter and rear
contact (PERC), tunnel oxide passivated contact (TOPCon), silicon het-
erojunctions (SHJ), interdigitated back contact (IBC), and perovskite-
silicon tandem (please refer to Section 2.3 for detailed descriptions of
each technology). This study provides a more comprehensive technol-
ogy roadmap compared to existing ones, which often focus on a limited
number of technologies and overlook the perovskite-silicon tandem. The
dMFA model is employed to assess global demand for all PV materials
until 2050 under different PV deployment scenarios, with a focus on key
materials such as indium, silver, tin, silicon, aluminum, and copper.
Furthermore, we compare material demand to current production ca-
pacities/known reserves and discuss potential supply chain risks related
to PV materials, as well as key strategies for reducing material demand,
including closed-loop recycling and material substitution. The findings
underscore the imperative need for sustained improvements in PV effi-
ciency and careful selection of PV technology to alleviate PV material
demand. Overall, this paper offers essential guidance for policymakers,
industry stakeholders, and researchers striving to navigate the complex
interplay between PV deployment and finite resources.

2. Methods
2.1. Model overview

This study aims to develop a dMFA model to investigate material
demand for global PV deployment. The investigation considers key
factors of PV deployment size, lifetime, efficiency, and material com-
positions, etc. We use historical PV deployment capacity data from 2000
to 2022 as sourced from (IRENA, 2023b). We then compile future PV
deployment scenarios with the goal of achieving net-zero emissions by
2050. The PV deployment scenarios include the share between resi-
dential and utility-scale PV installations, and different lifetimes are
considered for residential and utility-scale PV. Additionally, we develop
a roadmap for silicon-based PV technologies including Al-BSF, PERC,
TOPCon, SHJ, IBC, and perovskite-silicon tandem (please refer to Sec-
tion 2.3 for details). The roadmap provides information on PV module
efficiency, market share, and dynamic material composition for each
technology until 2050.

This study focuses on silicon-based PV, representing approximately
95 % of the PV market (Ballif et al., 2022; European et al., 2022; Zhou
et al., 2022). Other PV technologies, such as thin-film PV, are out of the
research scope. We investigate the material demand for PV modules,
including both cells and the interconnection of cells into modules. Ma-
terial demand for PV inverters, mounting structures, and transmission
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cables is not within the research scope.
2.2. PV deployment scenarios

Historical PV module deployment has increased from approximately
1 GW,, in 2000 to 100 GW,, in 2012 and further to 1000 GW,, (equal to 1
TW)p) in 2022 (IRENA, 2023b). As of 2022, global PV is estimated to
generate 1.3 petawatt hours (PWh) of electricity. This constitutes 4.5 %
(EMBER, 2023) of the 29 PWh (RTOlnsider, 2023) worldwide electricity
generation in 2022. Further progress in PV penetration is needed to
achieve net-zero emissions target by 2050. We consider the future
development of global electricity generation and PV’s contribution to
compile PV deployment scenarios until 2050.

We compile the conservative PV scenario to represent the low bound
of PV deployment, which is derived from the International Energy
Agency (IEA) to forecast PV deployment of 15.5 TW, (IEA, 2021) by
2050. In this scenario, global PV generated electricity is projected to
reach 24.5 PWh by 2050. This amount will constitute 35 % of the total
projected global electricity generation (totally 70 PWh) in 2050.
Although some greenhouse gas emissions are anticipated in 2050 under
the conservative PV scenario, they are assumed to be counterbalanced
by direct air capture, bioenergy utilization, or other technologies. In
contrast, the optimistic PV scenario is compiled to represent the high
bound of PV deployment, which is based on (Bogdanov et al., 2021) to
project PV deployment of 63.4 TW,, by 2050. This scenario envisions
PV’s pivotal role in achieving a 100 % renewable energy system by 2050
without relying on carbon dioxide removal. In the optimistic PV sce-
nario, PV is anticipated to provide 69 % of the global electricity gen-
eration: 103.5 PWh of PV electricity generation out of the 150 PWh
global total electricity generation. We use a logistic model for estimating
PV’s share in global electricity generation (Lowe and Drummond, 2022)
and a linear model for estimating global electricity generation between
2022 and 2050.

Additionally, we include the share between residential and utility-
scale PV installations by using the IEA data until 2021 (IEA, 2022b).
As of 2021, approximately 20 % of installations are residential, while 80
% are utility-scale, highlighting the dominance of utility-scale PV. This
dominance is projected to persist in the future, with utility-scale in-
stallations expected to constitute about two-thirds of global capacity by
2050 (DNV, 2019). The share of residential and utility-scale PV in-
stallations from 2022 to 2050 is maintained as in the IEA data in 2021.

2.3. PV module efficiency and market share

To reduce cost and enhance PV efficiency, technological de-
velopments for silicon-based PV include the transition from p-type sili-
con to n-type silicon, the shift from multicrystalline silicon to
monocrystalline silicon, as well as passivation improvements, structural
modifications, and production equipment advancements (VDMA, 2022).
We build the technology development roadmap for silicon-based PV
based on International Technology Roadmap for Photovoltaic (ITRPV)
data until 2030 (VDMA, 2022), and further extrapolating until 2050 by
incorporating estimations from other sources (Blom et al., 2023; Hermle
et al., 2020; PVmagazine, 2023). The technology development roadmap
projects efficiency improvement and market share for each technology
until 2050. The roadmap includes various silicon-based PV technologies,
namely Al-BSF, PERC, TOPCon, SHJ, IBC, and perovskite-silicon tan-
dem. Fig. 1 illustrates the different structures and compositions of these
technologies. PERC (Sadhukhan et al., 2021) and TOPCon (Xu et al.,
2022) deploy additional aluminum oxide and silicon-contained layers
(silicon nitride, or silicon oxide, or poly-Si) on top of Al-BSF to enhance
surface passivation and increase PV efficiency. SHJ (EPFL, 2023) utilizes
amorphous silicon and indium tin oxide layers to enhance electron
collection efficiency and increase PV efficiency. IBC technology features
a distinct structure by placing all grid contacts on the rear side to opti-
mize PV efficiency (VDMA, 2022). Perovskite-silicon tandem is assumed
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Fig. 1. Sketches of the various PV cell technologies, illustrating their different structures and compositions. Panel (a) includes Al-BSF, PERC, TOPCon, SHJ,
and IBC (both IBC-TOPCon and IBC-SHJ). Panel (b) includes 4T tandem and 2T tandem technologies. Each panel has its own legend. The full names of the PV
technologies are: aluminum back surface field (Al-BSF), passivated emitter and rear contact (PERC), tunnel oxide passivated contact (TOPCon), silicon hetero-
junctions (SHJ), and interdigitated back contact (IBC). IBC-Topcon denotes an IBC cell featuring TOPCon contacts, while IBC-SHJ indicates an IBC cell featuring SHJ
contacts. Tandem technology refers to perovskite-silicon tandem technology, available in either mechanically stacked four-terminal (4T) or monolithically integrated
two-terminal (2T) tandem configurations. The full names of some cell components are: electron transport layer (ETL), hole transport layer (HTL), hydrogenated
amorphous silicon (a-Si:H), intrinsic hydrogenated amorphous silicon (i-a-Si:H), indium tin oxide (ITO), crystalline silicon (c-Si), anti-reflective coatings (ARC),
indium zinc oxide (IZO), and [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz).

to integrate a perovskite on top of a SHJ (Shrivastav et al., 2021;
Tockhorn et al., 2022) to maximize PV efficiency. In this study, we as-
sume that the tandem market is evenly split between the mechanically
stacked four-terminal (4T) and monolithically integrated two-terminal
(2T) tandem configurations unless stated otherwise (see Supplemen-
tary Note 1 for details). A comparative analysis between the adoption of
the 2T and 4T tandem configurations is included in Fig. 5.

The assumed trend for PV module efficiency involves an annual in-
crease of 0.5 % (Dullweber et al., 2020; Hermle et al., 2020) in an ab-
solute number, and after a certain period, it will stabilize at a value
determined by fundamental technical limitations. We establish effi-
ciency limitations of 20 % for Al-BSF, 24 % for PERC, 26 % for both
TOPCon and SHJ, 26.5 % for IBC, and 39 % for perovskite-silicon tan-
dem modules. These mentioned efficiency limitations apply to mono-
facial PV modules, with bifacial PV modules set at 1.05 times the
efficiency limitations of monofacial modules. The PV efficiency trend for
each technology 1is calculated wusing Eq. (1), and the
PV-technology-market-share-based average module efficiency is deter-
mined by Eq. (2):

nilt] = min(n[t — 1] +0.5%, 7 jms) €))

oglt] = > 1)+ MS. 1] @

where #; is the PV module efficiency for technology type i (in the unit of
%), ; jymy 1S the PV module efficiency limitation for technology type i (in
the unit of%),
module efficiency (in the unit of%), n is the total number of PV tech-
nologies, and MS; is the market share of technology type i (in the unit of
%).

Nlayg s the PV-technology-market-share-based average

2.4. PV lifetime

The PV lifetime depends on various factors such as power degrada-
tion, technical failures, extreme weather damage, and economic con-
siderations (Tan et al., 2022). In the case of residential PV systems,
economic factors may outweigh power degradation in determining their
lifespan. This is particularly notable due to the declining initial costs of
new PV installations, contrasted with the rising maintenance expenses
or diminishing long-term savings associated with older PV systems
experiencing high power degradation. Advances in PV efficiency,
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coupled with incentive programs and policies, could prompt the early
replacement of lower-efficiency PV systems to capture economic bene-
fits. Residential PV systems can exhibit an average lifetime of 18 years
(Tan et al., 2022). In contrast, utility-scale PV usually demonstrates a
relatively longer lifetime, with an average lifetime of 26 years (Tan
et al., 2022). This is because of the substantial investments associated
with utility-scale PV projects, leading to delayed adoption of
higher-efficiency PV technologies by industries. The modelling of
utility-scale PV lifetime concentrates on the impacts of power degra-
dation, damage, and technical failures, which is referred to as the "early
loss lifetime" utilized by the IEA and International Renewable Energy
Agency (Weckend et al., 2016).

We utilize the Weibull distribution to estimate the PV lifetime, as
conducted in current literatures (Tan et al., 2022; Weckend et al., 2016).
The Weibull lifetime distribution function is expressed as the following
Eq. (3):

(t=y)

o) = a*/f“*(r—w"**e'(") ift >y @)

0 otherwise

where a is the shape parameter controlling the ‘tail’ of the distribution,
is the scale parameter known as the Weibull slope, y is the location
parameter indicating the start of obsolescence, and t is the year.

Specifically, we assign a value of O for y, signifying f(t) =0if t <O.
We incorporate different shape and scale parameters for residential and
utility-scale PV, as outlined in the literatures (Tan et al., 2022; Weckend
et al., 2016). For residential PV, we assign values of 2.5 for a and 20 for
B, while for utility PV, we utilize values of 2.5 for @ and 30 for . Note the
lifetime distributions aim to highlight overall lifetime patterns for resi-
dential and utility-scale PV. The lifetime is not distinguished among
different PV technologies due to a lack of specific data.

2.5. PV material compositions

This study uses the IEA’s data for material compositions of Al-BSF
(Frischknecht et al., 2015). The Al-BSF structure includes several key
components: the front surface, which typically has an anti-reflective
coating; the silicon wafer, which forms the core of the cell; and the
back surface, where an aluminum layer forms the back surface field. The
typical thickness of multicrystalline silicon and monocrystalline silicon
wafers for Al-BSF is 180 pm and 170 pm, respectively (Frischknecht
et al., 2015). Based on Al-BSF structure, we derive material composi-
tions for other PV technologies by investigating the added layer thick-
nesses, content, and density, as well as the change of components such as
using non-lead interconnection and adopting a glass backsheet (for
bifacial PV) (VDMA, 2022). For PERC, we introduce 1 nm Al,O3 and 75
nm SigNy layers on top of the Al-BSF configuration (Sadhukhan et al.,
2021). TOPCon incorporates 1.5 nm SiOy layer and 140 nm doped
poly-Si layer (Xu et al., 2022). SHJ integrates a total of 130 nm indium
tin oxide (ITO) layer (80 nm for the top and 50 nm for the bottom), and
30 nm amorphous silicon layer (EPFL, 2023). IBC is modeled with the
same material compositions (in the unit of kg per m?) as TOPCon or SHJ
due to data limitations, despite having a different structure. This
structural difference allows IBC to typically achieve slightly higher ef-
ficiency than TOPCon or SHJ due to having no shading losses as IBCs
have both contacts at the rear side, which results in less material usage
(in the unit of kg per Wp). Perovskite-silicon tandem utilizes SHJ as
bottom cell but includes a perovskite top cell consisting of ITO (90 nm),
SnO; (10 nm), Cgp (23 nm), perovskite (569 nm), and Me-4PACz ([4-(3,
6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid) (Shrivastav et al.,
2021; Tockhorn et al., 2022). Please see Supplementary Note 2 for de-
tails on how we model material compositions for 2T and 4T tandem
configurations.

We also examine the reduction in material mass per module area for
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different PV components and materials (VDMA, 2022). We consider
silicon wafer thickness (WaferWorld, 2020), aluminum in rear contacts,
interconnection materials, lead content, silver content (Hallam et al.,
2023), front/back glass thickness, and frame materials (such as
aluminum and plastics). Note that in our analysis, we assume constant
thickness for added layers (AlyOs, SigN4, ITO) due to limited available
data.

We calculate the material mass per module area by the following Eq.
(4) and the PV-technology-market-share-based average material mass
per module area by the following Eq. (5):

MM;[t] = MT;;[t] «+ MD; (€)]

MM;[t] = Z MM, [t] + MS;]{ (5)

i=1

where MM;; is the material mass per module area for technology type i
and material type j (in the until of kg/m?), MT; j is the material thickness
for technology type i and material type j (in the unit of nm), MD; is the
material density for any technology type and material type j (in the unit
of g/cm®), MI; is the PV-technology-market-share-based average mate-
rial mass per module area for material type j (in the until of kg/m?), and
MS; is the market share of technology type i (in the unit of%).

Material intensity is characterized as the ratio of material mass to
power output under standard testing conditions for PV modules,
expressed in kg per Wp. Improvement in material intensity can be
achieved by increasing PV module efficiency (determining rated power
in Wp per m?) or reducing material mass per module area (measured in
kg per m? of PV module), or a combination of both approaches. The
calculation for material intensity is given by Eq. (6), and the PV-
technology-market-share-based average material intensity is deter-
mined by Eq. (7):

_ MM
MI;[t] = 7T+ 1000 (6)
MIj[t] = ) MI[t] « MSi[t] )

i=1

where MI;; is the material intensity for technology type i and material
type j (in the until of kg/Wp), MI; is the PV-technology-market-share-
based average material intensity for material type j (in the until of kg/
Wp), and MS; is the market share of technology type i (in the unit of%).

2.6. PV material flows

We first calculate the dynamic stock and flows of PV modules using
the following equations:

Pin[t] = P[t] — P[t — 1] + Poyt] (8

Poylt] = / Py (t—t) * f(t)dt (©)]

Eq. (8) describes the foundational equilibrium between stocks and
flows of PV modules. In this equation, P denotes the PV module
deployment (in the unit of GWp), which is the in-use stock and the key
driver in the material flow analysis model, P;, is the annual inflow
(annual PV module demand in the unit of GWp), and P, is the annual
outflow (annual end-of-life PV modules in the unit of GWp). In the initial
year of PV deployment, denoted as year 1, we assume P[1] = Py[1],
signifying that the annual demand for PV modules is equal to the PV
module deployment/stock. The P,, in year t, representing the annual
end-of-life PV modules that were deployed in various years before year t,
is determined by the cohort and the PV module’s lifetime distribution
function (refer to Eq. (9)). Here, ' (' < t) represents the year in which the
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PV module was deployed, and f(t') (refer to Eq. (1)) denotes the prob-
ability that the PV module deployed in year ' will reach the end of its life
in year t.

We then calculate the material flows of PV modules using the
following equations:

pin [t] * 106
Mipjlt] = ——F—— (10)
M= g
[ Pu(t— ) +f(£) ¥ 10°
M) = / dt an
= G
2050
Min, jeum = Z Minj[t] (12)
t=2022
2050
Moutj, cum — Z Maut.j[t] (13)

t=2022

where M, is inflow for material type j (annual material demand in the
unit of kg), My, is the outflow for material type j (annual end of life PV
module materials in the unit of kg), Mi,, j.cum is the cumulative inflow for
material type j during 2022-2050 (cumulative material demand in the
unit of kg), and Myy:j, cum is cumulative outflow for material type j during
2022-2050 (cumulative end of life PV module materials in the unit of
kg).

Finally, we calculate closed-loop recycling potential (CRP) during
2022-2050, which is defined as the ratio of cumulative recovered ma-
terials to cumulative material demand, using the following Eq. (14):

M,y j, cum * Collection rate = Recovery rate;

CRP; — (14)

Min. Jj.cum

where CRP; is the closed-loop recycling potential from 2022 to 2050 for
material type j (in the unit of%), Collection rate is the percentage of end
of life PV modules collected and ready for recycling (in the unit 0f%),
and Recovery rate; is the percentage of end of life material type j that can
be recovered by recycling technology (in the unit 0f%).

Historical deployment === Conservative PV scenario
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3. Results
3.1. PV module deployment

In Section 2.2, we outline the methods used for projecting the future
size of global PV module deployment. Fig. 2 displays the results of the
projected global PV module deployment until 2050. As of 2022, global
cumulative PV module deployment has reached around 1 terawatt peak
(TWp) (IRENA, 2023b). This deployment is estimated to generate
approximately 1.3 petawatt hours (PWh) of electricity under average
irradiation conditions, constituting only 4.5 % (EMBER, 2023) of the
worldwide electricity generation in 2022 (29 PWh) (RTOInsider, 2023).
In the conservative PV scenario future cumulative deployment holds the
potential to achieve 15.5 TWp (IEA, 2021) by 2050 (annual PV module
deployment of 0.7 TWp), which is based on the International Energy
Agency (IEA) to represent the low bound of PV deployment. In contrast,
the optimistic PV scenario, representing the high bound of PV deploy-
ment based on Bogdanov et al. (2021), envisions cumulative PV
deployment up to 63.4 TW,, by 2050 (annual PV module deployment of
5 TWp). Cumulative PV module deployment diverge by a factor of 4
between the conservative and the optimistic scenarios by 2050. This
disparity arises from variations in modeling global electricity generation
and the assigned role of PV. In the conservative scenario, PV is estimated
to contribute 35 % to the projected 70 PWh global electricity generation,
while the optimistic scenario envisions PV’s contribution of 69 % to the
projected 150 PWh global electricity generation by 2050.

3.2. PV module efficiency

Overall, the PV technology market share-based average module ef-
ficiency is projected to increase from 22.6 % in 2022 to 28.7 % in 2050.
This result is based on the market shares of various silicon-based PV
technologies (please refer to the methods section for details and Sup-
plementary Fig. 1 for results) and the module efficiency projection for
each technology (Fig. 3). Note that the efficiency numbers presented in
Fig. 3 refer to the market average module efficiency for each technology
available in the market, which are often lower than the maximum effi-
ciencies obtained with increased efforts for world record efficiency at-
tempts. As of 2022, AI-BSF typically exhibits a module efficiency of
around 18.5 % (Frischknecht et al., 2015). Al-BSF is projected to phase
out by 2026 (Fazal and Rubaiee, 2023; Kashyap et al., 2020; VDMA,
2022). On top of Al-BSF, PERC) (Sadhukhan et al., 2021) and TOPCon
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Fig. 2. Global PV module deployment until 2050. The conservative PV scenario is derived from the (IEA, 2021), and the optimistic PV scenario is obtained from

(Bogdanov et al., 2021).
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Fig. 3. PV module efficiency projections for various silicon-based PV technologies until 2050. Note PV module efficiency in the figure refers to monofacial
modules. The Al-BSF is anticipated to phase out of the market since 2026. TOPCon and SHJ are projected to exhibit identical module efficiency trajectories through
2050. The perovskite-silicon tandem utilizes SHJ as the bottom module and can adopt either a monolithically integrated two-terminal (2T) or a mechanically stacked
four-terminal (4T) configuration. Abbreviations include Al-BSF for aluminum back surface field, PERC for passivated emitter and rear contact, TOPCon for tunnel
oxide passivated contact, SHJ for silicon heterojunction, and IBC for interdigitated back contact.

(Xu et al, 2022) deploy additional aluminum oxide and
silicon-contained layers (silicon nitride, or silicon oxide, or poly-Si) to
enhance surface passivation and increase the efficiency of PV modules
(Allen et al., 2019). PERC module efficiency, at 22 % (VDMA, 2022) in
2022, is expected to reach 24 % (Hermle et al., 2020) by 2050. TOPCon
module efficiency is projected to increase from 23 % (VDMA, 2022) in
2022 to 26 % (Hermle et al., 2020) in 2050. These efficiency projections
are accompanied by a market share of 16 % for TOPCon and only 1 % for
PERC by 2050. SHJ modules utilize amorphous silicon and indium tin
oxide layers to enhance electron collection efficiency (EPFL, 2023). SHJ
module efficiency achieved 23 % in 2022 (VDMA, 2022) and is projected
to reach 26 % by 2050 (Hermle et al., 2020). The market share for SHJ
modules is projected to rise to 63 % by 2050. These market share pro-
jections for TOPCon and SHJ in 2050 are based on assumed continuing
trends of the ITRPV’s market share projection from 2028 to 2031
(VDMA, 2022), which suggests a declining market share for TOPCon and
an increasing market share for SHJ. IBC modules put all grid contacts at
the rear side and have optimized module efficiency to 24 % (VDMA,
2022) in 2022. IBC module efficiency is expected to reach 26.5 % by
2050, constituting 10 % of the PV market by 2050. Perovskite-silicon
tandem modules, integrating a perovskite on top of a SHJ (Shrivastav
et al., 2021; Tockhorn et al., 2022), are projected to reach module ef-
ficiency of 39 % (PVmagazine, 2023) by 2050. This is technically
reasonable since the projected efficiency is below the fundamental
module efficiency limit (42.5 %) (Blom et al, 2023) for
perovskite-silicon tandem. Perovskite-silicon tandem modules will
constitute a 10 % market share by 2050. As the default scenario, we
assume that the tandem market is evenly divided between a mono-
lithically integrated two-terminal (2T) configuration and a mechanically
stacked four-terminal (4T) configuration, as explained in the methods
section.

Note that we present a promising scenario analysis regarding ad-
vancements in PV efficiency, particularly for perovskite-silicon tandem
technologies. Further research is needed to substantiate claims about
significant efficiency improvements. This may include evaluating the
feasibility of mass production, the availability of necessary materials,
and the economic and logistical aspects of manufacturing.

3.3. Annul material demand

Fig. 4 presents the annual material demand for indium, silver, tin,
silicon, aluminum, and copper until 2050, considering a mixed market
share of different silicon-based PV technologies. Material demand re-
sults for other PV materials are available in Supplementary Fig. 2.
Higher PV module deployments in the optimistic PV deployment

scenario (indicated by the orange lines in Fig. 4) result in 7.5 times
higher annual material demand than in the conservative PV deployment
scenario (indicated by the blue lines in Fig. 4) in 2050. When comparing
annual demand to global annual production (indicated by the black lines
in Fig. 4) it’s observed that indium and silver used in the PV sector may
surpass global production levels. Tin and silicon require a significant
portion of global production, while aluminum and copper require less
than 10 % of production. Further discussion can be found in the sub-
sequent section of discussions.

The scenario with material intensity improvement (denoted by the
solid line in Fig. 4) can reduce material demand significantly compared
to the scenario without material intensity improvement (denoted by the
dashed line in Fig. 4). The reduction percentages are related to material
intensity trends (in the unit of kg per Wp), which is affected by both PV
module efficiency (which determines rated power, in the unit of Wp per
mz) and material mass per module area (in the unit of kg per mz). The
reduction percentage is expected to reach 13 % for indium, tin, and
copper in 2050. For these materials, only PV module efficiency increase
(see Fig. 3) is considered for decreasing material intensity, resulting in a
material intensity reduction factor of 1.1-1.56 during 2022-2050
depending on PV technology. In contrast, for silicon, aluminum, and
silver, the reduction percentage in 2050 will be higher (46 % for silicon,
35 % for aluminum, and 30 % for silver). This is due to the consideration
of a notable decrease in material mass per module area for these ma-
terials, in addition to PV module efficiency increase; material mass per
module area holds greater potential for reducing material intensity
compared to relying solely on PV module efficiency (see Supplementary
Fig. 3 and Supplementary Note 3). Combining material mass per module
area and PV module efficiency yields a material intensity reduction
factor of 1.7-2.5 for silicon, 1.5-2.1 for aluminum, and 1.5-2 for silver
during 2022-2050, depending on the PV technology.

Therefore, with material intensity improvement, the annual material
demand is projected to grow from 0.035 kt in 2022 to 1.3-10 kt in 2050
for indium, from 2.7 kt in 2022 to 9.5-71.8 kt for silver, from 10.7 kt in
2022 to 28.7-216.3 kt in 2050 for tin, from 0.3 Mt in 2022 to 0.5-3.7 Mt
in 2050 for silicon, from 0.4 Mt in 2022 to 0.9-6.7 Mt for aluminum, and
from 0.08 Mt in 2022 to 0.2-1.7 Mt for copper. The corresponding
increasing factor is 38-286 for indium, 4-27 for silver, and 2-20 for the
remaining PV materials over the period of 2022-2050 (see Supple-
mentary Fig. 4).

3.4. Cumulative material demand

Fig. 5 illustrates the cumulative demand for indium and silver from
2022 to 2050 under various PV technology choices, considering material
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Fig. 4. Annual material demand for global PV modules until 2050, considering scenarios of PV deployment and material intensity. The panels represent
annual demand for (a) indium, (b) silver, (c) tin, (d) silicon, (e) aluminum, and (f) copper. Material demand results for other PV materials are available in Sup-
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beyond 2022 is extrapolated by assuming a continuing annual average growth rate equal to that observed during 2000-2022. We find a substantial surplus in the
global mining production of aluminum and copper relative to the demand for them in PV modules; therefore, global mining production data for aluminum and copper

exceed the y-axis scale in figures e and f.

intensity improvement. Supplementary Fig. 5 presents results for other
materials. While achieving a 100 % market share for a single PV tech-
nology is not practical, the results in Fig. 5 are intended to reveal sig-
nificant variations in cumulative demand attributed to technology
choices. Remarkably, the impact of PV technology choice is more pro-
nounced for indium and silver compared to other materials. In most
cases the demand for indium and silver may exceed their available re-
serves. This issue will be discussed in detail in the subsequent discus-
sions section.

For indium, cumulative demand during 2022-2050 varies from 0 kt
for the 100 % PERC/100 % TOPCon cases to 209 kt for the 100 % 4T
tandem case (perovskite-silicon tandem in a mechanically stacked four-
terminal configuration) in the optimistic PV scenario (Fig. 5a). This
variation is attributed to the fact that indium is not required in PERC and
TOPCon technologies, while for the 4T tandem, indium is utilized in
both the bottom SHJ cell and the top perovskite cell. In the case of
perovskite-silicon tandem, choosing a monolithically integrated two-

terminal (2T) tandem configuration (i.e., 100 % 2T tandem case),
rather than 4T, would lead to lower indium demand. This is because in a
2T configuration, the indium usage in the bottom SHJ can be approxi-
mately 40 % less than that of a standard SHJ, while in a 4T configura-
tion, the indium usage in the bottom SHJ remains the same as that of a
standard SHJ (please refer to the methods section for further details).
The indium demand in the 100 % SHJ case falls between the 100 % 2T
tandem case and the 100 % 4T tandem case.

For silver, the cumulative demand during 2022-2050 ranges from
144 kt for the 100 % PERC case in the conservative PV scenario to 1121
kt for the 100 % SHJ case in the optimistic PV scenario (Fig. 5b).
TOPCon and SHJ achieve higher module efficiency than PERC, however,
this improvement comes at the cost of higher silver usage per module
area than PERC. The higher module efficiency in TOPCon and SHJ is not
sufficient to offset their higher silver usage, resulting in TOPCon and
SHJ exhibiting higher silver material intensity compared to PERC. There
is an 84 % and 121 % higher silver demand for the 100 % TOPCon case
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and 100 % SHJ case, respectively, compared to the 100 % PERC case.
Perovskite-silicon tandem modules in a 4T configuration utilize the
same amount of silver per module area as SHJ but achieve higher
module efficiency, resulting in lower silver material intensity than SHJ,
though still higher than PERC. This leads to a 66-74 % increase in cu-
mulative silver demand during 2022-2050 for the 100 % 4T tandem
case compared to the 100 % PERC case. Perovskite-silicon tandem
modules in a 2T configuration have the potential to reduce silver usage
per module area by 40 % compared to a standard SHJ (Rehman et al.,
2023), due to the 2T tandem’s approximately half short-circuit current
density of SHJ (Rehman et al., 2023) (please refer to the methods section
for details). Opting for the 2T configuration, instead of the 4T configu-
ration, can lead to a contrasting conclusion: cumulative silver demand
for the 100 % 2T tandem case could be roughly equal to the 100 % PERC
case.

3.5. Recycling potentials

Recycling can reduce primary material demand and holds the po-
tential to mitigate material supply risks. To assess the role of recycling,
we introduce closed-loop recycling potential (CRP) as the percentage of
PV material demand that secondary materials from PV module recycling
can fulfill. Our analysis assumes a 100 % collection rate for end-of-life
PV modules due to the limitations of real-world data. This assumption
allows us to evaluate the potential availability of secondary materials
under optimal PV collection conditions. Although the current situation
is far from ideal, the collection rate could be significantly improved and
approach this ideal condition in the future. Additionally, we explore the
impact of recovery rates on CRP. We consider a ‘Full Recovery End of
Life Photovoltaic’ process (Ercole, 2016; LATUNUSSA, C. et al., 2016;
Latunussa, C.E.L. et al., 2016), which was demonstrated by R&D pilot
lines in the current PV recycling industry. In this recycling process, the
recovery rates reach 94 % for silver, 97 % for silicon, 99.4 % for
aluminum, 97 % for copper, and 98 % for glass. Additionally, we
consider recovery rates of 99.6 % for indium and 98.6 % for tin, which
was achieved in lab-scale research (showcasing industrialization po-
tential) (Gu et al., 2017). Note the quality and purity of the recovered
materials achieve 99 % purity for silver, metallurgical grade for silicon,
and scrap form for aluminum. However, these may not meet the material
specifications required for manufacturing new PV modules. Realizing
the CRP in industry practice necessitates efforts to advance PV recycling
technology and enhance the quality and purity of recovered materials.
Our estimates of CRP are generally optimistic and offer an upper bound
of future recycling potentials.

Fig. 6 presents the CRP during 2022-2050 for indium, silver, tin,

u Conservative PV scenario ~ ® Optimistic PV scenario

30%

25%

20%

15%

10%

5%

Closed-loop recycling potential

0%

Sn Al

In

Ag Si Cu

Fig. 6. Closed-loop recycling potential for indium, silver, tin, silicon,
aluminum, and copper during 2022-2050. For CRP values of other PV ma-
terials, please refer to Supplementary Fig. 6.

silicon, aluminum, and copper. For CRP of other PV materials, please
refer to Supplementary Fig. 6. It is observed from Fig. 6 that the CRP
could achieve 6-12 % for indium, 10-22 % for silver, 11-25 % for tin,
14-30 % for silicon, 13-28 % for aluminum, and 11-25 % for copper
during 2022-2050, depending on PV deployment scenarios. The CRP in
the conservative PV scenario is higher compared to the optimistic PV
scenario. This discrepancy arises from the conservative PV scenario
approaching a close-to-steady state for new annual PV capacity
deployment by 2035, where end-of-life PV module materials can
constitute a large fraction of material demand (a fraction of 64 % in
2050). In contrast, the optimistic PV scenario exhibits continuous
growth in PV deployment until 2050, where end-of-life materials cover
only a small fraction of material demand (a fraction of 20 % in 2050).

4. Discussions

Higher PV deployment in the optimistic PV scenario results in the
annual demand for indium and silver potentially exceeding global
mining production before 2040 (see Fig. 4). Known reserves in 2022
could be depleted in the optimistic scenario for indium and silver before
2050, and for indium also in the conservative PV scenario with lower PV
deployment. Potential supply risks arise for indium and silver, necessi-
tating the rapid scaling up of indium and silver production with an
annual average growth rate of 9 % for indium and 3.7 % for silver
continuing over the next three decades, despite historical annual
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average growth rates of 4.6 % (USGS, 2023c) for indium and 1.7 %
(USGS, 2023e) for silver. Indium, which is the by-product of mining or
refining primary mineral commodities such as copper and zinc, is typi-
cally not economical to produce independently (Lokanc et al., 2015).
Lengthy lead times in mining operations can impede the supply expan-
sion of indium and silver (Rademeyer et al., 2020). The concentration of
indium and silver production, where the top three producing countries
account for over 80 % of indium production (China, Korea, and Canada)
and over 50 % of silver production (Mexico, China, and Peru), has
exposed the supply chain to risks related to geopolitical tensions, trade
restrictions, and market fluctuations (IEA, 2022a). Supply risk concerns
could also extend to tin and silicon, as these elements require a signifi-
cant share of global mining production, reaching 70 % for tin and 42 %
for silicon in 2050 in the optimistic PV scenario. Silicon, in particular,
may face challenges in rapidly expanding the refinement and purifica-
tion process to yield solar-grade silicon. For aluminum, copper, and
other PV materials, their annual production and known reserves exceed
the demand from PV modules until 2050. Annual demand for aluminum
and copper in the optimistic scenario only requires 10 % and 7 % of
global mining production in 2050.

Our estimation of annual indium demand for PV modules in 2050
(1.3-10 kt) is higher than the projections by I[EA (2023) (0.11 kt) and
Simon et al. (Davidsson and Hook, 2017) (1-4.3 kt) for the same year.
Our estimated annual silver demand in 2050 (9.5-71.8 kt) surpasses the
estimations by I[EA (IEA, 2023) (1.19 kt) and Simon et al. (Davidsson and
Hook, 2017) (1-11 kt). Our higher estimates can be primarily attributed
to the larger size of PV deployment in our model (15.5 TWp to 63.4 TWp
in 2050), in contrast to the IEA’s consideration of 15.5 TWp (IEA, 2023)
and Simon’s adoption of only 9.3 TWp (Davidsson and Hook, 2017) in
2050. Brett et al. (Hallam et al., 2023) use similar PV deployment pro-
jections (15-60 TWp by 2050) as ours, and their estimates of cumulative
silver demand during 2022-2050 (450-520 kt) fall within our estima-
tion range (252-953 kt). The variation between Brett et al. (Hallam
et al., 2023) estimates and ours is probably due to different assumptions
on silver material intensity. Comparing material intensity assumptions
across studies is challenging due to the limited disclosure of the material
compositions for different PV technologies. In our study, the PV material
compositions vary annually until 2050 for various PV technologies,
including perovskite-silicon tandem (refer to Fig. 1). This novelty un-
derscores the unique contribution of our study in providing dynamic PV
material composition data. This data is documented in the Supplemen-
tary Data to facilitate open scientific discussion.

Material intensity improvement has proven to be an effective
approach for reducing PV material demand, as demonstrated by Fig. 4.
However, achieving a cumulative material demand below available
reserve solely through this approach is challenging for indium and silver
(see Fig. 4) unless there is a further breakthrough in material intensity
improvement. Material substitution is another approach to reduce ma-
terial demand by replacing critical materials with more abundant and
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sustainable materials (Bontempi, 2017) (ideally without compromising
PV efficiency). Combining material intensity improvement and material
substitution may provide a more effective and technically feasible op-
tion. Fig. 7 shows the boundary conditions of material intensity
improvement and material substitution, for reaching a balance between
cumulative material demand during 2022-2050 and the available re-
serves in 2022 for indium (Fig. 7a) and silver (Fig. 7b), without
considering recycling impact. For indium, material intensity improve-
ment as high as 40 % (improve to 1.9 mg/W by 2050), or material
substitution as high as 29 %, can achieve a balance of demand and
reserve in the conservative PV scenario. These numbers increase to 550
% for material intensity improvement (improve to 0.39 mg/W by 2050,
which is technically feasible as it is equivalent to about 9 nm thickness of
ITO per face according to (Zhang et al., 2021)) and 85 % for material
substitution in the optimistic PV scenario. A technically feasible option
for achieving indium’s balance of demand and reserve in the optimistic
PV scenario could involve reducing the thickness of indium-contained
layer in PV modules by 67 % (Han et al., 2022a) (material intensity
improvement as high as 50 % to reach 1.7 mg/W by 2050), and simul-
taneously substituting approximately 75 % of the indium-contained
layer with non-indium-contained layer like aluminum zinc oxide
(Murdoch et al., 2009). For silver, balance of demand and reserve can be
reached through either a 42 % material substitution or a 73 % material
intensity improvement (improved from 14.7 mg/W to 8.5 mg/W in
2050) in the optimistic PV scenario. Substituting silver printing with
copper plating or printing could offer a technically viable solution
(Lennon et al., 2013). PV modules incorporating substitution options for
silver and indium generally have slightly lower efficiencies and higher
degradation rates, which may lead to higher material demand than our
modeling results suggest. However, many R&D efforts (Han et al.,
2022b; Horzel et al., 2015; Li et al., 2021; Peibst et al., 2023; Zhang
et al., 2021) aim to address these issues and remove barriers to scaling
up PV deployment.

This study acknowledges several limitations that necessitate further
research. The wide range of PV deployment sizes shown by the con-
servative and optimistic PV scenarios leads to large uncertainty in PV
material demand projections. This uncertainty can be reduced by using
consistent energy system model and policy assumptions (Jaxa-Rozen
and Trutnevyte, 2021) to establish a consensus or at least a narrower
range for future PV deployment size. One limitation is that we do not
consider potential changes in material composition due to PV efficiency
improvements and other factors. Higher efficiency modules often
require advanced materials and techniques, altering the types and
quantities of materials used. As efficiency increases, material composi-
tion may be adjusted to optimize performance, cost, and durability.
Another limitation is the assumption of a constant thickness for
indium-contained layers due to limited available data. Incorporating a
dynamically decreasing thickness of indium-contained layers in our
model would project a lower indium demand. Additionally, this research
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focuses exclusively on silicon-based PV module technology, neglecting
the potential impact of other PV technologies (e.g., GaAs, InP, CIGS,
CdTe, etc. (Polman et al., 2016)) that may require rare earth elements.
While demand for aluminum and copper from the PV modules seems
manageable compared to the current supply, future research should also
investigate aluminum and copper demand from power electronics in PV
converters and inverters (Lennon et al., 2022), mounting structures
(Lennon et al., 2022), and transmission cables (Chen et al., 2023).
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