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Renewable Energy from Finite Resources: 
Example of Emerging Photovoltaics
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Abstract: Renewable energies, such as sunlight, wind and geothermal heat, are resources that are replaced rap-
idly by natural processes. However, wind, hydro and solar installations strictly require raw materials that are, in 
fact, not renewable. Many raw materials are already facing a supply shortage which cannot be easily overcome. 
This work reviews the problem of critical raw material (CRM) use in photovoltaics (PV) as an example and ex-
plains why supply cannot be easily increased to meet demand. We discuss whether there is indeed a ‘struggle 
for elements’ in a Darwinian sense, which ultimately leads to a ‘survival of the fittest’ race in renewable energy 
technology. In the case of PV, the perception of the definition of ‘fittest’ needs to change from that considering 
energy conversion efficiency alone to that which holistically considers net energy produced per emission under 
the premise that sufficient environmentally and socially acceptable raw material supply exists for renewable 
energies and all other sectors. 
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1. Introduction
Achieving climate neutrality is one of the major challenges our 

society is facing. The European Commission (EC) has called for  
a climate-neutral (i.e. net-zero emissions) society in Europe by  
2050.[1] This was confirmed by the newly elected EC president 
Ursula von der Leyen, who has called for a reduction of CO

2
 emis-

sion of 50% or more by 2030.[2] The energy sector is crucially 
entangled within this strategic development and renewable ener-
gy technologies are likely to play an increasing and essential role. 
Photovoltaics (PV) have already achieved a current cumulative in-
stalled capacity worldwide of about 400 GW, which contributed 
approximately 2.5% to the global electricity production in 2017.[3,4]

The PV market is growing rapidly by +25% p.a. with an ac-
tual total installed capacity of around 400 GW.[5–8] The market 
is dominated by Si-based technology, which comprises so-called 
first-generation solar cells and accounted for about 90% of the 
total PV energy production in 2017.[4] Second-generation or 
thin-film technologies contributed roughly 10% of total annual 
electricity production from PV in 2017 (CdTe ~5% market share; 
CuIn

x
Ga

(1−x)
Se

2
, abbreviated CIGS) ~2% market share).[9–11] Over 

the past years, particular thin-film PV based on new absorber ma-
terials (third generation) have emerged, such as perovskite and 
organic solar cells[12,13] (see Fig. 1). These have given rise to po-
tential application outside the range of rigid glass wafer-based 
technology via roll-to-roll (R2R) and sheet-to-sheet (S2S) pro-
cessing on flexible (PET) substrates.[14–17] 

The current growth rate of the PV market suggests an unlimited 
(and exponential) increase in solar cell deployment.[4] However, 
despite generally using less materials due to having intrinsically 
high absorption coefficients,[18] second- and third-generation PV 
are still based on finite, inorganic materials to some extent. This 
condition could be limiting the PV capacity that can be installed 
in the future. Such limitations in technology deployment have 
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electrode materials (Ag, Au, In) or as constituents in electron or 
hole transporting layers (Sn, Zn) or used in photoactive materials 
themselves (Pb, Si, Sn). 

Although Si is the second most abundant element in the Earth’s 
crust, it has been identified as a CRM by the EU. This is due to the 
fact that for semiconductor applications in PV or microelectron-
ics, Si is not replaceable, and it is required in the form of high-pu-
rity polycrystalline silicon (up to 11N = 99.999999999% puri-
ty).[29,30] The global supply of silicon is dominated by China, and 
73% of the silicon consumed by the EU is imported from non-EU 
countries.[28] The supply risk of silicon metal may thus jeopardise 
the ambitious goal of establishing a carbon-neutral economy and 
underlines the necessity of alternative PV technologies. 

There are currently two main competitors for classical Si PV 
on the market,[31,32] namely, CIGS and CdTe PV. These incorpo-
rate a range of inorganic raw materials, namely, Cu, In, Ga, Se, 
Cd and Te. Amongst these materials, In and Ga are considered 
CRMs.[9] Apart from being applied in the active layer of CIGS, 
indium is commonly used in transparent conducting electrodes 
(ITO/FTO)[33,34] due to its unique electronic conductivity and 
optical transparency,[35,36] and it can be regarded as one of the 
most crucial constituents of third-generation PV. Organic ma-
terials (e.g. PEDOT:PSS and CNTs) have been applied as po-
tential substitutes in electrodes,[37] yet technical performance 
may be compromised due to solubility issues and moisture in-
stability.[38–40] Mainly driven by flat-panel displays (most com-
monly LCDs; ~80%), thin-film applications have become the 
predominant In end-use (as ITO).[41] Indium is mostly extracted 
as a by-product from residues of zinc ore (sphalerite) process-
ing,[42] which causes considerable price volatility. Indium can be 
recovered from flat-panel displays by combinations of manual/
mechanical pre-treatment and acid leaching or vaporisation fol-
lowed by purification via solvent extraction, electrowinning or 
smelting.[43] Indium extraction rates from WEEE are usually only 
around 80%, but purification processes can recover nearly 99% 
of indium.[44,45] Gallium is a key component in GaAs and CIGS 
PV and consumes ~4% of the globally generated Ga.[46] It is pro-

already been encountered in some energy-related fields (e.g. Li-
ion batteries and wind turbine magnets).[10,19–24] Supply shortage 
is not a technological and economic problem alone; it involves a 
complex interplay between geopolitical, social and environmen-
tal factors. Thus, solving supply issues may be more difficult 
than merely ‘opening the tap further’. The choice for a certain 
raw material in renewable energies should thus be based not only 
on technical performance but also (and more importantly) on a 
material’s future availability and the social and environmental 
impacts associated with its supply. Therefore, this paper discuss-
es the following questions related to finite materials in renewable 
energies.
•	 What are critical raw materials (CRMs), and which of them 

are used in renewable energies, particularly PV? 
•	 How can the supply risk of CRMs be overcome?
•	 When is the use of a certain raw material in renewable energies 

justified?
•	 Is there competition for raw materials between different re-

newable energies? 
•	 Is there competition for raw materials between renewable en-

ergies and other sectors? 

2. CRMs used in PV
Raw materials are considered critical when their risk of supply 

shortage is above average and exerts an elevated impact on the 
economy.[25] The economic importance of elements is briefly as-
sessed by end-uses and value added to the European Union’s (EU) 
manufacturing sectors.[26] A substitution index is used to express 
the possibility of application-specific substitution. Furthermore, 
the supply risk of each CRM, in consideration of import reliance, 
governance performance and trade aspects of primary producers, 
and recycling are regarded as risk-reducing measures.[27] Since 
2011, the EC has been regularly publishing lists of CRMs. The 
most recent list (2017) consists of 27 materials[28] (including 
heavy and light rare-earth elements and platinum group metals). 
The identified elements are closely linked to clean technologies 
in general and to PV in particular (Table 1). They are utilised as 

Fig. 1. Device architectures for different photovoltaic technologies from first (A-D), second (E-G) and third generation (H). From A. Polman, M. Knight, 
E. C. Garnett, B. Ehrler, W. C. Sinke, Science 2016, 352, 6283, DOI: 10.1126/science.aad4424. Reprinted with permission from AAAS.

http://dx.doi.org/10.1126/science.aad4424
http://dx.doi.org/10.1126/science.aad4424
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through co-mining operations that entangle the wanted element 
with other (typically unrelated) industries. Selenium, for exam-
ple, is commercially produced as a by-product during the refine-
ment of copper (and, to a lesser extent, nickel); it is not obtained 
as a primary ore.[42] Consequently, selenium supply follows the 
production volumes of the primary elements Cu and/or Ni. In 
the past, the imbalance between supply and demand has result-
ed in extreme fluctuations in Se prices.[53] Thus, Se-containing 
PV (CIGS, SbSe) may be economically compatible only when 
copper demand is high and selenium supply is consequently 
sufficient. Thin-film PV already follow the principle of reduc-
tion of consumption; only minute amounts of materials are used 
(compared to quantities of Si in first-generation PV), given the 
direct band gap and high absorption coefficients intrinsic to the 
absorber materials. Nonetheless, absorber layer thickness needs 
to be sufficient for the efficient absorption of incoming photons 
limiting further material reduction. Substitution of raw materials, 
if possible at all, usually compromises technical performance. 
For instance, in perovskite PV, replacing Pb with Sn decreas-
es the power conversion efficiency (PCE)[54] and/or stability.[55] 
Furthermore, the recycling of raw materials may not only tackle 
supply risks but also decrease the end-of-life environmental im-

duced mainly as a by-product from aluminium extraction and 
zinc ore processing.[47] Currently, only around 10% of aluminium 
producers recover Ga, and this condition is the main bottleneck 
in Ga supply.[28] Due to criticality of Ga and In, some attempts 
have been made to replace CIGS by copper zinc tin sulphide 
(CZTS)-based thin-film solar cells.[48,49] SbSe- and Ge-based PV 
require CRMs (Table 1); however, they remain exclusively used 
in niche applications.[50,51] All the other inorganic materials em-
ployed in PVs (Table 1) are not yet classified as CRMs for the 
overall economy. 

3. Ways to Overcome Supply Risk
Supply risks can be mitigated by increasing primary produc-

tion and/or implementing 3R strategies (reduction of consump-
tion, recycling, reuse of resources). Increasing primary produc-
tion appears straightforward, given the resources in the Earth’s 
crust. However, there are many technological, social and environ-
mental bottlenecks in this technique (as reviewed elsewhere[52]). 
Even if prerequisites were met, the investment cost of opening a 
new mine with a separation unit can still easily range between 500 
million and 1 billion US$,[52] which is an often prohibitive initial 
capital investment. Consequently, many mines are viable only 

Table 1. Inorganic raw materials used in photovoltaic applications

Element Use in PV mine production world 
2018 [metric tons]

world reservesc 

[metric tons]
EOL-RRd 

[%] 
Critical raw 
material EU?

Si Si PV 6’700’000 n.a.f  <1 Yes

Cu CIGS PV 21’000’000 830’000’000 >50 No

In CIGS PV, transparent conducting 
oxide in most PK PV

750a n.a. <1 Yes

Ga GaAs PV, CIGS PV 410 n.a. <1 Yes

As GaAs PV 35’000 >700’000 <1 No

Se CIGS PV, SbSe PV 2800 99’000 <1 No

Cd CdTe PV 26’000a >69’000e >10–25 No

Te CdTe PV 440 31’000 <1 No

Zn electron transport layer, CZTS PV 13’000’000 230’000’000 >50 No

Sb SbSe PV 140’000 1500’000 1-10 Yes

Ge III-V multi-junction PV 120a n.a. <1 Yes

Pb Perovskite B cation 4’400’000 83’000’000 >50 No

Sn Transparent conducting oxide, 
Perovskite B cation

310’000 4’700’000 >50 No

Rb Perovskite A cation n.a. 90’000b n.a. No

Cs Perovskite A cation n.a. 90’000b n.a. No

Li dopant HTM in perovskites 85’000 14’000’000 <1 No

I Perovskite X anion 29’000 6’300’000 n.a. No

P Dopant, HTM constituent 270’000’000 70’000’000’000 <1 Yes

Au Electrode material, double 
perovskite

3260 54’000 >50 No

Ag Electrode material 27’000 560’000 >50 No

arefinery production; bas oxide; ceconomic extraction is currently feasible/potentially feasible; dend-of-life recycling rate (EOL-RR) for functional 
recycling (as metal or alloy) only; classes: <1 %; 1-10%; >10-25%;>25-50%;>50%; ebased on 0.03 % Cd content in Zn ores; fn.a. not analyzed
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Therefore, public acceptance of technologies is crucial and needs 
to be assessed proactively. Some of the raw materials contained 
in PV are elements that are known as toxicants by the general 
public. The most prominent example is Pb in perovskite PV. 
Although technically performing well (i.e. high PCE, good sta-
bility and EPBTs in the order of a few months[68,69]), perovskite 
solar cells still rely crucially on the use of Pb and/or Sn. Lead, 
which has been banned from fuel additives,[70] remains a problem 
in paint[71,72] and old pipes[73] and has recently drawn consider-
able media attention due to the Flint scandal.[74] Thus, Pb is a 
much more prominent contaminant than, for instance, Te, despite 
the higher oral toxicity of Te.[75] Similarly, some Sn (organo-Sn 
species in anti-fouling paints) species have strong ecotoxicolog-
ical effects[76] and have been banned in many countries since the 
1980s.[77] Note that for customer acceptance, it may be irrelevant 
that Sn in PPV is utilised as inorganic species (i.e. not having the 
same ecotoxicological effects) or that Pb does not leach out during 
the operation of a PV module. The amount of Pb that will actu-
ally leach from an installation[78] and how this compares with the 
natural Pb emissions of other sources of energy[79] are necessary 
considerations, but still not convincing to actual customers ‘not 
wanting any Pb on my roof’. Limiting direct Pb exposure with 
worst-case-scenario back-up plans together with appropriate and 
efficient recycling schemes can help overcome these problems to 
some extent. Environmental performance is partly coupled with 
social acceptance and technological performance. A short EPBT 
suggests a comparatively low energy demand for the provision 
of PV systems. This will generally reduce the emissions of en-
ergy generation despite the source of energy having a profound 
impact on the overall environmental performance.[80,81] Costs, 
which are incurred through energy provision and emission abate-
ment, correlate with potential environmental impact to a certain 
degree. Nonetheless, not all environmental burden is associated 
with material/process prices, particularly when production under 
poor environmental governance (especially regarding metals) is 
considered. 

Lifecycle assessment (LCA) provides a decision-making tool 
that can give ‘endpoints’ with environmental relevance, such 
as global warming potential and human and ecosystem toxici-
ty.[68,82,83] Typically, metallic raw materials (Table 1) receive high 
impacts throughout all toxicity categories, since mining activities 
are energy intensive and related to the generation of large vol-
umes of hazardous wastes.[84] Alternatives such as carbon paste 
may result in low PCE but also reduce environmental impacts.[69] 
Every model is based on certain assumptions and has its lim-
its. An assessment with direct experiments is required to con-
firm predictions from LCA analysis and to provide insights into 
processes that cannot be modelled yet. Kinetics will determine 
the fate of critical PV constituents in complex, environmental 
systems, and appropriate laboratory and field experiments are 
required. 

6. Conclusion
Renewable energies, such as wind, hydro and solar installa-

tions, critically require raw materials that are finite. Increasing 
primary production is only one approach to mitigating raw ma-
terial supply risks, and strategies of reducing, reusing and re-
cycling materials are urgently needed. Nonetheless, a ‘struggle 
for elements’ in a Darwinian sense may cause some renewable 
energies to not be adopted due to intersectoral and/or intrasec-
toral competition. For the development of successful renewable 
technologies, focus has to shift from mostly technical indicators 
used in material sciences (e.g. PCE and lifetime for PV) to net 
energy produced per emission caused during the whole life cycle. 
This change in focus should be under the premise that there is 
sufficient environmentally and socially acceptable raw material 
supply for all sectors. 

pact. However, although mature PV materials are already being 
recycled (e.g. CdTe- and Si-based PV),[56,57] every new PV tech-
nology requires considerable developmental work for recycling 
due to their fundamentally different module structures, raw mate-
rial composition and/or final application (e.g. placement in a so-
lar park, integration in buildings or use in consumer products).[58] 

Although recycling is generally considered desirable, the energy 
used and emissions generated need to be balanced with the sav-
ings in primary production, which will compromise the recycling 
of some raw materials that are present in minute amounts in PV. 
In summary, supply risks will continue to persist for some CRMs 
despite the implementation of 3R strategies and increases in pri-
mary production. 

4. ‘Struggle for Elements’, Survival of the Fittest and 
Evolution of Sectors Employing CRMs

Darwin’s theory of evolution is a well-known biological con-
cept that can be applied within the context of CRMs used in dif-
ferent applications and sectors. In evolution theory, the number of 
offspring is too large to be sustained by finite resources. This situ-
ation results in a ‘struggle for life’[59] and, ultimately, the ‘survival 
of the fittest’[60] and evolution of new species. CRMs have a large 
number of applications in different sectors, but these resources 
are finite. Thus, certain applications will also face a ‘struggle for 
life’. Darwin’s theory considers competition within a species.[61] 
By contrast, the competition for a material can occur both within 
one sector (intrasectoral, e.g. energy production) and between dif-
ferent sectors (intersectoral). Intrasectoral competition may occur 
with regard to indium, which is utilised both as ITO electrodes 
and in the photoactive layer of CIGS (Table 1). Furthermore, the 
energy sector could compete for Cs, since its primary use is in 
high-pressure, high-temperature well drilling for oil and gas pro-
duction and exploration.[62] Some intersectoral competitions are 
well known; for example, Li is used in automotive and consumer 
electronics in addition to being utilised as PV dopant. Many inter-
connections are being discovered only upon the progress of tech-
nological development and changes in geopolitical conditions. A 
competition of specific concern is that between renewable ener-
gies and agriculture. P and Se are both essential elements and thus 
irreplaceable in crop, food and feed production. Whereas only 
minute amounts of P are used for the doping of PV,[63] Se consti-
tutes the active layers of CIGS and SbSe PV. Some estimations 
show that up to 1 billion people may already be affected by Se 
deficiency.[64,65] In this scenario, it would be cynical to call for 
additional Se-based PV technologies to combat man-made cli-
mate change because doing so will risk human and animal health 
through trace element deficiency. 

5. ‘Tunnel View’ of Technical Performance 
PV development is primarily driven by increased PCE and 

lifetimes at reduced costs. The ultimate goal of PV is to generate 
more energy than that used for the ultimate provision and mainte-
nance of complete PV systems (modules, cables, electronic equip-
ment). Given all the processes from raw material winning to end-
of-life recycling, energy payback times (EPBT) can be calculated 
and different PV systems compared.[9] Despite having low (<5%) 
PCE, some technologies have EPBT that are in the order of days 
due to energy- and material-efficient production.[66,67] Researchers 
have tools at hand to evaluate the sense (or lack thereof) of using 
different materials and architectures from a technical view (i.e. 
energetic performance). Considering EPBT during technological 
development is a good approach, but it neglects social and envi-
ronmental performance. 

In first chemistry lectures, it is already taught that ‘the dose 
makes the poison’. While this statement is certainly true, pub-
lic perception and discussion of the risk of chemicals and ele-
ments are often dominated by emotions rather than rationality. 
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Abbreviations
CdTe	 Cadmium telluride
CIGS	 Copper indium gallium selenide
CNT	 Carbon nanotubes
CRM	 Critical raw material
CZTS	 Copper zinc tin sulfide
EPBT	 Energy payback time
FTO	 Fluorine-doped tin oxide
GaAs	 Gallium arsenide
ITO	 Indium tin oxide
LCA	 Lifecycle assessment
LCD	 Liquid-crystal display
PCE	 Power conversion efficiency
PEDOT:PSS	 Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PET	 Polyethylene terephthalate
PV	 Photovoltaic
R2R	 Roll-to-roll
S2S	 Sheet-to-sheet
SbSe	 Antimony selenide
WEEE	 Waste electrical and electronic equipment
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