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Materials, energy, water, and 
emissions nexus impacts on the 
future contribution of pV solar 
technologies to global energy 
scenarios
Ayman elshkaki  1,2,3

PV technologies are increasingly making significant contribution to global energy generation (GEG), 
attributed to their high potential of increasing efficiency, cost reduction, and improving energy security. 
These technologies however rely on metals that are identified as critical due to risks associated with 
their supply, and other materials that require energy and water for their production. In this paper, a 
comprehensive assessment of required materials for PV technologies, an analysis of their materials 
inflows, outflows, and stocks, an estimate of their maximum contribution to global energy scenarios 
(GES), and an estimate of energy and water required for their material production and associated CO2 
emissions under the nexus approach, have been carried out using a dynamic material flow-stock model. 
A total of 100 energy-material nexus scenarios, which combines 10 GES and 10 materials scenarios, 
have been analysed. Results indicate that although most GES are difficult to be realized under current 
PV technologies market share and condition; these technologies could make significant contribution 
to GEG in future. The three commercial thin-film PV technologies could produce between 3% and 22% 
of electricity generation in IEA-450 scenario. Energy required for PV materials production is expected 
to reach between 5.9% and 11.8% of electricity generated (EG) by PV solar and between 0.76% and 
1.52% of total EG in IEA-450 scenario by 2050. CO2 emissions associated with material production are 
expected to be between 0.94% and 2.2% of total CO2 emissions in IEA-450 scenario by 2050.

Several global energy and climate scenarios have been developed recently1–10. These scenarios are driven by envi-
ronmental sustainability, current and planned policies, energy security, or market mechanisms. The IEA-450 
scenario of the International Energy Agency (IEA) is mainly driven by environmental sustainability while the 
New Policy scenario is driven by current and planned policies4. The Energy [R]evolution and Advanced Energy 
[R]evolution scenarios developed by Greenpeace and other organizations are driven by sustainable energy sup-
ply5. Symphony and Hard Rock scenarios developed by the World Energy Council (WEC) are driven mainly by 
environmental sustainability and energy security while Modern Jazz scenario is mainly driven by market forces6,7. 
Fossil fuel firms such as Statoil and Shell also developed scenarios including Statoil Renewal scenario, which 
focuses on developments consistent with a 50% probability of limiting global warming to 2°9, and Shell New Sky 
scenario, which is the most optimistic scenario in terms of climate outcomes among their scenarios10.

Energy demand and supply technologies vary among these scenarios including those aimed at achieving CO2 
emissions reduction target. PV solar technology is one of the main energy supply technologies in all these scenar-
ios, although with different market share. However, it is argued that all global energy scenarios (GES) have failed 
to account for PV solar full potential (i.e. the highest level of technology growth)11,12, which may affect innovation 
and development investment and global climate change mitigation efforts11. The authors argued that if scenarios 
such as those developed by the International Energy agency (IEA) recognize the possibility of the fast growth of 
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solar technology, investors and governments will be encouraged to take optimistic view of the potential of PV 
market. It is also argued that IEA scenarios are conservative, do not analyse technology convergence (i.e. the com-
bined impacts of complementing technologies that could accelerate the transition to renewables), their models 
for technological advancement are limited, and they do not consider emerging technologies such as perovskite 
solar cells11.

This paper is aimed at analyzing the future contribution of PV solar to several GES, and the maximum poten-
tial of PV solar in global electricity generation (GEG), in terms of available technologies, technological advance-
ment, and resources requirements. It is also aimed at analyzing the energy and water required for PV solar 
materials production and associated CO2 emissions. GES analyzed in this study have been developed by interna-
tional agencies1–7, academic institutes8, and fossil fuel firms9,10, and among those investigated by Carrington and 
Stephenson11. The analysis is motivated by the current discussion on energy-material nexus, which indicates that 
most global energy scenarios maybe constraints by low carbon technologies requirements for critical materials, 
and that materials production requires a large amount of energy13–26.

GES are produced using energy and integrated assessment models, which either use optimization techniques8 
or use simulation models4 to produce energy mix. Some models use predefined energy mix that is compatible 
with scenario target. For example, the simulation model used by Greenpeace5 assumes growth rates for popula-
tion, GDP, specific energy demand and deployment of renewable energy technology and it requires a consistent 
exogenous definition of feasible developments in order to meet the targets. Although these models include mate-
rials demand as part of the industrial sector energy demand, none of them include material demand and possible 
constraints related to their availability and production capacity on the supply side of energy27–29. It is argued that 
energy and integrated assessment models assumptions on inputs, functions, and parameters including technolo-
gies cost, which have significant impacts on models outcomes, are normative and reflect modelers’ understand-
ing30. It has been pointed out that some models, for example, include a high learning rate of CSP, while others 
either assume a low learning rate or do not include the technology as an option based on specific narratives30. 
From the materials side, costs of material in some PV technologies module are too low compared to other costs 
including other components of module cost, balance of system cost, or variable cost31 and would not have direct 
impact on technology choice. Therefore, increasing technologies efficiency and reducing their cost are not enough 
to determine these technologies contribution to GES.

Material scenario studies have focused on investigating material requirements for PV technologies and 
potential contribution of these technologies to GEG. Studies addressing material requirements for PV technol-
ogies13,15,22,24,32,33 are mostly based on dynamic modelling approach and their results vary due to the use of spe-
cific energy and technology scenarios, in addition to other assumption on the dynamic factors in their models 
including technology material content (MC), and life time (LT). Although these scenarios studies provide useful 
information on future requirements of metals for low carbon technologies, they are limited to specific GES, fixed 
exogenous market share (MS) of PV solar and its sub-technologies, and discuss complexities arise from metals 
resource availability and production capacity. Sub-technologies market may change in the next few decades how-
ever, and complexities associated with required metals for low carbon technologies are not limited to resources 
availability or production capacity but also related to the fact that most of these metals are companion metals (i.e. 
produced with other host metals)34,35 and increasing their production is constraints by technology, market price, 
and demand for host metal, and may result in unintended consequences36,37. In addition, most of these metals are 
produced in limited number of countries and the spread of PV solar and other renewable technologies may shift 
current geopolitics of fossil fuel to new dependency on critical materials38.

Studies addressing potential contribution of PV solar, or PV solar specific technology vary in their approaches 
and results16,39–42. Most of these studies are using static approach, and their analysis either does not include the 
dynamic mechanisms of metals demand and supply, which would be extremely important especially if the anal-
ysis would be carried out on the long term, including the dynamics of sub-technologies MC, metals supply from 
secondary sources (recycling potential (RP)), and technologies LT, or limited in the number of included technol-
ogies. The evaluation of these technologies is based on historical growth rate in all metals production16, resources 
availability39,40, production capacity39,41, or host metals production42. It is indicated recently that there is a high 
uncertainty in the data and methodologies used to assess future availability of materials required for technolo-
gies43, in addition to the assumptions on technical characteristics of technologies, and availability of secondary 
sources.

In this paper, a total of 100 energy-material nexus scenarios have been illustrated. These scenarios are designed 
to investigate the impacts of different factors (MS, MC, RP, and LT) on metals demand, and (resources availability, 
production capacity, and coproduction) on metals supply, and ultimately possible realization of GES. The evalu-
ation is carried out based on a comparison between metals cumulative demand (CD) and their global reserves, 
metals average annual demand (AAD) and their global production, and required production of host metals and 
their historical production growth rate. Based on this analysis, the maximum contribution of each technology 
is estimated. In addition, estimates for energy and water required for materials production and associated CO2 
emissions, and a discussion on perovskite solar cells have been included.

Methodology
The first part of the methodology describes the 10 GES used in the analysis. These scenarios provide information 
on PV solar cumulative installed capacity, which is used as a basis of the subsequent calculations. In the second 
part, the dynamic material flow model, the 100 material-energy nexus scenarios, and the assumptions made for 
the model parameters have been described. This includes the estimates of PV solar annual installed capacity, PV 
solar sub-technologies annual installed capacities, and the annual inflows, discarded outflows, and stocks of met-
als. In addition, it describes the main parameters used in the model including the sub-technologies MS, their MC, 
and their LT. It also describes the basis of the evaluation of 10 GES in terms of production capacity and resources 
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availability. The third part describes metals coproduction and the basis of the estimates of the host metals pro-
duction as a result of the companion metals demand, which is also used in the evaluation of GES. The last part of 
the methodology describes the estimates of energy, water, and CO2 emissions associated with metals production.

Energy scenarios. Several GES (Table 1) have been developed, which provide several estimates for future 
demand and supply of electricity, and consequently associated CO2 emissions. These scenarios have been cho-
sen for the analysis mainly because they cover wide range of estimates of PV solar technologies contribution to 
energy scenarios, driven by different factors, representative of different modelling techniques, and representing 
the different views of the international organizations, academic institutes, and fossil-fuel firms. Figure 1a shows 
total electricity generated by each technology in 10 GES in 2040 and Fig. 1b shows CO2 emissions associated with 
these scenarios. Figure 1c shows annual and cumulative installed capacity of PV technologies in last 15 years, 
and Fig. 1d shows future cumulative installed capacity in GES up to 2050. Data on EG, EG by PV technologies 
(EG-PV), and CO2 emissions associated with GES are obtained from several reports published by scenarios devel-
opers4–10. Some of these sources provide data up to 2050 and others up to 2040. EG-PV and installed capacity 
(IC-PV) data given for each scenario are either each 5 or 10 years. Missing data up to 2050, and annual EG-PV 
and IC-PV are linearly estimated, as the growth of both in the original scenarios is linear and to be in line with 
assumptions made in other studies15. The analysis is carried out from 2015 to 2050. The target year is set to 2050 

Global energy Scenarios Short name

Carbon Tracker 2017 Strong PV scenario CT-Strong PV

Greenpeace Energy Outlook 2015 Advance Energy [R]evolution scenario GP-AER

Greenpeace Energy Outlook 2015 Energy [R]evolution scenario GP-ER

IEA World energy Outlook 2016 450 scenario IEA-450

IEA World energy Outlook 2016 New Policy scenario IEA-NP

World Energy Council Scenarios 2016 Hard Rock scenario WEC-H

World Energy Council Scenarios 2016 Modern Jazz scenario WEC-M

World Energy Council Scenarios 2013 Symphony scenario WEC-S

Shell 2018 New Sky scenario Shell-Sky

Statoil Energy Perspective 2017 Renewal scenario Statoil-Renewal

Table 1. Global Energy Scenarios used in the analysis.

Figure 1. (a) Total electricity generation (EG) and electricity mix in the GES; (b) PV solar EG and CO2 
emissions associated with each scenario; (c) historical PV annual and cumulative installed capacity and (d) 
future PV installed capacity in GES.
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mainly due to the long PV solar technologies LT and to allow for analysing the impacts of factors that may not 
appear on shorter simulation time including recycling. Highest electricity demand is expected in GP-AER sce-
nario, while the lowest is expected in IEA-450 scenario. Highest EG-PV and highest market share of PV solar 
technology are expected in CT-Strong PV scenario and the lowest are expected in WEC-H scenario. Highest CO2 
emissions are expected in WEC-H scenario and the lowest are expected in GP-AER scenario.

Dynamic material flow analysis. Figure 2a illustrates material, energy, water, land, and CO2 emissions 
nexus. Energy is required for water extraction, distribution, and treatment, while water is required for power gen-
eration, biofuel production and other energy processes4. Materials are required for energy production technolo-
gies13–22 and water production, distribution, and treatment, while energy and water are required for all material 
production processes26. Material-energy-water nexus is also linked to land and climate change. In the analysis 
described in this paper, the solid lines and circles in Fig. 2a (material for energy, energy and water for materials, 
water for energy, and associated CO2 emissions) have been included in the analysis, and dotted lines and circles 
have been excluded. Figure 2b illustrates MFA system (economy and environment subsystems) and the concept 
of energy-material nexus related to PV solar. It shows the main processes (mining, production, use, and waste 
management), flows (extraction, emissions, losses, mined metals, products, and waste), and stocks of metals in 
the economic and environmental systems (resources, stock-in-use, stock in landfill sites). It also shows the energy 
supply, demand, and transformation, as well as the extracted resources and emitted flows in the energy system. 
The main flow from the energy system is the energy required for all processes in materials life cycle and the main 
flow from the materials system is the technologies required for energy generation.

Metals annual and cumulative demands are estimated based on a dynamic material flow-stock model44,45. 
Metals inflow (annual demand) with each PV sub-technology is estimated as given by Eq. (1) and metals cumu-
lative demand between 2015 and 2050 as given by Eq. (2).
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T, ST, and M in equations refer to technology, sub-technology, and metals.
Two scenarios are used for Material content (MCM in Eq. (1)). The first assumes constant materials contents 

(MC constant scenario) based on data given in19,22, which are compiled based on different values reported in 
several studies, and between maximum and minimum values reported in literature (Fig. S1). The second assumes 
changing MC (MC changing scenario) and is based on assumptions for technical aspects of technologies (Eq. 
(3))19,32,42,46–50. PV solar sub-technologies MS is determined by technical, economic, and policy factors, and 
expected to change overtime, although the magnitude and timing of the change is uncertain19. Therefore, two sce-
narios are used for PV sub-technologies MS (δ in Eq. (1)). The first (MS1 scenario) assumes a decrease in Si based 
technologies MS with a minimum of 50% and the three TF technologies (amorphous silicon (a-Si), cadmium 
telluride (CdTe), and copper indium gallium diselenide (CIGS)) have equal shares. This is in line with assump-
tions made in other studies, which assumes a decrease in the Si based technologies MS and an increase of thin 
film technologies MS, with an equal MS of different thin film technologies15,17,19,22. The second (MS2 scenario) 

Figure 2. (a) Material, energy, water, land, and CO2 emissions nexus; the solid lines and circles are included in 
the analysis, and dotted lines and circles are excluded, (b) MFA system (metals main processes, flows, and stocks 
in the economy and environmental systems), and the link to the energy supply, demand, and transformation. Ex 
refers to extraction, Em & L refers to emissions and losses, E refers to energy, T refers to technology, Em refers 
to emissions, and R refers to resources.
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is based on a scenario guided by information given in51. The two MC and MS scenarios are listed in Table 2 and 
assumptions in other studies are listed in Tables S1 and S2 in SI.

ρ
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× ×

× × ×
−M t L W

STC PR U
R( ) (1 )

(3)M

Where L is absorber layer thickness, ρ is layer density, W is metal mass fraction in layer, U is metal utilization rate, 
R is metal recovery rate, µ is conversion efficiency, STC is irradiation, and PR is performance ratio.

Annual installed capacity for PV technology (inflow) is estimated based on cumulative installed capacity (ST) 
given in GES scenarios and annual discarded flow of old annual installed capacity (FT,D

out) (Eq. (4)), which is 
estimated based on the inflow and technologies LT (Eq. (5)).
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PV solar technologies LT is a significant factor in determining the discarded outflow of PV solar technologies 
and consequently the supply of materials from secondary and primary sources. Several values of the technologies 
life time have been reported in literature, which range from 20 to 30 years15,17,23,24,52,53. Although it’s preferable to 
use lifetime distribution instead of fixed lifetime for products with short lifetime and high variations15, PV solar 
technologies have long lifetime and low variations. Therefore a fixed life time has been used in the analysis. To 
address the uncertainty associated with the lifetime and to examine the impacts of both shorter and longer LT, 
combined with the impacts of other factors such as MC, two values for the LT have been used. The lifetime is 
assumed to 20 years (LT1) in some scenarios, and 30 years (LT2) in others.

Metals primary inflow with each sub-technology is estimated based on metals inflow (annual demand) with 
each sub-technology and discarded metals outflow multiplied by their recycling rate (RR) (Eq. (6)).
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Although recycling rates are low for most critical metals used in PV technologies20,54, two scenarios for sec-
ondary supply (recycling potential (RP)) are used in the analysis. The first assumes no recycling for metals used in 
the PV technologies (WOR scenario) and the second assumes recycling rate of 50% for all metals (WR scenario). 
Discard metals outflow is estimated as delayed inflow (Eq. (7)), and metals stocks are estimated based on metals 
inflows and outflows (Eq. (8)). If metal emissions occur during use, the flow is estimated as fraction (α) of stock 
and the discarded outflow should be corrected (Eqs (9) and (10))44.
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The evaluation of GES in terms of metals resources availability and production capacity, and host metals 
production capacity is based on a comparison between cumulative demand (CD) and reserves, average annual 
demand (AAD) and current production, and average required production of host metals and their historical 
average production growth rate. The average annual demand has been estimated as an average value of the annual 
demand between 2015 and 2050 (36 years). The average annual demand, which would cover the entire time, is 
used instead of annual demand due to the possibility of having low annual demand at the beginning of the sim-
ulation time while having very high annual demand by the end of the simulation time that would lead to very 

PV solar technologies

c-Si CdTe CIGS a-Si

OthersAg Cd Te In Ga Se Ge

Constant MC 80 85 97.5 23 7.5 45 73

Changing MC - 2030 10 31 35 11 3 23 35

Changing MC - 2050 1 12 14 6 1 11 14

Market Share (MS1) - 2030 50 16.67 16.67 16.67 0

Market Share (MS1) - 2050 50 16.67 16.67 16.67 0

Market Share (MS2) - 2030 79.8 4.9 6.8 8.5

Market Share (MS2) - 2050 62.9 4.4 12 20.7

Table 2. Metals contents (kg/MW) and market shares of PV solar technologies (%).
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high values compared to current production and host metals production. Reserves and production estimates for 
PV technologies metals and their host metals are obtained from different sources55–59. A sensitivity analysis for 
indium and tellurium has been carried out to examine the impact of resources availability and production capac-
ity on the maximum contribution of TF technologies. The estimates used in this analysis and other studies are 
indium resources reported by USGS, which has stopped reporting these resources in recent years. Mudd et al.60  
have reported estimates of indium reserves of 33100 Mg, about three times USGS estimates, and an annual 
growth rate of 4.7% for Te production.

The combined scenarios used in the analysis are listed in Table 3. Scenario 1 to 6 examine the impacts of MC, 
RP, and LT, scenarios 7 and 8 examine the impact of uncertainty in resources and production capacity, and sce-
narios 9 and 10 examine the impacts of technologies MS.

Metals coproduction. Most PV technologies metals are companion metals, which are produced in small 
quantities with other host metal. About 95% of In, 70% of Ge, 100% of Cd, and 36% of Ag are produced from Zn 
deposits60–64, and about 22% of Ag and more than 90% of Te and Se are produced from Cu deposits64,65. Although 
these metals are mainly produced with zinc and copper, In could be found with tin and tungsten but it is usually 
difficult to extract it economically66 and Te could be extracted on its own but in small quantities67. Based on the 
2016 production data for Zn, In, Ge, Cd, Ag, Cu, Te, and Se57, about 51.3 g of In, 7.0 g of Ge, 1897 g of Cd, and 
734 g of Ag are produced with each ton of Zn, and about 20.4 g of Te, 162 g of Se, and 281 g of Ag are produced 
with each ton of Cu (Table 4). These values have been used in the analysis. However, historically the ratios of com-
panion metals to host metals production have changed (Fig. S2). Although theoretically Te production for each 
ton of Cu, and Ge production for each ton Zn could be increased due to the difference between actual production 
ratios and maximum theoretical ratios (based on their concentration in deposits), historically production ratios 
of the two metals to their hosts have decreased. The situation is different for In as historically it was possible to 
increase production ratio (Fig. S2 and other literature37,60). Maximum theoretical ratios of In, Ge and Cd to Zn, 
and Te and Se to Cu based on their concentrations in deposits given in68,69 and their recovery rates are listed in 
Table 4. Historical world production of Cu, Zn and their companion metals appears in SI (Fig. S3).

energy and water required for materials production and associated co2 emissions. Energy and 
water required for the production of PV technologies materials and associated CO2 emissions are estimated based 
on annual amount of materials required for these technologies, obtained using the dynamic material flow-stock 
model, and their energy, water, and CO2 intensities (Eqs (11–13)). In addition to the materials listed in Table 2, 
required amounts of Cu, Ni, Cr, Pb, Mo, Sn, Zn, Al, Fe, and concrete are included in these estimates. The amount 
of energy required for metals production is mainly determined by metals ore grade, metals production routes, the 
efficiency of energy use in metals extraction and production, and the demand for the metals. The most relevant 
materials, among those used in PV solar technologies, in terms of energy, water, and CO2 emissions are Al, Fe, 
and concrete, not because their energy intensities are expected to increase (as a result of decreasing ore grade or 
lower energy efficiency) but mainly due to the quantities used in these technologies. Several values for Al, steel, 
and concrete intensities of PV solar have been reported20,70,71. Minimum, maximum, and average Al intensity in 
PV is assumed 19 Mg/MW, 33 Mg/MW, and 26 Mg/MW, steel intensity is assumed 178 Mg/MW, 318 Mg/MW, 
and 251 Mg/MW, and concrete intensity is assumed 672 Mg/MW, 2846 Mg/MW, and 1823 Mg/MW based on val-
ues reported in71 for average literature data. Energy intensities for metals reported in72 and for concrete reported 
in52 have been used. Although ore grades for most metals are expected to decrease overtime, the ore grade of Al 
and Fe is not expected to change73. Consequently the main determinant factor for the energy required for Al and 
steel production is the efficiency of energy use which is expected to improve overtime73. It is known that theoreti-
cal energy is several times less than actual energy used in metals production73. Energy intensities for Al, steel, and 
concrete are assumed to be reduced annually by 0.66%, 0.93%, and 1.05% respectively based on a scenario given 
in52. Based on these scenarios, energy intensities are expected to be reduced by 21%, 27%, and 30% for the three 
materials respectively. Compared to the theoretical limits73, energy efficiency for Al and steel could be reduced 
more than what is assumed in the scenario. Water intensities for metals reported in74 and for concrete reported 
in75 have been used. In addition to required water for metals production, water required for PV technologies 
operation is estimated based on the electricity production by PV solar reported in GES and water requirement 
reported in76 for consumption and withdrawal (Eq. (12)). CO2 emission factors for metals production reported 

Scenario No. Combined scenarios

SC 1 10 GES, Market Share 1, MC Constant, Life Time 1 (20 years), Without Recycling

SC 2 10 GES, Market Share 1, MC Changing, Life Time 1 (20 years), Without Recycling

SC 3 10 GES, Market Share 1, MC Constant, Life Time 1 (20 years), With Recycling

SC 4 10 GES, Market Share 1, MC Changing, Life Time 1 (20 years), With Recycling

SC 5 10 GES, Market Share 1, MC Changing, Life Time 2 (30 years), Without Recycling

SC 6 10 GES, Market Share 1, MC Changing, Life Time 2 (30 years), With Recycling

SC 7 10 GES, Market Share 1, MC Constant, Life Time 1 (20 years), Without Recycling, S

SC 8 10 GES, Market Share 1, MC Changing, Life Time 2 (30 years), With Recycling, S

SC 9 10 GES, Market Share 2, MC Constant, Life Time 1 (20 years), Without Recycling

SC 10 10 GES, Market Share 2, MC Changing, Life Time 1 (20 years), Without Recycling

Table 3. Combined scenarios used in the analysis.
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in72 and for concrete reported in77 have been used, which is slightly lower than a value given in70. Ultimately this 
value will be determined by the geographical location of PV solar installation and the technologies and energy 
mix used for the production of concrete. For Al, steel, and concrete, CO2 emission factors are assumed to be 
reduced annually, based on a scenario similar to the one used for energy reduction. Based on the scenario, CO2 
emissions intensities are expected to be reduced by 1600 kg CO2/ Mg of Al, 400 kg CO2/Mg of steel, and 61 kg 
CO2/Mg of concrete. Compared to the expected reduction reported in73, CO2 emissions of Al and steel produc-
tion could be reduced more than what is assumed in the scenario. The energy, water, and CO2 emissions analysis 
is carried out for IEA-450 scenario and SC1 and SC2.
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Results
The results include first an analysis of one of the GES; CT-Strong PV, followed by an analysis of the annual 
demand for metals in all GES, cumulative demand for metals in all GES, coproduction of metals in all GES, and 
metals inflows, outflows, and stocks, the estimates of PV technologies maximum contribution to future global 
energy system, and finally the energy and water required for metals production and associated CO2 emissions.

Analysis of CT-Strong PV scenario. Highest annual demand for all metals required in PV technologies 
in 2050 in the 10 GES and two MC scenarios is expected in CT-Strong PV scenario, followed by GP-AER, and 
Shell-Sky. Similarly, highest cumulative demand between 2015 and 2050 for all metals is expected in CT-Strong 
PV scenario followed by GP-AER, and Shell-Sky, except for Ag, which has highest cumulative demand in MC 
changing scenario in GP-AER scenario. Figure 3 shows the results of SC1 to SC6 for CT-Strong PV scenario. The 
most important factor in determining the metals requirement for PV technologies is MC. Advancement in tech-
nology is expected to reduce the risk associated with Ag, Se, and Cd in terms of resources availability, and with In 
and Ga in terms of production capacity. Although technology LT and metals RR are important, both have similar 
effect on metals requirements and come after MC. The impact of recycling is similar to the impact of the long LT 
for all metals except for Ag and Cd. For Ag, the impact of recycling is more than the impact of the long LT, while 
the impact of recycling is less than the impact of the long LT for Cd.

Annual demand for metals in all GES. In SC1, AAD for Ag, Se, and Cd are not expected to exceed global 
production in all GES, AAD for In and Ga are expected to exceed global production in CT-Strong PV, GP-AER, 
Shell-Sky, and GP-ER scenarios, and AAD for Te and Ge are expected to exceed global production in all scenarios 
(Fig. 4a). Therefore, technologies that require Te and Ge may limit the realization of these scenarios. In terms of 
production capacity, if MC remains constant, all scenarios are not expected to be realized if CdTe and a-Si are part 
of the PV market. If CdTe and a-Si can be replaced by other technologies, all scenarios are expected to be realized 
except CT-Strong PV, GP-AER, Shell-Sky, and GP-ER scenarios. In SC2, AAD for Ag, In, Se, Ga and Cd are not 
expected to exceed global production in all GES, and AAD for Te and Ge are expected to exceed global produc-
tion in all GES (Fig. 4b). Even with advances in MC, all GES are not expected to be realized if CdTe and a-Si are 
part of the PV market as a result of Te and Ge demand. If CdTe and a-Si can be replaced, all GES are expected to 
be realized.

Zn Cd In Ge Ag

Concentration in deposit (%) 4 0.02 0.002 0.002

Maximum theoretical production of CM to Zn ratio (g CM/ton Zn) 5000 100 500

Production in 2016 (Mg) 12.6 M 23900 680 126 25700

Global ratio of CM to HM production (g CM/ton Zn) 1897 51.3 7.0 734

Recovery (%) 38 51 1.4

Cu Te Se Ag

Concentration in deposit (%) 0.8 0.0002 0.0005

Maximum theoretical production of CM to Cu ratio (g CM/ton Cu) 250 670

Production in 2016 (Mg) 20.1 M 410 3270 25700

Global ratio of CM to HM production (g CM/ton Cu) 20.4 162 281

Recovery (%) 8.2 24.2

Table 4. Metals concentration in deposits, maximum theoretical ratios of companion to host metals, actual 
production ratios of companion to host metals, and recovery rate.
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In SC3, AAD for Ag, Se, and Cd are not expected to exceed global production in all GES, AAD for In and Ga 
are expected to either exceed or be similar to global production in CT-Strong PV, GP-AER, Shell-Sky, and GP-ER 
scenarios, and AAD for Te and Ge are expected to exceed global production in all GES (Fig. 4c). Recycling does 
not change the risk associated with production capacity when MC is constant. In SC4, AAD for Ag, In, Se, Ga and 
Cd are not expected to exceed global production in all GES, AAD for Ge is expected to exceed global production 
in all GES, and AAD for Te is expected to exceed global production in all GES except WEC-H, WEC-M, and 
IEA-NP (Fig. 4d). Recycling even with advances in MC is not expected to change the outcome if a-Si is part of the 
PV market. Most scenarios are not expected to be realized if CdTe is part of PV market.

In SC5, AAD of Ge, Te, and In, in CT-Strong PV, are expected to be 1012%, 412%, and 63% of their current 
production, compared to 1176%, 483%, and 74% in the shorter LT. AAD of Ge, Te, and In, in Statoil-Renewal, are 
expected to be 494%, 198%, 30% of their current production, compared to 610%, 245%, and 37 in the shorter LT. 
AAD of Ge, Te, and In, in WEC-H, are expected to be 116%, 48.6%, 7.6% of their current production, compared 
to 146%, 60%, and 9.2% in the shorter LT. In SC6, AAD of Ge, Te, and In, in the CT-Strong PV, are expected to 
be 966%, 393%, and 60% of their current production compared to 980%, 409%, and 63% in the shorter LT. The 
results of CT-Strong PV in SC5 and SC6 show that when a recycling system is not available the longer lifetime is 
better indicated by the relatively high difference in the AAD compared to current production in SC5 for the three 
metals. When recycling system is available, the difference between the longer LT and shorter LT, indicated by 
AAD compared to current production in SC6, is relatively low.

In SC9, AAD for Ag, Se, Ga, and Cd are not expected to exceed global production in all GES, AAD for In is 
expected to exceed global production in CT-Strong PV scenario, and AAD for Te is expected to exceed global 
production in all GES except IEA-NP and WEC-H scenarios (Fig. 4e). If MC remains constant, all scenarios are 
not expected to be realized, if CdTe is part of PV market, except IEA-NP and WEC-H scenarios. If CdTe can be 
replaced, all scenarios are expected to be realized except CT-Strong PV scenario. In SC10, AAD for Ag, In, Se, Ga 
and Cd are not expected to exceed global production in all GES, AAD for Te is expected to exceed global produc-
tion in CT-Strong PV, GP-AER, Shell-Sky, Statoil-Renewal, and GP-ER scenarios (Fig. 4f). Even with advances in 
MC, most scenarios are not expected to be realized if CdTe is part of the PV market. If CdTe can be replaced, all 
scenarios are expected to be realized.

Cumulative demand for metals in all GES. In SC1, CD for Ga and Ge is not expected to exceed global 
reserves in all GES, CD for Se is expected to exceed global reserves in the CT-Strong PV scenario only, CD for 
Ag is expected to exceed global reserves in CT-Strong PV and GP-AER scenarios, CD for Cd is expected to 

Figure 3. Cumulative demand for metals and cumulative demand compared to global reserves in the CT-
Strong PV scenario and six material scenarios.
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exceed global reserves in CT-Strong PV, GP-AER, and Shell-Sky scenarios, CD for In is expected to exceed global 
reserves in CT-Strong PV, GP-AER, Shell-Sky, Statoil-Renewal, GP-ER, and WEC-S scenarios, and CD for Te is 
expected to exceed global reserves in all scenarios except WEC-H scenario (Fig. 5a). In terms of resource avail-
ability, if MC remains constant, most of the scenarios are not expected to be realized. The only scenario that can 
be realized is WEC-H scenario if CdTe is part of the PV market. If CdTe can be replaced, several scenarios are 
expected to be realized including WEC-M, WEC-H, IEA-NP, and IEA-450 scenarios. In SC2, CD for Ga, Ge, Se, 
Ag, and Cd is not expected to exceed global reserves in all GES, CD for In is expected to exceed global reserves in 
CT-Strong PV, GP-AER, and Shell-Sky scenarios, and CD for Te is expected to exceed global reserves in all sce-
narios except WEC-M, WEC-H, IEA-NP, and IEA-450 scenarios (Fig. 5b). With advances in MC, the scenarios 
that are expected to be realized, if CdTe is part of the PV market, are WEC-M, WEC-H, IEA-NP, and IEA-450 
scenarios. If CdTe can be replaced, all scenarios are expected to be realized except CT-Strong PV, GP-AER, and 
Shell-Sky scenarios.

In SC3, CD for Ag, Ga, Ge, and Se are not expected to exceed global reserves in all GES, CD for Cd is expected 
to exceed global reserves in the CT-Strong PV scenario only, CD for In is expected to exceed global reserves in 
the CT-Strong PV, GP-AER, Shell-Sky, Statoil-Renewal, GP-ER, and WEC-S scenarios, and CD for Te is expected 
to exceed global reserves in all GES except WEC-H scenario (Fig. 5c). Recycling is expected to make some differ-
ences for Ag, Se, and Cd, however it is not expected to make differences for In and Te. In SC4, CD for Ga, Ge, Se, 
Ag, In and Cd are not expected to exceed global reserves in all GES, and CD for Te is expected to exceed global 
reserves in CT-Strong PV, GP-AER, Shell-Sky, and GP-ER scenarios only (Fig. 5d). Recycling is expected to make 
a difference for In and small difference for Te. In SC5, higher LT of PV technologies has reduced CD for Ag, In, 
Se, Ga, Ge, Te, and Cd by 5.7%, 14.9%, 14.5%, 14.7%, 13.9%, 14.7%, and 17.2% in CT-Strong PV respectively. 
Although the change in LT is expected to reduce CD for all metals, CD for Te still exceeds global reserves and 
CD for In is 96% of global reserves. In Statoil-Renewal, higher LT has reduced CD for the same metals by 6.3%, 
18.7%, 18.8%, 19.4%, 18.9%, 19.3%, 21.4% respectively. In WEC-H, higher LT has reduced CD for the same met-
als by 10.2%, 17.5%, 18.5%, 18.7%, 20.4%, 18.5%, 14.2% respectively. This indicates that when a recycling system 
is not available, the longer LT is better as CD for all metals and in the three scenarios is expected to be reduced by 
between 5.7% and 21.4%. In SC6, higher LT has increased CD for Ag by 25%, and reduced CD for In, Se, Ga, Ge, 
Te, and Cd by only 4.5%, 3.3%, 3.6%, 1.4%, 3.9%, and 10.3% in CT-Strong PV respectively. Although the change 
in LT is expected to reduce CD for most metals, CD for Te still exceeds global reserves and CD for In is 92% of 

Figure 4. Average annual demands for metals in PV solar technologies compared to current production in GES 
and different materials scenarios.
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global reserves. This indicates that when MC is decreasing at high rate and a recycling system is available, shorter 
LT is better as illustrated by Ag, and the difference between the two LT scenarios is smaller compared to the one 
when recycling system does not exist as illustrated by the reduction in the CD for all other metals.

In SC9, CD for Cd and Se are not expected to exceed global reserves in all GES, CD for Ag and In are expected 
to exceed global reserves in CT-Strong PV, GP-AER, Shell-Sky, and GP-ER scenarios, and CD for Te is expected 
to exceed global reserves in CT-Strong PV, GP-AER, Shell-Sky, Statoil-Renewal, GP-ER, and WEC-S scenarios 
(Fig. 5e). If MC remains constant, most of the scenarios are not expected to be realized. The only scenarios that 
can be realized, if CdTe is part of the PV market, are WEC-M, WEC-H, IEA-NP, and IEA-450 scenarios. If CdTe 
can be replaced, several scenarios are expected to be realized including WEC-M, WEC-H, WEC-S, IEA-NP, 

Figure 5. Cumulative demands for metals compared to global reserves in GES and different materials scenarios.
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IEA-450, and Statoil-Renewal scenarios. In SC10, CD for all metals are not expected to exceed global reserves in 
all GES, however CD for Te is expected to be 100% global reserves in CT-Strong PV, and 90% in the GP-AER and 
Shell-Sky, and CD for In is expected to be between 50% and 60% of the global reserves in CT-Strong PV, GP-AER 
and Shell-Sky (Fig. 5f). This indicates that with advances in MC, all GES can be realized, assuming no other 
demand for Te and In by other use applications.

Coproduction of metals in all GES. In SC1, Zn production as a result of Ge demand in a-Si is expected 
to be between 50.5 Tg and 454 Tg (between 4 and 36 times current total production of Zn) in all EGS, while it 
is expected to be between 18 Tg and 148 Tg (between 1.5 and 12 times current total production of Zn) in all 
EGS in SC2 (Fig. 6a). In SC1, Cu production as a result of Te demand in CdTe is expected to be between 35.6 Tg 
and 320 Tg (between 1.8 and 16 times the current total production of Cu) in all EGS, while it is expected to be 
between 12 Tg and 97 Tg (between 0.6 and 4.8 times current total production of Cu) in all EGS in SC2 (Fig. 6a). 
Based on its historical production, future average Zn production between 2015 and 2050 is expected to be 22.6 
Tg, about 1.66 times the current production, while future average Cu production is expected to be 30.4, about 1.6 
times the current production. This indicates that in SC1, Zn and Cu production as a result of Ge and Te demand 
are expected to exceed the average production of Zn and Cu in all EGS. In SC2, Zn production as a result of Ge 
demand is expected to exceed average Zn production in all EGS except WEC-H, while Cu production as a result 
of Te demand is expected to exceed the average Cu production in all EGS except WEC-H, WEC-M, IEA-NP, and 
IEA-450. In this PV market scenario (MS1), Ge and Te demands are expected to require an additional extraction 
of Zn and Cu in all EGS and MC scenarios, with exception of some GES and MC changing scenario. When the 
demands for Zn and Cu do not grow at the same level as the demands for the metals required for PV technologies, 
the extraction of Zn and Cu would be only because of the demands for the companion metals and thus all the 
environmental impacts associated with that extraction should be allocated for the companion metals required for 
PV technologies. In SC9, Zn production as a result of In demand in CIGS is expected to be between 1.6 and 14 
Tg (between 0.13 and 1.1 times the current total production of Zn) in all GES, while it is expected to be between 
0.6 Tg and 4.8 Tg (between 0.05 and 0.4 times current total production of Zn) in all GES in SC10 (Fig. 6b). Cu 
production as a result of Te demand in CdTe is expected to be between 12.2 Tg and 106 Tg (between 0.6 and 5.3 
times the current total production of Cu) in all GES and SC9, while it is expected to be between 5.3 Tg and 41.8 
Tg (between 0.3 and 2.1 times current total production of Cu) in all GES and SC10 (Fig. 6b). In the two MC sce-
narios, Zn production as a result of In demand is not expected to exceed average Zn production in all GES. In the 
MC constant scenario, Cu production as a result of Te demand is expected to exceed the average Cu production 
in all GES except WEC-H, WEC-M, IEA-NP, while in the MC changing scenario, Cu production is expected to 
exceed the average Cu production in CT-Strong PV, GP-AER, Shell-Sky scenarios only. In this market scenario 
(MS2), the demand for In is not expected to require an additional Zn production in all GES and for the two MC 
scenarios, while the demand for Te is expected to require additional Cu production in some GES and in the two 
MC scenarios.

Analysis of metals inflows, outflows, and stocks. Inflows, outflows and stocks of selected metals in PV 
technologies in SC1, SC2, and SC5, for GP-AER and IEA-450 GES are shown in Fig. 7. Metals inflows, outflows, 
and stocks are showing different trends in different scenarios. In GP-AER, SC1, stocks of metals are expected 
to increase overtime and inflows are expected to be larger than outflows untill 2050. In GP-AER, SC2, stocks of 
Ag, Te, and Ge are expected to decrease overtime while stock of In is showing a sign of saturation around 2050 
and inflows are expected to be smaller than outflows for all metals. In GP-AER, SC5, stock of Ag is expected to 
decrease, stock of Ge is slightly decrease while stocks of In and Te are showing a sign of saturation around 2050, 

Figure 6. Production of Zn and Cu in SC1, SC2, S9, and SC10 for all GES.
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and inflows of Ag and Ge are expected to be smaller than the outflows, while inflows of In and Te larger than the 
outflow. Development of inflows, outflows, and stocks of metals indicates that when MC is changing and LT is 
short, discrded outflows, with prooper recycling system, could cover the demand for all metals towards 2050. This 
is not the case for all metals in the MC changing and long LT scenario. It is also clear that the decrese in the stock 
start earlier in the short LT. In IEA-450, SC1, stocks of metals are expected to increase overtime and inflows are 
expected to be larger than outflows untill 2050. In IEA-450, SC2, stocks of Ag and Ge are expected to decrease 
overtime while stocks of In and Te are slightly increasing towards 2050, and inflows are expected to be smaller 
than outflows for Ag and Ge and larger than outflows for In and Te. In IEA-450, SC5, Ag stock is expected to 
decrease, Ge stock is showing sign of saturation, while In and Te stocks are expected to increase towards 2050, and 
Ag inflow is expected to be smaller than the outflow, while In, Te, and Ge inflows larger than the outflows. This 
indicates that in the longer term, the GES that high share of PV could be better in terms of the circular economy 
if the demand for metals is met initially.

Inflows, outflows and stocks of lead in PSC in selcted GES and MS2, LT1, WOR scenarios are shown in 
Fig. 8a–c, flows, stocks, and cumulative demand of lead in PSC, c-Si, and CdTe technologies in GP-AER are 
shown in Fig. 8d–h in general the inflow and stock of lead by 2050 are expected to be between 160 Mg and 1370 
Mg and between 1500 Mg and 14350 Mg in all GES. The stock of lead in PSC is expected to be about 30% of lead 
stock in c-Si and and 350% of lead stock in CdTe. This is attributed to lead content of these technologies and their 
market shares. Lead cumulative demand in PSC is expected to be 0.015% of its reserves and 0.3% of its current 
production, while lead cumulative demand in the three technologies is expected to be 0.1 of its reserves and 1.6 
of its current production.

PV technologies maximum contribution to future global energy system. Based on the above 
analysis, there are several factors determining possible market share of different PV technologies and ultimately 
PV solar market share in EG. These include technologies MC and LT, materials RP, resources availability, produc-
tion capacity, and companion to host metals production ratios. In SC1 to SC6, the determinant factor for CIGS is 
In resource availability, while for CdTe and a-Si, the determinant factor is Te and Ge production capacity. In SC7 
and SC8, the determinant factor for CIGS, has been shifted to In production capacity and for CdTe, the determi-
nant factor has been shifted to Te resource availability.

Installed capacities of CIGS, CdTe, and a-Si over time in IEA-450 scenario and different material scenarios 
based on the dynamic material flow-stock model and under different determinant factors have been estimated 
and shown in Fig. 9. The maximum EG by CIGS, CdTe, and a-Si by 2050 under different materials scenarios are 
shown in Fig. 10. The installed capacity of CIGS, CdTe, and a-Si could reach 23.4%, 84.6%, 26.6%, 96.6%, 93.8%, 
and 99.5% of PV installed capacity in IEA-450 scenario by 2050 in SC1 to SC6 respectively. Their market share 
could be up to 30%, 141.8, 34.5%, 163.6%, 159.6%, and 170% of PV market in IEA-450 scenario by 2050 in SC1 
to SC6 respectively. To examine the impact of resources availability and production capacity on the maximum 
contribution of the TF technologies, SC7 and SC8 assume different reserves for indium and production capacity 
for Te; the two metals constraining CIGS and CdTe technologies and applied to the original worst case scenario 
(SC1) and best case scenario (SC6). In SC 7, if we added the contribution of a-Si technology in the original sce-
nario (SC1) to CIGS and CdTe, TF technologies could reach 39.3% of PV installed capacity in IEA-450 scenario 
by 2050, and their market share could be up to 56.2% of PV market. In SC 8, if we added the contribution of a-Si 
technology in the original scenario (SC6) to CIGS and CdTe, TF technologies could reach 169.4% of PV installed 

Figure 7. Inflows, outflows and stocks of selected PV solar metals in SC1, SC2, and SC5 for GP-AER and IEA-
450 GES.
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capacity in IEA-450 scenario by 2050, and their market share could be up to 322.4% of PV market. Overall the 
three TF technologies could reach between 23.4% and 170% of PV installed capacity, and their market share could 
be between 30% and 322% of the PV market by 2050 in IEA-450 scenario and all material scenarios. Maximum 
c-Si installed capacity by 2050 as determined by Ag resource availability could reach more than 100% of PV 
installed capacity without resource constraints in all material scenarios. The three TF technologies could provide 
between 23% and 39% of EG by PV solar in the IEA-450 scenario by 2050 if MC is constant and between 85% and 
170% if MC is changing. The three technologies could provide between 3% and 5% of total EG in the IEA-450 
scenario by 2050 if MC is constant and between 11% and 22% if MC is changing.

In other GES (Fig. 11), based on the values of the maximum installed capacity of the three TF technologies in 
IEA-450 scenario and material scenarios SC1, SC6, and SC8, these technologies could reach between 7% and 48% 
of the required PV installed capacity by 2050 in CT-Strong scenario; the highest PV energy scenario, and between 
61% and 258% in WEC-H scenario; the lowest PV energy scenario.

The maximum electricity that could be provided by the three TF technologies by 2050 is between 1170 TWh 
and 4987 TWh (4.2 EJ and 18 EJ) in SC1 and SC6 respectively, or between 1970 TWh and 8490 TWh (7 EJ and 30 
EJ) in SC7 and SC8 respectively (Fig. 10). The IPCC has estimated the electricity provided by solar to be between 
12.2 EJ and 39 EJ by 2050 in the intermediate stabilization category where CO2 concentration between 440 and 
600 ppm and in the most ambitious stabilizing scenario category where CO2 concentration remain below 440 
ppm78. The three TF technologies could provide between 34% and 245% of solar energy in the intermediate sta-
bilization category and between 11% and 77% of solar energy in the most ambitious stabilizing scenario category.

energy and water required for metals production and associated co2 emissions. Based on mate-
rials demand and energy required for each material production, total cumulative amount of energy required for 
the production of all materials in IEA 450 scenario by 2050 is expected to reach between a minimum of 27120 PJ 
and a maximum of 52890 PJ in SC1 (Fig. 12a) and between 26460 PJ and 52230 PJ in SC2 in the minimum and 
maximum materials intensities. Total annual amount of energy required for all materials production in IEA-450 
scenario by 2050 is expected to reach between a minimum of 1100 PJ and a maximum of 2130 PJ in SC1 (Fig. 12b) 
and between 1065 PJ and 2094 PJ in SC2 in the minimum and maximum materials intensities. The white dotted 
line in the Fig. 12 is the average amount of energy required for all materials production. The difference between 

Figure 8. Inflows, outflows and stocks of lead in PSC in (a) CT-Strong PV, (b) Shell-Sky, and (c) IEA-450 and 
MS2, LT1, WOR scenarios; inflows, outflow and stocks in GP-AER in (d) PSC, (e) c-Si, and (f) CdTe; and (g) 
lead stocks and (h) cumulative demand in the three technologies in the GP-AER.
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the two scenarios is attributed to changing MC for minor metals in SC2. These amounts are between 6.1% and 
11.8% in SC1 and between 5.9% and 11.6% in SC2 of electricity generated by PV solar in IEA-450 scenario, and 
between 0.79% and 1.52% in SC1 and between 0.76% and 1.5% in SC2 of total electricity generated in IEA-450 
scenario by 2050. Total cumulative CO2 emissions in the production of all materials in IEA 450 scenario by 2050 
is expected to reach between a minimum of 2036 Tg and a maximum of 4685 Tg in SC1 (Fig. 12c) and between 
1997 Tg and 4646 Tg in SC2 in the minimum and maximum materials intensities. Total annual CO2 emissions in 
the production of all materials in IEA-450 scenario by 2050 is expected to reach between a minimum of 82 Tg and 
a maximum of 187 Tg in SC1 (Fig. 12d) and between 80 Tg and 185 Tg in SC2 in the minimum and maximum 
materials intensities. These amounts are between 0.96% and 2.2% in SC1 and between 0.94% and 2.16% in SC2 
of total CO2 emissions in IEA-450 scenario by 2050. Total amount of water required for the production of all 
materials in IEA 450 scenario by 2050 is expected to reach 0.597 bcm in SC1 and 0.593 bcm in SC2 by 2050 in the 
average materials intensities. Total amount of water required for the operation of PV solar in IEA 450 scenario is 

Figure 9. Installed capacities of CIGS, CdTe, and a-Si by 2050 under different materials scenarios.

Figure 10. The maximum electricity generation by CIGS, CdTe, and a-Si by 2050 under different materials 
scenarios.

Figure 11. Installed capacity of CIGS, CdTe, and a-Si in SC1, SC6, and SC8 by 2050% of the total PV installed 
capacity in all GES.
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expected to reach 1.001 bcm in SC1 and SC2. The total water for PV solar materials and operational is expected 
to be 0.23% of the total water required for energy in the IEA-450 scenario.

Energy required for Al, steel, concrete, and all other metals in the average intensities of Al, steel, and concrete 
in SC1 is shown in Fig. 13a and CO2 emissions in Fig. 13b. Energy required for Al production is expected to be 
between 35% and 31%, for steel production between 51% and 47.2%, for concrete between 8.8% and 19.1%, and 
for all other metals between 5.2% and 2.7% of total energy required for materials production in the minimum and 
maximum intensities of Al, steel, and concrete respectively in SC1. Energy required for Al production is expected 
to be between 35.9% and 31.5%, for steel production between 53% and 48%, for concrete between 9% and 19.5%, 
and for all other metals between 2.1% and 1.0% of total energy required for materials production in the mini-
mum and maximum intensities of Al, steel, and concrete respectively in SC2. CO2 emission for Al production is 
expected to be between 29.1% and 22.1%, for steel production between 44.7% and 34.9%, for concrete between 
22.2% and 41.3%, and for all other metals between 4.0% and 1.7% of total CO2 emissions in the minimum and 
maximum intensities of Al, steel, and concrete respectively in SC1. CO2 emission for Al production is expected 
to be between 29.9% and 22.3%, for steel production between 45.8% and 35.3%, for concrete between 22.8% and 
41.7%, and for all other metals between 1.5% and 0.7% of total CO2 emissions in the minimum and maximum 
intensities of Al, steel, and concrete respectively in SC2.

Discussion
The analysis presented in this paper investigates 10 GES. Although most of these scenarios are aimed at achiev-
ing CO2 emissions reduction to keep the temperature increase below the 2 degree, energy supply and demand 
structures are different in these scenarios, and consequently CO2 emissions. Two of the investigated scenarios; 
CT-Strong PV and Shell-Sky, have the highest market share of PV solar but also have the highest CO2 emissions, 
due to electricity mix in first and to electricity total demand and fossil fuel share in the second.

Several estimates for the potential contribution of PV technologies have been reported16,39–42. Cumulative 
installed capacity for both CIGS and CdTe is estimated between 240 GW40 and 11,000 GW41. Cumulative installed 
capacity of CdTe is estimated in the range of 600 to 2700 GW42 and 200 to 4000 GW39. Installed capacity of c-Si, 
CIGS and CdTe is estimated as 1850 GW by 203016. The difference in these estimates is attributed to the used 
approach, assumptions, and evaluation criteria. The results obtained in this study for the maximum installed 
capacity of the three TF technologies are between these results. The analysis shows however, that the limiting 
factor is not the same for all technologies and could change for specific technology if new information appears.

The analysis also shows that it is difficult to realize most of the energy scenarios with commercially available 
PV technologies and their current conditions. This is in contrast to the argument used in literature11,12. However, 
several measures can be taken to reduce the risk associated with material availability and production capacity 
including reducing the amount of materials used in PV solar technologies and increasing their recycling rate, 
extending the LT of these technologies, and increasing the effort in finding new technologies, increasing their 

Figure 12. Cumulative energy required for all materials (a), annual energy required for all materials (b), 
cumulative CO2 emissions (c), and annual CO2 emissions (d), in IEA-450 scenario, SC1, and the minimum, 
maximum, and average intensity of Al, steel, and concrete.
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efficiencies, and reducing their use of critical materials. These aspects are illustrated by the different scenarios. 
It is clear that the most significant factor is technologies material content followed by the availability of metals 
recycling system and technologies LT. It is also clear that careful policies for metals and technologies have to be 
made. A complete phase out of CdTe has been assumed in a scenario used to evaluate material requirements for 
the German energy system17. Although the analysis described here shows that the contribution of CdTe to PV 
solar market is limited, the phase out should be carefully addressed due to the fact that Cd availability is supply 
driven37. The need for indium and Ge in the other two TF technologies will lead to an increase in Zn production 
and consequently Cd production as a companion metal. CdTe technology could therefore be seen as a better 
option for Cd use instead of its disposal.

One of the options to increase the potential contribution of PV solar to future EG is diversifying technologies 
within the PV solar market. This option is illustrated in the analysis by the second market of PV technologies 
(MS2). Although this market has no restrictions in terms of resources, especially when technological develop-
ment reduces PV technologies MC, there are other concerns associated with this market due to the market share 
of PSCs. PSCs are emerging PV technologies with certified efficiency of more than 23%79. The outlook of these 
cells is determined by three main factors; energy conversion efficiency, cost and use of specific material including 
gold and lead, and stability80. The use of PSCs has several advantages in terms of cost and efficiency. The highest 
efficiency perovskites are Pb-based81. Although the use of lead, which is in the range of 7 to 10 kg/MW80,82, has 
some advantages, it could be of concern. The advantage is related to the possibility of using discarded lead from 
end of life lead-acid batteries, which are expected to be replaced by lithium based and other batteries83, with low 
energy and other environmental impacts compared to lead mining. In addition, it provides alternative man-
agement option for the disposal of lead-acid batteries. Major concern is the possibility of lead leaching to the 
environment and ground water82. Long-term device and material stability and up scaling are currently the main 
limitations and concerns79,84. Adding more inorganic elements is increasing perovskite complexity and an addi-
tion of rubidium (Rb) is proposed to create perovskite materials with excellent material properties81. Other metals 
are proposed for lead-free organic inorganic halid perovskite solar cells, including tin, germanium, and bismuth. 
Efficiencies of technologies based on these materials however are very low and tin-based technology has larger 
environmental impacts82. Meanwhile, the use of metals to improve long-term device and material stability includ-
ing rubidium (Rb) could be of concern. Although advances in material science may allow these technologies to 
be part of the PV market, most of proposed materials have resource limitation. Ge is produced in low quantities 
and as a companion of zinc (see the analysis on a-Si PV solar technology). Bi is mainly produced with lead and 
in light of the shift in the batteries market, it is expected that recycled material to replace lead mining. Rb is also 
produced in small quantities from primary resources only, as a by-product of other metals (Cesium, lithium, and 
strontium), and mainly in two countries (Namibia, and Zimbabwe)57.

The analysis carried here could be enhanced by including either dynamic material flow analysis bottom-up 
or top-down approaches for the metals used in the PV solar technologies. This would allow for estimating the 
future demand for these metals not only for PV solar technologies but also for other applications. This would be 
important for metals that are widely used in other applications such as In, while less important for other metals 
including Te and Ge since their use in other applications is relatively low16,37. In addition, two of the most signif-
icant factors are resources availability and production capacity. While production capacity to a large extent has 
reliable data, estimates for resource availability are less reliable. Weather uncertainties in these estimates are due 
to politics, economics or corporate confidentiality60, accurate and transparent estimates of resources is necessary.

PV solar materials production uses a considerable amount of the energy produced by these technologies 
attributed mainly to Al, steel, and concrete, although other metals will also use some of this energy. Similar to 
energy, PV solar materials production is associated with a considerable amount of CO2 emissions. The main 
factors determining the energy demand and CO2 emissions are materials intensity of technologies, and energy 
and emissions intensities. The analysis includes a sensitivity analysis of Al, steel, and concrete intensities and a 
scenario for energy and CO2 intensities of the three materials. For more accurate results of the estimates of energy 
and emissions however, it is important to include a dynamic analysis of energy and emissions intensities based on 
material quality, energy efficiency, energy mix, and other factors26,85.

Figure 13. Annual energy required for all materials (a), and annual CO2 emissions (b), in IEA-450 scenario, 
SC1, and the average intensity of Al, steel, and concrete.
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Finally the analysis carried here is applied for PV solar technologies, their contribution to global energy sys-
tem, and energy, water, and CO2 emissions associated with their materials production, however, the methodology 
can be applied to other energy technologies and other sectors.

conclusions
The analysis in this paper is carried out based on a dynamic material flow-stock model and a total of 100 scenar-
ios, which combine GES and material scenarios. These scenarios have been designed to investigate the impacts 
of different factors (MS, MC, RP, and LT) on the demand for metals, and (resources availability and production 
capacity) on their supply, and ultimately the possible realization of the GES. The evaluation is carried out based on 
a comparison between metals cumulative demand (CD) and their global reserves, average annual demand (AAD) 
and their global production, and required production of host metals and their historical production growth rate. 
Based on the analysis, the maximum contribution of each technology, energy and water required for materials 
production and associated CO2 emissions are estimated. Several conclusions can be drawn from the analysis

•	 Each PV solar technology has limiting metal; Ag for c-Si, In for CIGS, Te for CdTe, and Ge for a-Si.
•	 Although the realization of most of the GES is difficult under current PV technologies market shares and 

conditions, these technologies could make significant contribution to EG in the future.
•	 The main determinant factor of future demand for PV solar technologies metals is technologies MC followed 

by materials RP and technologies LT.
•	 The determinant factors for PV sub-technologies on the supply side of materials are not always the same (e.g. 

production capacity in the case of CdTe and a-Si, and resources availability in CIGS), and could change under 
certain conditions of the technology (e.g. the determinant factor for CIGS has been shifted from resource 
availability to production capacity).

•	 The development of metals inflow, outflow and stocks indicates that, when technologies MC is decreasing and 
the LT is short, metals outflows are expected to exceed their inflows. With proper recycling system, metals 
demand could be met by secondary sources towards 2050.

•	 Although global energy scenarios with high market share of PV solar requires more metals in the next 30 
years, these scenarios on the long term could be better if metals demand from primary sources is secured 
combined with increasing resource efficiency and recycling.

•	 Although Perovskite solar cells has no resource limitation, alternative materials for lead free technology and 
the use of critical materials to improve their stability should be carefully addressed.

•	 PV solar technologies materials production is expected to use a considerable amount of the energy produced 
by these technologies and to be associated with a considerable amount of the expected CO2 emissions in the 
scenario.

Data availability
The data used in the analysis is either available online in the reports published on the scenarios developers and 
United States Geological Survey (USGS) websites or available from the corresponding author upon request.

Received: 6 June 2019; Accepted: 3 December 2019;
Published: xx xx xxxx

References
 1. IPCC. Emission Scenarios. (eds Nakicenovic, N. & Swart, R.). (Cambridge University Press, 2002).
 2. UNEP & RIVM. The GEO-3 Scenarios 2002-2032: Quantification and Analysis of Environmental Impacts. (eds Potting, J. & Bakkes, 

J.), (UNEP/DEWA/RS.03-4 and RIVM 402001022, 2004).
 3. United Nations Environmental Program. Global Environmental Outlook 4: Environment for Development. United Nations 

Environment Programme (2007).
 4. International Energy Agency. World Energy Outlook 2016, https://webstore.iea.org/world-energy-outlook-2016 (2016).
 5. Greenpeace International, Global Wind energy Council & Solar Power Europe. Energy [R]evolution: A Sustainable World Energy 

Outlook 2015 (2015).
 6. World Energy Council. World Energy Scenarios: Composing Energy Futures to 2050, https://worldenergy.org/wpcontent/

uploads/2013/09/World-Energy-Scenarios_Composing-energy-futures-to-2050_Full-report.pdf (2013).
 7. World Energy Council. World Energy Scenarios 2016: The Grand Transition, https://worldenergy.org/wp-content/uploads/2016/10/

World-Energy-Scenarios-2016_Full-report.pdf (2016).
 8. Sussams, L. & Leaton, J. Expect the Unexpected. The Disruptive Power of Low-Carbon Technology, Carbon Tracker Initiative, http://

carbontracker.org/wp-content/uploads/2017/02/Expect-the-Unexpected_CTI_Imperial.pdf (2017).
 9. Statoil. Energy Perspectives 2017: Long-Term Macro and Market Outlook, https://statoil.com/content/dam/statoil/documents/

energy-perspectives/energy-perspectives-2017-v2.pdf (2017).
 10. Shell. Sky scenario, Shell International BV, https://shell.com/energy-and-innovation/the-energy-future/scenarios/shell-scenario-

sky.html (2018).
 11. Carrington, G. & Stephenson, J. The politics of energy scenarios: Are International Energy Agency and other conservative 

projections hampering the renewable energy transition? Energy Res. Soc. Sci. 46, 103–113 (2018).
 12. Creutzig, F. et al. The underestimated potential of solar energy to mitigate climate change. Nat. Energy 2, 17140 (2017).
 13. Elshkaki, A. & Graedel, T. Dynamic analysis of the global metals flows and stocks in electricity generation technologies. J. Clean. 

Prod. 59, 260–273 (2013).
 14. Habib, K. & Wenzel, H. Exploring rare earths supply constraints for the emerging clean energy technologies and the role of recycling. 

J. Clean. Prod. 84, 348–359 (2014).
 15. Stamp, A., Wäger, P. A. & Hellweg, S. Linking energy scenarios with metal demand modeling: the case of indium in CIGS solar cells. 

Resour. Conserv. Recy. 93, 156–67 (2014).
 16. Kavlak, G., McNerney, J., Jaffe, R. L. & Trancik, J. E. Metals Production Requirements for Rapid Photovoltaics. Energy Environ. Sci. 

8, 1651–1659 (2015).

https://doi.org/10.1038/s41598-019-55853-w
https://webstore.iea.org/world-energy-outlook-2016
https://worldenergy.org/wpcontent/uploads/2013/09/World-Energy-Scenarios_Composing-energy-futures-to-2050_Full-report.pdf
https://worldenergy.org/wpcontent/uploads/2013/09/World-Energy-Scenarios_Composing-energy-futures-to-2050_Full-report.pdf
https://worldenergy.org/wp-content/uploads/2016/10/World-Energy-Scenarios-2016_Full-report.pdf
https://worldenergy.org/wp-content/uploads/2016/10/World-Energy-Scenarios-2016_Full-report.pdf
http://carbontracker.org/wp-content/uploads/2017/02/Expect-the-Unexpected_CTI_Imperial.pdf
http://carbontracker.org/wp-content/uploads/2017/02/Expect-the-Unexpected_CTI_Imperial.pdf
https://statoil.com/content/dam/statoil/documents/energy-perspectives/energy-perspectives-2017-v2.pdf
https://statoil.com/content/dam/statoil/documents/energy-perspectives/energy-perspectives-2017-v2.pdf
https://shell.com/energy-and-innovation/the-energy-future/scenarios/shell-scenario-sky.html
https://shell.com/energy-and-innovation/the-energy-future/scenarios/shell-scenario-sky.html


1 8Scientific RepoRtS |         (2019) 9:19238  | https://doi.org/10.1038/s41598-019-55853-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

 17. Viebahn, P. et al. Assessing the need for critical minerals to shift the German energy system towards a high proportion of renewables. 
Renew. Sustain. Energy Rev. 49, 655–671 (2015).

 18. Grandell, L. et al. Role of critical metals in the future markets of clean energy technologies. Renew. Energ. 95, 53–62 (2016).
 19. Nassar, N. T., Wilburn, D. R. & Goonan, T. G. Byproduct metal requirements for U.S. wind and solar photovoltaic electricity 

generation up to the year 2040 under various Clean Power Plan scenarios. Appl. Energy 183, 1209–1226 (2016).
 20. Valero, A. et al. Global material requirements for the energy transition. An exergy flow analysis of decarbonisation pathways. Energy 

159, 1175–1184 (2018).
 21. Valero, A., Valero, A., Calvo, G. & Ortego, A. Material bottlenecks in the future development of green technologies. Renew. Sustain. 

Energy Rev. 93, 178–200 (2018).
 22. Watari, T., McLellan, B. C., Ogata, S. & Tezuka, T. Analysis of Potential for Critical Metal Resource Constraints in the International 

Energy Agency’s Long-Term Low-Carbon Energy Scenarios. Minerals. 8, 1–34 (2018).
 23. Tokimatsu, K. et al. Energy modeling approach to the global energy-mineral nexus: Exploring metal requirements and the well-

below 2 °C target with 100 percent renewable energy. Appl. Energy 225, 1158–1175 (2018).
 24. Manberger, A. & Stenqvist, B. Global metal flows in the renewable energy transition: Exploring the effects of substitutes, 

technological mix and development. Energy Policy 119, 226–241 (2018).
 25. Elshkaki, A. Material Energy Nexus: The Impacts of Metals Supply and Demand on the Future Solar Power Technologies. Solar 

Power: Technologies, Environmental Impacts, and Future Prospects (ed. Bailey, S.) 1–21. (Nova Science Publisher, 2014).
 26. Elshkaki, A., Graedel, T. E., Ciacci, L. & Reck, B. K. Copper demand, supply, and associated energy use to 2050. Glob. Environ. 

Change 39, 305–315 (2016).
 27. Theodoros Semertzidis, T. Can energy systems models address the resource nexus? Energy Procedia. 83, 279–288 (2015).
 28. Brouwer, F. et al. Energy modelling and the Nexus concept. Energy Strategy Rev. 19, 1–6 (2018).
 29. Pauliuk, S., Arvesen, A., Stadler, K. & Hertwich, E. G. Industrial ecology in integrated assessment models. Nat. Clim. Change 7, 

13–20 (2017).
 30. Ellenbeck, S. & Lilliestam, J. How modelers construct energy costs: Discursive elements in Energy System and Integrated Assessment 

Models. Energy Res. Soc. Sci. 47, 69–77 (2019).
 31. International Renewable Energy Agency. Renewable Energy Technologies: Cost Analysis Series. Volume 1: Power Sector (2012).
 32. Zuser, A. & Rechberger, H. Considerations of resource availability in technology development strategies: The case study of 

photovoltaics. Resour. Conserv. Recy. 56, 56–65 (2011).
 33. Zimmermann, T. Dynamic material flow analysis of critical metals embodied in thin-film photovoltaic cells. (University of Bremen, 

2013).
 34. Reuter, M. A. & Verhoef, E. V. A Dynamic Model for the Assessment of the Replacement of Lead in Solders. J Electron. Mater. 33, 

1567–1580 (2004).
 35. Nassar, N. T., Graedel, T. E. & Harper, E. M. By-product metals are technologically essential but have problematic supply. Sci. Adv. 

1, e1400180 (2015).
 36. Elshkaki, A. & Graedel, T. E. Dysprosium, the balance problem and wind power technology. Appl. Energy 136, 548–559 (2014).
 37. Elshkaki, A. & Graedel, T. E. Solar cell metals and their hosts: A tale of oversupply and undersupply. Appl. Energy 158, 167–177 

(2015).
 38. Hache, E. Do renewable energies improve energy security in the long run? Int. Econ. 156, 127–135 (2018).
 39. Houari, Y., Speirs, J., Candelise, C. & Gross, R. A system dynamics model of tellurium availability for CdTe PV. Prog. Photovolt. 22, 

129–146 (2014).
 40. Feltrin, A. & Freundlich, A. Material considerations for terawatt level deployment of photovoltaics. Renew. Energ. 33, 180–5 (2008).
 41. Wadia, C., Alivisatos, A. P. & Kammen, D. M. Materials availability expands the opportunity for large-scale photovoltaics 

deployment. Environ. Sci. Technol. 43, 2072–2077 (2009).
 42. Fthenakis, V. Sustainability of photovoltaics: the case for thin-film solar cells. Renew. Sustain. Energy Rev. 13, 2746–2750 (2009).
 43. Candelise, C., Speirs, J. F. & Gross, R. J. K. Materials availability for thin film (TF) PV technologies development: A real concern? 

Renew. Sustain. Energy Rev. 15, 4972–4981 (2011).
 44. Elshkaki, A., Van der Voet, E., Van Holderbeke, M. & Timmermans, V. The environmental and economic consequences of the 

developments of lead stocks in the Dutch economic system. Resour. Conserv. Recy. 42, 133–154 (2004).
 45. Elshkaki, A., der Voet, V., Van Holderbeke, E. & Timmermans, M. V. Dynamic Stock modelling: A method for the identification and 

estimation of future waste streams and emissions based on past production and product stock characteristics. Energy 30, 1353–1363 
(2005).

 46. EPIA & GP. Solar Generation V - 2008: Solar Electricity for over One Billion People and Two Million Jobs by 2020. European 
Photovoltaic Industry Association and Greenpeace (2008).

 47. JRC, http://re.jrc.ec.europa.eu/pvgis/index.htm (2012).
 48. ITRPV. International Technology Roadmap for Photovoltaics: 2010 Results. (2011).
 49. ITRPV. International Technology Roadmap for Photovoltaics: 2014 Results. (2015).
 50. ITRPV. International Technology Roadmap for Photovoltaic: 2015 Results. (2016).
 51. International Renewable Energy Agency & International Energy Agency Photovoltaic Power Systems. End of life management – 

solar photovoltaic panels. IRENA 2016 AND IEA-PVPS 2016 (2016).
 52. Vidal, O., Boulzec, H. L. & Francois, C. Modelling the material and energy costs of the transition to low-carbon energy. Eur. Phys. J. 

Conf. 189, 00018 (2018).
 53. Tokimatsu, K. et al. Energy modeling approach to the global energy-mineral nexus: A first look at metal requirements and the 2 °C 

target. Appl. Energy 207, 494–509 (2017).
 54. Graedel T.E. et al. Recycling rates of metals: a status report. UNEP (2011).
 55. U.S. Geological Survey. Mineral Commodity Summaries 2009. (U.S. Geological Survey, 2009).
 56. U.S. Geological Survey. Rare earths. U.S. Geological Survey Mineral Yearbook 2009. (U.S. Geological Survey, 2009).
 57. U.S. Geological Survey. Mineral Commodity Summaries 2018. (U.S. Geological Survey, 2018).
 58. Nassar, N. T., Du, X. & Graedel, T. E. Criticality of rare earth elements. J. Ind. Ecol. 19, 1044–1054 (2015).
 59. International Chromium Development Association. Discover Chromium, Mining, http://icdacr.com/story-of-chrome/what-is-

chromium/discover-chromium/mining.pdf (2011).
 60. Mudd, G. M., Jowitt, S. M. & Werner, T. T. The world’s by-product and critical metal resources part I: Uncertainties, current 

reporting practices, implications and grounds for optimism. Ore Geol. Rev. 86, 924–938 (2017).
 61. Werner, T. T., Mudd, G. M. & Jowitt, S. M. The world’s by-product and critical metal resources part II: a method for quantifying the 

resources of rarely reported metals. Ore Geol. Rev. 80, 658–675 (2017).
 62. Federal Institute for Geosciences and Natural Resources. Fact Sheet: Indium, POLINARES working paper no. 39, http://www.

polinares.edu.
 63. Bleiwas, DI. Byproduct Mineral commodities used for the production of Photovoltaic Cells. US Geological Survey (2010).
 64. Silver Institute and GFMS Limited. The world silver survey 2011: a summary, http://silverinstitute.org/site/wp-content/

uploads/2011/12/world-silver-survey-2011.pdf (2011).
 65. U.S. Geological Survey. Tellurium, https://minerals.usgs.gov/minerals/pubs/commodity/selenium/index.html#mcs (2018)
 66. U.S. Geological Survey. Mineral commodity summaries 2016. (U.S. Geological Survey, 2016).

https://doi.org/10.1038/s41598-019-55853-w
http://re.jrc.ec.europa.eu/pvgis/index.htm
http://icdacr.com/story-of-chrome/what-is-chromium/discover-chromium/mining.pdf
http://icdacr.com/story-of-chrome/what-is-chromium/discover-chromium/mining.pdf
http://www.polinares.edu
http://www.polinares.edu
http://silverinstitute.org/site/wp-content/uploads/2011/12/world-silver-survey-2011.pdf
http://silverinstitute.org/site/wp-content/uploads/2011/12/world-silver-survey-2011.pdf
https://minerals.usgs.gov/minerals/pubs/commodity/selenium/index.html#mcs


1 9Scientific RepoRtS |         (2019) 9:19238  | https://doi.org/10.1038/s41598-019-55853-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

 67. Green, M. A. Estimates of Te and In prices from direct mining of known ores. Prog. Photovolt. 17, 347–359 (2009).
 68. Fthenakis, V. Life cycle impact analysis of cadmium in CdTe PV production. Renew. Sustain. Energy Rev. 8, 303–34 (2004).
 69. Fthenakis, V. & Anctil, A. Direct Te mining: resource availability and impact on cumulative energy demand of CdTe PV life cycles. 

IEEE J. Photovolt. 3, 433 (2013).
 70. Beylot, A., Guyonnet, D., Muller, S., Vaxelaire, S. & Villeneuve, J. Mineral raw material requirements and associated climate-change 

impacts of the French energy transition by 2050. J. Clean. Prod. 208, 1198–1205 (2019).
 71. Vidal O. Mineral Resources and Energy. (Elsevier Publisher, 2018).
 72. Nuss, P. & Eckelman, M. Life Cycle Assessment of Metals: A Scientific Synthesis. PLoS One 9, e101298, https://doi.org/10.1371/

journal.pone.0101298 (2014).
 73. Norgate, T. & Jahanshahi, S. Reducing the greenhouse gas footprint of primary metal production: Where should the focus be? Miner. 

Eng. 24, 1563–1570 (2011).
 74. Rankin, J. Minerals, Metals and Sustainability: Meeting Future Material Needs. (CSIRO Publishing, 2011).
 75. Mack-Vergara, Y. L. & John, V. M. Life cycle water inventory in concrete production—A review. Resour. Conserv. and Recy. 122, 

227–250 (2017).
 76. Zhou, M. et al. Intertwined impacts of water, energy development, and carbon emissions in China. Appl. Energy 238, 78–91 (2019).
 77. Hacker, J. N., De Saulles, T. P., Minson, A. J. & Holmes, M. J. Embodied and operational carbon dioxide emissions from housing: A 

case study on the effects of thermal mass and climate change. Energy Build. 40, 375–384 (2008).
 78. Arvizu, D. et al. Direct solar energy. IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation. (eds 

Edenhofer, O. et al.), (Cambridge University Press, 2011).
 79. Rong, Y. et al. Challenges for commercializing perovskite solar cells. Science 361, eaat8235 (2018).
 80. Hodes, G. Perovskite-Based Solar Cells. Science 342, 317–318 (2013).
 81. Saliba, M. et al. Incorporation of rubidium cations into perovskite solar cells improves photovoltaic performance. Science 354, 

206–209 (2016).
 82. Billen, P. et al. Comparative evaluation of lead emissions and toxicity potential in the life cycle of lead halide perovskite photovoltaics. 

Energy 166, 1089–1096 (2019).
 83. Chen, P.-Y. et al. Environmentally responsible fabrication of efficient perovskite solar cells from recycled car batteries. Energy 

Environ. Sci. 7, 3659 (2014).
 84. Correa-Baena, J.-P. et al. Promises and challenges of perovskite solar cells. Science 358, 739–744 (2017).
 85. Elshkaki, A., Reck, B. K. & Graedel, T. E. Anthropogenic nickel supply, demand, and associated energy and water use. Resour. 

Conserv. Recy. 125, 300–307 (2017).

Acknowledgements
This research is funded by the Strategic Priority Research Program of the Chinese Academy of Sciences 
[Grant Number XDA19040102]; National Key Research and Development Program of China [Grant Number 
2016YFA0602802]; International Partnership Program of Chinese Academy of Sciences [Grant Number 
131A11KYSB20170117].

Author contributions
A.E. designed research, processed the data, analysed the results, and wrote the paper.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-55853-w.
Correspondence and requests for materials should be addressed to A.E.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-55853-w
https://doi.org/10.1371/journal.pone.0101298
https://doi.org/10.1371/journal.pone.0101298
https://doi.org/10.1038/s41598-019-55853-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Materials, energy, water, and emissions nexus impacts on the future contribution of PV solar technologies to global energy  ...
	Methodology
	Energy scenarios. 
	Dynamic material flow analysis. 
	Metals coproduction. 
	Energy and water required for materials production and associated CO2 emissions. 

	Results
	Analysis of CT-Strong PV scenario. 
	Annual demand for metals in all GES. 
	Cumulative demand for metals in all GES. 
	Coproduction of metals in all GES. 
	Analysis of metals inflows, outflows, and stocks. 
	PV technologies maximum contribution to future global energy system. 
	Energy and water required for metals production and associated CO2 emissions. 

	Discussion
	Conclusions
	Acknowledgements
	Figure 1 (a) Total electricity generation (EG) and electricity mix in the GES (b) PV solar EG and CO2 emissions associated with each scenario (c) historical PV annual and cumulative installed capacity and (d) future PV installed capacity in GES.
	Figure 2 (a) Material, energy, water, land, and CO2 emissions nexus the solid lines and circles are included in the analysis, and dotted lines and circles are excluded, (b) MFA system (metals main processes, flows, and stocks in the economy and environmen
	Figure 3 Cumulative demand for metals and cumulative demand compared to global reserves in the CT-Strong PV scenario and six material scenarios.
	Figure 4 Average annual demands for metals in PV solar technologies compared to current production in GES and different materials scenarios.
	Figure 5 Cumulative demands for metals compared to global reserves in GES and different materials scenarios.
	Figure 6 Production of Zn and Cu in SC1, SC2, S9, and SC10 for all GES.
	Figure 7 Inflows, outflows and stocks of selected PV solar metals in SC1, SC2, and SC5 for GP-AER and IEA-450 GES.
	Figure 8 Inflows, outflows and stocks of lead in PSC in (a) CT-Strong PV, (b) Shell-Sky, and (c) IEA-450 and MS2, LT1, WOR scenarios inflows, outflow and stocks in GP-AER in (d) PSC, (e) c-Si, and (f) CdTe and (g) lead stocks and (h) cumulative demand in 
	Figure 9 Installed capacities of CIGS, CdTe, and a-Si by 2050 under different materials scenarios.
	Figure 10 The maximum electricity generation by CIGS, CdTe, and a-Si by 2050 under different materials scenarios.
	Figure 11 Installed capacity of CIGS, CdTe, and a-Si in SC1, SC6, and SC8 by 2050% of the total PV installed capacity in all GES.
	Figure 12 Cumulative energy required for all materials (a), annual energy required for all materials (b), cumulative CO2 emissions (c), and annual CO2 emissions (d), in IEA-450 scenario, SC1, and the minimum, maximum, and average intensity of Al, steel, a
	Figure 13 Annual energy required for all materials (a), and annual CO2 emissions (b), in IEA-450 scenario, SC1, and the average intensity of Al, steel, and concrete.
	Table 1 Global Energy Scenarios used in the analysis.
	Table 2 Metals contents (kg/MW) and market shares of PV solar technologies (%).
	Table 3 Combined scenarios used in the analysis.
	Table 4 Metals concentration in deposits, maximum theoretical ratios of companion to host metals, actual production ratios of companion to host metals, and recovery rate.




