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The demand for energy and consequently the emissions from energy generation have been increasing in
recent years at rapid rates, leading to an urgent need for cleaner technologies. Cleaner technologies,
however, require scarce resources. This paper analyzes the future development of electricity generation
technologies and the metals required for their components, using a multi level dynamic material flow
model. The model includes ten electricity generation technologies and the most important factors
determining the dynamics of their metals requirement. The analysis is carried out from 1980 through
2050, using two scenarios, termed Market First and Policy First, combined with specific scenarios for the
technologies. The results show that no resource problems occur in production capacity or in the avail-
ability of resources for wind power technologies in either scenario. In contrast, each photovoltaic solar
technology has a constraining metal supply in the Policy First scenario: silver for silicon based tech-
nologies, tellurium for cadmium telluride technology, indium for copper indium gallium diselenide, and
germanium for amorphous silicon. The model results show that the most critical photovoltaic solar metal
in terms of resource availability and production capacity is tellurium. The demand for the base metals
aluminium, copper, chromium, nickel, lead, and iron needed for electricity generation technologies can
be met in the two scenarios.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The demand for energy and consequently the emissions from
energy technologies have been increasing in recent years at rapid
rates. Several scenarios for the future development of the energy
sector have been proposed. These include a substantial share of
renewable technologies, especially wind and solar (concentrated
and photovoltaic), as well as a reduction in the expected demand
for energy. In a recent paper on the future availability of the energy
metals, Graedel (2011) defines the energy metals as “the metals for
which the bulk of their use is energy related, or metals that are used
in small amounts for energy applications but that are crucial to the
success of those applications”. Among these are cadmium (Cd),
silver (Ag), gallium (Ga), germanium (Ge), selenium (Se), indium
(In), tellurium (Te), neodymium (Nd), and dysprosium (Dy).

Several studies have recently evaluated the consequences of the
potential spread of renewable technologies in terms of material
requirements, resource availability, cost, and environmental
þ1 302 4325556.
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impacts. Some of these studies evaluate only a single technology,
such as PV solar power, concentrated solar power, or wind power
(Andersson et al., 1998; Coso et al., 2010; Crawford, 2009; Demir
and Taskin, 2013; Feltrin and Freundlich, 2008; Fthenakis, 2009;
Martinez et al., 2009; Pihl et al., 2012; Schleisner, 2000; Wadia
et al., 2009; Zuser and Rechberger, 2011). Others treat a group of
technologies or an energy mix that relies mainly on renewable
technologies (Garcia-Olivares et al., 2012; Jacobson and Delucchi,
2011; Kleijn and Van der Voet, 2010; Kleijn et al., 2011). Although
these studies provide useful information on the future develop-
ment of renewable technologies and the material required for their
components, we argue that the studies that highlight possible
resource constraints for renewable technologies are based on very
conservative and sometimes unrealistic scenarios (Candelisea et al.,
2011). Moreover, it is argued that there is high uncertainty in the
estimates of the resources required for these technologies and in
the data and methodologies used to assess the future availability of
these resources (Candelisea et al., 2011).

In this paper we analyse the future development of electricity
generation technologies and the metals required for their compo-
nents, using a dynamic material flow model. We take a multi level
top down approach, starting from the stock of electricity generating
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technologies. The approach allows for the inclusion of policy
measures and the possibility of substitution at different levels (e.g.,
the shift from fuel to electricity, the shift from nuclear or coal to
wind or solar, and the shift from silicon based PV to thin film PV).
The model includes ten electricity generation technologies:
Wind power, PV Solar power, Concentrated Solar power (CSP),
Hydropower, Geothermal power, biomass, Coal power, Gas power,
Oil power, and Nuclear power. It also addresses the most important
factors determining the dynamics of metals requirements: the in-
stallation’s geographical location, the efficiency of the technologies,
the performance ratio, the utilization rate, the materials content,
and the possibility for substitution. Other factors include the
availability of natural resources, the production capacity, and the
future availability of metals from secondary resources. The analysis
is carried out from 1980 through 2050, using two energy sector
scenarios developed by UNEP and RIVM (2004) and EREC and GP
(2008), combined with specific scenarios for the energy
technologies.

1.1. Theoretical framework

The increasing demand for metals in emerging sustainable
technologies and in traditional competing technologies, combined
with the limited availability of some metals and the expected
shortage in their supply as well as the political instability in some of
the metals-producing countries, have raised concerns about the
future availability of metals to sustain the development towards a
sustainable society. There are also concerns related to the possible
shift of the impacts associated with traditional production tech-
nologies (e.g., electricity production) tometals production, use, and
waste treatment. In this paper, we analyse the availability of re-
sources required for electricity production technologies using the
dynamic modelling of material flows and stocks analysis, which is
one of the industrial ecology (IE) analytical tools (Ayres and Ayres,
1996; Graedel and Allenby, 1995; Socolow et al., 1994), that is
largely driven by engineering approaches and systems perspectives
(Ruth, 2006). This IE approach focuses onmaterial and energy flows
in industrial and natural systems, and aims at analysing their overall
inputs to a system, transformation or storage within a system, and
their output from a system (pollution and waste), and indicates
possibilities for more sustainable management of resources
(Graedel and Allenby,1995). The concepts of IE have been applied at
different levels, from factory to global (Despeisse et al., 2012;
Korhonen and Chiu, 2004). Material Flow Analysis (MFA) and Sub-
stance Flow Analysis (SFA) are based on the concept of industrial
metabolism (Ayres and Simonis,1994) andhave beenwidely used to
analyze pollution and resources problems related to metals pro-
duction, use, andwaste treatment (VanderVoet et al., 2000;Graedel
et al., 2004; Brunner and Rechberger, 2004; Johnson et al., 2006;
Chen et al., 2013). Recently there is an increasing interest in the
dynamic modelling of material flows and stocks. Several studies
reported the results of a dynamic analysis of metals including cop-
per, aluminium, lead, zinc, platinum and others, using two ap-
proaches: “top down” (starting with the stock of technologies and
working downward to metal requirements), and “bottom up”
(starting with the metal and working upward to the technologies)
(Daigo et al., 2009, 2010; Elshkaki et al., 2004; Elshkaki and Van der
Voet, 2006; Hashimoto et al., 2007; Hatayama et al., 2007; Kleijn
et al., 2000; Melo, 1999; Müller et al., 2006; Spatari et al., 2005). In
addition to the analysis of the intentional use of metals and their
stocks in use, the non-intentional use of metals as well as the hi-
bernating stocks (e.g., copper, aluminium and iron stocks in power
supply and heating infrastructure systems) have been addressed in
recent studies (Elshkaki et al., 2009; Krook et al., 2011; Lifset et al.,
2012; Wallsten et al., 2012).
The work reported in this paper is the first to report a dynamic
material flow analysis of metals needed for electricity generation. It
builds on the above mentioned efforts by quantifying metals flows
and stocks in the electricity generation technologies and their
geographical distributions, as well as evaluating the availability of
resources (primary and secondary) needed for the renewable en-
ergy technologies and their production capacity. This is a precursor
to a wider analysis that will include metals flows and stocks in all
sectors of modern society, including transportation, household
appliances, buildings and construction, infrastructure, agriculture
and industry. We take a top-down multi level approach that starts
by identifying the sectors in which metals are utilized, followed by
the identification of all products, technologies, and sub-
technologies in a specific sector and then all components, mate-
rials, and metals that are used in a specific technology.

2. Methodology

2.1. Scenarios description

In recent years, several global scenarios have been developed to
analyze possible futures of energy, water, andmaterial systems. The
Intergovernmental Panel on Climate Change (IPCC) in its Special
Report on Emissions Scenarios (IPCC, 2000) has developed a set of
scenarios characterized by a more integrated world (A1), a more
divided world (A2), a more integrated and more ecologically
friendly world (B1), and a more divided but more ecologically
friendly world (B2). These scenarios are widely used as the
framework for a variety of scenario exercises for material systems
(Kapur, 2006; Gerst, 2009). The Global Scenario Group (GSG) has
developed three broad classes of scenarios characterized by
essential continuity with current patterns: Conventional Worlds
(Market Forces and Policy Reform), fundamental but undesirable
social change (Barbarization), and fundamental and favourable
social transformation (Great Transitions) (Kemp-Benedict et al.,
2002). The World Water Vision (WWV) global scenarios of the
World Water Council include three for water futures: Business As
Usual; Technology, Economics and the Private Sector; and Value
and Life Style (Cosgrove and Rijsberman (2000) and Gallopin and
Rijsberman (2000)). The United Nations Environmental Pro-
gramme (UNEP), as part of its third Global Environmental Outlook
(GEO-3), developed a set of four scenarios based on existing and
ongoing scenario exercises by the IPCC, GSG, and WWV (UNEP and
RIVM, 2004). The GEO-3 scenarios are characterized by a world in
which market-driven developments converge on the values and
expectations that prevail in industrialized countries (Market First);
a world in which strong actions are undertaken by governments in
an attempt to reach specific social and environmental goals (Policy
First); a world of great disparities where inequality and conflict
prevail, brought about by socio-economic and environmental
stresses (Security First); and a world in which a new development
paradigm emerges in response to the challenge of sustainability,
supported by new, more equitable values and institutions (Sus-
tainability First).

Other scenarios have been developed for specific technologies,
such as those for wind power (EWEA, 2008; GWEC, 2010), and
concentrated solar power scenarios (GP, 2009). The three EWEA,
GWEC and GP scenarios are the Reference Scenario, (which only
takes existing energy policies into account, through including as-
sumptions such as continuing electricity and gas market reform,
the liberalization of cross border energy trade and recent policies
aimed at combating pollution), the Moderate Scenario, (which
takes into account all existing or planned policies from around the
world that support renewable energy and assumes that targets set
by many countries for either renewable energy or wind and solar
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energy are successfully implemented), and the Advanced Scenario,
(which examines the extent to which these industries could grow
in a best case “wind energy vision” or “concentrated solar power
vision” with an assumption that all policy options in favour of
renewable energy have been selected and that the political will is
there to carry them out). The various global scenarios are mapped
into a common framework in Table 1 (Raskin et al., 2005).

None of the scenarios mentioned in the above paragraphs deal
withmetal resource requirements, which is the goal of our work. To
address the latter, we built upon existing energy scenarios, adding
scenarios for materials technology development and associated
resources requirements. Specifically the work presented in this
paper is an enhancement of two of the GEO-3 scenarios (Market
First and Policy First).
2.2. Electricity demand and electricity mix

Electricity generation and fuel share from 1980 through 2005
are obtained from the World Bank (2010). From 2005 onwards, the
total electricity demand and fuel share are estimated based on the
two conventional world scenarios (Market First and Policy First)
(Electris et al., 2009) combined with the two energy mix scenarios
(Reference and Revolution) developed by EREC and GP (2008).

In the analysis, we have included 57 countries grouped into
eleven global regions: North America, Western Europe, Eastern
Europe, Pacific OECD, Latin America, Former Soviet Union (FSU),
Middle East, Africa, China, South Asia, and Southeast Asia. These
global regions are similar to those adopted by Electris et al. (2009)
and compatible to those adopted by EREC and GP (2008).

The demand for electricity in each country is estimated based on
the total demand for primary energy in the year 2005, the share of
different sectors (household, service, agriculture, and industrial) in
the final energy consumption, the intensity of energy use in each
sector, the growth rate in the intensity of energy use, fuel share in
the final energy consumption in each sector (electricity, coal, oil,
gas, biomass, heat, geothermal, and solar), and the fuel share in
electricity generation (coal, gas, oil, nuclear, biomass, hydro,
geothermal, wind, and PV solar and CSP). The total demand for
primary energy in each country in the year 2005 is obtained from
the Energy Information Administration (EIA, 2006). The share of
household, service, agriculture and industrial sectors in the total
final energy consumption is obtained from the Market First and
Policy First scenarios (Electris et al., 2009). The intensity of energy
use in different sectors is as defined by Electris et al. (2009). The
intensity of energy use in the household sector in the year 2005 is
estimated as the total final energy consumption multiplied by the
share of household sector in the total energy final demand divided
by the population. The intensity of energy use in the service, agri-
culture, and industrial sectors is estimated as the total final energy
consumption multiplied by the share of service, agriculture, and
industrial sectors in the total energy final demand, divided by the
service, agriculture, and industrial value added. The growth rates in
the intensity of energy use in each sector are from Electris et al.
Table 1
Comparing various global scenarios.

GEO-3 Market first Policy first Sustainability
first

Security
first

GSG Market forces Policy reform Great transition Barbarization
IPCC A1 B1 B2 A2
WWV BAU Technology and

economics
Value and
life style

EWEA, GWEC,
GP

Reference Moderate Advanced
(2009). Data on population, GDP, service value added, agriculture
value added, and industry value added are from the World Bank
(2010). The future developments in these parameters are esti-
mated based on the growth rates given by Electris et al. (2009). The
fuel share in the final energy consumption in each sector (elec-
tricity, coal, oil, gas, biomass, heat, geothermal, and solar) and the
fuel share in electricity generation (coal, gas, oil, nuclear, biomass,
hydro, geothermal, wind, and PV solar and CSP) from 2005 through
2050 in each world region is obtained from the Reference and
Revolution scenarios developed by EREC and GP (2008).

2.3. Description of electricity generation technologies

A number of details must be specified in order to incorporate the
energy technologies into the methodology. These are summarized
below, and discussed in more depth in appendix A.

2.3.1. Wind power technologies
Wind power is considered one of the cleanest sources for elec-

tricity generation and is the fastest growing technology in the
renewable energy sector. Although currently most wind farms are
installed on land, offshore wind farms are expected to gain market
share in the future. In 2007, that share was 1.9%; it is expected to
reach 20% by 2020 and 40% by 2030 (EWEA, 2008). These figures
are extrapolated to 2050 by assuming a maximum market share of
offshore wind technology at that date to be 50%.

2.3.2. Photovoltaic (PV) solar power technologies
PV systems are based on the use of semiconductors that

generate electric power when exposed to sunlight. Two types of PV
technologies are commonly available in the market; crystalline
silicon (including multi-crystalline (mc-Si) and single-crystalline
(sc-Si)) and thin film (including amorphous silicon (a-Si), cad-
mium telluride (CdTe), and copper indium gallium diselenide
(CIGS)). The market share of thin film technologies in 2005 was
6.5% (Van Sark et al., 2007), increased to 10.4% in 2007 (EPIA and GP,
2008), and to 19% in 2009 (Zuser and Rechberger, 2011). The future
market share of Si based PV technologies is estimated based on data
and information from different sources to account for about 79% in
2012, 74% in 2015, 61% in 2020, and 50% in 2030 (Jager-Waldau,
2011; EPIA and GP, 2011). These values are used in the model
with a minimum market share of Si based technologies of 50% and
the assumption that the mc-Si and sc-Si will have equal shares in
the Si based PV market and the three thin film technologies will
have equal shares in the PV thin film market.

2.3.3. Concentrated solar power (CSP) technologies
Four types of CSP technologies are currently available: parabolic

trough, power towers, Fresnel, and parabolic dish. The market
shares of these technologies in the 2009 installed capacity were
91.7%, 7.3%, 0.9%, and 0.1% respectively (GP, 2009). We include the
two dominant technologies: power tower and parabolic trough.
The market share of the power tower is assumed to be 13.2% and
20% by the year 2015 and 2025 respectively and of the parabolic
trough to be 86.8% and 80% respectively, based on information
given by Gesthuizen (2010). These values are extrapolated until
2050 in the model.

2.3.4. Hydropower, geothermal, biomass, coal, oil, gas, and nuclear
technologies

Running or falling water has been used for hundreds of years to
generate electricity. There are two main types of hydropower
plants: run-of-river and reservoir power. Producing electricity in
the run-of-river plants is similar to the generation of electricity by
wind power. In the model, we use a global market share of the two
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types of hydropower plants similar to the assumedmarket share for
the Union for the Coordination of Production and Transmission of
Electricity (UCPTE) countries (52.1% run-of-river and 47.9% reser-
voir) (IEA, 2002). Two types of geothermal power plants are
included in the model: Hydrothermal (HT-50) and Enhanced
Geothermal Systems (EGS-50). It is assumed that the two types of
geothermal power plants have equal market share. The biomass
power plant included in the analysis is a cogeneration heat and
electricity power plant. Two types of nuclear power plants are
included in the analysis: Pressurized Water Reactor (PWR) and
Boiling Water Reactor (BWR). It is assumed that the two types of
nuclear power plants have equal market share. For coal, natural gas,
and oil power plants, data on average global power plants are uti-
lized in the analysis.
2.4. Dynamic material flow analysis

The electricity generated by different technologies (PV, wind,
nuclear, coal, etc.) from 1980 through 2050 is estimated based on
the total energy demand, the demand for electricity, and the share
of different technologies in electricity generation (see sections 2.3
and 2.4). The cumulative installed capacity (stock), annual
installed capacity (inflow) and discarded flow of old installed ca-
pacity (outflow) are estimated in slightly different way for tradi-
tional technologies and renewable technologies. This is due to the
assumption in the model that for renewable technologies, each
sub-technology has different efficiency while traditional technol-
ogies and their sub-technologies have similar efficiencies (see
appendix A.1 e A.4).

The cumulative installed capacity of traditional technologies
(nuclear, coal, gas, oil, hydro, geothermal, and biomass) is estimated
as the total electricity generated by the technology divided by the
capacity factor for each technology. The annual installed capacity is
estimated based on the cumulative installed capacity and the
annual discarded flow of old annual installed capacity as given by
Eq. (1). The annual discarded flow of old installed capacity is esti-
mated as a delayed inflow given by Eq. (2) or as the difference
between two consecutive installed capacities if the installed ca-
pacity is decreasing over time. For these technologies, the discarded
flows in the first years of the simulation are estimated as a fraction
of the initial stock (installed capacity in 1980) given by Eq. (3).

F inT ðtÞ ¼ STðt þ 1Þ � STðtÞ þ FoutT ðtÞ (1)

in which F inT (t) is the annual installed capacity of the technology at
time t (inflow), ST(t) is the cumulative installed capacity of the
technology at time t (stock), and FoutT (t) is the annual discarded
flow of old installed capacity of the technology at time t (outflow).

FoutT ðtÞ ¼ F inT ðt � LÞ (2)

FoutT ðtÞ ¼ l*Sð0Þ (3)

in which L is the life time, l is 1/L and S(0) is the initial installed
capacity (stock).

The cumulative installed capacity of the main renewable tech-
nologies (PV solar, CSP, and wind) is estimated based on the total
electricity generated by the technology. The annual installed ca-
pacity for the main technologies is estimated based on the cumu-
lative installed capacity and the annual discarded flow of old annual
installed capacity as given by Eq. (1). The discarded flowof wind, PV
solar, and CSP is zero from the first year of their installation to a
time equal to their life time. The annual installed capacity of each
sub-technology (onshore wind, offshore wind, Si based PV, thin
film PV, etc.) is estimated based on the annual installed capacity of
the main technologies and the market share of each sub-
technology as given by Eq. (4). The discarded flow of old annual
installed capacity (outflow) of each sub-technology is estimated as
a delayed annual installed capacity (inflow) of each sub-technology
and the cumulative installed capacity (stock) of each sub-
technology is estimated as given by Eq. (5). For PV solar, CSP, and
wind technologies, the capacity factors or the efficiency, the utili-
zation rate, and the performance ratio (in the case of PV solar) are
used after the estimation of the annual installed capacity of each
sub-technology (Si based, CdTe, CIGS, and aSiGe for PV solar,
parabolic trough and power tower for CSP, and onshore and
offshore for wind).

F inSTðtÞ ¼ a*F inT ðtÞ (4)

SSTðt þ 1Þ ¼ SSTðtÞ þ F inSTðtÞ � FoutST ðtÞ (5)

where ST refers to sub-technology and a is the market share.
The inflow of metals in each technology is estimated based on

the inflow of the technology multiplied by the metal content in
each technology (e.g., number of solar cells times the target metal
content of each cell). The discard flow is estimated as a delayed
inflow and the stock is estimated based on an equation similar to
Eq. (5). If metal emissions occur during use, the flow is given by Eq.
(6). These flows are expected to be small compared to the discard
flow, however. For example, the global emissions of Cd to air and
water due to CdTe solar cells in 2050 are expected to be 350 kg/year
and 840 kg/year respectively, while the demand for Cd in 2008 is
100 Mg and is expected to be 1310 Mg in 2050 (Raugei and
Fthenakis, 2010).

FoutM ðtÞ ¼ F inM ðt � LÞ*ð1� gÞL (6)

where g is the emission factor and M refers to metal.
3. Results and discussion

3.1. Electricity generation and installed capacity

The total global electricity demand by 2050 is expected to reach
47,000 TWh and 31,000 TWh in the Market First and Policy First
scenarios respectively. The total electricity generated in the coun-
tries included in the two scenarios, grouped into eleven regions
(Fig. 1), accounts for about 90% of the global electricity generation
by 2050. In the Market First scenario, about 18% of the generated
electricity was in the USA, 9% in Europe, 26% in China, and 47% in
other countries. In the Policy First scenario, about 16% of the
generated electricity is expected to be generated in the USA, 6% to
be in Europe, 29% to be in China, and 49% to be in other countries.
The market share of different technologies, and the total electricity
generated by different technologies in the Market First and Policy
First scenarios from 2010 to 2050 are shown in Fig. 1. The electricity
generated by wind power plants, PV solar power plants, and
concentrated solar power plants, and their installed capacity in the
two scenarios are shown in Fig. 2. In the Market First scenario, the
electricity generated by the three technologies constituted 3.7% of
the total electricity generated in 2050, dominated by wind power.
In the Policy First scenario, in contrast, the electricity generated by
the three technologies constituted 51% of the total electricity
generated in 2050. About 50% of the total wind power and PV solar
power installed capacity was in the USA and China. The remaining
wind power capacity was mainly in Europe, India, Russia, and Japan
and the remaining PV solar power capacity was mainly in Europe,



Fig. 1. The total electricity generated in each region, the market share of each electricity generation technology, and the total electricity generated by each technology, in the Market
First scenario (a, b, c) and Policy First scenario (d, e, f).
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Middle East, and Africa. About 42% of the CSP installed capacity was
in the USA and China, and the remaining capacity being mainly in
the Middle East, Africa, and India.

3.2. Metals required for wind, PV solar and concentrated solar
power technologies

The metals used in electricity generation technologies can be
classified into two groups, those used for one technology (Te, Se, Ga,
and Ge used in PV solar power, and Nd and Dy used inwind power)
and those used in two or more technologies (Ag and In are used in
PV, CSP and nuclear power, and Al, Cr, Cu, Fe, Pb, and Ni are used in
almost all technologies).

The demand for the metals Nd, Te, and In in the Market First and
Policy First scenarios is shown in Fig. 3. In the Policy First scenario,
the demand for Nd and Dy in 2050 and the cumulative demand
from 2010 to 2050 are 6.4 times and 4.2 times the respective de-
mand in the Market First scenario. For In, Ga, Se, Te, Ag, and Ge, the
demand in 2050 in the Policy First scenario is 23.5 times the de-
mand in the Market First scenario. The cumulative demand for In,
Ga, Se, and Te from 2010 to 2050 in the Policy First scenario is 10.4
times the cumulative demand of these metals in the Market First
scenario. For Ag and Ge, the cumulative demand in the Policy First
scenario is 8.5 and 11.3 times their cumulative demand in the
Market First scenario.

The demand over time for Nd, Dy, Ag, Ga, Ge, In, Se, and Te
compared to their 2010mine production (Table 2) in the Policy First
scenario is shown in Fig. 4. Fig. 4 also shows the average demand of
these metals from 2010 to 2050 compared to their production level
in 2010. The average demand indicates the required increase in the
production capacity on a yearly basis from 2010 to meet the
required demand in 2050, which is useful information for an early



Fig. 2. The electricity generated by wind, PV solar, and CSP, and their installed capacity, in the Market First scenario (a, b) and Policy First scenario (c, d).
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adaptation in the production capacity for the metal mining and
production industries. The peaks appearing in Fig. 4 in the year
2010 and 2020 for the metals used in PV solar power technologies
are due to the assumption in the Policy First scenario that the PV
solar technologies will be introduced to themarket in the year 2010
in some Latin American, South East Asian and Middle Eastern
countries, and in the year 2020 in some Eastern European
countries.

As shown in Fig. 4, the average yearly demand of Nd and Dy is
less than 20% and 40% of the 2010 production level of the two
metals respectively. Although the average yearly demand for the
two metals does not require a big increase in the production ca-
pacity, the yearly demand for Nd and Dy is less than 20% of the 2010
production level until the year 2034, but by 2050, the demand is
more than 60% and 140% of the 2010 production level of the two
metals respectively. In both cases, an increase in the production
capacity to the level required in 2050 should be possible, because
the production capacity of the rare earth elements (REE) has been
doubled between 1994 and 2009 (USGP, 2009). In terms of re-
sources, the available reserves of the two metals are enough to
meet the cumulative demand in the next 40 years as shown in
Fig. 5.
Fig. 3. The demand for Nd (a), Te (b), and In (c) i
It is of interest to relate the cumulative demand for the metals
up to 2050 to geological availability. This could be done conserva-
tively by comparing demand to reserve (the part of the reserve base
which could be economically extracted or produced at the time of
determination) or more expansively to reserve base estimates (the
part of an identified resource that meets specific minimum physical
and chemical criteria and includes those resources that are
currently economic, marginally economic and some of those that
are currently sub-economic). Table 2 contains these estimates for
the metals treated here, and the cumulative demand for the metals
from 2010 to 2050 compared to the 2010 reserve estimates in the
Policy First scenario is shown in Fig. 5, demonstrating the potential
supply challenges for Te, In, and Ag.

The average yearly demand from 2010 to 2050 for Ag, In, Ga and
Se is less than 55% of their 2010 production level. However, the
production capacity by 2050 requires an increase by 237%, 225%,
224% and 95% for themetals respectively. For Ge and Te, the average
yearly demand is 400% and 500% of their 2010 production level, and
by 2050 the demand reaches 2130% and 2200% of the 2010 pro-
duction level of the two metals, respectively. In term of resources,
the cumulative demand in the next 40 years for Ag and In is either
close to or slightly exceeding the total available reserves. The
n the Market First and Policy First scenarios.



Fig. 4. The demand for Nd, Dy, Ag, Ga, Ge, In, Se, and Te compare

Table 2
Production, reserve and reserve base of the metals used in electricity generation
technologies (U.S. Geological Survey, 2009a, b).

Production (Mg) Reserve (Mg) Reserve base (Mg)

Ag 22,200 510,000 570,000
Al 211,000,000 28,000,000,000
Cd 22,000 660,000
Cr 22,000,000 350,000,000
Cu 16,200,000 630,000,000
Fe 2,400,000,000 87,000,000,000
Ga 106 1,000,000
Ge 120 450,000 500,000
In 574 11,000 16,000
Mo 234,000 9,800,000
Ni 1,550,000 76,000,000
Pb 4,100,000 80,000,000
Se 2260 88,000 172,000
Te 123 22,000 48,000
Zn 12,000,000 250,000,000
Nd 19,000 12,000,000
Dy 1500 1,700,000
Mg 5,580,000 2,400,000,000
Mn 13,000,000 630,000,000

A. Elshkaki, T.E. Graedel / Journal of Cleaner Production 59 (2013) 260e273266
cumulative demand of the two metals in the next 40 years is 100%
and 107% of the available reserves, respectively. For Ge, Ga and Se,
resource availability is not a problem. Te is the metal of concern in
terms of the production capacity and resources. The average yearly
demand is almost 500% the 2010 production level, and the cumu-
lative demand in the next 40 years is 110% of the available reserves.

The estimates of the demand by 2050, the average yearly de-
mand and the cumulative demand in the next 40 years for Nd and
Dy in this study are comparable to or lower than the estimates of
the demand for the two metals reported recently in several studies
(Garcia-Olivares et al., 2012; Jacobson and Delucchi, 2011;
Hoenderdaal et al., 2013; Kleijn and Van der Voet, 2010). The dif-
ferences in the estimates of the demand in this analysis compared
to other studies can be attributed to several factors. The assump-
tions made for the total demand for electricity, the wind installed
capacity, the market share of the wind technology that uses rare
earth metals, and the weight of the magnets and their composition
are among the main factors. The market share of renewable tech-
nologies in the Policy First scenario, which assumes higher market
share of these technologies compared to the Market First scenario,
d to their 2010 mine production in the Policy First scenario.



Fig. 5. The cumulative demand for the metals from 2010 to 2050 compared to the 2010
reserve estimates in the Policy First scenario.
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is 51% of the electricity production market, and the maximum
market share of offshore technology is assumed to be 50% by 2050.
These market shares are lower than those used in the other studies
except those used by Hoenderdaal et al. (2013), which assume
comparable market shares for wind power and direct drive tech-
nology that uses rare earth metals and estimate a comparable de-
mand for Dy by 2050. The metals content of the magnet, which is
based on the reported composition of the magnet by US DOE
(2010), is lower than the assumption made in the other studies.

The estimates of the demand for themetals required for PV solar
technologies are in the same order of magnitude or lower than the
estimates of the demand for these metals reported in several
studies (Andersson et al., 1998; Kleijn and Voet, 2010; Zuser and
Rechberger, 2011). This is mainly due to the assumptions made
for the PV solar installed capacity, and the market share of the four
types of PV technologies (Si based, CdTe, CIGS, and a-Si). Themarket
share of PV solar technologies in the electricity production market
and the market share of thin film technologies in the PV solar
market are lower than the market shares used in the other studies.
The minimum market share for the Si based PV technologies is
higher than their market share used for example by Zuser and
Rechberger (2011), which made our estimates for Ag higher than
their estimates, and lower than their estimates for In, Ga, and Te.

In addition, other factors such as the efficiencies of the tech-
nologies, the spatial resolution and the time frame taken in the
analysis are also important in explaining the lower demand for the
metals used in wind power and PV solar technologies in this
analysis compared to the other studies. Most studies are carried out
on a global level while the analysis described here is carried out on
a country and regional levels. We assume a capacity factor for wind
power that is increasing over time and changing from region to
region, and that the factors determining the quantities of metals
required for solar power plant such as solar irradiation is changing
from country to country.

The metals content of the magnet is assumed to be constant
over time based on information reported in several studies
(Minowa, 2008; Moss et al., 2011; Radon et al., 2012). These studies
have reported that the advancements in technology since the mid
1980s have improved the magnet performance and led to a
doubling of the magnetic strength and reducing Nd content. The
most recent generation of magnets, however, is believed to be close
to their technical limits and Ndmagnet in its current composition is
the best that can be achieved. Although there are increasing efforts
to reduce the amount of Dy in the magnet while maintaining the
required performance, the advancements is far from reaching
practical level and commercial scale. Therefore the metals content
of the magnet is unlikely to change in the time frame taken in the
analysis and affect metals demand.

The metals content of the PV thin film technologies, which is
based on the values given by Andersson and Jacobsson (2000), are
assumed to be constant over time. It is assumed in most scenarios
that the absorber layer thickness of PV solar technologies is either
constant or could be slightly reduced as there are increasing efforts
to reduce the material use notably for silicon based technologies
(Fthenakis, 2009; Moss et al., 2011; Zuser and Rechberger, 2011). It
is possible to reduce the thickness of CdTe and CIGS thin layers,
however, the potential reduction seems to be limited and a
compromise between the layer thickness and the solar cell effi-
ciency and cost should be made. It is reported that the performance
of CIGS solar cells decreases as the absorber layer thickness is
decreased (Amin et al., 2012). Although it is possible to achieve high
efficiency for CdTe technology, it is less certain how the increase in
the efficiency will be coordinated with reduction in the layer
thickness and even more difficult how thickness reduction would
be implemented over time (Woodhouse et al., 2013). Therefore in
this analysis, we assume average values of the absorber layers
thickness that are slightly lower than the current standard values
(Dhere, 2007; Moss et al., 2011) and higher than the assumed
values in some of the scenarios used in other studies (Fthenakis,
2009; Zuser and Rechberger, 2011). Other factors such as the effi-
ciency and the utilization rate are assumed to be improved over
time.

For some metals such as Dy, the energy sector is the dominant
end use sector, but for other metals such as In, Ge, Ag, and Te, the
demand in the energy sector will come on top of demands in other
applications (Graedel, 2011). In is mainly used in flat panel displays
and metallurgical alloys, which account for 95% of its current use.
Although there are few possible substitutes for indium in these
applications, the demand is expected to increase. The demand in PV
solar technologies will come as an addition to the demand in the
other applications, and therefore the expected production capacity
of indium by 2050 and the cumulative demand from 2010 to 2050
estimated in the model is less than what is actually required. In-
dium reserves in themodel are set to 11,000Mg (USGS, 2008). It has
been argued, however, that the current indium reserves are much
larger, perhaps as much as 50,000 Mg (Candelisea et al., 2011;
Green, 2009). If this figure is adopted, the cumulative demand for
indium from 2010 to 2050, would only account for 24% of the
reserve. In this case, the resources will not be a problem for the
future use of indium in PV solar technologies, but the production
capacity, which is expected to be 225% of the 2010 production level
by 2050 will remain an issue that need careful consideration. If the
reserve base of In, which is 16,000 Mg in 2009, is taken instead of
the reserve, the cumulative demand for In from 2010 to 2050would
account for 74% of the reserve base. For Ag, if the reserve base,
which is 570,000 Mg in 2009, is taken instead of the reserve, the
cumulative demand for Ag from 2010 to 2050 would account for
90% of the reserve base. Te is mainly used in metallurgical alloys
and chemicals, which account for 85% of its current use. Ge is
mainly used in fibre-optic systems, infrared optics and polymeri-
zation catalysts, which account for about 85% of its current use.
Although several materials can substitute for Te and Ge in most of
their applications, these substitutes are not wholly satisfactory
(USGS, 2011). Therefore, the demand for the two metals in PV solar
technologies will come as an addition to the demand for other
applications. Tellurium reserves in the model are set to 22,000 Mg,
which includes only Te contained in economic copper deposits
(USGS, 2011). In addition to this figure, there are other deposits that
contain large quantities of Te. It is reported that the Te content in a
deposit in China is above 1000 tonnes and a deposit in Mexico



Fig. 6. Stock of selected metals used in PV solar and Wind power technologies in the Policy First scenario.

Fig. 7. The geographical concentration of indium reserves in 2008 (a) and indium stock
in use in 2050 (b).
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contains 1700 tonnes (Green, 2009). If these quantities are added to
the figure given by USGS (2011), the cumulative demand for Te from
2010 to 2050 would account for 101% of the reserves. If the reserve
base of Te, which is 48,000 Mg in 2009, is taken instead of the
reserve, the cumulative demand for Te from 2010 to 2050 would
account for 52% of the reserve base.

In addition to the issues of resources and production capacity,
most of these metals are “companion metals”, those produced
entirely or primarily as by-products of host metals. Therefore, their
production can only be increased by more efficient recovery from
the host metals, or increased host metals production. In and Ge are
produced mainly with Zn and Pb, and Te with Cu. Thus, increases in
the production of In, Ge, and Te would require increases in the
production of Zn, Pb, and Cu, with possible consequences on the
demand for recycling of these metals.

The stocks of selected metals (Nd, Dy, Ag, Ge, Te, and In) in the
eleven world regions are shown in Fig. 6. The stock in use of
different metals in electricity generation technologies indicates the
development of the demand over time, and the possible scrap
generation in different parts of the world. As shown in Fig. 7, the
stock-in-use of In in 2050 is 9450 Mg, distributed between China,
USA and Canada, Europe, and other countries, most of has come
from Chinese reserves.

The supply of metals required for wind and solar power tech-
nologies comes either from primary resources or secondary re-
sources. It is expected that the recycling rate of these metals will be
moderate to high. For some of the metals used in wind power
technologies such as Cu, iron and steel, the recycling rate is



Fig. 8. Average demand for metals from 2010 to 2050 compared to their 2010 production level in the Market First scenario (a) and Policy First scenario (b).
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expected to be 90% (Guezuraga et al., 2012). It is reported that about
30% of REE available in magnet scrap was recovered in China in
2005 (Feng, 2006). The overall recycling rate of the metals used in
PV solar technologies such as CdTe technology may rise to 90%
(Fthenakis, 2009). In the model, we assume an average global
recycling rate for non-REE metals of 90% and for REE of 50%. We
assume higher recycling rates for the metals used in electricity
generation technologies compared with their current overall rates
(Graedel et al., 2011) due to the expected high collection rates of
these technologies compared to other sectors and the time frame
taken in the analysis.

The results indicate that the supply of Nd and Dy needs to come
mainly from primary resources, as the supply from secondary re-
sources is not expected to be available in large quantities in the
time frame of this analysis. The secondary resources are expected to
cover about 4% of the cumulative demand for the two metals from
2010 to 2050 and about 5% of the demand for the two metals in
2050. Secondary resources are expected to cover more after 2050,
as the accumulated stock of the two metals is increasing over time
(Fig. 6). Only small fraction of the supply of Ag, Ga, In, Te, Se, and Ge
could be covered by secondary sources in the time frame taken in
the analysis. Secondary resources are expected to cover about 9% of
the cumulative demand for Ga Se, Te, and In and 14.5% and 7% of Ag
and Ge cumulative demand. In 2050, secondary resources are ex-
pected to cover about 12% of the Ga, Se, Te, and In demand and
11.7%, and 9% of the Ag and Ge demand. For all metals, secondary
resources are expected to contribute more to the demand by the
year 2050 compared to the average over 40 years except for Ag. The
amount of the demand for Ag that could be covered by secondary
resources is expected to increase over time, reaching around 60% in
Fig. 9. Cumulative demand for metals from 2010 to 2050 compared to their cu
the year 2030 and then decreasing to 11.7% in 2050. This is mainly
due to the assumption on the market share of Si based technologies
which is decreasing over time at the beginning of the simulation
and stabilizing from 2030 onward, combined with increasing
electricity generation and PV technologies market share at higher
rates at the end of the simulation. The accumulated amount of Ag in
the stock-in-use of the electricity generation technologies is ex-
pected to reach 77.5% of its current reserve by 2050, mainly in the
silicon based PV solar technologies. If the trend of the shift from
silicon based technologies to thin film PV continues, this entire
amount of Ag will be available in the future for use in other ap-
plications such as CSP technologies.

3.3. Total metals required for all electricity generation technologies

The demand for Al, Cu, Fe, Pb, Ni, and Cr in all electricity pro-
duction technologies increases over time in the two scenarios. The
demand for Ni and Cr increases at a higher rate in the Market First
scenariomainly due to the use of the twometals in coal and nuclear
technologies, which account for the largest energy share in the
Market First scenario (59%) compared to 14.5% in the Policy First
scenario by the year 2050. The demand for all metals except Ni and
Cr increases at a higher rate in the Policy First scenario. As shown in
Fig. 8, the average demand for all metals except Ni, in all technol-
ogies from 2010 to 2050 in the Market First scenario, is less than
1.5% of their 2010 production level. The average demand for Ni is
expected to be 25% of its production level in 2010. In the Policy First
scenario, the average demand for all metals except Ni and Cr,
compared to their 2010 production level is expected to be higher
than the Market First scenario but less than 4% of the 2010
rrent reserves in the Market First scenario (a) and Policy First scenario (b).



Fig. 10. The stocks of Al (a), Cu (b), and Fe (c) in all electricity generation technologies in the Policy First scenario.
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production level. The average demand for Ni is expected to be
around 9.7% of 2010 production level. Ni demand in the Market
First scenario is dominated by nuclear, coal, and hydropower
technologies, while in the Policy First scenario, due to the phase out
policy of nuclear and coal power technologies, the demand is
dominated by hydropower, coal power, and CSP, with small shares
of biomass, PV solar, and wind technologies. In terms of resources,
the most significant metal in the market first scenario is Ni, about
21% of its current reserve (Fig. 9). In the Policy First scenario, the
cumulative demand for Ni and Pb is 8.1% and 7.6% of their current
reserves and the cumulative demand for Cd and Cu is 3.7% and 4.3%
of their current reserves respectively.

The stocks of selected metals (Al, Cu, and Fe) in all electricity
generation technologies in the Policy First scenario are shown in
Fig. 10. The stocks in use of Al, Cu, Fe, Pb, Ni, and Cr in electricity
generation technologies in 2050 are small fractions of their 2010
reserves. There is a clear shift in the stock in use of different metals
in electricity generation technologies between 2010 and 2050,
reflecting the shift in demand and the possible source of scrap
metal in the future. The shares of electricity generation technolo-
gies in the stock in use of Al, Cu, Fe, Pb, Ni, and Cr in 2010 and 2050
are listed in Table 3. In 2010, the stock in use of Al, Cu, and Fe is
dominated by coal, Pb and Cr is dominated by hydro, and Ni is
dominated by nuclear, while in 2050 the stock in use of Al is
dominated by PV solar, Cu is dominated by wind and PV solar, Pb is
dominated by wind, Fe is dominated by CSP, and Ni and Cr is
dominated by hydro.

The supply of Pb, Al, and Cu in the first half of the 21st century
will have to come mainly from primary resources, even though the
recycling rate of Al, Cu, Fe, Pb, Ni, and Cr is assumed to be 90% of the
generated scrap except for nuclear power plants (The recycling rate
of the scrap metals generated from nuclear power plants is
assumed to be 10%). Secondary resources in 2010 are expected to
Table 3
The share of electricity generation technologies in the stock in use of metals (%).

Technology 2010 2050

Al Cu Fe Pb Ni Cr Al Cu Fe Pb Ni Cr

Coal 26 36 44 15 22 9 3 4 14 3
Gas 20 32 4 2 3 2 2 2
Nuclear 9 5 07 37 24 4 2
Oil 4 3 2 1
Hydro 14 30 47 34 64 7 57 62
Geothermal 12 13 5
Biomass 4 1 3
Wind 6 5 17 42 14 99 3
PV solar 20 10 2 07 73 40 10 2
CSP 07 13 60 15 31
cover about 29%, 35%, 48%, and 43% of the demand for Al, Cu, Fe, and
Cr respectively. By 2050, however, secondary resources are ex-
pected to cover 16%, 18%, 20%, and 41% of the demand for these
metals. The decrease in the amount of demand that is expected to
be covered by secondary resources is mainly due to the increased
demand for these metals in renewable technologies at the end of
the simulation, and the relatively low demand in traditional tech-
nologies. For Pb and Ni, secondary resources are expected to cover
about 8% and 72% of the demand in 2010, increasing to 10% and
100% by the year 2050. The potential for Ni recycling is mainly due
to the phase out policy of nuclear and coal power technologies,
which leads to a decrease in the demand and a high volume of scrap
generation from old installed technologies. Cumulatively, second-
ary resources are expected to cover only about 17%, 18%, 14%, 56%,
8%, and 27% of the cumulative demand from 2010 to 2050 for Al, Cu,
Fe, Ni, Pb, and Cr, respectively.
4. Conclusions

This paper has analysed the potential future development of the
electricity generation technologies and the metals required for
their components, using a multi level dynamic material flow and
stock model. The model includes ten electricity generation tech-
nologies and the most important factors determining the dynamics
of their metals requirement. The analysis is carried out on country
and regional levels from 1980 through 2050, using two scenarios
for future development in the energy sector and includes the
availability of natural resources, the production capacity and the
future availability of metals from secondary resources. Several
conclusions can be drawn from the analysis.

First, the availability of resources and the required production
capacity of the metals needed for wind power technologies are not
expected to constrain their long term development under either
scenario. In contrast, each one of the PV solar technologies has a
constraining metal: Ag for Si based technologies, Te for CdTe
technology, In for CIGS, and Ge for aSiGe. Although in the long term
these metals are likely to limit PV solar technologies, in the short
term these technologies could be seen as a step towards a more
sustainable energy system.

Second, the demand for the base metals Al, Cu, Cr, Ni, Pb, and Fe
needed for electricity generation technologies can be met in the
two scenarios. The only metal that requires a relatively large in-
crease in the production level is Ni.

Third, in the short term, secondary resources are expected to be
unimportant fraction of the supply of Nd, Dy, In, Ge, and Te. In the
long term, secondary resources will be of increasing importance.
For the base metals, secondary resources are expected to cover
much of the demand, especially for Ni.



Table A1
Composition of NeodymiumeIroneBoron (NIB) permanent magnet

REE in
NIB (%)

Nd (%) Pr
(%)

Dy
(%)

Tb
(%)

Kg
NIB

Kg
Nd

Source

30.0 22.5-29.7 7.5 1.2 Tao and
Huiqing, 2009

36.0 34.4 1.4 0.2 Feng, 2006
31.6 21.8 9.8 500 109 Gutflesisch

et al., 2011
32.3 28.0 4.3 400 112 Constantinides,

2010
29.8 29.8 400 119 Schuler et al.,

2011
36.5 31.0 5.5 400-600 124-186 US DOE, 2010

Table A2
The amount of metals used in the onshore and offshore wind turbines

Metals Onshore
(ton/MW)

Offshore
(ton/MW)

Source

Steel 132.0 132.0 Garcia-Olivares et al., 2012
Aluminium 0.37 0.37 Garcia-Olivares et al., 2012
Copper 2.0 10.0 Garcia-Olivares et al., 2012
Nickel 0.111 0.111 Nickel Institute
Lead 0 6.72 Schleisner, 2000
Neodymium 0 0.124 US DOE, 2010
Dysprosium 0 0.022 US DOE, 2010
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Forth, the geographical concentration of resources is expected to
change in the future from countries with large amount of metals in
natural deposits to countries with large amount of metals in the
stock in use. This is important information for the future potential
and importance of recycling and in the evaluation of the future
supply risk of metals.

Fifth, the impacts of the expected increase in the share of wind
and solar power technologies in electricity generation are not
limited to the metals utilized in these technologies, but also to
other metals that are coproduced with them. An increase in the
production of themetals utilized in these technologies, even if their
resources are enough, would require an increase in the production
of the host metals with possible consequences on their recycling.

Sixth, because technologies other than energy also employ base
and speciality metals, limitation to supply due to demand in other
sectors may result when these scenarios are extended to those
sectors.

In summary, projection of future technological growth requires
a simultaneous analysis of metals supply and demand in all sectors
of modern society. Constraints to the deployment of technologies
may rest on bothmetal stock andmetal production capacity, as well
as possible limitation in the energy needed to mine and process the
metals. In this work, for the energy sector done, we begin the
process of framing such analysis.

Appendix A

A.1 Wind power technologies

The electricity output of wind power farms is mainly deter-
mined by the number of installed turbines, the rated power of the
turbines, and the turbine capacity factor (CF) (the percentage of the
nameplate capacity that a turbine installed in a particular location
will deliver over the course of a year; it is determined by the wind
speed at hub height, turbine diameter, losses due to the presence of
wakes from individual turbines, down time for maintenance,
electrical losses within the wind farm, and other losses). In the
model, three scenarios are used for the future CF of wind power
plants in different locations. The first (for Europe) assumes an in-
crease in the average CF for all wind turbines from 24% in 2007 to
25.3% in 2010 and 30.3% by 2020 in the Reference and Moderate
scenarios (EWEA, 2008). In the US and China, the CF of onshore
wind technology is in the range of 25%e40% and the CF of offshore
wind technology could exceed 50% (AWEA, 2009). Therefore a
second scenario is used for the two countries based on data given
by the US DOE (2008). The third scenario assumes an increase in the
average global CF from the current value of 25%e28% by 2015 and
30% by 2036 (GWEC, 2010) and is used for all other countries. The
capacity factor for wind power plants is assumed to vary over time,
from region to region but the same for the Market First and Policy
First scenarios similar to an assumption made by European Wind
Energy Association (EWEA, 2008). The capacity of the wind turbine
is set to 2 MW, and the life time is set to 20 years (Crawford, 2009;
Guezuraga et al., 2012). To determine the material requirements for
wind power, knowledge of the technological details is required. The
main components are the rotor, foundation, tower, and nacelle,
each with several sub-components. The rotor includes the blades,
blade hub, and nose cone. The foundation includes footing and
ferrule. The tower has three sections. The nacelle includes the bed
frame, main shaft, transformer, generator, gearbox, and nacelle
cover. Each of these sub-components is made of several materials.
Steel is used for towers, nacelles, and rotors, aluminium and copper
for nacelles, rare earth elements (neodymium and dysprosium) for
permanent magnets in generators, and nickel for gearing and
generator components. Copper-nickel alloys can also offer fouling
and corrosion protection in the splash zone. Although some sce-
narios assume 25% of the onshore and 75% of the offshore wind
turbines will use permanent magnet generators (US DOE, 2010),
these generators are expected to be mainly used for the offshore
wind turbines. The rare earth compositions in the permanent
magnets are given in table A1. The amounts of metals required for
the two wind technologies are listed in table A2.
A.2 Photovoltaic (PV) solar power technologies

The quantities of metals required for solar power plant are
mainly determined by the cell efficiency, the utilization rate, the
performance ratio, and the solar irradiation. In the model, the
average annual global irradiation in different countries is esti-
mated based on irradiation values for each country obtained from
JRC (2012). The efficiencies of mc-Si, a-Si, CIGS, and CdTe in 2007
were 13%, 7%, 10%, and 10%, respectively (Raugei and Frankl, 2009).
Those for CIGS and CdTe in 2008 were 11.2% and 10.8% (Fthenakis,
2009), and those for mc-Si and a-Si in 2010 were 14.6% and 9.3%
(Zuser and Rechberger, 2011). It is expected that by 2040 the ef-
ficiencies of mc-Si, a-Si, CIGS, and CdTe will reach 25%, 11.7%, 15.7%,
and 16.7%, respectively (Zuser and Rechberger, 2011). The utiliza-
tion rates are assumed to increase from 50%, 40%, and 40% for the
mc-Si, CIGS, and CdTe PV solar technologies in 2010 to 70%, 80%,
and 80% by 2040 (Zuser and Rechberger, 2011). For a-Si thin film
technology, the utilization rate is assumed to be 90%. Electricity
produced by PV modules is direct current (DC), which must be
converted to alternating current (AC). Losses due to conversion
and to the transportation distance from the module to the grid are
about 30%, expected to decrease to 20%. In the model, the per-
formance ratio is assumed to be 0.75 KWh/KWp (JRC, 2012). The
metals required for silicon-based and thin film technologies are
obtained from different sources and listed in table A3 (Andersson
and Jacobsson, 2000). The metals required for the infrastructure of
different cells are taken from the Ecoinvent database (2012).



Table A3
The amount of metals used in PV solar power technologies (Andersson and Jacobsson, 2000; Ecoinvent, 2012).

Al Cu Ag Pb Fe Ni Cd Te Se Ga In Ge

Si based PV (g/m2) 2700 1110 52 3.10 20000 0.16
CdTe (g/m2) 6.30 6.50
CIGS (g/m2) 4.80 0.53 2.90
aSiGe (g/m2) 0.44
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A.3 Concentrated solar power (CSP) technologies

The electricity output from the CSP plants is mainly determined
by the plant’s CF. In sunny places, the capacity factor is 75% and in
less sunny places, the CF is around 40% (i.e., China and North
America) (Garcia-Olivares et al., 2012). In some countries such as
Egypt, the CF could reach 90%. In the model, two scenarios are used
for the global CF based on scenarios developed by GP (2009). These
scenarios assume a global capacity factor of 31% in 2010, reaching
42% and 50% by 2050 in the Reference and Moderate scenarios
respectively. The capacity factor of CSP plants is assumed to vary
over time, from scenario to scenario, but to be the same for all
countries. The capacity of the power tower and parabolic trough is
set to 100 MWand 50 MW respectively, and the life time of the two
plants is set to 30 years (Pihl et al., 2012). The CSP plants have four
components; heat transfer fluid, power plant system, solar field,
and thermal energy storage. The metals required for these com-
ponents in the two types of CSP plants are listed in table A4 (Pihl
et al., 2012).
Table A4
Metals required for CSP technologies (tons/MW) (Pihl et al., 2012)

Cu Fe Mg Mn Ni Cr Al Ag Zn

Tower 1.4 793.0 2.6 5.7 1.80 3.7 11.0 0.016 1.40
Parabolic Trough 3.2 890.0 3.0 2.0 0.94 2.2 00.0 0.013 0.65
A.4 Hydro power, geothermal, biomass, coal, oil, gas, and nuclear
technologies

The capacity of the hydropower plant is assumed to be
1300 MW, the capacity factor 44%, and the life time 80 years. The
geothermal power plant capacity is assumed to be 50 MW, the
capacity factor 95%, and the life time of the plant 30 years. The
capacity factor of the biomass power plant is assumed to be 85.5%,
and the life time 20 years. The nuclear power plant capacity is set to
1000 MW, the capacity factor to 85%, and the life time of the plant
to 40 years. The main components of the nuclear power plant are
the reactor building, fuel building, auxiliary building and control
and turbine building. These components are mainlymade of carbon
steel, stainless steel, Cu, and Al, with small quantities of In, Ag, Hf,
and others. The capacity of the coal, natural gas and oil power
plants is set to 100 MW, 300 MW and 500 MW, respectively. The
capacity factor is assumed to be 80% for coal, and 70% for gas and oil
power plants. The life time is assumed to be 38 years for coal and oil
power plants and 40 years for gas. The data on the capacity, life
time, capacity factors and the metals required for each power plant
are obtained from different sources (Ecoinvent database, 2012;
Whitaker et al., 2012; Warner and Heath, 2012).
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