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The global energy sector is expected to experience a gradual shift towards renewable energy sources in
the coming decades. Climate change as well as energy security issues are the driving factors. In this
process electricity is expected to gain importance to the cost of fuels. However, these new technologies
are in many cases dependent on various metals. This analysis evaluates the need for special metals and
compares it with known resources in order to find possible bottlenecks in the market. The time
perspective of the analysis reaches to the year 2050.

Following technologies have been selected for evaluation: solar electricity, wind power, fuel cells,
batteries, electrolysis, hydrogen storages, electric cars and energy efficient lighting. The metals investi-
gated belong either to the semiconductors, platinum group metals, rare earth metals or are other critical
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TIMES model metals like silver and cobalt.
Resources The global transition of the energy sector is modelled with TIMES. According to the results the most
Reserves critical market situation will be found in silver. Other elements, for which bottlenecks in the market seem

possible, include tellurium, indium, dysprosium, lanthanum, cobalt, platinum and ruthenium. Renewable
energy scenarios presented by the IPCC Fifth Assessment Report seem partly unrealistic from the
perspective of critical metals.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Abbreviations: Ag, silver; a-Si, amorphous silicon; AZO, aluminium doped zinc
oxid; BGS, British Geological Survey; CAT, calcium tungstate; Ce, cerium; CFL,
compact fluorescent lamp; CIGS, copper-indium-gallium-selenide solar cell; CIS,
copper-indium-selenide solar cell; Co, cobalt; c-Si, crystalline silicon solar cells; CSP,
concentrated solar power; DSSC, dye sensitized solar cells; Dy, dysprosium; EDLC,

The European Union has launched a Climate Action with a target
to reduce greenhouse gas (GHG) emissions by 80—95% until 2050
when compared to the 1990 level. Until 2030 a reduction of 40% is

electric double-layer capacitor; EOL-RR, end of life recycling rate; EPIA, European
Photovoltaics Industry Association; Eu, europium; EV, electric vehicle; FCEV, fuel
cell electric vehicle; FTO, fluorine doped tin oxide; GHG, greenhouse gases; HEV,
hybrid electric vehicle; HTS, high temperature superconductivity; In, indium; ITO,
indium-tin-oxide; JORC, The Australasian Code for Reporting of Exploration Results,
Mineral Resources and Ore Reserves; La, lanthanum; LAP, lanthanum phosphate;
LED, light emitting diode; LFL, linear fluorescent lamp; mc-Si, monocrystalline
silicon solar cells; MMTA, Minor Metals Trade Association; Nd, neodymium; NdFeB,
neodymium-iron-boron permanent magnet; NiMH, nickel metal hydric battery; pc-
Si, polycrystalline silicon solar cells; PEMFC, proton exchange membrane fuel cell;
PFSI, perfluorosulfonic; PGM, platinum group metals; PHEV, plug-in hybrid vehicle;
PM, permanent magnet; Pr, praseodymium; Pt, platinum; PV, photovoltaics; RC,
recycled content; REE, rare earth elements; REO, rare earth oxids; rpm, rotations
per minute; Ru, ruthenium; SOFC, solid oxid fuel cell; Tb, terbium; Te, tellurium;
USGS, United States Geological Survey; Y, yttrium; YBCO, yttrium-barium-copper-
oxid; YSZ, yttrium stabilised zirkonia.
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sought. To achieve these targets Europe should be transformed into
a low-carbon economy. A roadmap outlines possible future paths in
this process [18]. A recently published report by IPCC addresses the
question of climate change mitigation by assessing more than 1200
emission scenarios. The low carbon scenarios of the report
emphasise an extensive implementation of either energy efficiency
of renewable energy sources.

The promotion of energy efficiency and renewable energy
sources relies on related technologies. These technologies unfor-
tunately are often dependent on so called critical metals. A metal is
perceived critical if it is crucial for green energy technologies and if
it is scarce by its' geological occurrence. A shift in the global energy
sector towards low carbon technologies will result in an increased
demand of these metals. This article analyses the impacts on the
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metals markets and seeks to find possible bottlenecks resulting
from the availability of the critical metals. The evolution of the
global energy market is to model by TIMES.

2. Methods — data sources and simulation

We have modelled the global demand for 14 critical metals (Ag,
Nd, Pr, Dy, Tb, Yt, La, Ce, Eu, Co, Pt, Ry, In, Te) resulting from a shift
towards green energy technologies from present until 2050. In the
analysis a broad spectrum of green energy technologies have been
chosen. Both technologies producing renewable energy as well as
energy efficient technological solutions are taken into account:
solar energy, wind energy, electric mobility, fuel cells, batteries,
electrolysis and efficient lighting. One important criterion for the
selection of the technologies has been the metals needed in the
technology, and the technologys' expected future role in the metals
markets. For the analysis detailed information on the specific need
for metals has been collected. This data together with information
on metals resources and reserves as well as annual mining is fed in
to the TIMES model.

2.1. Reviewing critical metal dependencies of green energy
technologies

In the following chapters the selected technologies are pre-
sented in more detail, focus being on material requirements.

2.1.1. Solar energy

2.1.1.1. Crystalline silicon photovoltaics. Crystalline silicon solar cells
(c-Si) belong to the first generation of photovoltaic technology and
represents still today 80% of the global PV markets [19]. Three types
of c-Si cells exist: monocrystalline (mc-Si), polycrystalline (pc-Si),
and ribbon silicon (ribbon pc-Si). The efficiency of the cell varies
depending on the technology, but is roughly 20% [27].

The bulk material of the cell is silicon, which is one of the most
common elements in the earths' crust. The cells are connected
electrically to each other with metal strips consisting of an alloy
rich in silver. Silver is the metal of choice because of its' superior
electrical conductivity. PV manufacturers estimate the current sil-
ver content to be in the range of 8 g/m? [60]. Currently the tech-
nology is based on screen printed silver paste. However there are
some technological approaches to reduce the dependence of silver
such as the “metal wrap through technology” or “buried contact”,
which are discussed by Saga [57]. Further decreases are sought by
substituting silver to a large degree by copper. The expected
development of the silver content per cell area is shown in Fig. 1.

2.1.1.2. Dye sensitized solar cells, DSSC. Dye sensitized solar cells are

g/m2
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Fig. 1. Silver consumption per area in c-Si cells [4].

organic solar cells and belong to the third generation of photovol-
taics. This technology is on the verge of commercialization. The
manufacturing process brings many cost advantages, and the effi-
ciency of the cells is in the range of 8—12% [27]. The photoactive
material, the dye, can be made of several materials. However a
complex based on ruthenium and osmium gives the best cell per-
formance [22]. The metallization of the cell is based on a silver ink.
Platinum acts as a catalyst. Fraunhofer ISI has published estima-
tions on the need of critical metals [2] as shown in Table 1.

2.1.1.3. Thin film photovoltaic panels. Thin film cells, or second
generation photovoltaics, comprise several technologies depending
on the semiconducting material. The cells can consist of one or
several layers of photoactive substance, each of one being very thin
(in the range of nanometres or micrometres). This leads to reduced
need of material.

CdTe-panels are cost efficient to produce and thus are regarded
as the most promising thin film technology. The confirmed
measured electricity generation efficiency is as high as 17.5% [78],
however in commercial applications somewhat lower, 10—11% [19].
Tellurium is a critical metal. The need of tellurium has been esti-
mated to be 6.5 g/m? [1].

CIS or CIGS (copper-indium-selenide or copper-indium-gallium-
selenide) yields an efficiency of 15% whereas commercial applica-
tions show an efficiency range of 7—12% [19]. Indium and gallium
are critical metals. The need of these metals is estimated to be 2.9 g/
m? (In) and 0.53 g/m? (Ga) [1].

Thin film cells based on amorphous silicon (a-Si) have a rela-
tively low efficiency, 4—8%. The cell suffers from light induced
degradation, which has a negative impact on the efficiency of the
cell. The degradation is not that severe, if the cell is built with a
layer structure (a-Si/uc-Si). A layer with microcrystalline silicon
gives the cell stability and increases the efficiency to 7—9% [19].
Doping amorphous silicon with germanium has the same effect.
The front contact is an ITO layer (indium-tin-oxide), typically 60 nm
thick [2]. This means the need of indium is approximately 0.4 g/m?.
The back contact can be either silver or aluminium.

2.1.1.4. Concentrated solar power — CSP. There are various techno-
logical approaches to concentrated solar power such as parabolic
trough, linear Fresnel reflectors or the solar power tower, but all
function according to the same principle. A system of mirrors or
lenses concentrates solar irradiation. The concentrated light heats
an absorber fluid, which could be water, a molten salt or synthetic
oil. The heat is transformed to electricity by conventional turbine
technology. Silver has highest optical reflectivity of all elements and
is thus used on the surface of the mirrors to obtain high reflectance.
The silver content per mirror area is constant for all technologies
(1 g/m?), but since the electrical output varies depending on the
choice of technology, the silver requirement with respect to elec-
tricity generation capacity is different [2]. Table 2 comprises this
information.

2.1.2. Wind energy
The wind energy concept can be classified into two categories:
geared and gearless wind mills. Induction generators have high

Table 1
Material consumption of some selected raw materials in dye-
sensitized solar cells [2].

Material Needed mass/area [g/m?]
Ruthenium 0.07

Platinum 0.03

Silver 1
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Table 2
Silver requirement for the various concentrated solar power technologies [2].
Silver content [kg/m?] kg/MW
Fresnel reflector 0.001 13.75
Parabolic trough 0.001 3.75
Solar power tower 0.001 7.57

rotational speed and thus a gear is inevitable, which leads typically
to a higher need for maintenance and respective costs. On the other
side, this type of generator does not include any critical metals.
Permanent magnets based on rare earth elements produce very
high magnetic fields, thus even compact and light generators
generate high torque. Therefore PM generators can operate with
low rotational speeds and are suitable to both gearless and geared
concepts.

The permanent magnets used in commercial applications
consist of an alloy based on neodymium (NdFeB). The share of
neodymium in the magnet varies between 28 and 31% [46]. Other
rare earth elements in the magnet are dysprosium (2—3 w-%) and in
small quantities praseodymium and terbium. The need for REE is
160—200 kg/MW in gearless applications and 30 kg/MW for gen-
erators operating with higher rotation speed and gears [6].

A possible future technical concept might open up through high
temperature superconducting materials (HTS generator). The most
promising material seems to be YBCO (yttrium-barium-copper-
oxid) [39]. This material comprises the rare earth element yttrium
and to small quantities also cerium and lanthanide. The estimated
need for REE is 2 kg/MW |[6].

2.1.3. Electric cars

Electric cars can be classified into full electric vehicles and
hybrid cars. An electric vehicle (EV) only has an electric motor
whereas a hybrid electric vehicle (HEV) can be run either with an
electric motor or a conventional combustion motor. A battery stores
excess energy, which is captured by regenerative braking. In a plug
in hybrid electric vehicle (PHEV) the batteries can additionally be
loaded with grid electricity. A fuel cell electric vehicle (FCEV)
comprises a hydrogen tank and a fuel cell as source of energy.
Table 3 presents various types of electric cars.

2.1.3.1. Electric motor. An important criterion for electric motors in
vehicle technology is light weight and compact size. Motors based
on permanent magnets show high power density and are therefore
used in mobile applications. The permanent magnet used is based
on neodymium (NdFeB). Beside neodymium, the magnet comprises
small amount of dysprosium for better heat resistance and to
smaller extent praseodymium, terbium and gallium. Table 4 com-
prises the need for critical metals for two motor sizes: below 50 kW
and over 50 kW power [7].

2.1.3.2. Fuel cell and hydrogen storage. The energy source of a fuel
cell electric vehicle (FCEV) is hydrogen. A proton exchange mem-
brane fuel cell (PEMFC) has perfluorosulfonic acid ionomer (PFSI) as
an electrolyte, which is based on fluoride. Platinum serves as

Table 4
Critical metals in motor technology for two motor sizes. The amount of the metal is
expressed per motor [7].

<50kW g >50 kW g
Nd 150 360
Pr 50 120
Dy 90 210
Tb 9 21
Ga 0.435 1

catalysts on both anode and cathode. In the current state the need
for platinum is 0.6—0.7 g/kW. A reduction to 0.2 g/kW is sought
through various solutions, like alloys with other metals [5].

Hydrogen is comprised to 700 bar for storage. The process
consumes approximately 15% of the energy content of the gas [76].
The hydrogen tank can be produced of several materials like steel
aluminium, possible glass or carbon fiber; none of them are critical
elements [15].

2.1.3.3. Batteries. Batteries are characterised by specific energy
(Wh/kg) and specific power (W/kg). For BEV the most critical factor
is specific energy, therefore the choice is li-ion battery. For HEV
however more important is the continuous charging/discharging
cycle and ability to release power, therefore a nickel metal hydride
battery (NiMH) is more suitable, in some cases an electric double-
layer capacitor (EDLC). Since lithium is not subject of this anal-
ysis, it will be not discussed further.

The specific energy for NiMH batteries is low, 50 Wh/kg. It is
compensated by a high specific power, over 1000 kW/kg [12]. The
negative electrode is a metalhydrid, in automobile applications
typically ABs. A is an alloy containing rare earth metals and B can be
nickel, cobalt, mangan or aluminium. Rade estimates the need for
rare earth metals to be 1.2 kg/kWh presently and for the future
0.85 kg/kWh [56]. A typical mischmetal A is Las;CegoProgNd> 3
[20].

Supercondensators, also called double layer capacitors do not
comprise any critical metals [40].

2.1.34. Power electronics system and electric recharging point.
The power electronics system steers the currency to and from the
battery. It converts DC voltage to AC voltage and vice versa. During
regenerative breaking the electric motor serves as a generator. In
PHEV's the grid electricity needs to be converted into DC currency.
The power electronic system as well as the electric recharging point
comprise small amounts of critical metals like palladium, gold,
germanium, indium and silver as can be seen in Table 5.

2.14. Fuel cells and electrolysis

Electricity produced by solar and wind energy is intermittent in
nature and thus a need for storage technologies is obvious. One
option to store the energy produced by renewable energy sources is
hydrogen. Hydrogen is produced through electrolysis and is burned
again in fuel cells to produce electricity. Also if fuel cell electric
vehicles will penetrate the market in large scale a functioning
hydrogen infrastructure is needed.

Table 3
Various types of electric vehicles.
Motor Energy source Battery
HEV hybrid vehicle electric and combustion Liquid fuel NiMH
PHEV plug in hybrid vehicle electric and combustion Liquid fuel + grid electricity NiMH
BEV battery electric vehicle electric Grid electricity Li-ion
FCEV fuel cell electric vehicle electric hydrogen storage and fuel cell Li-ion
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Table 5
Need for critical metals in electric vehicles [7].

Power electronics Cables Recharging point
<50 kW >50 kW <50 kW >50 kW
g g g g g

Pd 0.064 0.08

Au 0.16 0.2

Ag 4 6 1 1 0.001

Ga 0.03 0.05 0.001

Ge 0.03 0.05 0.001

In 0.03 0.05 0.001

2.14.1. Alkaline water electrolysis. Alkaline water electrolysis is a
traditional technology which is used in industrial hydrogen pro-
duction. Several materials can be used as catalysts [77]. The need
for the typical catalyst cobalt on anode is 6.2 mg/cm? (anode
3.4 mg/cm?, cathode 2.8 mg/cm?) [61]. Assuming a currency den-
sity of 0.3 mA/cm? and a potential of approximately 1.7 V, the need
for cobalt is 8.9 mg/W.

2.14.2. Polymer electrolyte membrane (PEM) electrolysis. PEM
electrolysis represents a new technology, which can be used with
an altering power level and thus is suitable for solar and wind
energy applications.

The electrolyte is a solid polymer membrane. The catalysts are
PGM metals: ruthenium and iridium on anode and platinum on
cathode. In the current state no catalysts outside of the PGM group
are known to be suitable [3]. The need for catalysts on anode is
2 mg/cm? and on cathode 0.5 mg/cm? [34]. It is possible to reduce
the need for catalyst material by one order of magnitude by
applying catalyst particles in nanosize scale on a supporting
structure [3]. The cell needs a potential of 1.6 V [3], whereas the
current density is 0.3 A/cm? [34]. Thus the needed for electrical
power to run the process is 0.5 W/cm?. The cell operates with 93%
efficiency (the needed potential to split water is 1.48 V).

2.1.4.3. Solid oxid fuel cell SOFC. SOFC technology finds its' appli-
cation mainly in combined heat and power production. The oper-
ating temperature is very high, 600—850 °C. Therefore the process
does not need a catalyst the PGM group. Suitable fuels are hydro-
carbons, carbonmonoxid and hydrogen [31].

Critical metals lanthanum, cerium, yttrium and cobalt are pre-
sent in the structures of SOFC. The electrolyte is yttrium stabilized
zirconia (YSZ). The anode is based on the same compound YSZ
together with nickeloxid. Nickel functions as a catalyst. Cathode is
an alloy of lanthanum and cobalt. Himanen has estimated the need
for critical metals in the present state as well as in the future. The
data is presented in Table 6.

2.1.5. Lighting

Energy efficient lighting applications based on fluorecence are
LED lamps (light emitting diode), organic LED lamps and fluores-
cent lamps. In fluorescence an atom or a molecule absorbs a photon

Table 6
The need for critical metals in SOFC in the present state and in 5—10 years [31].

Need for metals g/kW

Present state Future (5—10 years)

Ce 2 0.1
La 20 4
Co 30 3
Y 40 10

and emits it again. The wavelength of the emitted photon is
dependent on the atom emitting it. Thus by varying the elements
one can produce light with different wavelengths and therefore
colours. Some REE metals like Dy, Ce, Eu, or Tb are suitable ele-
ments [53]. Also La and Y are used [54].

The lighting phosphor used in compact fluorescent lamps (CFL)
for domestic applications is Calcium Tungstate (CAT), approxi-
mately 1.5 g are needed per one lamp. The phosphor contains
several rare earth elements: La, Ce, Eu, Tb and Y, the weight being
on Ce (20%) and Y (62%). In linear fluorescent lamps (LFC), common
in offices and public buildings, a phosphate called Lanthanum
Phosphate (LAP) is used. It contains the same REE metals with the
exception, that the main elements are La (22%) and Y (62%) [14].

LED (light emitting diode) comprises a light emitting semi-
conductor, typically based on indium and gallium (InGaN). The
monochromatic light is then converted into white light with the
help of above mentioned phosphates. According to Fraunhofer, the
need for semiconducting material per LED lamp is 0.17 mg In and
0.53 g Ga [2]. The phosphor contains cerium and yttrium
(Ce**:YAG) [63]. DOE estimates the need for the phosphor in a
12.5 W LED lamp to be 1 g [58]. This means 0.7 mg Ce and 450 mg Y
per one lamp [42].

Organic LED technology, which is currently being researched,
does not contain any critical metals.

2.2. Resources and mine production of critical metals

To estimate a potential future supply of critical metals, we have
used two approaches in this study: calculations based on infor-
mation over 1) global reserves and 2) global resources.

2.2.1. Data sources and reliability

Information on global resources, reserves and annual mining of
the critical metals used for this study is presented in Tables 7 and 8.
Used data sources can have inconsistencies in reporting reserve and
resource classes due the various methods. USGS uses its own
classification system [64] while the other dataset are provided by
commercial actors Minor Metal Trade Association and Lenntech. In
addition, there are several regional classification systems used by
exploration and mining companies, for example, JORC in Australia
[33] and National Instrument 43—101 in Canada [9].

Table 7 comprises the data for rare earth elements (REE). The
aggregated data for all REO (RE-oxide) was obtained from USGS.
Commercial actors provide estimations on how the aggregate REE
resources and reserves can be split between the individual metals
[37,44]. The data on reserves and resources of dysprosium and
cerium are rough estimations based on the aggregate REE resource
[72] and the information on rare earth contents in the major source
minerals bastnasite and monazite [67]. We used 1% metal content
for Dy and 45% for Ce. Almost half of the known REE-reserves are
estimated to situate in China [72], which has dominated the trade
of RE-metals in the recent years. In addition, USA, India and
Australia have marked REE resources. US Geological Survey has also
estimated that the amount of undiscovered REE resources can be
very large [72].

Table 8 represents the information on metals outside the REE-
group. USGS was the most important source for information for
these metals in addition to commercial actors and the British
Geological Survey (BGS). USGS estimation for silver reserves on
national level show high variations depending on the reporting
year. Such is the case for Australia, China and Peru, where reserves
have grown substantially in 2011. This might have been caused by
silver prices, which have increased 10 fold from 5 US$/oz in 2001 to
50 US$ in 2011 shifting parts of the resources to the reserve cate-
gory. The countries included in the aggregated resource estimation
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Table 7
Global mineral resources and annual mining of selected rare earth elements [14,37,44,67,72].
REO (including all rare earth elements) Nd Pr Dy Tb Y La Eu Ce
Resources, tons 150,000,000 11,200,000 2,800,000 670,000 420,000 12,600,000 8,400,000 210,000 57,000,000
Source USGS MMTA MMTA USGS Lenntech  Lenntech MMTA MMTA USGS
Reserves, tons 140,000,000 8,000,000 2000,000 480,000 300,000 9,000,000 6,000,000 150,000 41,000,000
Source USGS MMTA USGS Lenntech  Lenntech MMTA MMTA USGS
Annual mining, tons 20,000 5900 1600 320 10,500 31,000 370 42,000
Source DOE DOE DOE DOE DOE DOE DOE DOE
Table 8
Global mineral resources and annual mining of selected metals [65,66,68,69,23,55,71,73,4,43,44,75,11].
Ag Co Pt Ru In Te
Resources, tons 770,000 25,000,000 47,000 5000 65,000 48,000
Source USGS, Rundqvist, Geoscience Australia USGS BGS MMTA Mikolajczak USGS
Reserves, tons 599,000 7,200,000 8500 5000 65,000 24,000
Source USGS + Rundqvist USGS BGS MMTA Mikolajczak USGS
Annual mining, tons 26,000 (2013) 82,200 (2011) 192 (2013) 12 (2010) 782 (2012) 500 (2010)
Source USGS CDI USGS MMTA USGS USGS

also vary by year. We have used information from five reports
[65,66,68,69,71]. USGS excludes data on Russian deposits, which
are estimated to constitute 10% of the global silver reserves and
resources [55]. According to the Australian government/Geoscience
Australia, the silver resources of this important silver producer are
125,000 tonnes [23]. This data is included in the estimation of
global resources. Silver is a metal commonly mined as a by-product,
especially from zinc and lead deposits. Silver-bearing deposits and
production is widely spread internationally, and at least 62 silver
producting countries [52]. The increases in silver production are
currently restricted by its nature as a by-product.

The USGS reports were also used as main information source for
cobalt resources. The world-wide cobalt resources are estimated to
be app. 25 Mt and the main producer for this metal during the 21st
century has been the Democratic Republic of Congo. Known re-
sources of cobalt are mainly concentrated in the Democratic Re-
public of Congo, Canada, Australia and Russia [73].

The global resources of platinum group metals (PGM) are esti-
mated to be more than 100,000 tons [74]. PGM consist of six metals,
of which platinum and ruthenium are considered in this study.
Most of the PGM resources are found in four geological areas: The
Bushveld Complex in South Africa, the Great Dyke in Zimbabwe, the
Stillwater complex in USA, and the Norilsk area in Russia. Of these,
the Bushveld complex hosts 75% of known global platinum re-
sources. The proven and probable reserves and potential resources
in the Bushveld complex have been estimated to be 35,000 tons [4].
Most of the global ruthenium production also comes from South
Africa and the estimation for the global ruthenium resource was
adopted from Minor Metals Trade Association [44].

Indium is a by-product from base metal, especially zinc and
copper concentrates [59]. According to Mikolajczak [43]; only 30%
of the indium in these concentrates is currently utilized due the
lack of indium collection technology on smelters. China is currently
the World's largest producer of indium in addition to Canada, Japan
and South-Korea [70]. Indium Corporation [43] has estimated the
indium resources in ores to be 65,000 t with additional resources in
tailings and other mining-based mineral wastes.

Tellurium is another metal that is produced solely as a by-
product, with the most important carrying metal being copper.
There is no information available for the global resources of tellu-
rium, but USGS [75] has estimated the reserves of tellurium to be
48,000 tonnes, including only tellurium reserves present in copper
ores. Other possible sources for tellurium might be in conjunction

with gold or lead and zinc deposits. The biggest reserves are esti-
mated to be in Peru and USA. Tellurium can be produced in any
country smelting copper ores if the technology needed for tellu-
rium collection is available, but there is a lack of exact information
available for the actual production figures. However, according to
USGS [75] the most important producers in recent years have been
Canada, Japan, Russia, Peru and USA.

3. Modelling critical metals demand

The global energy system is modelled with TIMES, a modelling
framework, which has been developed under IEA Energy Tech-
nology System Analysis Program (ETSAP). The model seeks equi-
librium between supply and demand for commodities. The price of
the commodities is derived endogenously based on price elastici-
ties. Optimization is based on maximizing the cumulative surplus
of consumers and producers therefore assuming a financially
rational decision making [35].

All relevant energy commodities are included in the model:
fossil energy carriers, hydro power, biomass and the new clean
energy technologies. The need for critical metals per unit of tech-
nology, which is given as exogenous data for the model. Also the
expected future development of the metals need per unit of
installed capacity is given to the model as input data.

3.1. Metals market

The amount of metal, which can be used for clean energy
technologies, is constrained by metals markets. Clean energy
technologies compete with other end-uses of the metal. This is
explained in detail in the case of silver for solar applications [26].
The market share of the green energy technologies in each metals
market in the initial state is based on literature. This data is
comprised in Table 9 The calculated evolution of the metals de-
mand is based on the metals need per technology unit and the
annual installations estimated by the TIMES model. However
competing end-uses for the metals exist as well. We expect the
metals demand from competing end-uses to be in correlation with
GDP. The global economy is divided in 17 subareas with individual
GDP projections, same values as used generally in other IEA base-
line future scenarios. An aggregated value is calculated based on
these. The estimation is a very rough one, not taking into account
that for some metals and some end-use markets there might be a
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Table 9
Market share of various market segments in the current state based on literature.
Nd Pr Dy Tb Y La Eu Ce
Market share 76% 70% 100% 100% (magnets, 54% 16% (batteries); 2% 100% 10% (batteries); 2%
(year) (magnets) (magnets) (magnets) phosphors) (phosphors)  (phosphors) (phosphors)  (phosphors)
Source [25] [25] [25] [25] [25] [25] [25] [25]
Ag Co Pt Ru In Te
Market share (year) 2% (PV); 3% (mirrors) 30% (Batteries); 9% (catalytes) 6% (catalysts) 16% (catalyst) 3% (CIS panels, LED lamps) 40% (CdTe panels)
Source [21] [10] [8] [8] [49] [62]
far stronger demand. This might for example be the case for REE Table 11 _
used in light weight magnesium alloys, which are increasingly used ~ Life expectances of some selected green energy technologies.
in the automotive and aeronautical sectors. Another example might 2010 2050
be silver in the medical and hygiene sectors. However a more PV n 31
comprehensive approach of the competing markets goes beyond cSp 23 31
the scope of this article. Windmills 21 21
Electric vehicles 15 15

Annual mining, reserves and resources potentially coming into
production in the future set further boundaries to the metals
availability in the markets. We use USGS data presented in Tables 7
and 8for current annual mining. Possible changes in the mining in
the future are estimated by the TIMES model by taking into account
the calculated demand for the metal as well as recycled metal flows.

3.2. Recycling

Recycling is included in the model. The term “recycled content
(RC)” also called “recycling input rate” refers to the share of recycled
metal in relation to total metal input. End-of-life recycling rate
(EOL-RR) describes the share of the metal that is recovered after the
life time of the products.

Recycled content (RC) and end-of-life-recycling rate (EOL-RR) in
the global metals market in the current state are based on literature
estimations, which are listed in Table 10 for the metals in the TIMES
model. RC is lower than EOL-RR for two reasons. The recycled metal
input is limited partly because of long lifetimes of many products
but also since the metals markets show high growth rates and thus
primary input from mining industry is dominating. The EOL-RR
varies in the current state, but we expect, that it will increase
significantly in the future by increasing scarcity and prices of the
metals. Our estimations for the evolution of the EOL-RR are also
given in Table 10. The estimations reflect current knowledge of
technical possibilities. In the case of rare earth elements recycling is
almost absent currently. Recycling technologies and schemes exist,
particularly for magnets and motors and other applications, where
the metal is not dispersed. However there are several challenges
such as costly and extensive dismantling of the magnet [51].
However it is a reasonable assumption that with increasing scarcity
the in-use stocks will be regarded as future mines and increasing
prices will allow building up a recycling infrastructure [29].

The amount of recycled metal flowing into the market depends
not only on the recycling rate but also on the life expectancy of the
technologies. We assume a general life expectancy of 20 years and a
processing time period for the scrap of one year resulting in a flow
speed of 21 years. In the case of the modelled green energy tech-
nologies we use individual life expectances varying between the

technologies and the time. Table 11 presents the data for some
selected technologies.

4. Results

We have modelled one possible path for the evolution of the
global energy system. Global GDP is expected to grow annually
approximately 2% resulting in an increase of 130% from 2010 to
2050. The growth in GDP is related to a respective growth in global
primary energy production, more than 40% in the same time
period. Fig. 2 presents the modelled primary energy production
with the distribution between the various energy sources. Data for
the year 2010 as initial state is based on IEA statistics [32].

The global electricity production, presented in Fig. 3, shows an
even higher growth of almost 150% from 2010 to 2050 when
compared to the growth in primary energy consumption and GDP.
This reflects the assumed shift of the energy sector from fuels to
electricity. Nuclear and hydro power is expected to grow 240% and
1209% respectively.

In 2010 solar and wind power are minor sources for electricity
production constituting together only 2% of the global electricity.
However over the time period of 40 years these technologies show
the highest growth rates: wind power will grow 24fold and solar
power 86fold in absolute terms according to the model. Thus in
2050 they form 17% and 6% of the global electricity production
respectively. This is comparable with nuclear electricity, which is
assumed to be responsible for one fifth of the global electricity
consumption in 2050.

We expect the internal combustion engine technology to be
replaced partly by electric vehicles. ICE passenger vehicles will
come down from the current level of 700 million cars to 400—450
million cars. Until 2030 new car sales will shift more towards
hybrid cars (HEV and PHEV), but after 2040 full electric vehicles
will gain market share. In 2050 we expect 12% to be BEV, 26% ICE
and the remainder hybrid cars. Fuel cells are not expected to gain
any significant market share. Fig. 4 illustrates the situation.

Table 10
Data on recycling used in the TIMES model. Present state data is based on literature [28,29].
Nd Pr Dy Tb Y La Eu Ce Ag Co Pt Ru In Te
RC, present state <1% <1% <1% <1% 0% <1% <1% <1% 32% 32% 50% 50% <1% <1%
EOL-RR, present state <1% <1% <1% <1% <1% <1% <1% <1% 45% 60% >50% 5-25% <1% <1%
EOL-RR, 2050 80% 70% 95% 50% 50% 70% 60% 50% 90% 90% 90% 90% 90% 90%
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Fig. 2. Global primary energy production from 2010 to 2050.
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Fig. 3. Global electricity production by source.

In the case of lighting the current energy efficient lamps —
halogen lamps and fluorescent lamps will be replaced by more
efficient LED technology. In 2050 already 45% of lighting electricity
will be used by LED lamps. The number of incandescent lamps will
remain flat. Fig. 5 presents the modelled evolution of lighting
electricity.

The metals demand for a number of chosen critical metals is
calculated by the model assuming the described global shift. Below
two sets of data are presented. The need of metal which is resulting
from the market expansion of the clean energy technologies, is
compared to the global reserves and global resources, known in the
present state. The blue bar in the chart indicates the share of the
known metals reserves (or resources) which need to be mined until
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Fig. 4. Private cars in use.
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Fig. 5. Electricity demand for lighting by lamp technology.

2050 in order to realize this global energy scenario. The red bar
shows the cumulative need of the respective metal until 2050, also
in relation to the known global reserves (or resources). The cu-
mulative need of the metal is higher than the need for mining. The
difference can be explained in most cases through recycling as the
same metal atoms circulate in the material loop between the in-use
stock and recycling. Figs. 6 and 7 present the results.

The direst situation can be found for silver, which is needed
especially in solar energy technologies: several PV technologies as
well as CSP. Silver is also consumed in electronics and therefore the
expanding EV stock results in further demand of silver. The demand
will exceed known global resources by more than 300% and
currently classified reserves by almost 450%.

Indium and tellurium are two other metals essential for solar
energy technologies. Additionally indium is used in electronics in
electric vehicles and in LED lamps. The modelled cumulative de-
mand until 2050 will be 170% (In) or 270% (Te) with respect to
known global reserves or 130% (Te) with respect to global re-
sources. Almost 70% of the currently known resources or both
metals will be mined until 2050; the remaining cumulative need
will be covered through recycling of the metal.

Ruthenium is another critical metal needed in solar technology.
The cumulative consumption until 2050 is 73% of currently known
resources. PGM metals are recycled already in the present state and
therefore only 35% of the known resources need to be mined until
2050. For platinum the cumulative consumption is almost three
times as high as the present reserves, however through an exten-
sive recycling already today in place this need can be covered. Also
the platinum resources are far higher than current reserves. In the
case of rare earth metals neodymium, dysprosium and lanthanum
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W
=3
S
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Fig. 6. Metals cumulative need for clean energy technologies until 2050 in relation to
global mineral reserves.
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Fig. 7. Metals cumulative need for clean energy technology until 2050 in relation to
global mineral resources.

are most critical according to the model. Neodymium and
dysprosium are needed in permanent magnets in motors and
generators, whereas lanthanum is needed in fuel cells and lighting
applications. Only in the case of dysprosium does the cumulative
need exceed the presently known reserves, but not presently
known resources. The only market for dysprosium is permanent
magnets and for magnets it is reasonable to assume an effective
recycling infrastructure. Therefore only some 60% of the presently
known reserves need to be mined until 2050. The share of the
known resources mined until 2050 will be 37% (Nd), 29% (Dy) and
30% (La) according to the model.

5. Discussion
5.1. Geological data accuracy

The data used for modelling in this study represent the global
reserves and resources of the modelled metals. Hence two sets of
modelling results are presented in this work. The data quality varies
thus from high to low level of certainty. Information from USGS was
used as primary information for most of the metals. USGS infor-
mation is a collection from different sources, and cannot be
compared in reliability to company reports made after established
reporting codes e.g. JORC ([33]). The strength of the USGS data in
the modelling perspective is, however, that it's providing an esti-
mate over global production and resources of critical metals that
individual company reporting cannot provide.

The results based on present global mineral reserve data form a
basis for the analysis. Due to the ongoing exploration and probable
future increase in the prices for critical metals, parts of the
currently known resources will likely turn out to be mineable
during the coming decades. The use of information over resources
in modelling gives an estimate of the time the currently known
critical metal resources would last, if all these resources turn out to
be mineable. In real terms the known resource changes according
to the amount of mined ore (reducing effect) and new resources
discovered through exploration (increasing effect). In addition,
local conditions (environmental, social and legal) may prevent the
utilization of some resources, notably the very low-grade deposits
[17,24,41,47,50]. The amount of resources and their currently
mineable part, reserves, are thus changing in time, which creates
uncertainty on any estimation that attempts to determine how long
the resources will last. However, by using the information on the
currently known resources we can estimate theoretical future
bottlenecks which could hinder the technical development and
streamlining of new energy technologies.

5.2. Recycling and substitution

According to our modelling the cumulative demand for silver
will be 2.6 million tons until 2050, which is 340% (440%) with
respect to the currently known global resources (reserves). Less
than 30% of the cumulative demand can be covered by mining re-
sources. Since solar applications is one important market area for
silver, and solar devices generally have a life expectancy of 20—30
years, and we have even in the present state a well functioning
recycling system for silver, a significant part of the cumulative
consumption can be satisfied by secondary silver sources. Accord-
ing to the model 55% of the demand could be recycled metal, and
the remainder, some 15% should be a substitute. A minor part of the
recycled metal is from the substituting metals.

Silver constitutes already now a significant part of the produc-
tion cost of c-Si panels, 6—14%, and any significant rise of the silver
price would have a significant effect on the c-Si producing industry
[36]. Higher silver prices should be expected in the case of the extra
demand occurring through an intensive building up of the green
energy infrastructure. There are currently known various possibil-
ities for substitution such as the “metal wrap-through” technology
or substitution to a large degree by copper. These approaches are
already taken into account in the decreasing silver content of c-Si
panels as indicated in Fig. 1. Therefore a further need for substitu-
tion of 15% needs to come from other technologies. Another
important silver demand is expected to occur through CSP tech-
nology, where silver is needed as reflecting coating on the mirrors.
As Phil states [48] there exists a possibility of changing from silver
to aluminium. However since the maximum reflectivity of 95%
would be decreased to 90% a scale up of the reflector area is needed,
which influences the plant economy. If this new approach is
economically feasible goes behind the scope of this article.

Other sources of possible material restrictions for solar energy
applications are indium, tellurium and ruthenium. Tellurium is part
of the active semiconducting layer of the CdTe. According to IEA a
possibility to reduce tellurium intensity by 75% could exist by
reducing the respective layer thickness, however it is unclear if this
approach is technically feasible [36].

Indium is needed in ITO layers (indium-tin-oxide), which is used
as conducting layer in several thin film technologies. As alternatives
FTO (fluorine doped tin oxide) and AZO (aluminium doped zinc
oxid) could be used. Another green energy technology relying on
indium is LED lighting. Zinc oxid (ZnO) has been investigated as a
possible substitute for the semiconducting material. However due
to stability aspects currently no feasible substitute exists [38].

Generators and motors based on permanent magnets (NdFeB)
have several advantages over conventional technologies: high tor-
que, light weight and compact size. Dysprosium, which is more
critical than neodymium, is needed for temperature resistance. To
reduce the dependency on REE some substituting technologies
exist, such as the HTS generator [39] or induction generators for
wind applications. For electric vehicles SmCo motor could be an
alternative [30]. CRM Innonet has analysed several possible future
technologies to reduce the dependency on REE metals: REE free
switch reluctant motors, brushless permanent magnet machine
construction, Ce-TM magnet for electric traction motors and motor
topology based on hardmagnetic ferrites. However, all these tech-
nologies are still not rife for the market and it remains unclear
whether the market introduction will be successful [CRM [13]].

The recently published IPCC Fifth Assessment Report, addresses
the question of climate change mitigation [16] by modelling an
adaptation of the global energy system. IPCC defines technical po-
tentials for renewable energy sources, which do not take into ac-
count any specific barriers such as economical factors, land-use
questions, social barriers or material constraints. The technical
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Table 12
Technical potentials for some selected renewable energy sources by IPCC [45].

EJ/a Low estimation High estimation
Solar photovoltaics 1338 14,778
Solar CSP 248 1791
Wind power 85 580

potentials for solar energy and wind energy, even the low estima-
tions, are very high, as indicated in Table 12.

Within these technical potentials the report presents a broad
range of scenarios. The report assesses more than 1200 emission
scenarios, which are categorized according to their climate impact.
Our interest lies in the low-stabilisation scenarios, which aim at
atmospheric GHG levels in the range of 430—530 ppm COzeq.
Within this group the scenarios are further divided into high en-
ergy demand and low energy demand scenarios, depending on
whether the emphasis is on energy efficiency (low energy sce-
narios) or renewable energy (high energy scenarios). In the low
energy demand scenarios the solar electricity generation varies
very much with a median value of approximately 22 EJ/year. The
median for the high energy scenarios is 30 EJ/year. For wind power
the respective median values are ~20 EJ/year and ~32 EJ/year by
2050.

According to our model the wind energy generation could be
31 EJ/year. The calculations show, that from the perspective of
global REE resources there seem not to exist any serious long term
bottlenecks, provided a sufficient mining capacity. However, in the
case of solar energy our study shows severe material restrictions.
Even the build-up of a solar infrastructure for a modest solar energy
supply of 10 EJ/year (comprising both photovoltaics and CSP) will
face serious material constraints with the technologies currently
known. Doubling or tripling the solar generation capacity to the
range of 20—30 EJ/year, which would refer to the IPCC low and high
energy median case, would require a whole new set of technolo-
gies, not dependent on critical metals.

5.3. Concluding remarks

The global energy sector is expected to undergo a shift towards
green technologies such as solar and wind energy, electromobility
and energy efficiency in the coming decades. Often these technol-
ogies rely on critical metals. This article analysis possible bottle-
necks arising from the availability of critical metals during the
global change of the energy sector. According to the analysis most
serious problems can arise in the solar energy sector through the
availability of silver, which is used in photovoltaics and CSP. Other
possible material restrictions could be caused by indium, tellurium
or ruthenium. It is therefore highly recommendable to concentrate
efforts in developing substitutions for the critical metals or even
new solar energy technologies, which are not dependent on critical
elements.

The future renewable energy projections presented by IPCC do
not consider material availability aspects. According to our analysis
solar energy future projections presented in the IPCC Fifth
Assessment Report [16] do not seem to be realizable with the
currently known technologies and metals resources.
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