
STRATEGIC MATERIALS



Co, Cr, Ta and Nb has been designated a "strategic aerospace

element," because the United States is almost entirely

dependent on imports for the consumption of these elements

Three nations, South Africa, Zaire, and the U. S. S. R.,

account for over half of the world’s production of Cr, Co, Mn,

and Pt group metals.

Disruptions of supply, such as the Canadian nickel strike in

1968 and the rebel interruptions of cobalt production in Zaire

in 1978, had a major impact on U.S. industries.
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It would be no
exaggeration to say that
without minerals, no
aspect of our daily lives
would be possible.



Under the Executive Order, a critical mineral is 
defined as:

A non-fuel mineral or mineral material essential to 
the economic and national security of the United 
States, the supply chain of which is vulnerable to 

disruption…
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Figure 1. Critical Minerals: Global Production (2017) 

 
Source: Figure created by CRS based on USGS Mineral Commodity Summaries, 2019. 
Notes: Color codes: Blue = North America; Purple = South America; Orange = Europe; Green = Africa &Middle 
East; Red = Asia and Russia; Dark Green = Australia; and Gray = Other countries that are not specifically 
mentioned in the previous columns. 

The United States is 100%
import reliant on 14 minerals on
the critical minerals list. These
minerals are difficult to
substitute inputs into the U.S.
economy and national security
applications; they include
graphite, Mn, Nb, rare earths,
and Ta, among others. The
United States is more than 75%
import reliant on an additional
10 critical minerals: Sn, barite,
bauxite, Bi, K, Re, Te, Ti, and
U.
in 2010 Chinese export of rare earth
(REEs) to Japan closed down
overnight over a maritime dispute



The 2020 EU list contains 30 materials as compared to 14 materials in 2011, 20

materials in 2014 and 27 materials in 2017.

Bauxite, Li, Ti and Sr are added to the list for the first time.

Helium remains a concern as far as supply concentration is concerned, but is

removed from the 2020 critical list due to a decline in its economic importance.

The Commission will monitor Ni closely, in view of developments relating to

growth in demand for battery raw materials.



2020 Critical Raw Materials
Antimony Hafnium Phosphorus
Baryte Heavy Rare Earth Elements Scandium
Beryllium Light Rare Earth Elements Silicon metal
Bismuth Indium Tantalum
Borate Magnesium Tungsten
Cobalt Natural Graphite Vanadium
Coking Coal Natural Rubber Bauxite
Fluorspar Niobium Lithium
Gallium Platinum Group Metals Titanium
Germanium Phosphate rock Strontium



Defense Uses of Rare Earth Elements

Lanthanum night-vision goggles
Neodymium laser range-finders, guidance systems, communications
Europium fluorescents and phosphors in lamps and monitors
Erbium amplifiers in fiber-optic data transmission
Samarium permanent magnets that are stable at high temperatures
Samarium precision-guided weapons
Samarium "white noise" production in stealth technology



Rare Earth Element Production: This chart shows a history of rare earth element
production, in metric tons of rare earth oxide equivalent, between 1950 and 2018. It
clearly shows the United States' entry into the market in the mid-1960s when color
television exploded demand. When China began selling rare earths at very low prices
in the late 1980s and early 1990s, mines in the United States were forced to close
because they could no longer make a profit. When China cut exports in 2010, rare
earth prices skyrocketed. That motivated new production in the United States,
Australia, Russia, Thailand, Malaysia, and other countries.

Did You Know? Rare earth
magnets are used in wind
turbines. Some large turbines
require two TONS of rare
earth magnets.
These magnets are very strong
and make the turbines highly
efficient. Rare earth magnets
are used in turbines and
generators in many alternative
energy applications.



History of Rare Earth Production and Trade

Pre-1965
Before 1965 there was relatively little demand for rare earth elements. At that
time, most of the world's supply was being produced from deposits
in India and Brazil. In the 1950s, South Africa became the leading producer
from rare earth bearing monazite (Ce,La,Nd,Th)(PO4 SiO4).deposits. At that
time, the Mountain Pass Mine in California was producing minor
amounts of rare earth oxides.

Color Television Ignites Demand

The demand for rare earth elements saw its first explosion in the mid-1960s,

as the first color television sets were entering the market. Europium was the

essential material for producing the color images. The Mountain Pass Mine

began producing europium from bastnasite, which contained about 0.1%

europium. This effort made the Mountain Pass Mine the largest rare earth

producer in the world and placed the United States as the leading

producer.

https://geology.com/world/india-satellite-image.shtml
https://geology.com/world/brazil-satellite-image.shtml
https://geology.com/world/south-africa-satellite-image.shtml
https://geology.com/minerals/monazite.shtml


Mountain Pass rare earth mine
The Mountain Pass Mine (California) was discovered in 1949.
The mine once supplied most of the world's rare-earth
elements. It was the only rare earth mining and processing
facility in the United States. It is a world-class rare-earth
mineral deposit. The metals that can be extracted from it
include: Ce, La, Nd,and Eu.
The mine closed in 2002 in response to both environmental
restrictions and competition from Chinese suppliers

In the 1980s, the company began piping wastewater up to 14 miles to evaporation
ponds. This pipeline repeatedly ruptured during cleaning operations to remove
mineral deposits called scale. The scale is radioactive because of the presence
of Th and Ra. A federal investigation later found that some 60 spills—some
unreported—occurred between 1984 and 1998. In all, about 600,000 gallons of
radioactive and other hazardous waste flowed onto the desert floor



China Enters the Market

China began producing notable amounts of rare earth oxides in the early

1980s and became the world's leading producer in the early 1990s. Through

the 1990s and early 2000s, China steadily strengthened its hold on the

world's rare earth oxide market. They were selling rare earths at such low

prices that the Mountain Pass Mine and many others throughout the world

were unable to compete and stopped operation.

Defense and Consumer Electronics Demand

At the same time, world demand was skyrocketing as rare earth metals

were designed into a wide variety of defense, aviation, industrial, and

consumer electronics products. China capitalized on its dominant position

and began restricting exports and allowing rare earth oxide prices to rise

to historic levels.



China as the Largest Rare Earth Consumer
In addition to being the world's largest producer of rare earth materials,

China is also the dominant consumer. They use rare earths mainly in

manufacturing electronics products for domestic and export markets.

China's Apex of Production Dominance?

The Chinese dominance may have peaked in 2010 when they controlled

about 95% of the world's rare earth production, and prices for many rare

earth oxides had risen over 500% in just a few years. That was an awakening

for rare earth consumers and miners throughout the world. Mining

companies in the United States, Australia, Canada, and other countries

began to reevaluate old rare earth prospects and explore for new ones.

High prices also caused manufacturers to do three things: 1) seek ways to

reduce the amount of rare earth elements needed to produce each of their

products; 2) seek alternative materials to use in place of rare earth elements;

and, 3) develop alternative products that do not require rare earth elements.



China Buying Resources Outside of China

Chinese companies have been purchasing rare earth resources in other

countries.

Rare Earth Production Outside of China

Mines in Australia began producing rare earth oxides in 2011. In 2012 and

2013 they were supplying about 2% to 3% of world production.

World Mine Production and Reserves
(2017 Estimates)

Country
Reserves

(Metric Tons)
United States 1,400,000

Australia 3,400,000

Brazil 22,000,000

Canada 830,000

China 44,000,000

Greenland 1,500,000

India 6,900,000

Malawi 140,000

Malaysia 30,000

Russia 18,000,000

South Africa 860,000

Thailand not available

Vietnam 22,000,000

World total (rounded) 120,000,000

In 2012 the Mountain Pass Mine came back

into production, and USA produced about

4% of the world's rare earth elements in

2013.

Production in Brazil, Malaysia, Russia,

Thailand, Vietnam, continued or increased.

China is still the world leader in rare earth

production, they control about 36% of the

world's reserves



The supply of many critical raw materials is highly concentrated. For example, China provides 98 % of
the EU’s supply of rare earth elements (REE), Turkey provides 98% of the EU’s supply of borate, and
South Africa provides 71% of the EU’s needs for Pt and an even higher share of the platinum group
metals iridium, rhodium, and ruthenium.



For electric vehicle batteries and energy storage, the EU would need up to 18 times

more Li and 5 times more Co in 2030, and almost 60 times more Li and 15 times more

Co in 2050, compared to the current supply to the whole EU economy.

The World Bank projects that demand for metals and minerals increases rapidly with

climate ambition. The most significant example of this is electric storage batteries,

where the rise in demand for relevant metals, Al, Co, Fe, Pb, Li, Mn and Ni would

grow by more than 1000 per cent by 2050.



Recycling’s contribution to meeting materials

demand (Recycling Input Rate)

For example, more than 50% of some metals such as

Fe, Zn, or Pt are recycled and they cover more than

25% of the EU’s consumption. For others, however,

especially those needed in renewable energy

technologies or high-tech applications such as rare

earths, Ga, or In, secondary production makes only

a marginal contribution.



Looking at the geographical

distribution of critical raw materials

in Europe, the development of

battery raw materials such as

lithium, nickel, cobalt, graphite

and manganese provides interesting

opportunities.



Many battery raw
material resources
lie in regions that are
heavily dependent on
coal and where
battery factories are
planned.
Furthermore, many
mining wastes are
rich in critical raw
materials and could
be revisited to create
new economic activity
on existing or former
coal-mining sites.



Tantalum 

Tantalum is a metallic element contained in the mineral tantalite and is

extracted from primary and placer mineral deposits. It often occurs with

niobium but is also present with other minerals such as rare earths,

uranium, and cassiterite (tin ore).

Tantalum’s high melting point (3000 C) and corrosion resistance makes it

super-capacitive, (i.e., characterized by a high capacity to store and release

electrical charges). This metal, which is used in numerous high-tech

electronic devices, is produced and traded in conflict areas in Central Africa;

thus, in certain instances, tantalum is classified as a conflict mineral and

subject to disclosure rules (conflict minerals in the Democratic Republic of the

Congo or adjoining countries like Rwanda are financing extreme levels of violence

in the DRC). Africa provides 80% of the primary Ta production (60% from the

DRC and Rwanda) as China dominates processing and manufacturing capacity.
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the Department of Energy (DOE), and the Massachusetts Institute of Technology (MIT) early in 
the recent discussion of mineral supply risk and potential mineral demand from the energy 
technology sector.10 Many others, such as Nassar, Du, and Graedel,11 have weighed in since 2010 
on the criticality and supply risk question, providing a variety of models that examine the supply 
risk and vulnerabilities associated with these minerals. It is beyond the scope of this report to 
evaluate those models. 

Congressional Interest 
Proposed Congressional findings mentioned in a number of bills introduced since the 111th 
Congress on critical minerals include: 

x Emerging economies are increasing their demand for REEs as they industrialize 
and modernize; 

x A variety of minerals are essential for economic growth and for infrastructure; 
x The United States has vast mineral resources but at the same time is becoming 

more dependent on imports; 
x Mineral exploration dollars in the United States are approximately 7% of the 

world total (compared to 19% in the early 90s); 
x Heavy rare earth elements are critical to national defense; 
x China has near-monopoly control over the rare earth value chain, and there has 

been a transfer of technology from U.S. firms and others to China in order to gain 
access to rare earths and downstream materials; 

x Thorium regulations are a barrier to rare earth development in the United States;  
x A sense of Congress that China could disrupt REE and other critical mineral 

supplies to the United States; 
x It is important to develop the domestic industrial base for the production of 

strategic and critical minerals; and 
x The United States must accept some risk in the form of aiding domestic 

investment opportunities.  

The Senate Committee on Energy and Natural Resources held a hearing on S. 1317, the American 
Mineral Security Act, on May 14, 2019, “Examining the Path to Achieving Mineral Security.”12 
Two congressional hearings were held on critical minerals in the 115th Congress: one on 
December 12, 2017, by the House Natural Resources Subcommittee on Energy and Mineral 
Resources on “Examining Consequences of America’s Dependence on Foreign Minerals,” and a 

                                                 
impacts of potential supply restrictions, and on the horizontal axis the potential supply risks associated with geology, 
ecology, technology, economics, and the political environment. Many analysts have used the criticality matrix to rank 
the criticality of selected minerals.  
10 National Research Council, Minerals, Critical Minerals, and the U.S. Economy, National Academies Press, 2008; 
U.S. DOE, Critical Materials Strategy, December 2011; American Physical Society and The Materials Research 
Society, Energy Critical Elements, Securing Materials for Emerging Technologies, 2011. 
11 N.T. Nassar, Xiaoyue Du, and T.E. Graedel, “Criticality of the Rare Earth Elements,” Journal of Industrial Ecology, 
v. 19, no. 6, 2015. 
12 For hearing details, see https://www.energy.senate.gov/public/index.cfm/hearings-and-business-meetings?ID=
559FE490-CA2A-4A56-9C30-F5ED5B0C7780. 



China produces the vast majority of heavy
rare earths,W (85%), In, Sn e terre rare

W (60% per fare carburi) praticamente
solo in Cina (85%) e attualmente nessuna
produzione in USA

In (raro quanto l’ Ag la Cina ne produce il
50%) attualmente niente in USA.
Produzione di Indium Tin Oxide (ITO) x
touch screen, flat screen, pannelli solari.

Sn (Cina produce 88% niente in USA),
ritardante di fiamma e semiconduttori



China had gains in production that far outpaced the rest of the world. By

2003, China had already dominated in the production of graphite, indium,

magnesium compounds, magnesium metal, REEs, tungsten, vanadium,

and yttrium. Chinese producers are seeking not only to expand their

production capacity at home but to continue to negotiate long-term supply

agreements, particularly in Africa (cobalt and tantalum), Australia (lithium),

and South America (lithium)

The dominant producing region for Cr, Mn, Pt group metals, Ta, and Co is

southern Africa

Brazil produces 88% of the world’s Nb

Australia accounts for 58% of the world’s Li production



Lithium-Ion Batteries 
Co, Li, NI, and other materials are needed for these batteries

There is a Li-Co oxide battery which has a high energy

density but also a high Co content and price. The steep

country risk associated with cobalt production in the

Democratic Republic of the Congo (DRC) led researchers to

look for alternative suppliers. One example would be to use a

Mn-oxide battery, wherein cobalt is partially replaced by

nickel and manganese. The researchers identified lithium as

needed for all battery types. By 2035 an annual growth rate

of 7.5% is needed for Li supply and 3% growth rate in Co

supply to meet electric vehicle demand



Solar Energy and Wind Technologies 

In solar energy systems: Ag, Cd, Te, In, Ga, Se, Ge are contained , and four of

the REEs are used in wind technologies (dysprosium (Dy), neodymium

(Nd), terbium (Te), and praseodymium (Pr)).

Crystalline silicon photovoltaics: cells are connected electrically to each other

with metal strips consisting of an alloy rich in Ag. Silver is the metal of

choice because of its' superior electrical conductivity. The current Ag content

is in the range of 8 g/m2 decreases are sought by substituting Ag to a large

degree of Cu.

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 e 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, Ru, 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 PVmarkets [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/m2 [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

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 8e12% [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, 10e11% [19].
Tellurium is a critical metal. The need of tellurium has been esti-
mated to be 6.5 g/m2 [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 7e12% [19]. Indium and gallium
are critical metals. The need of thesemetals is estimated to be 2.9 g/
m2 (In) and 0.53 g/m2 (Ga) [1].

Thin film cells based on amorphous silicon (a-Si) have a rela-
tively low efficiency, 4e8%. 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/mc-Si). A layer with microcrystalline silicon
gives the cell stability and increases the efficiency to 7e9% [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/m2.
The back contact can be either silver or aluminium.

2.1.1.4. Concentrated solar power e 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/m2), 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
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Fig. 1. Silver consumption per area in c-Si cells [4].

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

Material Needed mass/area [g/m2]

Ruthenium 0.07
Platinum 0.03
Silver 1

L. Grandell et al. / Renewable Energy 95 (2016) 53e6254

Dye sensitized solar cells, DSSC: organic solar cells,

they belong to the third generation of

photovoltaics. A complex based on Ru and Os gives

the best cell performance. The metallization of the

cell is based on a Ag ink. Pt acts as a catalyst



Thin film photovoltaic panels 

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%, however in commercial applications somewhat lower, 10-11%.

Tellurium is a critical metal. The need of Te has been estimated to be 6.5 g/m2

CIS or CIGS (Cu-In-selenide or Cu-In-Ga- selenide) yields an efficiency of 15%

whereas commercial applications show an efficiency range of 7-12%. Indium and

gallium are critical metals. The need of these metals is estimated to be 2.9 g/m2 (In)

and 0.53 gm2 (Ga)

Concentrated solar power e CSP: The heat is transformed to electricity by

conventional turbine technology. Ag has highest optical reflectivity of all elements

and is thus used on the surface of the mirrors to obtain high reflectance. The Ag

content per mirror area is constant for all technologies (1 g/m2),



Permanent magnets based on rare earth elements produce very high

magnetic fields, thus even compact and light generators generate high

torque. Therefore wind generators can operate with low rotational speeds.

REEs used in permanent magnets (currently used in some of the new wind

turbines) will not keep pace with demand from multiple end uses as well as

the increased use of the magnets in electric vehicles. Turbine manufacturing,

is 100% dependent on permanent magnet imports, primarily from China, as

that country produces 75% of the world’s permanent magnets which contain

REEs
Permanent Magnets 
Dy, Nd, Te, and Pr go into a neodymium-iron-boron (NdFeB) permanent

magnet. Nd in the magnet varies between 28-31%. Dy (2-3%) and in small

quantities Pr and Te. The need for REE is 160-200 kg/MW in gearless

applications and 30 kg/MW for generator with gears

Wind Technologies 



Rare Earth Elements 
Rare earth elements often occur with other elements, such as Cu, Au, U,

phosphates, and Fe, and have often been produced as a byproduct. The

lighter elements, such as lanthanum, cerium, praseodymium, and

neodymium, are more abundant and concentrated and usually make up

about 80%-99% of a total deposit. The heavier elements—gadolinium

through lutetium and yttrium—are scarcer but very “desirable”

Most REEs throughout the world are located in deposits of the minerals

bastnaesite and monazite. Bastnaesite deposits in the United States and

China account for the largest concentrations of REEs, while monazite

deposits in Australia, South Africa, China, Brazil, Malaysia, and India

account for the second-largest concentrations of REEs. Bastnaesite occurs as

a primary mineral, while monazite is found in primary deposits of other ores

and typically recovered as a byproduct.



Electric cars 

Electric cars can be classified into full electric vehicles and

hybrid cars. A fuel cell electric vehicle (FCEV) comprises a

hydrogen tank and a fuel cell as source of energy.

Motors based on permanent magnets show high power density. 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

Fuel cell and hydrogen storage: Platinum serves as catalysts

on both anode and cathode. In the current state the need for

platinum is 0.6-0.7 g/kW



For hybrid electric vehicle (HEV) more important is the

continuous charging/discharging cycle and ability to release

power, therefore a nickel metal hydride battery (NiMH) is

more suitable. The negative electrode is a metalhydrid, in

automobile applications typically AB5. A is an alloy containing

rare earth metals and B can be Ni, Co, Mn or Al. The need for

rare earth metals to be 1.2 kg/kWh. A typical metal A is

La5,7Ce8Pr0,8Nd2,3

The power electronic system which converts DC voltage to AC

voltage and vice versa as well as the electric recharging point

comprise small amounts of critical metals like Pd, Au, Ge, In

and Ag



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

Alkaline water electrolysis: The need for the typical catalyst cobalt, the need
for cobalt is 8.9 mg/W.

Polymer electrolyte membrane (PEM) electrolysis: The catalysts are metals:
Ru and Ir on anode and Pt on cathode.

Solid oxid fuel cell SOFC: La (20g/kW), Ce (2), Y (40) and Co (30)



LED

LED (light emitting diode) comprises a light emitting semi-

conductor, typically based on In and Ga (InGaN). The need for

semiconducting material per LED lamp is 0.17 mg In and 0.53 g

Ga. The phosphor contains Ce and Y . The need for the

phosphor in a 12.5 W LED lamp is 1 g. This means 0.7 mg Ce

and 450 mg Y per one lamp.

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

In fluorescence lamps some REE metals like Dy, Ce, Eu, or Tb 
are suitable elements. Also La and Y are used 



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 fromUSGSwas
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 20e30
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, 6e14%, 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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Fig. 7. Metals cumulative need for clean energy technology until 2050 in relation to
global mineral resources.

L. Grandell et al. / Renewable Energy 95 (2016) 53e6260

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. These technologies rely on critical

metals. According to the analysis most serious problems can arise in the

solar energy sector through the availability of silver. Other possible

material restrictions could be caused by In, Te or Ru.

Solar energy future projections do not seem to be realizable with the

currently known technologies and metals resources.
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Future sustainable technologies (FST) 
Basis for this report is a comprehensive analysis of eleven ‘green minor metals’, which are 

important for certain future sustainable technologies (FST). The term ‘sustainable 

technologies’ has no official definition; it rather describes an assumption of technologies, 

their use implicates positive environmental effects.  

� FST replace an obsolete technology and hereby reduce environmental impacts  

� FST lead to emission reductions (e.g. automotive catalysts) 

� FST provide power efficiency during the production or consumption phase (e.g. energy 

efficient LED lamps) 

� FST can be used to monitor political or social behaviour causing negative environ-

mental effects (e.g. electronic devices in satellites for environmental surveillance) 

Each of the analyzed metals is used at least in one FST-application. Nevertheless, many of 

the introduced metals are also used for other applications, which can not directly be regarded 

as FST. In consideration of possible scarcities of availability among the checked metals, it is 

exceedingly necessary to describe all demand-driving applications and their predicted 

development. To improve the comprehension and readability of the analyzed metals, the 

Öko-Institut decided to appoint 4 major application clusters: 

I. EEE Technologies 

II. Photovoltaic Technologies 

III. Battery Technologies 

IV. Catalysts 

Figure 3 shows the major cluster and a belonging box containing several metals which are 

needed for applications out this sector. Therefore, some metals occur twice (e.g. germanium) 

due to their adaptability in different application clusters. It is important to mention that the 

listed metals represent a selection; it is not to be understood as entire. 

Figure 3: Application cluster and exemplary metals belonging to the particular cluster  

(graphic by Öko-Institut) 
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separation of the different main types of EEE (large consumer goods etc.) are common as 
well as manual first separation steps of main components (e.g. separation of cathode ray 
tubes from TVs). 
 
Prioritization of critical metals 
In Figure 6 the overall results for the critical metals under investigation in this study 
(for details see final report) are summarized and the results of the prioritization 
process are delivered. Final step of the prioritization process is to interpret the conclusions 
from the detailed restriction-analyse and bring them together with a short-, mid- and long-
term timeline. Figure 6 shows the results of this time-regarding classification. Each time 
category is composed of a criteria-setting with the above-explained distinguishing in rapid or 
moderate demand growth and serious or moderate risks. 
Within the next five years (short-term perspective), Öko-Institut estimates that the metals 
tellurium, indium and gallium to be regarded as most critical due to rapid demand growth as 
well as serious supply risks combined with moderate recycling restrictions. In a mid-term 
perspective, the metals: rare earths, lithium, tantalum, palladium, platinum and ruthenium are 
becoming crucial. Finally, in a long-term perspective till 2050, only germanium and cobalt are 
regarded to become critical (details see final report). 
Need for coordinated action is necessary for all of the investigated critical metals to reduce 
environmental burden of the primary production (enhanced production share of secondary 
metals) and ensure the resource base for important sustainable future technologies like solar 
cells, catalysts etc. Nevertheless in the case of tellurium, indium and gallium special 
activities of UNEP and other international and regional bodies are recommended due 
to the urgency of possible critical supply situations etc. 
 

 
Figure 6: Summarized prioritization regarding timeline of this study 

 



Post-consumer recycling is often a much more difficult

task. The main reasons are:

• Low metal concentrations in waste flows

• The critical metal is a minor composition in a

complex material matrix (many other metals, plastics

etc.);

•Metal concentration in a single unit is very low and

the final end-use often takes place in emerging or

developing countries without sufficient take-back and

collection systems for secondary materials



Post-consumer automotive catalyst. Typically a range between

2g and 5g per unit is the content of Platinum Group Metals

(PGM) like platinum, palladium and rhodium in automotive

catalysts. This means a PGM concentration of > 1000 ppm –

more than 100 times higher compared to natural ores.

Therefore automotive catalysts are interesting secondary

materials for the recycling of critical metals like PGM and

special refining plants are working with very high recovery

rates (> 90% for the PGM)
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material with dissipative concentrations of critical metals like palladium and indium. But 
besides the mentioned disadvantages, e-scrap (WEEE)4 has also interesting recycling 
characteristics. Typical e-scrap like circuit boards contains a spectrum of metals like copper, 
tin, cobalt, gold, silver, indium, palladium, platinum etc. Due to its complexity e-scrap is a 
really challenging task for recycling technologies. Appropriate recycling of e-scrap promises 
parallel recovery of several interesting and valuable metals. 
 
 
 
 
 
 
 
 
 

 

Figure 4: Post consumer scrap - automotive catalyst and E-scrap - circuit boards (photo by courtesy of 
Umicore Precious Metals Refining) 

In the final report, an overview about Umicore’s integrated metals smelter and associated 
metals separation units at Hoboken/Antwerp is given. This plant with a clear focus on end-of-
life materials and by-products is able to recover 17 different metals – many of them under 
focus in this UNEP study. Typical input in Hoboken is e-scrap, spent industrial and 
automotive catalysts etc. The plant has an input capacity of about 350,000 tons. 
For some metals like tantalum in dissipative applications (cell phones), lithium (e.g. 
batteries), rare earths (broad spectrum of applications), gallium and germanium there are 
until today none recycling technologies in commercial scales running or at most first steps in 
small (pilot) plants are initiated. 
Furthermore some applications of critical metals are so new, that relevant mass flows 
of post-consumer materials will reach the waste management sector not until in a few 
years. A prominent field are solar cells for photovoltaic. Depending on the solar cell type 
indium, tellurium gallium and/or germanium are used in growing amount in this future 
sustainable technology. Compared to the rapidly growing installation of many million square 
meters of solar cells per year there are still no appropriate capacities and technologies 
installed.5  

                                                 
 
4  Directive 2002/96/EC on waste electrical and electronic equipment (WEEE) of the European  

Parliament and of the Council -January 2003 
5  It should be mentioned, that the expected lifetimes of solar cells should be at least one or two  

decades. 



Hoboken/Antwerp plant. This plant with a clear focus on end-

of-life materials is able to recover 17 different metals. Typical

input in Hoboken is e-scrap, spent industrial and automotive

catalysts etc. The plant has an input capacity of about 350,000

tons

For some metals like Ta in cell phones, lithium (e.g. batteries),

rare earths (broad spectrum of applications), Ga and Ge there

are until today none recycling technologies in commercial

scales running.



Platinum group metals from automotive catalysts

28ton platinum and 31 ton palladium were recovered from

automotive catalysts worldwide. In the same year the global gross-

demand for the production of new automotive catalysts was 131 t

platinum and 138 t palladium. The plant at Hoboken/Antwerp has

current capacities for 18t Pt and 24t Pd – from different waste inputs.

That means in about 10-15 years (average lifetimes of cars) a global

capacity which is about six times higher than the total current

capacity in Hoboken will be necessary for optimized global recycling

capacities of platinum and palladium from spent automotive

catalysts only. Furthermore optimized collection infrastructure for

spent automotive catalysts will be required in the emerging

economies and developing countries.
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Figure 7: “Low–tech” gold recycling in Bangalore/India (photo by courtesy of EMPA, Switzerland) 

In the next five to ten years the following potentials for critical metals could be achieved if the 
above - performed measures will be realized consequently:  
� For platinum and palladium 70% share of the gross demand could be satisfied 

through recycling until 2020 (today about 45%). 
� In case of cobalt further moderate increase of the recycling percentage of at least 

30% is regarded as realistic until 2020 (depending on applications with long-term 
lifetime). 

� Concerning the “new” critical metals indium, gallium, germanium, tellurium and 
ruthenium in the next five years appropriate post-consumer recycling infrastructures 
and well shaped pre-treatment and refining technologies will be essential. By 
achieving these tasks, remarkable recycling quotas for these important critical metals 
for FST are possible. 

� Regarding tantalum, lithium and the rare earths basic research in suitable recycling 
processes are required due to their crucial chemical behaviour in actual recycling 
processes. 

 
Conclusions and recommendations 
Öko-Institut likes to give the following conclusions and recommendations concerning the 
investigated critical metals within this short term study: 
� The expected demand growth for the investigated critical metals could indicate 

different developments: 
– Growth of environmental-friendly technologies (e.g. photovoltaic, energy 

storage devices, catalysts for emission reductions etc.); 
– growth of overall mining production combined with related environmental 

stress; 
– enormous increase of the meaning of recycling technologies and related 

infrastructures in the next 5-10 years, 


