
Critical raw materials for the 
energy transition in the EU: 

Factsheets on 
critical raw materials

How circular economy 
approaches can increase 
supply security for 
critical raw materials

OCTOBER 2022



STUDY OVERVIEW

PURpose:
The EU is committed to the clean energy transition. This 
transition will require significant amounts of raw materials 
to create the infrastructure for electrification and clean 
energy production. This study highlights the importance 
and the opportunities for circular economy approaches 
to enable this transition. It demonstrates the increased 
resilience that can be gained in the context of ongoing 
geopolitical crises.

Methodology:
Synthesis of published research on international value 
chain dependencies of the EU with particular focus on 
materials (raw and processed) that are crucial for the 
green energy transition. (Lithium, Nickel, Cobalt, 
Copper, Graphite, Silicon, Platinum Group Metals, Rare 
Earth Elements).

Synthesis of published research on circular economy 
practices and legislative intervention points to ensure 
sustainable use of these raw materials and their 
continued stewardship in the European economy.
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Cobalt
Overview

Critical metal in Lithium-Ion 
EV batteries; Mostly mined in 
the DRC and refined in China. 
Although demand outlook 
is uncertain as battery 
technologies evolve, by 2050, 
65% of EU demand could be 
met through recycling

Supply risk:
The disruptive growth in global demand due to the clean energy transition might lead to supply 
constraints by 2030 - 2040 due to insu�cient mining projects to meet the speed of the clean 
energy transition (not a raw materials supply but production scaling problem)1

The global energy transition requires an annual average growth rate of 4-6% of cobalt supply1 
(in the BAU scenario without CE lever reduction) - however the growth rate for its primary mined 
commodities copper and nickel is projected to be slower with only 3-4% per year1

The EU will need to import or produce more cobalt in the next decade until secondary material 
becomes available – potential need for diversification of supply1

Environmental risks: 
80% of the area where cobalt is mined are at biodiversity risk1 (DRC as primary cobalt supplier is a 
country with a high biodiversity risk)

Carbon emissions from energy-intensive processing of refined cobalt (mostly in China powered by coal)

Social risks: 
Fundamental human rights and poor working conditions in extraction area5

Associated risks in the Business as usual (BAU) scenario and 
opportunities in the CIRCULAR ECONOMY (CE) scenario

Opportunities:
Creation of jobs 
in the recycling 
industry through 
increased need 
for secondary 
material

Increased supply 
independence by 
strengthening 
domestic 
production 
capacities for 
cobalt-cathode 
material

Material demand
Global demand to grow from 135kt in 2020 to 270-370kt by 
2030 and up to 500-800 kt by 2050 – out of this 130-210kt 
in 2030, 270-600kt in 2050 are needed for the energy 
turnaround.1

EU cobalt demand could grow from 20kt in 2020 to 30-50kt in 
2030 and 80-100kt in 2050. EU cobalt demand for the energy 
transition will require 10-20kt in 2030 and 50-60kt in 2050.1

EU primary demand will rise rapidly until 2040, when 
secondary sources become available from recycling of EV 
batteries; By 2050 65% of the EU’s overall need could be 
met by supply from secondary cobalt from end-of-life 
(EOL) EV batteries.2

However there is a demand shift away from cobalt 
within EV batteries towards other technologies.4

Production
Mostly mined in Democratic Republic of Congo (DRC) 
(74% of global supply); two other top suppliers are 
Cuba and Russia (together the three countries provide 
more than 80% of global supply)1

Mostly produced/refined in China (68%), with 
Finland, Canada and Norway being the other 
top suppliers1

The EU supplies only 10% of cobalt from domestic 
mining activities, which are projected to reduce 
output in the future1

The EU’s refining operations are placed in Finland 
and Belgium, supplying ~70% of current domestic 
demand, but no expansion planned1

tCO2 per tonne of metal: 5 - 38

Main products AND use cases
Application in the clean energy transition: majority 
in EV batteries up to 70% 1,3,5 by 2050, limited amount in 
battery storage, wind turbines, solar power, bioenergy, 
hydrogen production and nuclear production facilities1

Application outside the clean energy transition: 
superalloys (36%), carbides and diamond tools (14%), 
pigments and inks (13%), catalysts (12%) 
and magnets (7%)3

Value chain characteristics
Top 3 players held almost half of total cobalt 
production in 2019 (Glencore 27%, Shalina Resources 
10%, China Molybdenum 9%)4

Cobalt is a by-product of copper and nickel mining5

The EU currently consumes relatively low levels 
of cobalt – however building a battery value 
chain (esp. for cathode production) would 
increase demand1



Cobalt: Circular Economy Levers

Overview value chain globally in 2020

Mining Countries1

DR Congo

Cuba
Russia

Zambia
Other

Zambia
Canada
Norway

Finland

China

EVs, etc.

Other
Other

Tool materials

Nickel-based
alloys

New Caledonia

74%

14%

4%
4%

Refining Countries1

68%

9%

13%

4%
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Use Cases2

57%

13%

8%

22%

2020

135

2050

800

Improved city design 
and promotion of 
public transport can 
reduce need for 
EVs/cobalt.1

Mobility-as-a-Service 
innovations and 
car-sharing or 
car-pooling can 
reduce car ownership.2

Material e�ciency 
(e.g. reduced battery 
size and increased 
e�ciency) can reduce 
material demand by 
16%.2

Innovation in material 
mix (e.g., shift to lower 
or no cobalt batteries) 
can reduce need for 
cobalt in EVs.4

Global recycling rates 
~5% today, expected 
90% by 2050; could cover 
20% of global demand 
by 2040, 30% by 2050.6

By 2050 65% of EU’s overall 
need could be met by 
supply from secondary 
cobalt from EOL EV 
batteries.6

Batteries have a lifetime 
of 10 years7 hence the 
e�ect of recycling will only 
then come into e�ect; in 
2035-2040 fast growth of 
recycling industries would 
will lead to a softening and 
then to a limit of further 
primary demand by 2040.6

Up to ~20% of end of life 
batteries could be 
re-purposed for use in 
stationary applications, 
at up to 1/3 cost savings 
compared to new 
batteries.5

5. Circular Economy Initiative. Resource E�cient Battery Life Cycles. 
2020, https://en.acatech.de/publication/resource-e�cient-bat-
tery-life-cycles/download-pdf?lang=en accessed 14 June, 2022

6. Ku Leuven (2022): Metals for clean energy, https://eurometaux.eu-
/media/jmxf2qm0/metals-for-clean-energy.pdf

7. Giurco, D. et all. (2019): Requirements for Minerals and Metals for 
100% Renewable Scenarios, https://link.springer.com/chap-
ter/10.1007/978-3-030-05843-2_11

Overview:
1. KU Leuven (2022): Metals for Clean Energy. Available at 
https://eurometaux.eu/media/jmxf2qm0/metals-for-clean-energy.pdf 

2. Giurco et al, (2019). Requirements for minerals and metals for 100% 
renewable scenarios. Available at https://link.springer.com/chap-
ter/10.1007/978 3 030 05843 2_11

3. EC (2020). EU‘s list of critical raw materials . Available at 
https://rmis.jrc.ec.europa.eu/?page=crm-list-2020-e294f6

4. IEA (2022). The role of critical minerals in clean energy transition. 
Available at https://www.iea.org/reports/the-role-of-critical-miner-
als-in-clean-energy-transitions

5. Cobalt Institute (2020) 2020). State of the Cobalt Market' Report. 
Available at https://www.cobaltinstitute.org/wp-content/up-
loads/2021/05/CobaltInstitute_Market_Report_2020_1.pdf

Ce Levers:
1. KfW: Improving car tra�c management. https://www.kf-
wentwicklungsbank.de/International financing/KfW Development 
Bank/Our topics/SDGs/SDG 11/Interview_Lenz/ Lenz/. Date 
accessed 25 th of August, 2022

2. Zhao et al. (2021): Potential values of maas impact in future 
scenarios. https://eit.europa.eu/sites/default/files/1 s2.0 
s2667091721000054 main.pdf, Date accessed 25 th of August, 2022

3. IEA. Global EV Outlook 2022: Securing supplies for an electric 
future. (2022). Available at https://iea.blob.core.windows.net/as-
sets/ad8fb04c 4f75 42fc 973a 6e54c8a4449a/GlobalElectricVehi-
cleOutlook2022.pdf Date accessed: 14 June 2022.

4. CNBC (2021): Tesla will change the type of battery cells it uses in 
all its standard range cars, https://www.cnbc.com/2021/10/20/tes-
la-switching-to-lfp-batteries-in-all-standard-range-cars.html

Overview value chain globally in 2020:
1. KU Leuven (2022): Metals for Clean Energy. Available at 
https://eurometaux.eu/media/jmxf2qm0/metals-for-clean-energy.pdf

2. Cobalt Institute(2020): Cobalt is used in a wide variety of 
applications, https://www.cobaltinstitute.org/about 
cobalt/cobalt-life-cycle/cobalt-use/

Electric
Vehicles 
(EVs) 
(for batteries) 
(3-55%)

Use case

Value Chain Characteristics: mining and refining countries as well as most
popular use cases (2020)

Global Cobalt demand
[kt]1

Lever 1
Rethink

Lever 2
Reduce

Lever 3
Reuse

Lever 4
Recycle

+490%



COPPER

Overview

As a base metal, copper 
is necessary for almost 
all applications in the 
field of energy transition. 
Co₂ footprint of secondary
copper is 85% less than
primary copper.

Supply risk:
Since the global energy transition is progressing faster 
than the mining project pipeline copper is at risk of a 
disruptive demand pull between now and 2050. This is 
because some projects either face economic or 
permitting challenges. There is a risk of a copper supply 
decline whilst demand is rising to supply the energy 
transition.1

Associated risks in the BAU scenario and opportunities in the CE scenario

Opportunities:
Educating consumers and providing infrastructure and 
incentives to increase recycling rate of e-waste could 
open up a significant “urban mine” for copper in the EU.4

CO2 footprint of secondary copper supply is 85% less than 
primary supply (expand recycling capacities) and 10% less 
if produced (mined and refined) in the EU than global.1

Material demand
Global demand of copper projected to grow from 
~30Mt in 2020 to 45Mt by 2030 and up to 70Mt by 2050. 
This is a 51% increase in projected demand, compared 
with historical demand growth of 2.4% (1990-2020).1

EU copper demand potentially grows from 4.3Mt in 
2020 to 5Mt in 2030 and 6Mt in 2050. The EU’s 2030 
energy transition will require 1.25Mt of copper in 2030, 
with demand peaking in 2040.1

Production
Global mining output: projected to grow from 21Mt 
in 2020 to 23-24Mt in 2030 (Chile~30%, Peru ~10%). 
Global refining capacity. growing from 25Mt in 2020 
to 31Mt in 2030 with China (~42%) being the major 
producer of refined copper.1

EU copper mining industry: ~5% of global mining 
output, supplying up to 14% of domestic demand 
(0.8Mt/year); expected to decrease. Domestic 
refining covers 36% of domestic demand. Most EU 
imports come from Chile (19%) and Russia (19%).1

Secondary supply*: increase from 10MT (in 2020) to 
13 Mt (2030) to 25Mt (2050))1

tCO2 per tonne of metal: 4.81

Main products AND use cases
Biggest use cases: electrical equipment (60%) and 
construction (20%); important for production of most 
technologies, i.e. solar PV, wind, EVs.2

Current applications that are not part of the energy 
transition include: construction, infrastructure, industry, 
transport & mobility as well as consumer goods.1

EU consumption of copper plateaued after a fall in 
2008 financial crisis. The EU’s rapid deployment of EVs 
etc. add to increase in demand.1

Value chain characteristics
Aluminum and copper are together the most 
in-demand critical metals in terms of volume – 
aluminum, copper, lithium, nickel and zinc add up 
to 80% of the critical metal demand for the global 
energy transition1

In the EU 1Mt of copper scrap is exported each year.1

Out of the 10 biggest companies for copper 
production only one is in the EU (Poland, 0,71Mt in 
2020).3



Copper: Circular Economy Levers

EVs: Autonomous and 
shared EV transport 
options can reduce need 
for individual car 
ownership5 and dynamic 
road pricing can reduce 
tra�c by over 10%.6

CE: Extending lifetime of 
electrical products through 
consumer behaviour 
changes and product 
design shifts can decrease 
material demand. (1t 
copper ~100,000 mobile 
phones or 10,000 PCs).9

Shared o�ce models or 
virtual working reduce 
the demand for new 
construction and refits in 
commercial real estate.

Compact living models 
for urban design and 
residential properties 
reduces material footprint 
of construction whilst 
retaining positive liveability.

Theoretically, copper is 
100% recyclable without 
loss in quality.11

However, in practice it 
poses a problem in steel 
recycling.12

Design improvements 
and e�ciency gains in 
construction reduce 
material usage and 
wastage.

Post demolition reuse of 
construction materials, 
can be enabled through 
reuse marketplaces that 
broker buyers and sellers.

EVs: Material e�ciency 
(e.g. reduced battery size 
and increased e�ciency) 
can reduce material 
demand.1

CE: Smaller and more 
e�cient consumer 
electronics (i.e. 
smartphones) can reduce 
copper demand. 8

By 2050, additional 
recycling can reduce 
global primary demand 
for all copper use cases by 
38%.1

EVs: The End of Life 
Recycling Rate for EV 
batteries is assumed to be 
70%.1

CE: Barely 10% of 
smartphones get 
recycled better 
collection systems could 
increase this number.8

EVs: Up to ~20% of end of 
life batteries could be 
re-purposed for use in 
stationary applications, 
at up to 1/3 cost savings 
compared to new 
batteries.13

EC: Extending use of 
smartphones, TVs , 
washing machines and 
vacuum cleaners from 
actual to designed 
lifetime can extend it by 
almost 100.7

Sources:
1. KU Leuven (2022): Metals for clean energy: Pathways to solving Europe’s raw materials challenge. 
https://eurometaux.eu/media/jmxf2qm0/metals-for-clean-energy.pdf Date accessed 4th of August, 2022

2. Lenntech (2022): copper. https://www.lenntech.com/periodic/elements/cu.htm, Date accessed 4th of 
August, 2022

3. Statista (2020): Leading copper miners worldwide in 2020 by production output 2020. 
https://www.statista.com/statistics/281023/leading-copper-producers-worldwide-by-output/#:~:text=In%2020
20%2C%20Codelco%20was%20the,of%201.26%20million%20metric%20tons, Date accessed 4th of August, 2022

4. Copper Alliance (2022): Urban Mining. 
https://eit.europa.eu/sites/default/files/1-s2.0-s2667091721000054-main.pdf, Date accessed 4 th of August, 2022

5. Zhao et al. (2021): Potential values of maas impact in future scenarios. https://eit.europa.eu/sites/default/-
files/1-s2.0-s2667091721000054-main.pdf, Date accessed 4 th of August, 2022

6. Vandyck T., Rutherford T.F. 2018. Regional labour markets, commuting, and the economic impact of road 
pricing. Regional Science and Urban Economics, 73, 217-236

Electrical 
equipment (60%) 
including
Electricity 
Networks (EN, 6%), 
Electric Vehicles 
(EVs, 6%) and 
Consumer 
Electronics⁸ 
(CE, ~7%), in 2020

Construction
(20% in 2020)

Use case
Lever 1
Rethink

Lever 2
Reduce

Lever 3
Reuse

Lever 4
Recycle

Overview value chain globally in 2020

Mining Countries

Chile

Peru

China

Brazil

Other

Russia
Congo (DR)

Japan

Chile

China

Construction

Other

Other

Electr. Equip.Congo (DR)

27%

46%

10%

8%
7%

Refining CouNtries

41%

8%

36%

7%
5%

Use Cases

20%

60%

20%

2020

25

2050

70

Value Chain Characteristics: mining and refining countries as well as most
popular use cases (2020)

Global Copper demand
[MT]

+180%

7. Deutsches Kupferinstitut (2022): Copper saves resources. https://www.kupferinstitut.de/kupferwerksto�e/nach-
haltigkeit/recycling/?lang=en, Date accessed 4th of August, 2022

8. Nogrady (2016): Your old phone is full of untapped precious metals. https://www.bbc.com/future/arti-
cle/20161017-your-old-phone-is-full-of-precious-metals:~:text=Smartphones%20are%20pocket%2Dsized%20vaults
,and%20copper%20(around%2015g), Date accessed 4th of August, 2022

9. European Environment Agency (2021): Europe’s consumption in a circular economy: the benefits of longer 
lasting electronics. https://www.eea.europa.eu/publications/europe2019s-consump-
tion-in-a-circular/benefits-of-longer-lasting-electronics, Date accessed 4th of August, 2022

10. Canadian Cohousing Network (2022): Cohousing Sustainability. https://cohousing.ca/about-cohousing/co-
housing-sustainability/, Date accessed 19th of August, 2022

11. International Copper Association (2017): Copper Recycling. https://copperalliance.org/wp-content/up-
loads/2017/12/ica-copper-recycling-201712-A4-HR.pdf, Date accessed 4th of August, 2022

12. Daehn, Serrenho, and Allwood (2017). How Will Copper Contamination Constrain Future Global Steel 
Recycling?, Date accessed 1st of August, 2022

13. Circular Economy Initiative. Resource E�cient Battery Life Cycles. 2020, https://en.acatech.de/publica-
tion/resource-e�cient-battery-life-cycles/download-pdf?lang=en accessed 14 June, 2022



Rare earth
elements (REE)

Overview

REE play an important 
role for EV drivetrains
and wind turbines. China 
controls most of the 
production today but by 
2050, global secondary 
supply is expected to 
surpass demand by over 
200%.

Ecological risks:
Since REEs are mined using acids, poisoned sludge remains in the ground // permanent risk of 
radioactivity leakage, as many rare earth ores contain radioactive substances // mining of REE 
leads to 2,000-20,000t waste per ton metal produced.1

REE require intense processing. The process is largely electrified, but with the majority of production 
taking place in China where it is coal-based the carbon footprint is very high.8

Social risks:
Illegal mining and concerns about poor worker safety and human rights conditions are reported 
about some mines in China.1

Associated risks in the BAU scenario and opportunities in the CE scenario

Opportunities:
Increased e�orts to 
establish a recycling 
value chain in the EU 
could help to make 
use of the oversupply 
in 2050.1

Material demand
Global REE2 demand is expected to be 2x higher in 2050 
than today's available project pipeline; supply from 
recycling exceeding demand by 208% in 2050:

Dy: ~3kt today to 12-15kt by 2050

Nd: ~38kt today to 140-170kt by 2050

Pr: ~11kt today and 45-55kt by 2050

EU demand:

Dy: <0.1kt in 2020 to 0.3-0.6kt by 2030, decreasing 
by 2050 (total +2666%)

Nd: ~0.2kt in 2020 to 2.5-5.0kt by 2030, decreasing 
by 2050 (total +827%)

Pr: ~0,1kt in 2020 to 0.7-1.4kt by 2030, decreasing 
by 2050 (due to optimized intensities and 
secondary supply)1

Production
Global REE industry mining output was 2.5kt (Dy), 35kt 
(Nd) and 11kt (Pr) in 2020 and is expected to reach 
at least 4kt (Dy), 55kt (Nd) and 15kt (Pr) in 2030

With 62% of global supply, China is the major 
extractor of REE, followed by Burma, Australia and 
the USA. Even more prominently, with 87% China 
also holds a dominant share in the refining of REE.

REEs can be divided into light REEs (i.e. Pr, Nd) and 
heavy REEs (i.e. Dy) with China completely 
dominating the production for HREEs – for LREEs 
there are four plants outside China.

The EU imports appr. 80% of its REEs from China with 
mining capacities currently being built up in 
Sweden.1

It takes 1 ton of mineral ore to extract 20kg REE.2

tCO2 per tonne of metal: 17 (Nd), 19 (Pr), 60 (Dy).1

Main products AND use cases
There are 17 elements that belong to REE; three 
elements (Nd, Dy, Pr) are of particular importance for 
the clean energy sector3 and are used for permanent 
magnets for Evs (15%), wind turbines (10%)4 and 
catalysts (23%).5

Only Neodymium is used for both permanent magnets 
(pm) and catalysts – with the greatest use case being 
for EVs, storage and wind turbines (share of Nd 
growing from 2% in 2020 to 20% in 2040).6

Value chain characteristics
Globally, China controls ~90% of the REEs supply 
with China Rare Earth Group accounting for 30% of 
China’s total REE production.7

The EU's rare earths demand is dependent on its 
success in establishing a permanent magnets 
production industry.1

By 2050 there will be a huge excess (208%) from 
secondary REE available compared with the EUs 
current industrial ambitions for manufacturing 
permanent magnets.1



REE’s: Circular Economy Levers

Not producing 
autocatalysts anymore 
will make this REE use 
case obsolete.

By 2050, additional 
recycling can reduce 
global primary demand 
for all REE use cases by 
16% (dy), 21% (nd) and 
10% (pr).1

Wind turbines: An end

of life recycling rate of 
90% is considered for REE 
permanent magnets, 
potentially leading to 2kt 
of dy, 15kt of nd and 4kt 
of pr for scondarey 
supply in 2050, covering 
up to 13%, 9% and 7% of 
2050 demand.1

EVs: Increasing e�ciency 
can reduce material 
demand by up to 16%.12

Worldwide, about 76% of 
all o�shore wind turbines 
run on (REE based) 
permanent magnets.13 The 
alternative to REE based 
generators are electrically 
excited synchronous 
generators that work 
without REEs, hence can 
replace them but are 
bigger for the same power 
(at least onshore).14

Improved city design 
and promotion of public 
transport can reduce 
need for EVs.

Change in technology 
consumption (e.g., 
shared economy) can 
reduce car ownership.

Dynamic road pricing 
can reduce tra�c by 
over 10%.12

Restoring and 
renovating existing built 
environment 
infrastructure and 
reusing available 
materials can reduce 
overall demand for 
building materials like 
stainless steel.

REE containing catalyst 
support can be 
substituted by aluminum 
oxide catalyst support, 
keeping the same 
performance.9

It is possible to recover 
more than 85% of Cerium 
from a spent automotive 
exhaust catalyst.10 Overall 
recovery rate of REE is 
more than 90%.11

N/A

Sources:
1. KU Leuven (2022): Metals for clean energy: Pathways to solving Europe’s raw materials challenge. 
https://eurometaux.eu/media/jmxf2qm0/metals-for-clean-energy.pdf, Date accessed 15 th July 2022.

2. Peiró, L. T. and Méndez, G. V. (2013): Material and Energy Requirement for Rare Earth Production, 
https://link.springer.com/article/10.1007/s11837-013-0719-8

3. International Renewable Energy Agency (20xx): The Role of Critical Minerals in Clean Energy Transitions. 
https://iea.blob.core.windows.net/assets/�d2a83b-8c30-4e9d-980a-52b6d9a86fdc/TheRoleofCriticalMineralsinCl
eanEnergyTransitions.pdf, Date accessed 15th July 2022.

4. International Renewable Energy Agency (2022): Critical Materials for the Energy Transition. https://www.ire-
na.org/-/media/Files/IRENA/Agency/Technical-Papers/IRENA_Rare_Earth_Elements_2022.pdf, Date accessed 
27th of July 2022.

5. Serpell, O.; Paren , B.; Chu, W. (2021): A Resource Constraint of the energy transition. https://kleinmanener-
gy.upenn.edu/wp-content/uploads/2021/05/KCEP-Rare-Earth-Elements.pdf, Date accessed 27th of July 2022.

6. Internatioanl Energy Agency (20xx): The Role of Critical Minerals in Clean Energy Transitions. 
https://iea.blob.core.windows.net/assets/�d2a83b-8c30-4e9d-980a-52b6d9a86fdc/TheRoleofCriticalMineralsinCl
eanEnergyTransitions.pdf, Date accessed 15th July 2022.

7. Chang, F. K. (2022): China‘s Rare Earth Metals Consolidation and Market Power. https://www.fpri.org/arti-
cle/2022/03/chinas-rare-earth-metals-consolidation-and-market-power/, Date accessed 27th July 2022.

8. Yao, B. et al. (2019): Estimating direct CO2 and CO emission factors for industrial rare earth metal electrolysis . 
https://www.sciencedirect.com/science/article/abs/pii/S092134491930076X, Date accessed 27th of July 2022. / 
For better estimating , an expert was also conducted.

Autocatalysts
(23% in 2020)

Permanent
magnets 
(EVs (15%) 
and wind turbines 
(10%) in 2020)

Use case
Lever 1
Rethink

Lever 2
Reduce

Lever 3
Reuse

Lever 4
Recycle

9. Omodara, L. et al. (2020): Substitution potential of rare earth catalysts in ethanol steam reforming. 
https://www.sciencedirect.com/science/article/pii/S221499372030912X#:~:text=The%20rare%20earths%20contai
ning%20catalyst,sustainability%20performance%20of%20the%20reaction, Date accessed 27th of July 2022.

10. Zhao, Z. et al. (2020): Recovery of Rare Earth Element Cerium from Spent Automotive Exhaust Catalysts Using 
a Novel Method. https://www.researchgate.net/publication/335846052_Recov-
ery_of_Rare_Earth_Element_Cerium_from_Spent_Automotive_Exhaust_Catalysts_Using_a_Novel_Method, Date 
accessed 27th of July 2022.
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Graphite

Overview

Critical metal in Lithium-Ion 
EV batteries and low-carbon 
steelmaking; Demand outlook 
is uncertain as battery 
technologies evolve; Mostly 
mined and refined in China 
with potential for increased 
production in the EU. 

risks:
Supply deficit of ~80kt expected in 2022. By 2030, deficit potentially 620 kt 
(~37% of market). Supply dependence from China creates risks of under-supply.1-4,9

Rise in low-CO2 EAF steelmaking to further increase demand for graphite electrodes.11

Social: Human rights risks in Mozambique & China; Environmental: Water & dust 
impact of natural graphite mining; Climate change impact from synthetic graphite 
production.12,13

Associated risks in the BAU scenario and opportunities in the CE scenario

Opportunities:
Expanding near-shore 
graphite production in the EU 
can both create jobs and 
reduce import risks (i.e. 
Humber Refinery gigafactory 
in the UK).14

Material demand
Under a high-growth scenario, global graphite 
demand to grow 9x by 2050 (vs. 2020) - from 1000 
kt to 9,300 kt in 2050).1-4

Under a high-growth scenario, EU graphite 
demand to grow 22x from 86 kt in 2020 to 1,940 kt 
in 2050.1-4

Graphite market share as EV battery anode 
material to decrease post 2030, due to silicon & 
lithium metal anodes.1

Production
China dominates both natural graphite mining (ca. 
80%), synthetic and natural graphite processing (ca. 
65%), and battery anode production (ca. 84%).5 the 
EU imports ~47% of graphite & ~75% of battery cells 
from China.6,7

Global natural graphite mining is increasing: 
Mozambique & Brazil (ca. 10% share each).4

tCO2 per tonne of metal: 5.3.*8

Main products AND use cases
Graphite demand growth driven by EV batteries. 
Graphite is currently the dominant choice for Li-Ion 
anodes.1

Natural graphite (ore-based) ~45% market share for 
Light-Duty-Electric-Vehicle (LDEV) batteries; Synthetic 
graphite (from petroleum coke) ~50% market share.1

Graphite end markets: refractories (40%, as coating 
substances); EV batteries (25%); lubricants, carbon 
brushes, flame retardants, etc. (35%)4

Value chain characteristics
Synthetic graphite has higher performance & 
quality, but ~2x cost of natural graphite.7

Graphite abundant, but complexity of producing 
battery-grade (material quality, know-how 
required).9,10

Di�culty of securing investment for new graphite 
projects, due to expected demand decline post 
2030.9,10



GRAPHITE: Circular Economy Levers

Improved city design 
and promotion of public 
transport can reduce 
need for EVs/graphite.15

Mobility-as-a-Service" 
innovations and 
car-sharing or car-pooling 
can reduce car 
ownership16

Dynamic road pricing 
can reduce tra�c by 
over 10%.17

Up to 20% of closed loop 
refractory recycling 
possible.21

In 2016 approximately 10% 
of old refractories were 
given a second life.24

Reducing metals demand 
would lower demand for 
smelting and thus refractories.

Transition to low-carbon steel 
making lowers demand for 
refractories as process 
temperatures decrease 
(e.g. ~1,000 °C for Direct 
Reduction Iron vs. ~2,000 °C 
for current blast furnace)

N/A

Material e�ciency (e.g. 
reduced battery size and 
increased e�ciency) can 
reduce material demand 
by 16%.5

Lithium and silicon based 
anode technologies can 
reduce graphite demand 
by up to 50%.11

Lignin extracts from 
softwoods can be used as 
a substitute for graphite 
and thus reduce the 
demand.18

Graphite recycling possible, 
but not commercialised at 
scale.20

Current methods for graphite 
recycling are not econo-
mically feasible for large 
scale industrial processes.21

Innovations, like e.g. direct 
recycling can enable 
graphite anode recycling 
at scale.22

The End of Life Recycling 
Rate for EV batteries is 
assumed to be at 70%.23

Up to ~20% of end of life 
batteries could be 
re-purposed for use in 
stationary applications, 
at up to 1/3 cost savings 
compared to new 
batteries.19

Sources:
1. IEA. The Role of Critical Minerals in Clean Energy Transitions. (2022). Available at https://iea.blob.core.win-
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Lithium

Overview

In 2030 50% of Lithium
production will be used
for EV batteries. Potential 
supply shortages can be 
avoided if increased 
efforts are made to 
reduce demand growth 
and increase recycling.

risks:
Supply:

By 2030, global demand is expected to be 56% higher than supply.1

Significant dependence on Chinese lithium refining capacity.1

Environmental: High water footprint from lithium mining in South America & Australia.4

Social: Human rights concerns in Bolivia (no production yet, but 21% of global reserves).4

Associated risks in the BAU scenario and opportunities in the CE scenario

Opportunities:
Developing and expanding 
domestic mining and 
processing capacities could 
create thousands of jobs and 
increase level of autonomy.12

Material demand 
Global lithium demand will grow from ~350 kt Lithium 
Carbonate Equivalent (LCE) in 2020 to 2,000-3,000 kt 
by 2030 to up to 4,000-8,000 kt in 2050.1

EU lithium demand will grow from 23 kt in 2020 to 
100-350 kt in 2030 and 700-860 kt in 2050 (3,500% 
increase).1

By 2050 77% of the EU’s overall need could be met 
by secondary lithium supply from end-of-life 
batteries.1

Production
Two ways to mine lithium: Ore mining (Australia); Salt 
brine extraction (Chile, Argentina, and China).2

Global mining share: Australia (46%), Chile (24%), 
China (16%). Refining share: China (~60%), Chile 
(~20%), other.1,2

Portugal is the EU’s largest producer, but no 
battery-grade production yet (source of ~11% of EU 
Lithium concentrates).1,2

tCO2 per tonne of metal: 3.5 - 8.2 (brine), up to 
22.5 (rock)

Main products AND use cases
40% of global lithium production is used for batteries. 
This share will increase to ca. 50% by 2030 and then 
remain constant until 2050.1

Other applications include ceramics and glass, 
lubricants, non-EV/storage Li-ion batteries, air 
treatment, metallurgy, polymers, construction, 
pharma, aluminium.2

Value chain characteristics
Three companies account for 70% of lithium mining 
market share: Albemarle (31%), SQM (21%), Tianqi 
(18%) in 2018.3

EU project pipeline could add 130 kt mining and 
155 kt refining capacity by 2030, but likelihood still 
uncertain.1

High energy costs a key barrier to developing EU 
lithium refining capacity.1



LITHIUM: Circular Economy Levers

Improved city design 
and promotion of public 
transport can reduce 
need for EVs/lithium.

Mobility-as-a-Service" 
innovations and 
car-sharing or 
car-pooling can reduce 
car ownership5

Dynamic road pricing 
can reduce tra�c by 
over 10%.11

There are currently no 
commercialised recycling 
processes to extract lithium 
from glass ceramics.

Limited potential to 
substitute lithium in 
specialty glasses and glass 
ceramics (e.g. cooktops).

N/A N/A

Material e�ciency (e.g. 
reduced battery size and 
increased e�ciency) can 
reduce material demand 
by 16%.6

Sodium-ion battery 
technology could reduce 
lithium demand for 
battery storage systems 
by ca. 10% by 2030. This 
corresponds to ca. 0.5% 
total lithium demand for 
EV & battery storage.7

The End of Life Recycling 
Rate for EV batteries is 
assumed to be 70%.1

By 2050 77% of the EU’s 
overall need could be 
met by supply from 
secondary lithium from 
EOL EV batteries.1

Need to close the gap on 
vehicles lost. About 33% of 
vehicles in the EU are 
unaccounted for at EoL, 
due to exports.1

Positive economics a key 
barrier. Lithium not as 
valuable as nickel or cobalt 
and harder to recycle.1

Reuse batteries from EVs 
(as storage capacity for 
PVs) can reduce overall 
need for Lithium.8

Up to ~20% of end of life 
batteries could be 
re-purposed for use in 
stationary applications, 
at up to 1/3 cost savings 
compared to new 
batteries.13

Reuse EV batteries as 
storage batteries to 
balance electricity grids, 
particularly in 
connection with solar PV.
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Silicon

Overview

Growing demand from the 
electric vehicle and solar 
power industries. Design 
and system improvements 
can improve material 
effiency and increase 
recycling.

Economic risk:
Expected oversupply of Chinese silicon production could cause 
price drops that would negatively a�ect EU markets.1 

Social risk:
77% of silicon metal is produced in China, with associated 
human rights and worker safety risks such as reported for the 
Xinjiang Uyghur Autonomous Region.1

Associated risks in the BAU scenario and opportunities in the CE scenario

Opportunities:
If produced in the EU, the 
CO2 footprint for silicon lies 
at 3.4 tons per ton primary 
metal – this is 69% less than 
when producing outside 
the EU (at 11 tons).1

Creation of jobs through 
recycling of solar PVs and 
EV batteries.1

Material demand
Global demand for silicon is expected to grow from 
~ 2,800kt in 2020 to 3,500-4,500kt by 2030 up to 
5,000-6,000kt by 2050. Of this, the energy transition 
will require 650-1,250kt in 2030 to 1,000-1,700kt in 
2050. Historical demand growth lies at 5.5% 
(2007-2020).1

EU silicon demand is expected to grow from 435kt 
in 2020 to 600-700 kt by 2030 and up to 650-900kt by 
2050; thus, a total increase of 62% with 46% for the 
transition towards clean energy.2

The EU’s 2030 energy transition goals will require 
50-170kt of silicon, rising to 70-230 kt by 2040 and 
then stabilizing (with the increase being equivalent 
to 50% of the EU’s silicon consumption today).1

Production
77% of silicon metal is produced in China, followed 
by Brazil, Norway and France. While the world’s 
current refined silicon output amounts to ~3,000kt 
the industry is burdened by a huge Chinese 
overcapacity of additional 4,000kt.1

The EU silicon industry supplies up to ~70% of 
domestic demand. EU silicon is produced in Spain, 
Iceland, Norway, France, and Germany with no 
further silicon refining capacities being planned.1

What is not domestically produced in the EU is 
imported from Brazil (~40%), followed by China 
(~30%) and Malaysia (~7%).1

Silicon production is highly electricity-intensive and 
due to impurities, needs intensive refining to 
produce solar grade silicon metal.1

tCO2 per tonne of metal: 11.1

Main products AND use cases
Silicon is mostly used in Aluminium alloys (45%), 
followed by silicones and silanes (35%), solar cells 
(12%; necessary growth rate 24%3)) and 
semiconductors (3%) It is mostly used alloyed with 
aluminium to make dynamo and transformer plates, 
engine blocks, cylinder heads, machine tools and to 
deoxidise steel.4

Silicon is also used in silicon based anodes as an 
addition to graphite in EVs.1

Value chain characteristics
Today, silicon is only recycled alloyed together with 
Aluminium, pure silicon is not typically recycled.1

Expected oversupply of Chinese silicon production 
may cause price drops that would negatively a�ect 
EU markets.1

Top six companies for anode production are 
Chinese, accounting for two-thirds of global 
production capacity.5



SILICON: Circular Economy Levers

Reducing the demand 
for electricity can lower 
the demand for Solar PVs 
and therefore reduce 
material demand.

Currently Silicon is recycled 
in aluminium alloys with 
~45% recycling rate.1

N/ASince Aluminium-alloys are 
widely used in electronic 
technology, consumption 
patterns need to be 
rethought to decrease 
material demand.16

Increasing lifetime of 
consumer electronics 
could decrease 
resource use by 11-25%

Thinner silicon wafers can 
decrease material 
demand by up to 75%.8

Combining silicon with 
perovskite materials in 
tandem solar cells o�ers 
the opportunity to greatly 
increase solar PV 
e�ciencies, generating 
more electricity with fewer 
material requirements 9 10

By 2050, module recycling 
of solar PV material can 
contribute 34% to material 
demand.14

It is possible to make PVs 
out of 100% recycled 
silicon from manufacturing 
powder.15

Due to nationwide 
policies the end of life 
recovery rate of Solar PVs 
in the EU is as high as 95%.11

Solar PVs can be reused 
in grid-tied and o�-grid 
applications.11

Silicon from Solar PVs can 
be reused as nano-silicon 
for lithium-ion batteries for 
i.e. EV batteries.12

A projected 40% of all 
Solar PVs could be 
reused, possibly enabling 
a circular Solar PV system 
by 2032.13
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Platinum group 
metals (PGM’s)

Overview

PGM’s will become 
increasingly important for 
hydrogen electrolysers 
and fuel cells. PGMs are 
highly recyclable and
secondary supply can help 
to meet demand.

risks:
Social: PGM mines in SA operate at a depth below 0.5 to 2 
kms. Mining is labour intense, requires hand-held 
pneumatic drills and the working area has to be 
refrigerated due to the high thermal gradient of the metal.8

Economic: Prices for PGMs have become highly volatile, in 
part due to reliance on individual processing plants in 
global value chains. During 2020/2021, prices for PGMs  
increased up to fourfold within 6 months.4

Associated risks in the BAU scenario and opportunities in the CE scenario

Opportunities:
Electricity consumption during the production processes for 
PGMs is the main source of GHG emissions from primary 
production. Improvements to the power production (from 
fossil to renewable) in SA would drastically improve PGM 
GHG emissions.10

PGMs used in hydrogen production are easy to recover and 
recycle at the end of their useful life, which makes them particu-
larly suitable for innovative leasing models or "metal as a service".

Material demand
Global demand for PGMs is expected increase by 
64% between 2020 and 2050 overall use. Total 
demand (2020): 224t (Pt), 310t (Pd), 32t (Rh), 32t (Ru), 
7t (Ir).1

EU 2020 demand is about a quarter of global 
demand: ~53t (Pt), ~62t (Pd).2

Future demand projections strongly depend on 
chosen clean energy pathways. Demand for Pt is 
driven strongly by increased number of fuel cells - 
but improvements in fuel cell technology could 
abate that increase. Likewise, fewer internal 
combustion engine (ICE) sales will reduce demand 
for Pt and Pd in autocatalysts.9

Production
Most PGM are mined by South Africa (~70% Pt, ~40% 
Pd, ~93% Ru), followed by Russia (~8% Pt, ~20% Pd) 
and Zimbabwe (~5% Pt, 3% Pd). In 2020 the total 
estimated world production of PGM was 443 metric 
tons (154t Pt, 192t Pd).3 95% of known world 
resources are located in South Africa.10

Secondary supply (2020): ~53t (Pt) ~98t (Pd), ~11t (Rh).4

71% of the EU’s supplies for Pt come from South 
Africa, with an even higher share for Rh, Ir and Ru.5

tCO2 per tonne of metal: 20,600*

Main products AND use cases
There are six platinum group metals: platinum (Pt), 
palladium (Pd), rhodium (Rh), osmium (Os), iridium (Ir) 
and ruthenium (Ru) out of which Pt and Pd are the 
most important ones due to their economic values 
and high quantities and the other four being 
by-products of Pt and Pd.

PGMs are mainly used for autocatalysts (72%), 
followed by chemical industry (9%) electronics (8%) 
and glass (3%).5 In the future, PGMs will see increased 
use in hydrogen electrolysers and fuel cells, while use 
in autocatalysts will decline.

Value chain characteristics
PGMs are highly recyclable, but actual recycling 
rates depend on recovery rates of components 
(autocatalysts) in which they are used.

Extraction, concentration and refining of PGMs is 
comparatively complex and cost-intensive creating 
large incentives for recycling.8 Actual recycling rates 
for Pt and Pd are at 60%.9 The contribution of 
secondary materials to total demand is at ~30%.7

In South Africa, ores generally have a low PGM 
content; it takes up to six months and between 10 
and 40 tonnes of ore to produce one ounce (28g) 
of platinum.8



PGM’s: Circular Economy Levers

95% of the PGM content 
of spent automotive 
catalysts can be 
recovered.13 However, 
50% of catalysts are not 
recovered due to leaks in 
the reverse supply chain.16

Speeding up the end of 
ICE sales will decrease the 
corresponding need for 
autocatalysts and PGMs. 
PGMs can also be 
partially substituted with 
copper, reducing PGM 
demand.12

Shifting from ICE vehicles 
to BEVs means removal 
of that share of platinum 
demand so far caused 
by autocatalysts.

N/A

Globally 1.4 billion 
phones are sold 
annually and thrown 
away before reaching 
end of life.14 New XaaS 
business models could 
reduce number of new 
consumer electronics, 
but the potential is tbd.

Extending the use of 
consumer electronics 
through refurbishment 
and resales would 
reduce demand for Pt 
in use. Increasing 
actual lifetime of 
consumer electronics 
to the lifetime a 
product is capable of 
would decrease 
resource use by 11-25%.

Improving collection 
and recycling rates of 
consumer electronics 
would increase 
recycling rate.15

N/A

N/A

Use of Pt in fuel cells for 
cars and trucks is subject 
to positive innovation, 
decreasing the amount 
needed. For example, 
alkaline electrolizers avoid 
Pt use and research shows 
that Pt could be 
substituted with iron.11

PGM used in electrolysers 
does not degrade and 
can be fully recycled. But 
lifetime of electrolysers is 
20 30 years, meaning that 
substantial secondary 
supply will only begin to 
materialise after 2050.

N/A
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Nickel

Overview

Nickel makes up 50-80% of 
the metal in a Lithium-Ion 
battery and is also key for 
renewable energy; Ensuring 
old EV batteries get 
recovered and recycled is 
crucial for Nickel supply.

risks:
Economic: Indonesia and Philippines control existing and future virgin supply and have 
intervened in the market in the past (banning exports of ore); Class 1 nickel, needed for 
EV batteries is likely to be supply constrained; carbon taxes / import taxes will a�ect class 
1 nickel due to its higher CO2-intensity.

Environmental: Class 1 nickel production emits 10 tCO2-eq per tonne of nickel; due to 
degrading ores, new processes are required, which emit 19 tCO2-eq (HPAL) and 59 
tCO2-eq (extraction from nickel pig iron) per tonne; nickel available for class 1 production 
is mainly found in areas where tropical rainforests grow.

Associated risks in the BAU scenario and opportunities in the CE scenario

Opportunities:
Research into EV batteries is 
ongoing – with the potential 
that improvements to battery 
production could extend the 
lifespan of batteries beyond 
the 15-20 years currently 
envisaged.

Material demand
Very high demand pull due to the energy transition 
and its use in batteries. By 2050, global nickel 
demand is projected to more than triple from 
~2,400 kt today to up to 9,000 kt.1,4

Global demand for clean energy technologies will 
make up almost half of that demand – up to 4,000kt 
in 2050.1

EU demand to grow from 384kt (2020) to 800-900kt 
in 2050.1

EU demand for Nickel for the clean energy and 
mobility transition is equally expected to make up 
almost half of that at up to 400kt in 2050.1

Production
Indonesia and the Philippines account for 45% of 
global nickel extraction, Russia additional 11%.2

China refined 35% of global nickel in 2019. 
Indonesia 15%. It is expected that the market will 
consolidate, with Indonesia and Philippines 
increasing their share of total global production.2

In 2020, Indonesia banned the export of nickel ore, 
aiming to promote a domestic downstream 
processing industry. China has already secured a 
majority of Indonesian long-term supply sources.3

The EU currently consumes about 17% of total nickel 
production, expected to reduce to 10% by 2050.

tCO2 per tonne of metal: 18 (class 1), 69 (class 2)

Main products AND use cases
In 2020, 73% of nickel is used to make stainless steel 
(corrosion resistance), 20% alloys, 7% EV batteries.

Nickel is also used in most clean energy technologies, 
mainly EV batteries, wind, solar PV, hydrogen. The 
share of clean energy use cases is expected to grow 
from 7-8% in 2020 to 61% in 2050.5

Main demand growth driver is EV batteries, where it is 
used increasingly to replace cobalt. In EV batteries, 
Nickel makes up 50-80% of the total metal being 
used, depending on battery chemistry.

Value chain characteristics
Two classes of nickel exist (roughly 50-50 production 
split). Both are used for stainless steel-making. But EV 
batteries require class 1 nickel. It is likely that supply 
of class 1 nickel will be constrained.

High-pressure acid leaching (HPAL) is used to 
produce class 1 type nickel. But HPAL production is 
prone to delays and cost overruns. Alternative 
production methods are either cost-prohibitive or 
even more emissions-intensive.6



NicKEL: Circular Economy Levers

Autonomous and shared 
EV transport options can 
reduce need for 
individual car ownership 
by 16%.8

Dynamic road pricing 
can reduce tra�c by 
over 10%.9

Improving recovery rate 
of stainless steel used in 
household appliances & 
electronics (20% lost to 
landfill) and buildings & 
infrastructure (15% lost) 
can reduce demand for 
primary steel.

Digital catalogues of city 
and building infra-
structures can enable 
better disassembly, 
deconstruction and 
recycling of valuable 
steel components.

Alternative building 
materials (such as timber) 
can reduce stainless steel 
demands in buildings. 

Design improvements and 
e�ciency gains in 
construction reduce 
material usage and 
wastage.

Shared o�ce models or 
virtual working reduce 
the demand for new 
construction and refits in 
commercial real estate

Compact living models 
for urban design and 
residential properties 
reduces material 
footprint of construction 
whilst retaining positive 
liveability.

Restoring and 
renovating existing built 
environment 
infrastructure and 
reusing available 
materials can reduce 
overall demand for 
building materials like 
stainless steel.

Limiting the size of 
batteries in EVs to current 
sizes (e.g. through taxes or 
incentives) could reduce 
incremental battery metal 
demand by 16% by 2030 
and beyond.10

Recycling rates of EV 
batteries can reach 90% 
or more.13

By 2050, additional EV 
battery recycling can 
reduce global primary 
demand for all nickel use 
cases by 11%.11

Up to ~20% of end of life 
batteries could be 
re-purposed for use in 
stationary applications, 
at up to 1/3 cost savings 
compared to new 
batteries.12

Reuse EV batteries as 
storage batteries to 
balance electricity grids, 
particularly in 
connection with solar PV.
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