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• new field of study (from 2008)
• rapidly evolving, constantly changing
• few experts 
• just 2 (very recent) books on the subject
• many unsettled, open aspects
• emerging field (lots of interest!)
• highly interdisciplinary (geopolitics, economy, 

environment, human rights, …) 

(source: SCOPUS, 2021)

n° of “critical materials” 
papers/chapters

Why this course is different



Secondary sources



Primary sources



intro/popular books



Moodle
• Documents (primary sources)
• Web links & resources
• Feedback
• Slides (at the end of the course)



Evaluation (exam)

• 20 min presentation of a document (lecture) during the course

criteria:

 clarity of presentation
 correctness of concepts
 accuracy of language (use of technical terms)
 links with course topics
 overall understanding of the topic

• Materials selection assignment (check with prof. Lughi)

(2/3)

(1/3)



Troubles
Part 1



“We are using minerals and metals in greater quantities than ever before.
[…] The main reasons for these changes are increased global population
and the spread of prosperity across the world.”

T.E. Graedel, G. Gunn, L. Tercero Espinoza, 
Critical Metals Handbook, BGS-Wiley, 2014

Increased use of resources

“The use of natural resources has more than tripled from 1970 and
continues to grow.”

International Resource Panel, Global Resource Outlook 2019



Increased use of resources



Increased use of resources



Increased use of resources

(gapminder.org)
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Increased variety of materials

accelerated rate of 
materials innovation

“In a surprisingly short space of time, 
we have become dependent on

this treasure chest of elements and 
the materials made from them.”

Prof. M. Ashby
Materials and Sustainable development

Elsevier 2016



The omnivorous diet of modern technology

(A. Greenfield, T.E.Graedel, Resour. Conserv. Recycl. 74, 2013, 1-7)

(M. Ashby, “Materials and Sustainable Development”, Elsevier 2016) 

“Increasing numbers of elements are being
used in nearly all of our technologies.
Today’s devices rely on a wider array of
chemical elements than at any time in
history.”

A. King, Critical Materials, Elsevier, 2021

“At no point in human history we have used
more elements, in more combination, and
in increasingly refined amounts.”

D. Abraham, The Elements of Power,
Yale University Press, 2015



(from M.Ashby, “Materials and Sustainable Development”, Elsevier 2016) 

The omnivorous diet of modern technology



1983

2018

The omnivorous diet of modern technology

(A. King, Critical Materials, Elsevier 2021)



The omnivorous diet of modern technology

(www.compoundchem.com)



The omnivorous diet of modern technology



(SEM) Cross-section of 64-bit high-
performance microprocessor chip

(https://www-03.ibm.com/press/us/en/photo/19014.wss)

Mixed together at smaller and smaller scales

Al, Cu

Cu

Si, O, (F, C)

Si

Si, O, (B, P)

not easy to recycle…



Endangered elements?

(https://www.acs.org/content/acs/en/greenchemistr
y/research-innovation/endangered-elements.html)

“Of the 118 elements that make up
everything […] 44 will face supply
limitations in the coming years.”

American Chemical Society
Green Chemistry Institute, 2015

“The issue of element scarcity
cannot be stressed enough.“

European Chemical Society, 2019



End Of Life
Recycling 
Rates

Endangered elements?

(source: UNEP, International Resource Panel, Metal Recycling Report 2019)



The 2010 Senkaku crisis

Senkaku Islands (尖閣諸島)
Diaoyu Islands (釣魚臺列嶼)

• disputed territory
• economic value 

(fishing ground, oil/gas deposits)
• geostrategic value

(control of E. China Sea)

Timeline of 
key events

(NATO www.stratcomcoe.org)

embargo



The 2010 Senkaku crisis

Senkaku
crisis

(A. King, Critical Materials, Elsevier 2021)

 governments report REE as critical
 perception of 2010 Japan embargo
 stringent export quotas

→ price spike
(market panic)

2010
reports



(USGS: Mineral Commodity Summaries)

"The Middle East has oil; we have rare earths”
Deng Xiaoping, 1992

politicization of rare earths
fears that China might use them as a 

economic weapon for geopolitical purposes

A sudden awareness



What are rare earths?

from Gr. Λανθάνειν (hidden)
17 elements
15 lanthanides (from La to Lu)
+ Scandium (Sc) and Yttrium (Y)

often considered RE:
also in Group 3 and 
closely related to 
Lanthanides in terms 
of chemical behaviour

RE: rare earths
REE: rare earts elements
REY: rare elements +Y
REO: rare earths oxides
REM: rare earth metals



HREE and LREE
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inconsistent
classification

Light REE (LREE)
Heavy REE (HREE)

grouped with the 
HREE because of its 
chemical similarity



Where it all started

J. Gadolin (1760-1852)

Ytterby (near Stockholm)
Sweden, 1794

A new element (Y) is isolated from 
a black mineral (gadolinite)

Ytterby
Yttrium

Terbium
Erbium

Ytterbium

Y
Tb
Er
Yb



Rare earths: neither rare nor earths
"The first thing you need to know is they are neither rare nor earths“

A. Sella, Professor of Inorganic Chemistry at UCL, BBC interview

(G.Gunn, ed. «Critical metals handbook», Wiley 2014: from USGS 2002 data)

earths: materials that could 
not be changed further by 
heat, soluble in acid



Early uses of REEs

Carl Auer von Welsbach
(1858-1929)

gas mantles (Th, Ce)

lighters
(mischmetal:
Ce, La, Nd, Fe)

ceramics
pigment (Pr)



(eurare.eu)

Current uses of REEs



Current uses of REEs

(EC, CRMs Factsheets, 2020, citing
EUROSTAT, EURARE, Roskill)

“The REE are critical for the success
of the EU ambitions to become
climate-neutral by 2050. They are
essential in the production of high-
tech, low-carbon goods […]. They
are also indispensable in the
defence sector […].”

EC CRMs Factsheets, 2020



Electronic configuration of REEs

La
[Xe]4f05d16s2

↑57 Lanthanium
exception to 
aufbau rules↑↓

(Madelung’s rule)



La

Ce

↑↓

↑↓
↑

[Xe]4f05d16s2

[Xe]4f15d16s2

↑

↑

57

58

with Cerium
4f start to be 

filled

The radial probability function for 4f, 5d and 6s for Ce.
(H.G. Friedman et al. J. Chem. Educ. 1964, 41, 357)

with more protons, 
4f contract and 
penetrate more 

the core shells

inversion

Electronic configuration of REEs
(Madelung’s rule)



La

Ce

↑↓

↑↓
↑

[Xe]4f05d16s2

[Xe]4f15d16s2

↑

↑

57

58

with Cerium
4f start to be 

filled

The radial part for 4f, 5d and 6s for Ce.
(H.G. Friedman et al. J. Chem. Educ. 1964, 41, 357)

with more protons, 
4f contract and 
penetrate more 

the core shells
“inner” f electrons:

• do not participate in bonding

• magnetic properties 
unaffected by environment

(“core-like” behavior)

Electronic configuration of REEs

chemical behavior 
dictated by outer 6s 
5d valence electrons 

(Madelung’s rule)

behaves like 
a free atom

inversion

all REE have 
similar chemistry!



La

Ce

Pr

↑↓

↑↓

↑↓

↑

↑↑ ↑

[Xe]4f05d16s2

[Xe]4f15d16s2

[Xe]4f35d06s2

↑

↑

57

58

59

with 
Praseodimium

aufbau
restored

Electronic configuration of REEs
(Madelung’s rule)



La

Ce

Pr

Nd

Pm

Sm

Eu

Gd
↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑

↑↑ ↑

↑↑ ↑ ↑

↑↑ ↑ ↑ ↑

↑↑ ↑ ↑ ↑ ↑

↑↑ ↑ ↑ ↑ ↑ ↑

[Xe]4f05d16s2

[Xe]4f15d16s2

[Xe]4f35d06s2

[Xe]4f45d06s2

[Xe]4f55d06s2

[Xe]4f65d06s2

[Xe]4f75d06s2

↑

↑

57

58

59

60

61

62

63

↑↑ ↑ ↑ ↑ ↑ ↑
↑64
[Xe]4f75d16s2

Electronic configuration of REEs

half-shell 
very stable

it costs more E to couple 
a 2nd electron into a 4f 
orbital than to put it in 

a 5d state



La

Ce

Pr

Nd

Pm

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑

↑↑ ↑

↑↑ ↑ ↑

↑↑ ↑ ↑ ↑

↑↑ ↑ ↑ ↑ ↑

↑↑ ↑ ↑ ↑ ↑ ↑

[Xe]4f05d16s2

[Xe]4f15d16s2

[Xe]4f35d06s2

[Xe]4f45d06s2

[Xe]4f55d06s2

[Xe]4f65d06s2

[Xe]4f75d06s2

↑

↑

57

58

59

60

61

62

63

↑↓ ↑ ↑ ↑ ↑ ↑

↑↓ ↑↓ ↑↓

↑↓ ↑↓ ↑↓ ↑↓

↑↓ ↑↓ ↑↓ ↑↓ ↑↓

↑↓ ↑↓ ↑↓ ↑↓↑↓ ↑↓

↑↓ ↑↓ ↑↓ ↑↓↑↓ ↑↓ ↑↓

↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓

↑ ↑ ↑ ↑

↑ ↑ ↑

↑ ↑

↑

[Xe]4f95d06s2

[Xe]4f105d06s2

[Xe]4f115d06s2

[Xe]4f125d06s2

[Xe]4f135d06s2

[Xe]4f145d06s2

↑↑ ↑ ↑ ↑ ↑ ↑
↑

↑

64

65

66

67

68

69

70

71

↑↓

[Xe]4f75d16s2

[Xe]4f145d16s2

Electronic configuration of REEs



La

Ce

Pr

Nd

Pm

Sm

Eu

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑↓

↑

↑↑ ↑

↑↑ ↑ ↑

↑↑ ↑ ↑ ↑

↑↑ ↑ ↑ ↑ ↑

↑↑ ↑ ↑ ↑ ↑ ↑

[Xe]4f05d16s2

[Xe]4f15d16s2

[Xe]4f35d06s2

[Xe]4f45d06s2

[Xe]4f55d06s2

[Xe]4f65d06s2

[Xe]4f75d06s2

↑

↑

57

58

59

60

61

62

63

Electronic configuration of REEs

many unpaired f electrons

• high total spin S 

• high orbital angular momentum L 

• high total atomic angular momentum J 

(spin-orbit coupling J = S + L) 

• high overall magnetic moment

(↑↑↑↑…)



La

Ce

Pr

Nd

Pm

Sm

Eu

↑

↑↑

↑↑ ↑

↑↑ ↑ ↑

↑↑ ↑ ↑ ↑

↑↑ ↑ ↑ ↑ ↑

[Xe]4f05d16s2

[Xe]4f15d16s2

[Xe]4f35d06s2

[Xe]4f45d06s2

[Xe]4f55d06s2

[Xe]4f65d06s2

[Xe]4f75d06s2

57

58

59

60

61

62

63

Electronic configuration of REEs ions

6s and 5d electrons 
are lost first

Ln3+

Ln (III)

most 
common 
oxidation 
state



REEs demand

(EC, CRMs Factsheets, 2020)

trend of rapidly 
increasing REEs 

demand



REEs sourcing &  substitutes

(EC, CRMs Factsheets, 2020)

“China provides around 80-90% of
the world production of the whole
range and purity of REE and their
compounds”

EC, CRMs Factsheets 2020

“In most of their applications,
REE are not substitutable
without losses of performance.”

EC, CRMs Factsheets 2020



Recycling of REEs

(EC, CRMs Factsheets, 2020, citing various sources)

REEs recycling
rate is very low



Are we in trouble?

FACTS
• REEs are essential for digital & green technologies, 

industry and defence

• REEs are sourced mainly from a single producer

• REEs demand is increasing

• REEs are not recycled



Criticality:
an historical perspective

Part 2



Copper and the Bronze Age (~1200 BCE)

Cyprus

Cyprus 
dominated Cu 
production
(Cu chemical symbol 
from Latin cuprum, 
derived from Cyprium)

collapse of Cyprus society 
(invasions?) might have an 
important factor in the 
Bronze Age Collapse
(copper supply shortage)

around 1200 BCE, 
widespread breakdown 

of civilization
(Bronze Age Collapse)

PROBLEM: 
single supply 
source 

(= Cu + Sn)



Cordite (WWI, 1914-18)

• made mainly from 
guncotton and    nitroglycerine
(nitrocellulose) (1,2,3-trinitroxypropane)

• used as smokeless propellant instead of gunpowder
for bullets and shells

• production needs lots of acetone

• acetone produced by distillation of dry wood

• UK imported acetone, but not enough
(UK not a timber-producer)

PROBLEM: 
lack of supply



Cordite (WWI, 1914-18)

made mainly from 
guncotton and    nitroglycerine
(nitrocellulose) (1,2,3-trinitroxypropane)

• solution: new acetone production methods found 
using starch (e.g. horse-chestnut)

(agricultural products
substituted timber)



Silk (WWII, 1941-1945)

«The fiber that won the war»

• silk used for parachutes, ropes, 
mosquito nets, …

• US imported 90% of silk from Japan 

PROBLEM: 
single supply 
source 

(nylon 6,6)

• solution: silk substituted with nylon
(invented in 1937)

(used for parachutes, tire cords, ropes, aircraft fuel 
tanks, shoe laces, mosquito netting and hammocks)



Rubber (WWII, 1941-1945)

• natural rubber (cis-polyisoprene) 
used for many military applications

• produced from a tree, mainly in 
southeast asia (controlled by Japan)

PROBLEM: 
single supply 
source 

• solution: development of a 
substitute (syntethic polymers)
(Government Rubber-Styrene)



Rubber (WWII, 1941-1945)

enormous (secret) 
cooperative effort



Old lead (1978-2006)

• Pb used as solder in electronics

• 4 stable isotopes 204Pb, 206Pb, 207Pb, 208Pb

• 204Pb primordial, while others end-
products of decay series (U, Ac, Th)

• a-emission from radioactive impurities in 
206Pb, 207Pb, 208Pb cause soft-errors in 
RAM

• only low-a Pb can be used

PROBLEM: 
lack of supply

(difficult to find)



Old lead (1978-2006)

• Pb used as solder in electronics

• 4 stable isotopes 204Pb, 206Pb, 207Pb, 208Pb

• 204Pb primordial, while others end-
products of decay series (U, Ac, Th)

• a-emission from radioactive impurities in 
206Pb, 207Pb, 208Pb cause soft-errors in 
RAM

• only low-a Pb can be used (difficult to find)

• solution: development of a substitute
(lead-free solder alloys: SnAgCu, SnCu)



Cobalt (1978)
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• Co used in superalloys for jet engines, chemical plants, magnets Sm-Co

• major productor Zaire (now DRC), under Mobutu’s dictatorship

• in 1978, rebellions in Co mines region PROBLEMS:
single supplier, supply risk



Cobalt (1978)

• solution: development of substitutes
(Ni superalloys, NdFeB magnets)

• Co used in superalloys for jet engines, chemical plants, magnets Sm-Co

• major productor Zaire (now DRC), under Mobutu’s dictatorship

• in 1978, rebellions in Co mines region PROBLEMS:
single supplier, supply risk

a critical material
was substituted
with another (Nd)

include Nb as well: 
induced sudden

increase of 
demand & price

spike for Nb!



Photovoltaic Si (mid-2000s)
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• PV silicon requires extreme purity (99.999%)

• large PV growth (1999-2005) outstripped global 
production

• PV silicon facilities need 3y and billions of 
investment (investors reclutant)

PROBLEM: 
lack of supply

(3y needed to 
expand
production to 
keep up with 
demand)



Lessons learned from history
• excessive reliance on single sources / highly localized

prodution is a supply risk

• sudden changes in demand induce criticality

• technologies with purity/grade requirements (e.g. low-
a lead, PV silicon) induce criticality

• possible solutions are:
• expand production
• diversify sources
• find substitutes or change technology
• recycle (if possible)
• any combination of the above work best



Criticality
assessments

Part 3



critical 1. of, relating to, or being a 
turning point or specially 
important juncture

2. indispensable, vital

3. being in or approaching a 
state of crisis

4. crucial, decisive

1. very important for the way 
things will happen in the 
future

2. very serious or dangerous

Defining critical materials

1. of decisive importance in 
relation to the issue

2. tending to determine or 
decide; decisive, crucial



Defining critical materials
“The background of critical material thinking has been defined through war.”

(D. Peck, in “Critical Materials”, E. Offerman ed., World Scientific 2019)



Defining critical materials

National Research Council, 2006

“[…] a critical mineral is one that
is both essential in use and
subject to the risk of supply
restriction.”

2 defining concepts
• importance
• supply risk



Defining critical materials

(J. Goddin, in “Critical Materials”, 
E. Offerman ed., World Scientific 2019)

critical material: an element […] or […] material which […]
enables a product to deliver value-added functionality,
wherein the ability to substitute that functionality using an
alternative material is limited […] and for which one or
more of its constituents or precursors is at risk of
experiencing a supply disruption.

2019

(European Commission, Study on the EU’s list 
of Critical Raw Materials – Final Report 2020)

critical raw material (CRMs): raw materials of a high
importance to the economy of the EU and whose supply is
associated with a high risk.

2020



Assessments of materials criticality

what?

why?

the applicaton of a method
to determine materials criticality

decision tools for industry
and policymakers

(e.g. materials selection, product and process
design, investment decisions, trade agreements, 

research strategies, policy agendas, …)

with respect to a country, a specific 
industrial sector, a company or a product



Critical 
Minerals
(2008)

Critical Materials
Strategy
(2010)

Critical Raw
Materials for the EU

(2010) Energy 
Critical 

Elements
(2011)

Risk List
(2011)(2011)

(2014) Risk List
(2015)

(2017)

(2020)

Critical metals and 
decarbonization

(2013)

Draft Critical 
Minerals List

(2018)

LISTS

Assessment of 
critical minerals

(2016)

(2018)

Assessments of materials criticality
important documents

number of 
materials 
considered

11

14

16

41

54

78

32

83

50

29

77



NRC, 2008 criticality matrix

at the basis of all 
subsequent methodologies

“[…] a critical mineral is one
that is both essential in use
and subject to the risk of
supply restriction.”
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less 
critical

Assessments of materials criticality

more 
critical



criticality matrix

at the basis of all 
subsequent methodologies
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more 
critical

less 
critical

different methods 
differ in the way 
importance and 
supply risk are 

evaluated

NOTE: criticality is a 
matter of degree, not 

of state (i.e. y/n), 
although thresholds 

can be set

critical 
because 
of risk

critical 
because of 
importance

Assessments of materials criticality



criticality matrix
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in some 
methodologies, a 
third dimension is 

added to the 
criticality matrix

Assessments of materials criticality



comparison among 
different methodologies

“criticality is in the eye of 
the beholder, […] there is 

no generic standard 
approach to conduct a 
criticality assessment”

Assessments of materials criticality



common aspects of 
different methodologies

Assessments of materials criticality



Indicators used
Assessments of materials criticality



Data sources used
Assessments of materials criticality



Are assessments meaningful? 
Are they predictive tools?

Assessments of materials criticality

NRC Report
(2008)

2008 assessment
REE as critical

(from A. King, «Critical Materials», Elsevier 2021, Source Argusmedia)

2011
REE spike



EC 2017 criticality methodology

Economic 
Importance (EI)
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matrix



EC 2017 criticality methodology

Economic 
Importance (EI)

Su
pp

ly
 R

isk
 (S

R)

criticality 
matrix

economic weight
in different sectors

political stability
of producers

variety of 
producers

supply from 
recycle

potential
substitutes

potential
substitutes



EC 2017 criticality methodology

IMPORTANT ASPECTS on the DATA used

2. data are prioritized
official EU data > EU state data > non-EU/international data > industry data

1. data must be public

3. data are averaged over last 5 years

4. any exception must be reported and justified

a detailed list of the data sources used for each 
material is provided in the materials factsheets



 

Substitution 
Index

share of end-use 
of material in a 

NACE sector

NACE sector

EC 2017 criticality methodology

NACE sector’s gross value 
added (GVA) in M€

ECONOMIC IMPORTANCE (EI)



 

takes into account 
the existence of 
POSSIBLE 
SUBSTITUTES for 
the material

takes into 
account the 
ECONOMIC 

WEIGHT into 
different sectors 

EC 2017 criticality methodology

ECONOMIC IMPORTANCE (EI)



share of end-use 
of material in a 

NACE sector

NACE sector

EC 2017 criticality methodology

 

Substitution 
Index

NACE sector’s gross value 
added (GVA) in M€



EC 2017 criticality methodology

NACE Rev.2
Nomenclature statistique des 
Activités économiques dans la 
Communauté
Européenne

Statistical Classification of 
Economic Activities in the 

European Community

4 hierarchical levels to classify each sector:
• Level 1: 21 sections identified by alphabetical letters A to U;
• Level 2: 88 divisions identified by two-digit numerical codes (01 to 99);
• Level 3: 272 groups identified by three-digit numerical codes (01.1 to 99.0);
• Level 4: 629 classes identified by four-digit numerical codes (01.11 to 99.00).

Level 1 Code Economic Area

A Agriculture, Forestry and Fishing

B Mining and Quarrying

C Manufacturing

D Electricity, Gas, Steam and Air Conditioning Supply

… …

01 Crop and animal production
02 Forestry and logging
03 Fishing and aquaculture

Level 2 Code (SECTOR)



share of end-use 
of material in a 

NACE sector

NACE sector

EC 2017 criticality methodology

end-use 
from PRODCOM (PRODuction COMmunautaire) 

list of manufactured goods

* data from EUROSTAT’s 
Structural Buisiness Statistics

 

Substitution 
Index

NACE sector’s gross value 
added (GVA) in M€



NACE sector’s gross value 
added (GVA) in M€

share of end-use 
of material in a 

NACE sector

NACE sector

EC 2017 criticality methodology

 

Substitution 
Index

a measure of the value of goods
produced in a sector
(overall economic importance 
of that sector)



EC 2017 criticality methodology

 

example* 
for Cobalt

* from EC, 2020, Study on the EU list of Critical Raw Materials - Final Report 

how much money 
are worth the 

activities in which 
a material is used



 

, ,

  

substitute cost 
performance 
parameter

share of RM 
in an end-use 
application

sub-share of each 
substitute in within 
each application

individual 
substitute 
material individual 

application 
of candidate 

material

Substitution 
Index

EC 2017 criticality methodology

RATIONALE: the availability of 
substitute materials could mitigate 
the risk of supply disruptions.

↑ high SI: no substitutes
↓ low SI: many substitutes

only proven substitutes that are available today



 

, ,

  

substitute cost 
performance 
parameter

Substitution 
Index

EC 2017 criticality methodology

RATIONALE: the availability of 
substitute materials could mitigate 
the risk of supply disruptions.

↑ high SI: no substitutes
↓ low SI: many substitutes

share of RM 
in an end-use 
application

sub-share of each 
substitute in within 
each application



 

Substitution 
Index

EC 2017 criticality methodology

RATIONALE: the availability of 
substitute materials could mitigate 
the risk of supply disruptions.

↑ high SI: no substitutes
↓ low SI: many substitutes

for Cobalt, SIEI = 0.92



 

EC 2017 criticality methodology

0.92
124.060 M€

 

 
 

highest value for 
a NACE sector

(on a 0-10 scale)

example* for Cobalt
* from EC, 2020, Study on the EU list 
of Critical Raw Materials - Final Report 



EC 2017 criticality methodology

SUPPLY RISK (SR)

2 different stages considered

Stage I (Extraction, stage E)

Stage II (Processing, stage P)

SR is calculated for both stages:
only bottleneck stage SR

(i.e. the stage with the highest SR value)
considered for analysis
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EU 
sourcing

Substitution 
Index

End-of-Life 
Recycling Input Rate

SUPPLY RISK (SR)



, ,

takes into account 
SOURCES DIVERSITY
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SUPPLY RISK (SR)

take into 
account 

RECYCLING

take into account 
availability of 

SUBSTITUTES



, ,

global 
sourcing

Import Reliance

Herfindahl-
Hirschman 

Index
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EU 
sourcing

SUPPLY RISK (SR)

takes into account 
SOURCES DIVERSITY

 

↑ high HHI: few producers (low supply diversity)
↓ low HHI: many producers (high supply diversity)

(a measure of 
supply diversity)

market share of 
producer i



 

50%, 50%

100%

3 x 33%
4 x 25%

75%, 25%

90%, 10%

EC 2017 criticality methodology

the Herfindahl-Hirschman Index (HHI)

to max 10000 for % (10%)
to max 1 for 0.x (0.1)



(from M.Ashby, “Materials and Sustainable Development”, Elsevier 2016) (from S.E.Offerman. Ed., “Critical Materials”, World Scientific 2019) 
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the Herfindahl-Hirschman Index (HHI)
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global 
sourcing

Import Reliance

Herfindahl-
Hirschman 

Index
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EU 
sourcing

SUPPLY RISK (SR)

takes into account 
SOURCES DIVERSITY

 

(scaled) World
Governance
Index of country c
(from World Bank)

it depends on
→ public security
→ corruption
→ civil/political rights
→ sustainable development
→ human developmente.g.

Canada: 2.26
DR Congo 7.60

↓ the lower, the better

“scaled”



the World Governance Index (WGI)

EC 2017 criticality methodology

(also World Governance Indicator)

(source worldbank.org)



, ,

global 
sourcing

Import Reliance

Herfindahl-
Hirschman 

Index
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EU 
sourcing

SUPPLY RISK (SR)

takes into account 
SOURCES DIVERSITY

,

 

trade 
parameter

↓ the lower, the better takes into account 
contributions of trade (e.g. 
export restrictions, trade 
agreements) to the SR

𝑡 = 𝐸𝑇 − 𝑇𝐴  𝑜𝑟 𝐸𝑄  𝑜𝑟 𝐸𝑃  𝑜𝑟 𝐸𝑈



, ,

global 
sourcing

Import Reliance

Herfindahl-
Hirschman 

Index
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EU 
sourcing

SUPPLY RISK (SR)

takes into account 
SOURCES DIVERSITY

,

 

index calculated 
for 2 cases

, ,



, ,

global 
sourcing

Import Reliance

Herfindahl-
Hirschman 

Index
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EU 
sourcing

SUPPLY RISK (SR)

takes into account 
SOURCES DIVERSITY
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,

 

,

example for Cobalt 
(E stage, GS)

= 2.95
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,

 

,

example for Cobalt

= 2.95

, = 3.97

, = 1.61

, = 0.54

stage I (E)

stage II (P)
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global 
sourcing

Import Reliance

Herfindahl-
Hirschman 

Index
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EU 
sourcing

SUPPLY RISK (SR)

takes into account 
SOURCES DIVERSITY

(from 0 
to 1)

↓ low IR: no need to import (domestic production is high)
↑ high IR: rely on import (domestic production is low)

(how much do we rely on import)

for cobalt: IR (stage I) = 86%    IR (stage II) = 27%
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End-of-Life 
Recycling Input Rate

SUPPLY RISK (SR)

take into 
account 

RECYCLING
(from 0 
to 1)

↓ low EoLRIR: low fraction supply from recycling
↑ high EoLRIR : high fraction of supply from recycling

(the higher, the better)

(for Cobalt, EoLRIR = 22%)
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EOL-RIR values
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Substitution 
Index

SUPPLY RISK (SR)

take into account 
availability of 

SUBSTITUTES

/
,

  

substitute 
production

share of RM 
in an end-use 
application

sub-share of each 
substitute in within 
each application

individual 
application 

of candidate 
material

individual 
substitute 
material

substitute
co-production

substitute
criticality
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Substitution 
Index

SUPPLY RISK (SR)

take into account 
availability of 

SUBSTITUTES

/
,

  

substitute 
production

(market size of RM 
compared to that of 

substitute)



, ,
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Substitution 
Index

SUPPLY RISK (SR)

take into account 
availability of 

SUBSTITUTES

/
,

  

substitute
criticality



, ,
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Substitution 
Index

SUPPLY RISK (SR)

take into account 
availability of 

SUBSTITUTES

/
,

  

substitute
co-production



, ,
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Substitution 
Index

SUPPLY RISK (SR)

take into account 
availability of 

SUBSTITUTES

/
,

  

(for Cobalt, SISR = 0.92)



, ,
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SUPPLY RISK (SR) for Cobalt

2.95 (E)
1.61 (P)

0.92

22%

3.97 (E)
0.54 (P)

86% (E)
17% (P)

86% (E)
17% (P)

= 2.5

= 0.5

for stage I (E)

for stage II (P)

(E)

(P)
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CRITICALITY ANALYSIS for Cobalt
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Economic 
Importance (EI)

Su
pp

ly
 R

isk
 (S

R)

criticality 
matrix

economic weight
in different sectors

political
stability of 
producers

variety of 
producers

supply
from 

recycle

potential substitutes

potential
substitutes
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candidate materials considered for analysis
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bottleneck stage
(highest SR)

Import
Reliance Substit.

Indexes
type of 
SR used

Recycle
Input
Rate

all other relevant data in a table
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criticality
thresholds

criticality
zone
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(we don’t know
how they are 
determined)

criticality
thresholds

«The determination of the threshold value is
not a scientific excercise but can be motivated
politically»

a co-author of the Report, 
personal communication

«The decision of thresholds is perhaps the 
most sensible element in the context of the 
EU policies, and DG GROW (i.e. Directorate-
General) keeps this decision for itself.»

Schrijvers et al., Res. Conserv. 
Recycl. 155 (2020) 104617
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main result: CRMs list (for EU!)



EC 2020 CRMs Final Report

global suppliers of CRMs
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EU suppliers of CRMs
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EU countries
producing CRMs
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major output:
CRMs FACTSHEETS

819 pages

• Market analysis, trade and prices
• Uses and end-uses in EU
• Substitutes
• Geology
• Recycling
• Enviromental & Health issues
• Socio-economic issues
• (…)

for 
each 
CRM


