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Why this course is different

* 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, ...)
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Moodle

 Documents (primary sources)

* Web links & resources
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Evaluation (exam)

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

criteria:

v’ clarity of presentation

correctness of concepts (2/ 5 )
accuracy of language (use of technical terms)

links with course topics

AN N NN

overall understanding of the topic

* Materials selection assignment (check with prof. Lughi)

(1/3)
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Increased use of resources

“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

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

International Resource Panel, Global Resource Outlook 2019
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Increased use

FIGURE 2.1 Distribution of population among seven world
regions, 1970 - 2017, million people
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FIGURE 2.2 Distribution of global population among four
national income bands, with ratio of high-income group
to total, 1970-2017
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Increased use of resources

FIGURE 2.7 Global material extraction, four main material FIGURE 2.24 Material footprint by four national income
categories, 1970 - 2017, million tons. Obtained by bands, with world average, 1970 - 2017, and ratio of high-
totalling domestic material extraction for all individual income group to World total

nations
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Increased use of resources
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(from M.Ashby, “Materials and Sustainable Development”, Elsevier 2016)

Increased variety of materials
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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

“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

The Increasing Diversity of Elements Used in Materials and
Devices over the Past 75 Years

Alloys and Devices

Iron-based alloys®

Changing Demand for Elements over Time

75 Years Ago
Fe, C

Today

Al, Co, Cr, Fe, Mn, Mo, Nb, Ni,
Si, Ta, Ti, VW

¥

Aluminum alloys* Al, Cu, Si Al, Be, Ce, Cr, Cu, Fe, Li, Mg,
Mn, Si, I, V, Zn, Zr

Nickel alloys™ Ni, Cr Al, B, Be, C, Co, Cr, Cu, Fe,
Mo, Ni, Si, Ta, Ti, W, Zr

Copper alloys® Cu, Sn, Zn Al, Be, Cd, Co, Cu, Fe, Mn,
Nb, P, Pb, Si, Sn, Zn

Magnetic materials” Fe, Ni, Si Al, B, Co, Cr, Cu, Dy, Fe, Nd,
Ni, Pt, Si, Sm, V, W

Displays W Eu, Ge, Ne, Si, Tb, Xe, Y

(Micro) electronics Cu, Fe, W As, Ga, In, Sb, Si

Low-C energy (Solar, Wind) Cu, Fe Ag, Dy, Ga, Ge, In, Li, Nd, Pd,

Pt, Re, Se, Si,Sm, Te, Y

*Data from the composition fields of records in the CES EduPack ‘14 Level 3 database, Granta Design,
(2014).

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

Temperature Strength °C

“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
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The omnivorous diet of modern technology
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The omnivorous diet of modern technology

(A)

(A. King, Critical Materials, Elsevier 2021)

(B)

2018

Fig. 3.10 The growing palette of materials mhlghl:echdev 11111 (A) The elements known or

inferred to be required for the manufacture of a 1983 vintage cellular telephone. (B) The
elements required to make a 2018 smart phone. The elements used in the 1983 phone are in blue,

the additional elements are in red, and the elements that have been removed are shown in green.



The omnivorous diet of modern technology

ELEMENTS OF A SMARTPHONE

ELEMENTS COLOURKEY: @ ALKALI METAL @ ALKALINE EARTH METAL TRANSITION METAL . GROUP 13 . GROUP14 @ GROUP15 @ GROUP16 @ HALOGEN @ LANTHANIDE

SCREENO OELECTRONICS

Pr | Eu

Praseodymium } Europium

Li

Lithium

3
Carbon } Aluminium

Indium tin oxide is a mixture of
indium oxide and tin oxide, used
in a transparent film in the screen
that conducts electricity. This allows
the screen to function as a touch
screen.

The glass used on the majority of
smartphones is an aluminosilicate
glass, composed of a mix of alumina
(AL,O,) and silica (SiO,). This glass
also contains potassium ions, which
help to strengthen it.

A variety of Rare Earth Element
compounds are used in small
quantities to produce the colours
in the smartphone’s screen. Some
compounds are also used to reduce
UV light penetration into the phone.

Copper is used for wiring in the
phone, whilst copper, gold and silver
are the major metals from which
microelectrical components  are
fashioned. Tantalum is the major
component of micro-capacitors.

Nickel is used in the microphone as well
as for other electrical connections. Alloys
including the elements praseodymium,
gadolinium and neodymium are used
in the magnets in the speaker and
microphone. Neodymium, terbium and
dysprosium are used in the vibration unit.

Pure silicon is used to manufacture
the chip in the phone. It is oxidised
to produce non-conducting regions,
then other elements are added in
order to allow the chip to conduct
electricity.

Tin & lead are used to solder
electronics in the phone. Newer lead-
free solders use a mix of tin, copper
and silver.

Gadolinium

14 51
Si Sb
Silicon Oxygen | Antimony

33 31

As Ga

Arsenic Gallium

Tin Lead

The majority of phones use lithium ion batteries,
which are composed of lithium cobalt oxide as a
positive electrode and graphite (carbon) as the
negative electrode. Some batteries use other
metals, such as manganese, in place of cobalt.
The battery’s casing is made of aluminium.

Magnesium compounds are alloyed to make
some phone cases, whilst many are made
of plastics. Plastics will also include flame
retardant compounds, some of which contain
bromine, whilst nickel can be included to
reduce electromagnetic interference.

O CASING

6 2

C | Mg
Carbon jMagnesium

35

Br

Bromine

@ © COMPOUND INTEREST 2014 - WWW.COMPOUNDCHEM.COM | Twitter: @compoundchem | Facebook: www.facebook.com/compoundchem
Shared under a Creative Commons Attribution-NonCommercial-NoDerivatives licence.

(www.compoundchem.com)
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The omnivorous diet of modern technology
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PNAS | April 7,2015 | vol. 112 | no.14 | 4257-4262



Mixed together at smaller and smaller scales

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

Al, Cu
Cu
Si, O, (F, C)

Si, O, (B, P)

Si

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

not easy to recycle...



Endangered elements?

THE PERIODIC TABLE'S ENDANGERED ELEMENTS y
Of the 118 elements that make up

LIMITED AVAILABILITY - FUTURE RISK TO SUPPLY @ everyth“’]g [_] 44 W||| face Supply
.RISINGTHREATFROMINCREASEDUSE |ImltatI0nS in the C0m|ng years ”

@@@@ American Chemical Society
@ @ @ @ Green Chemistry Institute, 2015

. SERIOUS THREAT IN THE NEXT 100 YEARS

EEEEEE

ﬁ oo ”%15\ The 90 natural elements that make up everything
IYPTR How much is there? Is that enough?

nited N;

v ations - International Year
Educational, Scientificand « of the Periodic Table
@ ‘Cultural Organization - of Chemical Elements

SOURCE: CHEMISTRY INNOVATION KNOWLEDGE TRANSFER NETWORK

ACS Acs Produced for the ACS Green Chermistry Institute by Andy Brunning/C
- : y Institute by Andy Brunning/C
v Chemstryfor i (Q Creen Chemistry @ Shared under a Creative Commons BY-NC-ND 4.0 International licens

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

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

Serious [] Rising threat Limited Plentiful . From conflict Elements
[] from availability, . D Synthetc . minerals D

European Chemical Society, 2019 100 vears W nviaseivie Wl ien it T ekt ghone
supply
Read more and play the video game http://bit.ly/euchems-pt @ EuChem$S

EEER 1his workiis licensed under the Creative Commons Attribution-NoDerivs CC-BY-ND European Chemical Society



Endangered elements?

. N . s0% 2
End Of Life I - 25-509% He
Recycling > 10-25%
Rates I 1-10%
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* Lanthanides

** Actinides

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



2010

The 2010 Senkaku crisis

Timeline of
key events 7 September

Chinese fishing boat rams two Japan Coast
Guard (JCG) vessels. The captain and 14 crew
members are detained by the JCG.

O

7-14 September
Japanese ambassador is summoned six times to
meet high level Chinese officials. o

8-18 September
Anti-Japanese protests across China (Beijing,
Shanghai, Hong Kong).

0,

11 September
China suspends talks with Japan on joint
exploration of the gas and oil resources in the East
China Sea. o
19 September
China suspends ministerial and provincial-level
C contacts with Japan.

20 September

Four Japanese nationals are arrested in China
for allegedly entering a military zone without
authorisation and photographing military targets.

121 September
1 China unofficially restricts shipments of 1
I unprocessed (e.g. salts, oxides, metals) REE 1
1 exports to Japan. 1

Y

g September e W\ba Vgo

Japan releases Captain Zhan Qixiong.
O O

4
2 October

Large-scale protests across Japan against PM

Kan's handling of the crisis and China's behaviour.

® Senkaku Islands (%:E#%E) o !
Diaoyu ISIandS (‘/\i/\J @\%ﬁu mﬁﬁi) &13?0-513, g;:?n?:n;a. wave of anti-Japan protests

in China.

) O
18-28 October

Chinese customs officials suspend REE shipments
C to the EU and US for ten days.

e disputed territory
1 November
Closed-door screening of the video recording of the

i eco n o m ic Va I u e Senkaku cu'llisiur for a limited group of parliament 0
. . . . representatives. 4 Noverr!ber -
(fishing ground, oil/gas deposits) it bt e o0

C to YouTube.

e geostrategic value
(control of E. China Sea)

29 November
REE shipments to Japan are fully restored.

(NATO www.stratcomcoe.org)



The 2010 Senkaku crisis
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Fig. 1.5 Chinese rare earth oxide production (in green) and export quotas (in red) from 2005 to
2015. The export quotas ended in 2016.
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Fig. 1.6 The prices of three representative rare earths from 2006 to 2016.
Source of raw price data: Argus Media Inc. (direct.argusmedia.com).

(A. King, Critical Materials, Elsevier 2021)

Ehe New Hork Times

Amid Tension, China Blocks Vital
Exports to Japan

f © v = » []

By Keith Bradsher él‘ltlcai
 Materials
% Strategy

Sept. 22, 2010 . .
Critical raw materials for the EU

HONG KONG — Sharply raisin, m
. ) Report of the Ad-hoc Working Group on

Japan’s detentlon Of a Chlnese f defining critical raw materials

government has blocked export

minerals used in products like h

guided missiles.

pe

The ad hoc Working Group s a sbgroup of
the Raw Maerils Supply Group and s
Chaied by he European Commission

2010
reports

[ e Comieien
Erterpiseand industry

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

—> price spike
(market panic)



A sudden awareness

Forbes The Middle East has oil; we ha\ée rare e.arths
eng Xiaoping, 1992

oo 0 @ i
.. o obal Production of
The Politics of Rare Earth oL Rare Earth Oxides, Total
L 1950 — 2000
.E G0 =
Eéggﬂbﬁ’hlc Subscribe & Q MENU ¥ :- 5':' '_
g8 r
. . L] L] . et f—
Replacing Oil Addiction With Metals S T
Dependence? Bk
China’s rare-earth minerals menopoely gives it key clean energy supply role EIL: I o
20 - v
L L
o o
10 a
THE WALL STREETJOURNAL. -~ | Other :
English Edition » Print Edition | Video | Podcasts | LatestHeadlines . o D . .E L . . : L E 4
e World US. Politics Economy Business Tech Markets Opinion Life&Arts Real Estate WSJ. Magazine Q 195"_:' 196':' E 15':"':' 198':' : 19% E{IDD
Maenazite-placer ; a s Chinese
s China Moves to Strengthen Grip Over Supply of Rare- E.l"El'p ;:E:;MDUHIEM Pass era = E—T 7

®  TEarth Metals
) (USGS: Mineral Commodity Summaries)

politicization of rare earths
fears that China might use them as a
economic weapon for geopolitical purposes



What are rare earths?

(oe. ) from Gr. AavBavew (hidden)
EE-E”“’@ w"tri‘s owents | Y elements
: rare earts elements .
REY: rare elements £ 15 lanthanides (from La to Lu) often considered RE:
REO: rare earthe oxides + Scandium (Sc) and Yttrium (Y) <«— “{(50 ‘("‘ G‘flozdet and
: closely related to
KREM: rare earth metals D Lanthanides in terms

of chemical behaviour




(Machacek and Kalvig, 2017: EURARE)

HREE and LREE

Element Symbol  EURARE IUPAC China MLR China
State Council
| Il White Paper
T wee Light REE (LREE)
Neodymium Nd
- VREE Heavy REE (HREE)
- — inconsistent
S — classification

grouped with the
. , HREE because of its
‘/ chemical similarity




Where it all started

A MU “ OB Ytterby (near Stockholm)
: Sweden, 1794

INTERNATIONAL.

HAS DESIGNATED
YTTERBY MINE
AN HISTORICAL LANDMARK
Four periodic elem Yttrium, Terbium, Erbium,
and Ytterbium = wei ed from the black stone
gadolinite minéd k were named after the
Ytterby Mine
1989

4 5\

olin (17

60-1852)

-

J. Gad

Ytterby
Yttrium Y

Terbium Tb o
Erbium Er A new element (Y) is isolated from

Ytterbium Yb a black mineral (gadolinite)



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

10° T I I T | T

Rock-forming elements
earths: materials that could

not be changed further by
heat, soluble in acid

-
o
]

—ry
o
@

Rb

Abundance, atoms of elements per 108 atoms of Si

0 As
10 Br ]
Se
103 — ]
—  Major industrial metals in red —
Precious metals in purple . :
—  Rare earth elements in Rarest ‘metals —
S I | | .| | | I
0 10 20 30 40 50 60 70 80 a0

Atomic number, Z

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



Early uses of REEs

ceramics
pigment (Pr)

Carl Auer von Welsbach
(1858-1929)

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




Current uses of REEs
il
?
MAGNETS | vt 2

Nd, Pr. Sm (Th, Dy)

metallic state

Ferilizer. Figmens.

é? Nuclesr, Medical Tracers

% Fu i T ANG oxidized state
{‘ elroleum R "'T‘Il"il- 4-
CATALYST

e
& CHEMICAL
(eurare.eu) PROCESS



Current uses of REEs

Pigments Others

o o
Ceramics Q
4% N Magnets
Batteries \ 29%
7% \

Glass____

8% »
Metallurgy
8% : _
~ Catalysts

Polishing 21%
13%

Global consumption of REO in 2019: 139 551 t

(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

* X
* *
* *
* *

* ok

European
Commission
I



Electronic configuration of REEs

(Madelung’s rule)

a1 Lanthanium

57 la sa[f[ T[] s '
L exception to
I e ’%{,ﬁg/ ; aufbau rules

I ..-.- .--.




Electronic configuration of REEs

(Madelung’s rule)

s LT
57 La  sa[*] [ ] [ ] with Cerium
6s [N] [Xe]4f05d'6s2 4f start to be
sd (M) | | | |> filled
58 Ce o[t [ [[[]] <
6s [Xe]4f15d1652 inversion

s tie with more protons,
3 4 5 ¢ 7 8 9 10 4F contract and
Li Be B LS [N |IO e ibie af penetrate more
1 I 13 14 15 13 17 18
Na Mg clealie e lia e _ D S the core shells
19 20 21 22 23 24 25 26 27 28 29 30 3| 2 33 34 EL 36 %

K| CalSel T V. CrF Mn Fe |Co Ni|iCu Zn | |[Ga Ge| As |Se Br Kr E 5d
37 8 9 40 4l 4 4 # 15 46 47 48 49 50 ] 52 53 54 nE_ ':’ e 6s
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe : \
55 56 72 73 74 75 76 77 78 79 B0 8| B2 83 84 B5 B& 1 ‘\
Cs||iBa Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn o~ S 5
87 &8 104 105 106 107 108 108 1o i 1z 113 i4 15 e "z 18 Il : ‘\ h ‘\

Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og Sad N

57 59 &0 61 62 63 &4 65 66 &7 68 69 70 7l r

La

89

Pr Nd Pm Sm Eu Gd Tb Dy Ho Er

Ll 92 93 94 95 9

97

98

99

100

“Tm Yb

1ol 102

Lu

103

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

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



Electronic configuration of REEs

(Madelung’s rule)

sl LT
57 La  se[AT T 1 ] with Cerium
6s [1] [Xe]4f5d16s2 4f start to be
salt] 1] || filled
58 Ce o[t [ [[[]] <
65 [Xe]4f'5d'6s2 inversion
all REE have ) ASATTAT T 0T
similar chemistry!
chemical behavior
dictated by outer 6s With more protons
5d valence electrons : ve protons,
» 4f contract and
“inner” f electrons: af penetrate more
D S the core shells
* do not participate in bonding » : s
nE_ H i 6s
* magnetic properties
unaffected by environment » ANY
behaves like /‘ » — -
a free atom The radial part for 4f, 5d and 6s for Ce.
(H.G. Friedman et al. J. Chem. Educ. 1964, 41, 357)

(“core-like”’ behavior)



Electronic configuration of REEs

(Madelung’s rule)

[T T T 111] 15 ,
57 la sa[] [ ] 11 ‘25’”2p" Wlt.h :
65 [1] [Xe]4fo5c6s> 43353y Praseodimium
s (T T 1 1] 35 3P  aufbau
58 Ce [T TT11] JAs 4p 4 restored
6s[N] [Xe]4f'5d6s> - 5s 5p (6d)5f ...
sd [T 11 1] Gp_-d .........
59 Pr o[ 1] i

6 [Xe]435d°6s2

H He
3 4 5 3 7 8 9 1o
Li Be BE C N O F Ne
I 12 13 14 15 & 17 1]
Na Mg Al Sii P | S [Cl Ar
19 20 21 2 23 24 25 26 27 28 29 30 3l 32 313 34 a5 36

K Ca Se Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

ar 38 iﬂ 40 41 42 43 4 45 46 47 48 49 50 51 51 53 54

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
B0

55 56 72 73 74 75 76 77 78 79 8| B2 83 84 B5 B&
Cs Ba Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

87 88 104 105 106 107 108 108 1o i 1z 113 i4 15 1é "z e
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og

57 58 59 50 61 62 63 64 65 66 &7 68 69 70 7l
La Ce Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
89 0 E 22 1 94 95 96 97 98 99 100 o1 102 103

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr



57

58

59

60

61

62

63

Electronic configuration of REEs

ST TTTT T af [t L]
la  sa[TT 11 1] 64 Gd  sa[t] [ T[] g
6s [N] [Xe]4f5d16s2 6s [N [Xe]4f'5d6s half-shell
sd (M | [ ] ] very stable
Ce o[ TTIIT] .
) - it costs more E to couple
> [Xel4f'5d"6s 5d| | [ E a 2" electron into a 4f
— orbital than to put it in
Prar 0[] [ [ || 4 5d state

6 [Xe]4f35d065s2 |
5d

Nd 4 [t[tfeft [ 1]
6s [N] [Xel4f*5d%6s>

sal | [ [ 1]
Pm o[ttt 1]
6s [N] [Xe]4f55d06s2

sdl | [ ] § |
Sm a2 ]
6s [N] [Xe]4f°5d%6s2
sa | [ [ [ ]

Eu a0 2]
6s [N] [Xe]4f’5d%6s?




Electronic configuration of REEs

SANNRERRD

57

58

59

60

61

62

63

s TTTTTT] L |
la sa[f[ [ [ | 64 Gd  sa{t] | | | |
65 [Xe]4f°5d1652 65 [Xe]4f75d1652 1
sd[T] [ | | | sdl [ 1 [ 11
Ce [T T T1TT1 65 Tb af [ININTA AT ]2 1]
6s[[1] [Xel4f'5d%6s2 6s [NN]  [Xe]4f*5a6s
sa[ T [ | sd [ 1| ]
Pr &A1t T 1 T | 66 Dy  af N[NNI 7]
e i “[ b T
5d
Nd [Tt [ ] 67 Ho 4 N[N ] t] 1]
6s 1] [Xe]4f*5d6s? 6s[N] [Xel4f'15d%s? ST
sa [ [ [ 1] 5d
Pm o[ e[114] 1] 68 Er 4 [N[N[N[N[N] 1 1
6s [N] [Xe]4f5d%s? 6s [N  [Xe]4f*250%s
sa T T 1] sd [ [ [ ]|
Sm & [F[T [T ] ] 69 Tm 4 N[N NNN] T]
6s [11]  [Xel4fs5d96s2 6s[N]  [Xe]4f*35d%6s?
s [ [ 1 1] s [ [ [ 1]
Eu 4 [T[T [T ]3] 7] 70 Yb af ININ]NNINHIN]
6s[1N] [Xe]4f'5d%s?2 6s [1] [XE]4f145d06525d|T| —
71 Lu o NN

6s [Xe]4f454d26s2



57

58

59

60

61

62

63

Electronic configuration of REEs

af [ [T T TT]
la  sa[f] [ ][]
6s [N] [Xe]4f°5d'6s> T
5d
Ce 4ol | [ [ (1]
6s [N] [Xel4fi5d'6s2
5d | |
Proartfeft] [ [ ]
6s [N] [Xe]4f35d06s2 T
5d
Nd o[ttt [ ] ]

6s [Xe]4f*5d%6s2

5d |

Pm a0t 2[00 T ]
6s [N] [Xe]4f55d06s2

5d |

Sm a4 (AT ]
6s [N] [Xe]4fo5d%6s2

5d |

Eu a0 0] ] 2]
6s [N] [Xe]4f5d%6s?

many unpaired f electrons (1111-..)

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

—
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58

59
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62

63

Electronic configuration of REEs fons

I_n 3+ most

common

oxidation
I—n (”I) state

A RN
la sd| [} T[]
64 | I [Xel4f5d16s2

sd | |

Ce atitl [ 1 [ 11]]
s;[j [Xel4f!5d652

5d |

Pr P T T T T
54'\ |:] ! [Xe]4f35d°6s2

~ 5d

Nd ac{titfel [ [ []
sa|:| [Xe]4f*5d%6s2

5d |

Pm sttt T T

[ 1] 6s and 5d electrons
are lost first

64 D} [Xe]4f55d%s? |
= 5d

Sm o ar[t[P[[ M ] ]
64|:| [Xe]4f°5d°6s2

5d |

Eu s [FTA AL A AT] ]
64, [ ]} [Xel4f5a%s2




REEs demand

4% N i 4%

Japan
14%

160,000
140,000 __#146,000
£ d F . 0{ { 120,000 e -
E E 110,000
. ren O' Vapl Y = 100,000 oo
o] 7
InC V@aSIV\g REES G 80,000 v/
w /
@ 7
= 4
demand e 55,000
40,000+ -
= =730,000
20,000+ = ~#50.000
® 5000 Machacek & Kalvig 2017: EURARE
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Figure 344: Changes in total rare earth demand during 1965-2015 (t REO).
20,000 (Machacek and Kalvig 2017: EURARE)
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Source: Adamas Intelligence

Figure 327: Changes in rare earths (Nd, Pr) and NdFeB magnets demand for EV
traction motors to increase by 350% between 2018 and 2025 (Adamas
Intelligence, 2019)

(EC, CRMs Factsheets, 2020)



REEs sourcing

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

EC, CRMs Factsheets 2020
Russia_n
FEdsg.-EmDH Other nonEU
e countries
United States 4%

Australia 4

China
86%

27N
Global production of Dy bxide: 1,018 t

-~

(EC, CRMs Factsheets, 2020)

& substitutes

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

EC, CRMs Factsheets 2020

H H
u Be 8 c N 0 F N
41 a 41
ks A s [ e | s [a]a
u
K Ca S n v Fe [ N € | n | Ga | Ge | as Se Br K
[ @ [ 57 £ (-] » 11 » a » P
Rb | v e T | Ra pd | Az | €6 [ W [ 50 [ s | Te (RS
% L ] ™ a ® “ ® L k] s 38
< Ba H Ta w Os 3 L8 Au Hg B Po At Rn
L] - n 11 a L] “ 0 s -“
Fi Ra | M Db % Bh Hs Mt Ds Rg n | Uut Fl Uup Ly Uus | Uuo
=~
¥ ce | pr [ nd | Pm Gd rhl’ \Ho | B
tenien ] a a & ay LI &
....... v
| Ac Th [ U Np [ Am Bk Y Es Fm | Md No | Lr |
== Atinides e -

Substitute Performance
L) 0 VI Poor

0 1 M 30 40 50 & 0o 80 90 MO

Fig. 5. The periodic table of substitute performance. The results are scaled
from 0 to 100, with 0 indicating that exemplary substitutes exist for all major
uses and 100 indicating that no substitute with even adequate performance
exists for any of the major uses.



Recycling of REES

Table 177: EOL-RIR of individual REE (1 - UNEP, 2013; 2 - Bio Intelligence Service,
2015; 3 - BRGM, 2015)

LREE HREE
Ho,
REE
Ce! la! Nd> Pr* Sm! Dy? Er' Eu? Gdt TLT Th2 | Y2
Ybt
End of life
recydling 1% 1% 1% 10% 1% 0% 1% 38% 1% 1% @ 6% 31%
input rate
(EOL-RIR)

(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




Part 2
Criticality:
an historical perspective



Copper and the Bronze Age (~1200 BCE)
(= Cu + Sn)

around 1200 BCE,
widespread breakdown
of civilization

(Bronze Age Collapse)

Cyprus
dominated Cu
production

(Cu chemical symbol
from Latin cuprum,
derived from Cyprium)

S

¢ Turkey

A

PROBLEM:

single supply
source

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



Cordite (WWwI, 1914-18)

* made mainly from
guncotton and nitroglycerine

(nitrocellulose) (1,2,3-trinitroxypropane)
O N/‘(‘)_ N (|?
N 0 NL ~- +
O= 0) ~No
° N\o qg 07 o
o \
‘o/%%ﬁ\? O‘N*’O\)\/O‘*N’O
o7 b Q I i
N* N N 0 0

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 PROBLEM:
(UK not a timber-producer) lack of supply



Cordite (WWwI, 1914-18)

made mainly from

q guncotton and nitroglycerine
(nitrocellulose) (1,2,3-trinitroxypropane)
/O‘ (0]

‘ O=N\o o:Nio- O/\'\"LO' 0/“: o

O b N~ 4y~
O;%;;%\%OO 0 Il\i| O\)\/O Fl\f 0]
—N?* A\ N 0 0
o= “o- 0 d

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

(agricultural products
substituted timber)




Silk (Wwil, 1941-1945)

silk used for parachutes, ropes,
mosquito nets, ...

* US imported 90% of silk from Japan

PROBLEM:

single supply
source

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

0 (nylon 6,6)

\/\/\/\N
H n

O

«The fiber that won the war»

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




Rubber (Wwil, 1941-1945)

CH,

n

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

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

A Gas Mask requires A Life Raft requires
1.11 pounds of rubber  17t0100 pounds of rubber

PROBLEM.:

single supply
source

i e st « solution: development of a
306 pounds of rubber 1,825 pounds of rubber

T substitute (syntethic polymers)
America needs your

scn AP R“BBE (Government Rubber-Styrene)

..................



Rubber (Wwil, 1941-1945)

ANATIONAL HISTORIC gy svricax cvicat sociry
CHEMICALLANDMARK

VIS Ol 18|
The Office of Communications

UNITED STATES
SYNTHETIC RUBBER
PROGRAM, 1939-1945

~
#
3
2
oo |
e W
A

enormous (secret)
cooperative effort

’ :



Old lead (1978-2006)

* Pb used as solder in electronics
* 4 stable isotopes 294Pb, 2°°Pb, 2°7Pb, 2°8Pb

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

e o-emission from radioactive impurities in
206ppy, 207pp, 208ph cause soft-errors in
RAM

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

SCIENTIFIC PROBLEM:
AMBIHICAR lack of supply
Ancient Roman Metal Used for
Physics Experiments Ignites

Science Feud

Physicists prefer Roman-era lead ingots to recently mined metal for shielding particle
experiments, but archaeologists want them preserved




Old lead (1978-2006)

* Pb used as solder in electronics
* 4 stable isotopes 294Pb, 2°°Pb, 2°7Pb, 2°8Pb

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

e o-emission from radioactive impurities in
206ppy, 207pp, 208ph 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)

* 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

[
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Fig. 2.3 Global cobalt production levels (left ordinate axis) and annual average cobalt prices
(right ordinate axis) between 1980 and 2012. Gray bands represent the approximate dates of
global recessions. Price and production rise and fall in-phase or out of phase at different times.
Original data from the USGS Mineral Commodity Summaries for the relevant years.

(A. King, Critical Materials, Elsevier 2021)



Cobalt (1978)

* 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

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

) \

include Nb as well: a critical material
induced sudden was substituted
increase of with another (Nd)

demand & price
spike for Nb!



(A. King, Critical Materials, Elsevier 2021)

Photovoltaic Si (mid-2000s)

* PVsilicon requires extreme purity (99.999%)

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

e PVsilicon facilities need 3y and billions of
investment (investors reclutant)
PROBLEM:

lack of supply

100%
Global solar energy industry growth rates
80% (3y needed to
c0%, expand .
production to
40% keep up with
_— demand)
0%
IR b8 da ¥ o0
TR RESGEROATOIITGRR288 2

Fig. 2.5 Annual growth rates of the global installed solar-PV capacity, between 1994 and 2016.
The industry’s growth outstripped the global production capacity for solar-grade polycrystalline
silicon in the mid-2000s, despite the high crustal abundance of silicon.



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



Part 3
Criticality
assessments



critical

Defining critical materials

Merriam- 3. Cambridge
Webster & P Dictionary
of, relating to, or being a 1. very important for the way
turning point or specially things will happen in the
important juncture future
indispensable, vital 2. very serious or dangerous

being in or approaching a
state of crisis

crucial, decisive
OED Oxford English Dictionary

The definitive record of the English language

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)

Strategic and Critical Materials Stock Piling Act
[Chapter 190, Enacted June 7, 1939, 53 Stat. 811]

[As Amended Through P.L. 116-92, Enacted December 20, 2019]

[Currency: This publication is a compilation of the text of Chapter 190 of the 76th
Congress. It was last amended by the public law listed in the As Amended
Through note above and below at the bottom of each page of the pdf version and
reflects current law through the date of the enactment of the pubﬁc law listed at
https://www.govinfo.gov/app/collection/comps/]

[Note: While this publication does not represent an official version of any Federal
statute, substantial efforts have been made to ensure the accuracy of its contents.
The official version of Federal law is found in the United States Statutes at Large
and in the United States Code. The legal effect to be given to the Statutes at
Large and the United States Code is established by statute (1 U.S.C. 112, 204).]

SHORT TITLE

SECTION 1. [50 U.S.C. 98] This Act may be cited as the “Stra-
tegic and Critical Materials Stock Piling Act”.

FINDINGS AND PURPOSE

SEC. 2. [50 U.S.C. 98a] (a) The Congress finds that the nat-
ural resources of the United States in certain strategic and critical
materials |are ‘déficient or insufficiently developed to supply the
military, industrial, and essential civilian needs of the United
States for national defense.

(b) It is the purpose of this Act to provide for the acquisition

A wmatamtian AL atanlra AF anwbaie Aatwatacrma and awvitianl matamala




Defining critical materials

o o o National Research Council, 2006

| MINERALS
'@ C A

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

2 defining concepts
* (mportance
*+ supply risk




Defining critical materials

2019

2020

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.

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

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.

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



Assessments of materials criticality

what?

the applicaton of a method
to determine materials criticality

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

why?

decision tools for industry
and policymakers

(e.g. materials selection, product and process
design, investment decisions, trade agreements,
research strategies, policy agendas, ...)



Assessments of materials criticality
important documents

Critical 11
Minerals
(2008) @ENERGY g
(T R " LISTS
Critical Materials Critical Raw physics fmmmmm e m—————— :
14 Strategy Materials forthe EU (77777 ! /\ British _ I
Energy 29 ' "'BGS! Geological !
(2010) ) 4—1 (2010) Critical : U Survey :
) \ . | Elements ! Risk List I
16 (2011) Critical metals and (2011) ' (2011) !
- / decarbonization —_— I :
22 (2013) i i
|
54 (2014) Assessment of : Risk List  ugy :
critical minerals 1 (2015) 2 USGS !
| science for a changing worid
V\MW\bel'/' OF 50 (2016) : Draft Critical :
materials 78 (2017) | ! Minerals List 1
considered 77 (2018) (2018)
DR,

8 3 (2020)



Assessments of materials criticality

NRC, 2008

criticality matrix

High

MINERALS,

CRITICAL "

MINERALS,
ANDTHE U.S.

ECONOMY

2 "5'-— _— s
ical miner
tha S both es tiz

Impact of Supply Restriction

nI sﬁect to the rls of

(ess
critical

(importance or esentiality)
Medium

Low

~ supply restrictio

Low Medium High

>

Supply Risk

at the basis of all
subsequent methodologies




Assessments of materials criticality

NOTE: criticality is a
matter of degree, not
of state (i.e. y/n),
although thresholds
can be set

different methods
differ in the way
importance and
supply risk are
evaluated

Impact of Supply Restriction

(importance or esentiality)

High

Medium

Low

criticality matrix

critical

critical

less because
critical of risk
Low Medium High
>»

Supply Risk

at the basis of all

subsequent methodologies
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criticality matrix

High

>

(importance or esentiality)
Medium

In some
methodologies, a
third dimension is

added to the
criticality matrix

Impact of Supply Restriction

Low Medium High

o o I

Supply Risk
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Assessments of materials criticality

@ 1tC

@ business

common aspects of

different methodologies

GOAL & SCOPE

What is at risk?

What type of risk is anticipated?
What is the objective of the assessment?
Which materials are evaluated?
What are the data requirements?

I' what indicators could T
be used? i adapt objectives
 exclude materials
1 establish list?
identify hotspots?
INDICATOR ¢ DATA
SELECTION £ vexclude indicators; AVAILABILITY )
o use of proxy ; 1 :on*_dusmns
indicators I limitations
data quality
e l g
INDICATOR EVALUATION AGGREGATION METHOD
- L

INTERPRETATION AND COMMUNICATION OF RESULTS

- Presentation format
« Uncertainty and sensitivity analyses

| |

WHICH MATERIALS
ARE CRITICAL?




Assessments of materials criticality
Indicators used

Resources, Conservation & Recycling 155 (2020) 104617



Assessments of materials criticality
Data sources used

Fig. 5. Network visualization of data sources
used by the 39 criticality methods examined in
this study (China is excluded as data sources

are unspecified). Blue nodes represent data
sources, their size is shown proportional to the
number of times a data source is being used.
Red nodes represent the criticality methods
assessed. More details are available in SI-B.

Pﬁilbﬂu Inst. (Foy Int. Confi. Res.

SHSDB

_ | Data Source
B Method

e ntgifethod e ﬁ"u -
GTiE g/ J / j J
MateriafDniverse fl Transp@@ncy Int. \




Price per kilogram of representative
rare earth oxides, FOB China, in US$

Assessments of materials criticality

Are assessments meaningful?
Are they predictive tools?

2011
REE spike 4 high)
A

|

6000 —
— Neodymium " 5
= Europium gl
5000 | — Dysprosium 5
1 (low)
4000 12008 assessment
RE as Critical .ll 1 (low) 2 3 4 (high)
3000 : ] —>
Supply Risk
FIGURE 4.7 Criticality matrix for all 11 candidate materials discussed in the chapter.
2000 _l‘ CI:f the 11, indium, manganese, niobium, PGMs, and REs fall in the critical “zone” of
the matrix.
1000 v y H \.‘,n I NRC Report
g | e
/, ——— (2008)

N Q% ) X \o}
N N N N N
£ S S S S S

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



EC 2017 criticality methodology

METHODOLOGY FOR ESTABLISHING
THE EU LIST OF

CRITICAL RAW MATERIALS

» Guidelines «

Supply Risk (SR)

Economic
Importance (El)
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variety of
producers

political stability
of producers

supply from
recycle

potential

- e e e mm mm Em Em e e e o

Y
Supply Risk (SR)

Economic

Importance (El)
A

substitutes

economic weight potential

in different sectors substitutes




EC 2017 criticality methodology

IMPORTANT ASPECTS on the DATA used
1. data must be public

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

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
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ECONOMIC IMPORTANCE (EI)

share of end-use
of material in a NACE sector’s gross value

NACE sector \ / added (GVA) in M€

El=) (A Q) Slg

\ Substitution

NACE sector /
Index
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ECONOMIC IMPORTANCE (EI)

FI =) (As+0s) Sl

takes into / \ takes into account
account the the existence of
ECONOMIC POSSIBLE
WEIGHT into SUBSTITUTES for

different sectors the material



EC 2017 criticality methodology

share of end-use
of material in a NACE sector’s gross value

NACE sector \ / added (GVA) in M€

El = (AS ) Qs) *Slg;
s

/ \ Substitution

Index

NACE sector
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Statistical Classification of N ACE Rev.2

Economic Activities in the Nomenclature statistique des

European Community  Activités économiques dans la
Communauté

Européenne

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 2 Code (SECTOR)

Level 1 Code Economic Area 01 Crop and animal production
A Agriculture, Forestry and Fishing 02 Forestry and logging
03 Fishing and aquaculture
B Mining and Quarrying
C Manufacturing
D Electricity, Gas, Steam and Air Conditioning Supply
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* data fromm EUROSTAT’s
Structural Buisiness Statistics

share of end-use
of material in a
NACE sector

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

El =

VY

(AS ’ Qs) ; S[EI

NACE sector / \ Substitution

Index

e n d - u Se Legal notice | Contact

from PRODCOM (PRODuction COMmunautaire) eurostat

RAMON - Reference And Management Of Nomenclatures

list of manufactured goods

Introduction | [LIS=EES | Corraspondence Tables | Ssarch Engine | What's new
===

METADATA

PRODCOM List 2019

— Further files and information_—- | Layout: | Hierarchic v
op of classifil ion

‘ | Select language of the data: | English R

= 07.10 Mining of iron ores

o 07.25 Mining of other non-ferrous metal ores

<4 08.11 Quarrying of ernamental and building stone, limestene, gypsum, chalk and slate
o 08.12 Operation of gravel and sand pits; mining of clays and kaolin

= 08.31 Mining of chemical and fertiliser minerals

4 08.93 Extraction of salt

<4 08.9% Other mining and quarrying n.e.c.

<4 10.11 Precessing and preserving of meat
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share of end-use

of material in a NACE sector’s gross value| @ measure of the value of goods
NACE sector added (GVA) in M€ produced in a sector
\ / (overall economic importance
El = z (Ag - Q) - Slg; of that sector)
S

\ Substitution

NACE sector /
Index
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Contribution to EI
(Share x sector
GVA)

example*
for Cobalt

NACE sector
GVA (ME£)

Application

2-digit NACE sector

Source: Cobalt Institute Source: ESTAT JRC elaboration®

Superalloys,

C25 - Manufacture of
fabricated metal products,

hardfacing/HSS 36% St v iRl 148,351 53,407
EI — (A . Q ) . SI and other alloys equipment
S S El
S Pt Nt il (225_— Manufacture of
2 fabricated metal products,
r.'(_:arbldes and 14% esccapt mackinery and 148,351 20,324
diamond tools) equipment
L\OW W\MCb\ W\OV\ey - C20 - Manufacture of
?I?{gﬁents ared 13%  chemicals and chemical 105,514 13,717
are worth the i e
g y ° g ’ C20 - Manufacture of
activities in Wl/\le\ Catalysts 12%  chemicals and chemical 105,514 12,556
products
terial is used
a ma . C20 - Manufacture of
Tyre ac_lheswes 11%  chemicals and chemical 105,514 11,290
and paint dryers products ' '
C27 - Manufacture of electrical
Magnets 7% i 80,745 5,329
C27 - Manufacture of electrical
Battery 3% S A 80,745 2,180
Other - Biotech, C20 - Manufacture of
Surface 6% chemicals and chemical 105,514 5,803
Treatment, etc products 0
Total 124,606

* from EC, 2020, Study on the EU list of Critical Raw Materials - Final Report
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t high SI: no substitutes RATIONALE: the availability of

| low SI: many substitutes substitute materials could mitigate
. the risk of supply disruptions.

El = 2 (As - Qs) Slg; sub-share of each
S \ substitute in within
Substitution each application
Index /
Slg; = Z Z SCP; o - Subshare; , - Share,
Eak \
'S%nggfe{ W substitute cost share of RM
material ndividual — performance in an end-use
application  parameter application
of candidate
material

only proven substitutes that are available today
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1 Ngl/\ SI: no substitutes RATIONALE: the availability of
L low SI: V;/\amy cubstitutes  Substitute materials could mitigate
' the risk of supply disruptions.

El= ) (As-0y) S

sub-share of each
substitute in within
Substitution / each application

Index

l

Slg; = Z SCP; 4 - Subshare; , - Share,
a

K substitute cost & share of RM

Table 1: Substitute cost performance (SCP) evaluation matrix (based on current costs)

performance in an end-use
Substitute material technical . Betformance PaV‘aV\/\@t@V app(lcm‘:lom
performance Similar Reduced .
in case of no
performance performance Tt

Substitute material cost
Very high costs
Slightly higher costs (up to 2 times) 0.8 0.9 i

Similar or lower costs 0.7

0.8 1
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2 high SI: no substitutes RATIONALE: the availability of
l IowgS{' V;/\amy substitutes substitute materials could mitigate

the risk of supply disruptions.
ET = 2 (As ) Qs) +Slgp
S

\ Substitution
Index

for Cobalt, Sl = 0.92
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example* for Cobalt

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

Bl'= ) (A5~ Q5) - Sl
t \ 0.92

124.060 M€

El = z (Ag - Qy) - Slg; = 124.606 M€ -0,92
S

114.733 M€
Elscalea = Tog055 mre

5,85

114.733 M€

(on a O-10 scale)

o highest value for

a NACE sector
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SUPPLY RISK (SR)

2 different stages considered %
Stage | (Extraction, stage E) f\\
Stage Il (Processing, stage P) 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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SUPPLY RISK (SR)

Import Reliance End -of -Life
\ Recycling Input Rate \

IR IR
SR = ((HHlygr,) . -+ (HHIygre) | 1 | (1 — EoLgyR) - Slsg

Herfindahl- /\ \ global \ EU Substitution /‘

Hirschman sourcing sourcing Index
Index
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SUPPLY RISK (SR)
take into account
takes into account availability of
SOURCES DIVERSITY \ SUBSTITUTES \

IR IR
SR = |(HHlyg1) - =+ (HHIwere) - | 1= | (1 — EoLgR) - Slsp

take into /

account
RECYCLING
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SUPPLY RISK (SR)

mport Reliance takes into account
\ SOURCES DIVERSITY

IR IR
SR = [(HHlygr,c) . —F (HHIwgre) oy o | 1— | (1 — EoLg;g) - Slsr

Herfindahl- \ global \ EU

Hirschman SOMV‘CI'V\g Sourcl'y\g
Index

_ 2
HHI = Z.Si ™ market share of

l
producer i
(a measure of

supply diversity)

t high HHI: few producers (low supply diversity)
{ low HHI: many producers (high supply diversity)
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the Herfindahl-Hirschman Index (HHI)

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

—| ®100%

® 90%, 10%

HHI = E s?
_ ® 75%, 25% i
e 50%, 50%

i \, 3% 33%

HHI (%)
2000 4000 6000 8000 10000

\
®
°*— o
—®—g9

I [ I I [
2 d 6 8 10

n° producers
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the Herfindahl-Hirschman Index (HHI)

solE .@m o’ | Herfindahl-Hirschman Index (HHI)|
e e
Severe supply-chain
i = . concentration
x 0.6 a{ﬁwﬁn l
2osL o g
B e .am.\um
I
T 041 Ny in"“ g ‘m\
Wl
v
0.3F HE gy L e
0.2 ol
Low risk of |
g monopoly action ot ot
D MIFA"T

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

Rare Earth Metals

Vanadium Group Metals

Platinum Group Metals 4 - -

Alkali Earth Metals
Pnictogens

Carbon Family Metals

Alkali Metals:

Radioactive

Chromium Family Metals J oo e L

Other Minar Metals

Chalcogens -

Base Metals

Precious Metals

Fig. 7.4.

) u Mn En
i |T i =

P

0

2000

4000 HHI BODO 8000

IMustration of the Herfindahl-Hirschman Index for materials based on 2010

production data from the British Geological Survey and the U.S. Geological Survey.

(from S.E.Offerman. Ed., “Critical Materials”, World Scientific 2019)
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SUPPLY RISK (SR)

Import Reliance \

takes into account
SOURCES DIVERSITY

IR IR
SR = [(HHlygr,c) . —F (HHIwgre) oy o | 1— | (1 — EoLg;g) - Slsr

Herﬁ'ndahl- \ g(obal \ EU
Hirschman sourcing sourcing
Index
“scaled”
HHlyer = z s¢ *WGle < (scaled) world it depends on
¢ Governance — public security

| the lower, the better

Index of country ¢~ —> corruption

(from World Bank) — civil/political rights

— sustainable development
—

g human development

Canada: 2.26
DR Congo 7.60



EC 2017 criticality methodology

the World Governance Index (WGlI)

(also World Governance Indicator)

- i e ap i = Year
2018, Voice and Accountability, Political Stability and Absence of Violence/Terrorism, Government 2018 =
Effectiveness e altro 3
Indicator

Voice and Accountability
Political Stability and Abse...
Government Effectivensss
Regulatory Quality

Rule of Law

Control of Corruption

Country

(Tutti)
Afghanistan
Albaniz

Algeria
American Samoa
Andorre

Arngola

Anguilia
Antigus and BEarbuda
Argenting
Armenia

W Newz#land Arubs

Australia
Austria
Azerbaijan
Bahamas, The

v;ﬂmicm Samos

Bahrain
Bangladesh
© 2021 Mapbox £ OpenSireetMap 7] Rarhadns
Percentile Range
W o-10tn W 1c-25th [ zs-s50tn [ so-75tn I 7s-a0tn B 50200tk W MoDsts

[~] Mo Data for Country

(source worldbank.org)
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SUPPLY RISK (SR)

takes into account

Import Reliance
\ SOURCES DIVERSITY

IR IR
SR = [(HHlygr,c) . —F (HHIwgre) oy o | 1— | (1 — EoLg;g) - Slsr

H@l."ﬁ.ﬂdal'\{- \ global \ EU '
Hirschman sourcing sourcing
Index

trade
parameter

HHIWGI,t = z SCZ- . WGIC . tC =
(o

} 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,)
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s - |

Herfindahl-
Hirschman
Index

3

SUPPLY RISK (SR)

mport Reliance \ takes into account

SOURCES DIVERSITY

IR IR
(HHIwert) > 1 (HHIwert) | 1= > )| (1 — EoLgsr) - Slsg

global \ EU

sou rc:'ng sourcing

\ /

(HHlwert),e  (HHIwgre),,

index calculated
for 2 cases

HHIlygr ¢ = z sé-WGI, - t,
c
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SUPPLY RISK (SR)

SOURCES DIVERSITY

mport Reliance \ takes into account

IR IR
SR = |(HHIyg1,) = (HHIwgre) oy o | 1— — |- (1 = EoLgi)

Herfindahl-
Hirschman
Index

3

global \ EU

sourcing sourcing

Canada

Russia 72% SF:;: Austria Other Non-EU
8% ._Countries

: |
49?3_ Vietnam PU{;:gai | f‘ -
/ AP .
A // “ Bolivia |
/ J.-"'

j __Bolivia
J -
1 ..;_,".-"'F{-' 3%

__Vietnam

~— 4o Austria 3%

1%
—— Portugal

%
\ 1% 3
_Other Non-EU

Countries
3%

Russia
S50%

Figure 1b: Example: global supply of tungsten (left) and actual EU sourcing (right).

* E;IE;IQ
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Sc

WGI,

Table 19: Stage I (ores and intermediates). Concentration risk for global

supply: Global Supply Risk = (HHIweit)ss

Country

Sourcs

DR Congo
China
Canada
Australia
Zambia

French
Guiana

Cuba
Philippines
Madagascar
Brazil
Russia
Finland
Indonesia

Papua New
Guinea

Morocco
South Africa
United States
Zimbabwe
Botswana
Vietnam

Uganda

Share of
production

58.7%

7%

5%

4%

4%

3%

3%

2%

2%

2%

2%

1%

1%

1%

1%

1%

<0%

<0%

<0%

<0%

<0%

2.26

2.36

5.40

323

5.08

6.20

1.98

5.47

5.48

4.65

292

Zaly

Contribution
to (HHIwer)cs

2.62

0.03

0.01

<0.01

0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

2.68

tc

T (trade
variable)*

1.00

1.00

1.10

1.00

1.00

1.00

0.80

1.00

1.00

1.00

Contribution

<0.01

0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

2.95

example for Cobalt
(E stage, GS)

s2-WGI, - t,

c

HHIWGI,t =

(HHIWG,,,:)GS =295
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Sc WG, te
':lal'l;:’e'yzlg:loit:lg:u;pisr:iss:fcéJ;t];rgsglates). Concentration risk for global exa W\P (e FO V CO ba (t

Contribution

Share of Contribution T (trade

Caunty production © to (HHIwer)es variable)* e
Sourc .
Source: WMD WorldBan JRC elaboration
DR Congo 58.7% 7.60 2.62 1.10 2.88 )
China 7% 5.83 0.03 1.10 0.03 HHIWGI t = S~ I/I/ GI -t
, C C C
Canada 5% 2.26 0.01 1.00 0.01 C
Australia 4% 2.36 <0.01 1.00 <0.01
Zambia 4% 5.40 0.01 1.10 0.01
French 3% 3.23 <0.01 1.00 <0.01
Guiana —
Cuba 3% 5.87 <0.01 1.00 <0.01 (HHIWGI t)GS -_— 2. q 5
)
Philippines 2% 5.49 <0.01 1.00 <0.01 - Stage | (E)
Mada 2% 6.26 <0.01 1.00 <0.01 = 3 q 7
gmar 2 (HHIyg; ¢) :
S EU
Brazil 2% 5.08 <0.01 1.00 <0.01 -
Russia 2% 6.20 <0.01 1.00 <0.01
Finland 1% 1.98 <0.01 0.80 <0.01 -
Indonesia 1% 5.47 <0.01 1.10 <0.01 (HHI ) = :L 61
|’|} »
Papua  New <0.01 <0.01 GlLt GS stage I I P
P! 1% 5.94 : 1.00 : —
Guinea
Morocco 1% 5.48 <0.01 1.00 <0.01 (HHIWGI t)EU - O- 5‘ i
)
South Africa 1% 4.65 <0.01 1.00 <0.01
United States <0% 2.92 <0.01 1.00 <0.01
Zimbabwe <0% 7477 <0.01 1.00 <0.01
Botswana <0% 3.89 <0.01 1.00 <0.01
Vietnam <0% 575 <0.01 1.00 <0.01
Uganda <0% 5.99 <0.01 1.00 <0.01

2.68 2.95
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SUPPLY RISK (SR)

(how much do we rely on import)

Import Reliance takes into account
\ SOURCES DIVERSITY

IR IR
SR = [(HHlygr,c) . —F (HHIwgre) oy o | 1— | (1 — EoLg;g) - Slsr

Herfindahl - / \ \ EU

global

Hirschman ' sourcin
an sourcing 9
(From 0 | _ (Import — Export)
to 1) Domestic production + (Import — Export)

| low IR: no need to import (domestic production is high)
t high IR: rely on import (domestic production is low)

for cobalt: IR (stage I) = 86% IR (stage Il) = 27%
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SUPPLY RISK (SR)

End-of -Life
Recycling Input Rate \

IR IR
SR = |(HHlyg1,) - =t (HHIwere), ., (1= |- (1 — EoLgg) * Sksp

take into
account
RECYCLING
(from O
to 1) input of recycled material
EOLRIR =

input of primary material + input of recycled material

{ low EolLy: low fraction supply from recycling
t high EolLy : high fraction of supply from recycling

(the higher, the better)

(for Cobalt, EolLgr = 22%)
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EOL-RIR values

t rate (EOL-RIR)

End of life recycling inpu

Figure 12

EOL-RIR 2020

80%

70%

60%

50%

40%

30%

20%

%
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EC 2017 criticality methodology

SUPPLY RISK (SR)
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EC 2017 criticality methodology

SUPPLY RISK (SR)

take into account
availability of
SUBSTITUTES
IR IR
SR = |(HHlyg1,) - =t (HHIwere) oy - | 1— — |- (0 — EoLgiz) - Slsk

Substitution /
Index

if the annual global production of the substitute material is higher than that
SP=0.8 of the candidate material:

if the annual global production of the substitute material is similar or lower

sp
than that of the candidate material.

]
Pt

Slgp = 2 (SP; - SCr; - SCo;)/3 z Subshare; , - Share,
a

A
substitute
production

(market size of RM
compared to that of
substitute)
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SUPPLY RISK (SR)

take into account
availability of

SUBSTITUTES
IR IR "
SR = |(HHlyg1,) - =t (HHIwere) oy - | 1— — )| - (0 — EoLgir) - Slsg
Substitution /
.5 Elbs_titute Rationale Index
criticality (SCr)

If the substitute material was on the last EU list of CRM, this material is not
expected to contribute to the reduction of the SR of the candidate material.

If the substitute material was not critical in the last EU assessment or was
SCr=0.8 not screened in the previous exercise, this material is expected to contribute
to the reduction of the SR of the candidate material.

Scr

]
bt

SCr=1 If no substitute material is available, no reduction of the SR is assumed.

Slsp = z (SP; - SCr;
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SUPPLY RISK (SR)

take into account
availability of
SUBSTITUTES

IR IR -~
SR = |(HHlyg1,) - =t (HHIwere), ., (1= |- (1= EoLgig) - Si

e sisigin”
Index
SCo=1 If the substitute material is mined only as a by-product or co-product —

no reduction of the SR of the candidate material is assumed.

5Co=0.8 If the substitute material is mined as a primary material — up to 20 %
reduction of the SR is assumed.

5Co=0.9 If the substitute material is mined both as a primary material, but also
as a by-/co-product (eg. the case of Molybdenum) — up to 10%
reduction of the SR is assumed.

S5Co=1 If no substitute material is available, no reduction of the SR is assumed.

Slgp = z (SP; - SCr; - SCo;

i {
substitute
co-production

)1/3 . Z Subshare; , - Share,
a
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SUPPLY RISK (SR)

take into account
availability of
SUBSTITUTES

IR IR
SR = |(HHlyg1,) - =t (HHIwere) oy - | 1— |- (1 — EoLg;g) “ISIsp

Substitution /
Index

(for Cobalt, Slg, = 0.92)
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EC 2017 criticality methodology
SUPPLY RISK (SR) for Cobalt

NN
17% (P) ° 22%
p \
[(HH]WGI t)GS — + (HHlwere) - (1 - —) (1 — EoLgyr) - Ssg

2.95 (E) 3.97 (E) o.q:z/
1.61 (P) 0.54 (P)

17 17
SR = [1.61 —-+ 054 (1 —7> .(1-22)-092 = 0.5

(P) for stage I (P)



EC 2017 criticality methodology

CRITICALITY ANALYSIS for Cobalt

Table 23: EI and SR results for cobalt

I stage (ores and intermediates) II stage (metal)

EI = 5.9 EI =5.9

SR=2.5 SR = 0.5

Figure 15: EI and SR results for cobalt

T

Cobalt | stage

Cobalt Il stage

o
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potential substitutes
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candidate materials considered for analysis

Industrial and

construction
minerals

Iron and ferro-
alloy metals

Precious metals

Rare earths

Other non-ferrous
metals

Bio and other
materials

aggregates, baryte, bentonite, borates, diatomite, feldspar,
fluorspar, gypsum, kaolin clay, limestone, magnesite, natural
graphite, perlite, phosphate rock, phosphorus, potash, silica
sand, sulphur, talc

chromium, cobalt, manganese, molybdenum, nickel, niobium,
tantalum, titanium, tungsten, vanadium

gold, silver, and Platinum Group Metals (iridium, palladium,
platinum, rhodium, ruthenium)

Heavy rare earths (dysprosium, erbium, europium, gadolinium,
holmium, lutetium, terbium, thulium, ytterbium, yttrium); Light
rare earths (cerium, lanthanum, neodymium, praseodymium
and samarium); and scandium

aluminium, antimony, arsenic, beryllium, bismuth, cadmium,
copper, gallium, germanium, gold, hafnium, indium, lead,
lithium, magnesium, rhenium, selenium, silicon metal, silver,
strontium, tellurium, tin, zinc, zirconium

natural cork, natural rubber, natural teak wood, sapele wood,
coking coal, hydrogen and helium
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all other relevant data in a table

bottleneck stage lmport Recycle ,

(highest SR) \ Reliance \ Input  Substit.  type of
Rate Indexes SR used

s L s Dl a LD ISR [ e S
' Aggregates Extraction 0.93 | 0.97 EUS only
Aluminium Processing 0.6 5.4 59 12 0.80 | 0.88 | GS + EUS
 Antimony Extraction 2.0 4.8 100 28 0.92 | 0.94  GS + EUS
Arsenic Processing | 1.2 | 2.6 | 32 | 0 | 0.85|0.94  GS+EUS
| Baryte Extraction 1.3 3.3 70 1 0.95 | 0.96 GS + EUS
Bauxite Extraction 2.1 2.9 87 0 0.99 1.00 GS + EUS
Bentonite Extraction 0.5 2.8 15 19 0.99 | 0.99 GS + EUS
 Beryllium Extraction 2.3 4.2 0 0 0.99 | 0.99 | GS only
Bismuth Processing 2.2 4.0 50 0 0.96 | 0.94 | GS + EUS
' Borate Extraction 3.2 3.5 100 1 1.00  1.00 | GS + EUS
' Cadmium Processing 0.3 4.2 0 30 0.92 | 0.91 _ EUS only
Cerium Processing 6.2 3.5 100 1 0.95 | 0.99 EUS only
Chromium Processing | 0.9 7.3 | 66 21 | 1.00 | 1.00 | GS + EUS
Extraction 2.5 5.9 86 22 GS + EUS

Cobalt

0.92

0.92
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criticality
thresholds

(we don’t know
how they are
determined)

«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.»

a co-author of the Report,
personal communication

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

politically»
Schrijvers et al., Res. Conserv.

Recycl. 155 (2020) 104617
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main result: CRMs list (for EU!)

Table 5: 2020 Critical raw materials for the EU

2020 Critical Raw Materials (30)

Antimony Fluorspar Magnesium Silicon Metal
Baryte Gallium Natural Graphite Tantalum
Bauxite Germanium Natural Rubber Titanium
Beryllium Hafnium Niobium Tungsten
Bismuth HREEs PGMs Vanadium
Borates Indium Phosphate rock Strontium
Cobalt Lithium Phosphorus

Coking Coal LREEs Scandium
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Figure 8: Main global suppliers of CRMs (based on number of CRMs supplied),
average from 2012-2016
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Russia, 2%

‘France 2%
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China, 66%

global suppliers of CRMs
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Figure B: Countries accounting for largest share of global supply of CRMs
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Figure 9: Main EU sourcing countries of CRMs (based on number of CRMs
supplied), average from 2012- 2016 (REEs 2016-2018).
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Figure E: Countries accounting for largest share of EU sourcing of CRMs
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Figure D: EU producers of CRMs, in brackets shares of global supply, 2012-
2016°

EU countries
producing CRMs -

Indium 3t (<1%)

Belgium
Bismuth 1000 (5%)

Indium 24 t (3%) 29450t (1%)

Crech Republic

Portugal
Tungsten 657t (1%)

838t (1%)
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for
each
CRM

.« ()

major output:
CRMs FACTSHEETS

8149 pages

Market analysis, trade and prices
Uses and end-uses in EU
Substitutes

Geology

Recycling

Enviromental & Health issues
Socio-economic ssues



