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Glossary

BERR Department for Business, Enterprise and Regulatory Reform

CIS Commonwealth of Independent States

CQe, CQeq Carbondioxide equivalent

CcVv Combustion Vehicle a vehicle dependant on conventional internal combustion
technologies, typically using hydoarbon fuels

EPSRC Engineering and Physical Sciences Research Council

EV Electric Vehicle a vehicle employing fully et&ric propulsion capability

FCHV FuelCell Hybrid Vehicle

GWMG Great Western Minerals Group

HEV Hybrid Electric Vehiclea vehicle employing a combination of electrical and combustion
technologies

HREE Heavy Rare Earth Elemguropium, gadolinium, terbium, dysprosium, holmium, erbium,
thulium, ytterbium, lutetium)

HTS High Temperature Superconducting

ICE Internal Combustion Engine

IMCOA Industrial Mineral Company of Australia

Lanthanides

LREE
MRI
NiMH
PHEV

PMM

ppm
RE

REO
SMMT
tpa
USGS

Units

Strictly, the elements occurring withithe Lanthanide series of the periodic table. Within the
context of this report, taken to be generally synonymous with the term Rare Earths

Light Rare Earth Elements (lanthanum, promethium, praseodymium, cerium, heodymium)
Magnetic Resonance Irgang

Nickel Metal Hydride

Plugin Hybrid Electric Vehiclean HEV capable of recharging by direct connection to an
electrical charging point by the user

Permanent Magnetic Motor

parts per million (mass basis)

Rare Earth Elementsncludes Heavy Rare Earth Elements (see HREE), Lighter Rare Earths
Elements (see LREE) plus yttrium. Within the context of this report, taken to be generally
synonymous with Lanthanides

Rare Earth Oxidethe oxide (ore) of a Rare Earth metal

Society ofMotor Manufacturers andraders

tonnes per annum

United States Geological Survey

Conventional S| units and prefixes used throughout: {k, kilo, 2000} {M, mega, 1,000,000}
{G,giga, 18} {kg, kilogramme, unit mass} {t, metric toen1000 kg}
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ExecutiveSummary

Rare Earths are a group of metals which have such as dysprosium and terbium. Supply of
many hightechnology applicationsThe current neodymium will be a limiting factor for the
generation of hybrid and electric vehicles and wind penetration of Rare Earth magnbased generator
turbines uss substantiafuantities of Rare E#r wind turbines forenergy generatiomunless there is
elements in the form of higistrength magnets and very strong growth in the long run supply of Rare

rechargeable batteries. The key Rare Earths used Earths

for these applications are neodymium, dysprosium

and terbium (for the permanent magnets) and Figurel: Breakdown ofvorld Rare Eartheserves
lanthanum(for the batteries). and supply

Substantial Rare Earth reserves are known to exist
in a range of countries, with further undiscovered H China
reserves likely. The current estimate of world Reserves ors

[~}

reserves is 99Mt andilthough China has the
largest shareterritories such as the CIS, United - | US
States and Australia have significant reserves .
(Figurel). Current production is dominated by Supply ﬁ u Australia
China, with more than 95% odtal world i India
production (124kt). China is expected to remain
the main world supplier due to the time required
to develop resources in operational mines. 0% 25% 50% 75% 100%
Between two and four new mines are likely to
open outside China (in the United States, Australia ~ { 2 dZNOSWS W I NI KaQZ | {D{Z aAySNrf /2Y)
and Caada) by 2014. Supply pérticularRare

Earths may béimited over the medium term, but Figure2: Forecast demand (kt)

tighter export controls will encourage the 200
development of norChinese resources. i Other

i Ceramics
China is likely to continue to limit exports of Rare 150 i Phosphors
Earths. The draft ban on thegort of the Rare — H Glass

i Others

Earths from 2015 is consistent with this policy. £ 100 o
I KAyl Qa &GN} GS3e A& G2 Sy M Polishing
and export of higher value goods (magnets, 50 i Metal Alloys
motors, batteries) using Rare Earths. Nominese H Catalysts

H Magnets

companies may choose to invest in or contrimot
the manuacture of those goods in Chimma may

seek to develop noi€Chinese supply chainsut 2008 2014

concerns abouintellectual property rights

environmental liabilities (and image) and supply Source: IMCOA presentation

risk managemenmeanmany nonrChinese

companies will seek to delop alternative supply Options for alternative technologies which

chains. eliminate or reduce the quantity of Rare Earths in
electric vehicleanotor magnets are limited. Any

Demand for Rare [hs is forecasted to grow at reduction is likely to be achievabrough the

8-11% per year between 2011 and 2014. The minimisation of Rare Earths usage in existing

highest growth is expected for magnets and metal magnetic materialsor through the adoptiorof

alloys asrequired in hybrid and electric vehicles entirely new varieties of electric motor.

(Figure2). Hybrids are expected to gain an Meanwhile a large number of alternative energy

increasing market share, but other applications storage optionsare being researched. Many of

such as wind turbines will compete for the these area long wayoff commercial application.

essential materials. Although total worldpply is However, lithiumbased batteries are already a

forecast to exceed total world demand, shortages viable alternativeo current nickel metal hydride

are therefore expected for key heavy elements batteries for hybrid vehicles.

ForDFT and DBIS Pagel
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Rare Earths used in batteries are currently not
recovered although there is an indicatiothat
existing players might consider this. Recovery
processeselevant toRare Earths are available but
none of them is currently commercially viable due
to yield and cost. Japan is leading the research
into recycling options, although there has been
very limited research activity in recent years.

The environmental impacts of each Rare Earth
elementsdiffer depending on demand. Impacts
may appear high per kilogram of production but
when used in an application the partial impacts are
generally not substantial.

The UK possesses some Rare Earth reserves in the
tailings of disused tin mines in Cornwalbwever
given the marginal economics and limited success
in recovering Rare Earths from operational tin

mines overseas, these are unlikely to be economic.
Rare Earths do appear as impurities in other ores
such as titanium, and further processing
innovations may make economic separation
possible.

The UK does not possess sufficient academic or
industrial capacity for fundamental magnet
development and this is not curretly aResearch
Council priority. We recommend that the UK
government supports applicemn-focused
development of Rare Earth magnets and of the
whole life-cycle management (for example,
product life extension, remanufacturing, recycling)
of the systems within which they are used. This
could be in collaboration with theugopeanUnion,
United Satesand/or Japan.

Page2
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2 Introduction

2.1 What are the Rare Earths?

Rare Earths are a group of metaighe periodic

table with chemically similar properties, first
discovered in 1794. Rare Earths include the
Lanthanide series plus yttrium and sometimes
scandium.This reportfocuseson the Lanthanide
elements angwithin the context of this report

Rare Earths are taken telyenerally synonymous
with Lanthanides.Tablel gives a list of the

different Rare Earth and Lanthanides elements
together with their symbols and atomic numbers.
Despite the name, Rare Earths are notuallyall

that rare. All of the Rare Earths are more
Fodzy RFyd Ay GKS SandNlieK Q3
four most commorare more plentiful than leatl
¢KS GSNY WNINBQ A& Y2NB
difficulties in separating and identifying the

metals, although mineable concentrations of Rare
Earths are quitéew and far between

Tablel: Rare Earth and Lanthanide Elements

Element Symbol Atar;uc Lanthanide E:rﬁ
Scandium Sc 21 U ]
Yitrium Y 39 U V
Lanthanum La 57 \% Vv
Cerium Ce 58 \Y \Y
Praseodymiurmr  Pr 59 \Y \Y
Neodymium Nd 60 \ \
Promethium Pm 61 V V
Samarium Sm 62 \Y V
Europium Eu 63 \Y \Y
Gadolinium Gd 64 \Y \Y
Terbium Tb 65 V V
Dysprosium Dy 66 \% \%
Holmium Ho 67 Vv V
Erbium Er 68 \Y \Y
Thulium Tm 69 \ \
Ytterbium Yb 70 V \Y
Lutetium Lu 71 V V

A distinction that is used within the industry and
within thisreport is that of Light Rare Earth
elemenss (LRE§ and Heavy Rarearths (HREES).
There is nauniform definition ofwhich elements

awlk NBE 9F NI K&ae¢s aSidlt .dAf tSGAy

a2yl KRo® Wdzy$S

are classifiedwithin each, but for the purposes of
this report the elements lanthanum through to
samarium are the LREEad the HRE&are
europium through to lutetium.

2.2 Why do Rare Earths Matter?

The supply of Rare Earths is important as they are
used in many high technology applications
including phosphors, lasers, permanent magnets,
batteries, high temperature superconduwxity and

the storage and transport of hydrogen, as well as a
number of more mundane uses such as glass
polishing and lighter flinfs A full breakdown of

QHeHpplicatidn&df Rare Edrthsd@s$ Mdided able
13o0n page23.

2T I NBFSNByOS iz
A key and growing application of Rare Earth
permanent magnets and batteries is in low carbon
vehicles: Hybrids (HEVs), RlagHybrids (PHEVS)
and Electric Vehicles (EVs). It is theseiapfibns
that the report will put considerable emphasis.
The key concern for Rare Earths relates to supply.
The current world situation is one of dependency
on China, which accounts for over 95% of world
production. Recent evidence has suggested that
Chna is set to tighten exports of Rare Earths; a
subject that has generated considerable media
interest” and, in some quarterspanic. It is this
subject that serves as the starting point for the
report.

2.3 Structure of this Report

The structureof the repot is the following:

e  Section 3 provides a background on material
security with a particular focus on Rare
Earths.

e  Sections 4 and 5 outline world Rare Earth
reserves and resources and likely supply until
2014.

e  Section 6 provides a summary of the
applicatons of Rare Earths, particularly those
used in hybrid and electric vehicles.

° Section 7 considers the demand of Rare
Earths and presents some scenarios for the

Pawl NB 9 NH/KNIJOE SXSty vaS a2 dZNDSa F2NJ | A 3K
4/ KAYE ¢AIKGSYAYd DNRALI 2y Swignb
HAnc

KAAald2NROI f

S

aAySNIf &é
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uptake of hybrid, electric vehicles and wind °
turbines and the implications on Rare Earths.

e  The world demanesupply balance for Rare
Earths is presented in Section 8 for each °
element.

e  Sections 9 and 10 consider the potential for
alternative technologies and end of life
recovery for Rare Earths.

The Environmental impacts of Rare Earth
extraction and use in hybrid and elgic
vehicles is presented ire&tion 11.

Sections 12, 13 and 14 provide conclusions,
recommendations and final remarks.

Figure3: Materialscriticality byelement
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Background on Material Security

From the many sources available that discuss and
analyse minerals and metals resour®&s, it is

clear that the Rare Earth elements (and thus the
2NBao FNBE 2y Yz2ad
usually as a result of geograical location of
primary suppliers, a predicted growth in new
technologies that utilise these elements and the
effect on national economies.

It is well known that China produces over 95% of
0KS ¢2NI RQa 2dzilizi 27F wl
represents one ofhree of the main players

operating in the Rare Earth industrthe other

two being the USA (2%4and India (2%). Recent
activities in China have caused some concern over
the medium to long term supply of these

elements. Recent evidence would suggésttt

China is beginning to tighten control on the mining
and export of Rare Earth metal orékus

A report by the US National Academy of Sciences
in 2007 examined the critical nature of minerals
to the US economyFjgure3, facing. In this

02 dzy U NJaSaly<s it @dsXleahtidat tiie Rard Eadhdres wiedé A &

identified as having a high supply risk with a
consequent high impact on the US economy.

In particular, the analysis also showed the effect of
the supply risk to the particular industries using
Rare Earth metald$={gure4, facing. Clearly the
Nufgh rigk-ofNsLipisly of RaielE&rth metals wduld
dramatically affect the manufacture and use of
these materials in magnets.

The FrenclBureau de Recherché&¥ologiques &
Miniéresfocuses on the higher degree of criticality
of hightech metals based on three criteria:

e  possibility (or not) of substitution
° irreplaceable functignali

F3ANF SFGAy3d 206KSNI O2 dzy(]Nloéép&enﬁaﬁs'uﬂ)%l%%léygs 2y (GKAa

source. In 2007 China imposed a 10% export tariff
on key strategic Rare Earth metals and oxides
many of whit are used in advanced mategdbr
batteries and magnets. Chimdso raised the

export tariff on Rare Earth ores from 10% to 16%.
In 2008, exports of Rare Earth products from China
decreased by 5% over 2007. It has also been
estimated that by 2015 China will no longer be
exporting Rare Earth metals.

Clearly China is taking a strategic position with

these metals ands beginning to deelop high
technology industries within the country. Already
major producers of the very powerful magnet
material Neodymiurdron-Boron (NdFeB) have
transferred their operations to China. Some
O2yOSNYy KLa faz oSSy SE
attempted investnent in other countries such as

P dza GNI E AL @ | KAyl Qa Ll2aAa
stimulated new exploration activities within Brazil,
USA, Australia and South Africa.

#Bjorn A Anderson, Department of Physical Resource Theory,

Goheno dzNH | YA BSNEAGE X { stitSohr wnnm aaPOBEGRIt o2y

iSOKy2t23e Sg@g2fdairzyé

P Sustainable resource managemeph new research agenda, Minerals

& Energy Vol 22, Nos2, 2007

®UNEP, International Panel for Sustainable Management, November

2007 ‘bl dazy 1 OFRSYE 2F {OASyOSa AY wnnTs
9Halada K, Shimada M, ljima K, Decoupling statuse&l consumption GKS !'{ 902y2Y@&é&z Hnnrt

for economic growth, Materials Transactions, Vol 9, No. 3, (2008) pp
411418

€ Communication from the Commission to the European Parliament,
& ¢ K S madriags initiativeg meetingour critical needs for growth and
jobs in Europ& COM(2008) 699.

In the various analyses carried 8uhey identified
the short to medium risks of a number of elements
including the Rare Earth metals. In a similar work
by Oakdene Hollils69 materials were indexed
based on the materials risks and supply risks
(Figureb, over). Supply risks were associated with
global consumption, sustainability and global
warming potential whilst materials risks were
associated with monopoly of supply, political
stability and climate ltange vulnerability. Higher
supply risks were associated some of the studied
Rare Earths such as terbitand europium.

With respect to this report, the key Rare Earth
elements used in high_performance magnfis
LS 2nd Ry brid RIS drdnolymebic
1o asmall extent dysprosium . terbium and
(pfiadedeyrih fh> 0%

strength magnets in emergent gearless wind
turbines (magnetic direct drive) is also relevant
given the substantial increase in wind turbine
energy generationLanthanum used in NiMH
basedbatteriesfor HEVs is also included in this

9Hocquard, C., 2008, Strategic metals, Higth metals, environmentally
green metals: A convergence. Abstract, 33rd International Geological
Congress 20080slo, Norway, 6t14th August.

" Materials Security: Ensuring resource availability for the UK@ogn
Oakdene Hollins, 2008.

NFeOdidhasEapibrNE KT &

Aa

aary
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Figureb: Materialrisks versus supply risks for various selected elements
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