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Glossary 

BERR Department for Business, Enterprise and Regulatory Reform 
CIS Commonwealth of Independent States 
CO2e, CO2eq Carbon dioxide equivalent 
CV Combustion Vehicle ς a vehicle dependant on conventional internal combustion 

technologies, typically using hydro-carbon fuels 
EPSRC Engineering and Physical Sciences Research Council 
EV Electric Vehicle ς a vehicle employing fully electric propulsion capability 
FCHV Fuel Cell Hybrid Vehicle 
GWMG Great Western Minerals Group 
HEV Hybrid Electric Vehicle ς a vehicle employing a combination of electrical and combustion 

technologies 
HREE Heavy Rare Earth Element (europium, gadolinium, terbium, dysprosium, holmium, erbium, 

thulium, ytterbium, lutetium) 
HTS High Temperature Superconducting 
ICE Internal Combustion Engine 
IMCOA Industrial Mineral Company of Australia 
Lanthanides Strictly, the elements occurring within the Lanthanide series of the periodic table.  Within the 

context of this report, taken to be generally synonymous with the term Rare Earths 
LREE Light Rare Earth Elements (lanthanum, promethium, praseodymium, cerium, neodymium) 
MRI Magnetic Resonance Imaging 
NiMH Nickel Metal Hydride 
PHEV Plug-in Hybrid Electric Vehicle ς an HEV capable of recharging by direct connection to an 

electrical charging point by the user 
PMM Permanent Magnetic Motor 
ppm parts per million (mass basis) 
RE Rare Earth Elements - includes 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 

REO Rare Earth Oxide ς the oxide (ore) of a Rare Earth metal 
SMMT Society of Motor Manufacturers and Traders 
tpa tonnes per annum 
USGS United States Geological Survey 
 
 
Units  Conventional SI units and prefixes used throughout: {k, kilo, 1000} {M, mega, 1,000,000} 

{G, giga, 10
9
} {kg, kilogramme, unit mass} {t, metric tonne, 1000 kg} 
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1 Executive Summary 

Rare Earths are a group of metals which have 
many high-technology applications.  The current 
generation of hybrid and electric vehicles and wind 
turbines uses substantial quantities of Rare Earth 
elements in the form of high-strength magnets and 
rechargeable batteries.  The key Rare Earths used 
for these applications are neodymium, dysprosium 
and terbium (for the permanent magnets) and 
lanthanum (for the batteries). 
 
Substantial Rare Earth reserves are known to exist 
in a range of countries, with further undiscovered 
reserves likely.  The current estimate of world 
reserves is 99Mt and, although China has the 
largest share, territories such as the CIS, United 
States and Australia have significant reserves 
(Figure 1).   Current production is dominated by 
China, with more than 95% of total world 
production (124kt).  China is expected to remain 
the main world supplier due to the time required 
to develop resources in operational mines.  
Between two and four new mines are likely to 
open outside China (in the United States, Australia 
and Canada) by 2014.  Supply of particular Rare 
Earths may be limited over the medium term, but 
tighter export controls will encourage the 
development of non-Chinese resources. 
 
China is likely to continue to limit exports of Rare 
Earths.  The draft ban on the export of the Rare 
Earths from 2015 is consistent with this policy.  
/ƘƛƴŀΩǎ ǎǘǊŀǘŜƎȅ ƛǎ ǘƻ ŜƴŎƻǳǊŀƎŜ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜ 
and export of higher value goods (magnets, 
motors, batteries) using Rare Earths.  Non-Chinese 
companies may choose to invest in or contract for 
the manufacture of those goods in China or may 
seek to develop non-Chinese supply chains, but 
concerns about intellectual property rights, 
environmental liabilities (and image) and supply 
risk management mean many non-Chinese 
companies will seek to develop alternative supply 
chains. 
 
Demand for Rare Earths is forecasted to grow at 
8-11% per year between 2011 and 2014.  The 
highest growth is expected for magnets and metal 
alloys, as required in hybrid and electric vehicles 
(Figure 2).  Hybrids are expected to gain an 
increasing market share, but other applications 
such as wind turbines will compete for the 
essential materials.  Although total world supply is 
forecast to exceed total world demand, shortages 
are therefore expected for key heavy elements 

such as dysprosium and terbium.  Supply of 
neodymium will be a limiting factor for the 
penetration of Rare Earth magnet-based generator 
wind turbines for energy generation unless there is 
very strong growth in the long run supply of Rare 
Earths.  
 
Figure 1: Breakdown of world Rare Earth reserves 
and supply 

 
{ƻǳǊŎŜΥ ΨwŀǊŜ 9ŀǊǘƘǎΩΣ ¦{D{Σ aƛƴŜǊŀƭ /ƻƳƳƻŘƛǘȅ {ǳƳƳŀǊȅ 

 
Figure 2: Forecast demand (kt) 

 
Source: IMCOA presentation 

 
Options for alternative technologies which 
eliminate or reduce the quantity of Rare Earths in 
electric vehicle motor magnets are limited.  Any 
reduction is likely to be achieved through the 
minimisation of Rare Earths usage in existing 
magnetic materials, or through the adoption of 
entirely new varieties of electric motor.  
Meanwhile a large number of alternative energy 
storage options are being researched.  Many of 
these are a long way off commercial application.  
However, lithium-based batteries are already a 
viable alternative to current nickel metal hydride 
batteries for hybrid vehicles. 
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Rare Earths used in batteries are currently not 
recovered, although there is an indication that 
existing players might consider this.  Recovery 
processes relevant to Rare 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 
elements differ 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 Cornwall. However 
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 currently a Research 
Council priority.  We recommend that the UK 
government supports application-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 the European Union, 
United States and/or Japan. 
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2 Introduction 

2.1 What are the Rare Earths? 

Rare Earths are a group of metals in the periodic 
table with chemically similar properties, first 
discovered in 1794.  Rare Earths include the 
Lanthanide series plus yttrium and sometimes 
scandium.  This report focuses on the Lanthanide 
elements and, within the context of this report, 
Rare Earths are taken to be generally synonymous 
with Lanthanides.  Table 1 gives a list of the 
different Rare Earth and Lanthanides elements 
together with their symbols and atomic numbers.  
Despite the name, Rare Earths are not actually all 
that rare.  All of the Rare Earths are more 
ŀōǳƴŘŀƴǘ ƛƴ ǘƘŜ ŜŀǊǘƘΩǎ ŎǊǳǎǘ ǘƘŀƴ ǎƛƭǾŜǊ, and the 
four most common are more plentiful than lead

a
.  

¢ƘŜ ǘŜǊƳ ΨǊŀǊŜΩ ƛǎ ƳƻǊŜ ƻŦ ŀ ǊŜŦŜǊŜƴŎŜ ǘƻ ƘƛǎǘƻǊƛŎŀƭ 
difficulties in separating and identifying the 
metals, although mineable concentrations of Rare 
Earths are quite few and far between. 
 

Table 1: Rare Earth and Lanthanide Elements 

Element Symbol 
Atomic 

No 
Lanthanide 

Rare 
Earth 

Scandium Sc 21 U U 

Yttrium Y 39 U V 

Lanthanum La 57 V V 

Cerium Ce 58 V V 

Praseodymium Pr 59 V V 

Neodymium Nd 60 V V 

Promethium Pm 61 V V 

Samarium Sm 62 V V 

Europium Eu 63 V V 

Gadolinium Gd 64 V V 

Terbium Tb 65 V V 

Dysprosium Dy 66 V V 

Holmium Ho 67 V V 

Erbium Er 68 V V 

Thulium Tm 69 V V 

Ytterbium Yb 70 V V 

Lutetium Lu 71 V V 
 
A distinction that is used within the industry and 
within this report is that of Light Rare Earth 
elements (LREEs) and Heavy Rare Earths (HREEs).  
There is no uniform definition of which elements 

                                                      

 
a
 άwŀǊŜ 9ŀǊǘƘǎέΣ aŜǘŀƭ .ǳƭƭŜǘƛƴ aƻƴǘƘƭȅ WǳƴŜ нллс 

are classified within each, but for the purposes of 
this report the elements lanthanum through to 
samarium are the LREEs, and the HREEs 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 superconductivity and 
the storage and transport of hydrogen, as well as a 
number of more mundane uses such as glass 
polishing and lighter flints

b
.  A full breakdown of 

the applications of Rare Earths is provided in Table 
13 on page 23. 
 
A key and growing application of Rare Earth 
permanent magnets and batteries is in low carbon 
vehicles: Hybrids (HEVs), Plug-in Hybrids (PHEVs) 
and Electric Vehicles (EVs).  It is these applications 
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 
China is set to tighten exports of Rare Earths; a 
subject that has generated considerable media 
interest

c
 and, in some quarters, panic.  It is this 

subject that serves as the starting point for the 
report. 
 

2.3 Structure of this Report 

The structure of the report is the following: 

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

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

 Section 6 provides a summary of the 
applications 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 

                                                      

 
b άwŀǊŜ 9ŀǊǘƘ 9ƭŜƳŜƴǘǎ ς /ǊƛǘƛŎŀƭ wŜǎƻǳǊŎŜǎ ŦƻǊ IƛƎƘ ¢ŜŎƘƴƻƭƻƎȅέΣ ¦{D{ 
c ά/Ƙƛƴŀ ¢ƛƎƘǘŜƴƛƴƎ DǊƛǇ ƻƴ wŀǊŜ aƛƴŜǊŀƭǎέΣ bŜǿ ¸ƻǊƪ ¢ƛƳŜǎΣ омst August 
2009 
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uptake of hybrid, electric vehicles and wind 
turbines and the implications on Rare Earths.   

 The world demand-supply balance for Rare 
Earths is presented in Section 8 for each 
element.   

 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 electric 
vehicles is presented in Section 11.   

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

 

 

 
Figure 3: Materials criticality by element 

 
Source: National Academy of Sciences, 2007 

 
Figure 4: Materials criticality for Rare Earths by industry 

 
Source: National Academy of Sciences, 2007 
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3 Background on Material Security 

From the many sources available that discuss and 
analyse minerals and metals resources

abcd
 , it is 

clear that the Rare Earth elements (and thus the 
ƻǊŜǎύ ŀǊŜ ƻƴ Ƴƻǎǘ ŎƻǳƴǘǊƛŜǎΩ ŎǊƛǘƛŎŀƭ ƭƛǎǘΦ  ¢Ƙƛǎ ƛǎ 
usually as a result of geographical 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 
ǘƘŜ ǿƻǊƭŘΩǎ ƻǳǘǇǳǘ ƻŦ wŀǊŜ 9ŀǊǘƘ ƳŜǘŀƭǎΦ  Lǘ 
represents one of three of the main players 
operating in the Rare Earth industry - the other 
two being the USA (2%)

e
 and India (2%).  Recent 

activities in China have caused some concern over 
the medium to long term supply of these 
elements.  Recent evidence would suggest that 
China is beginning to tighten control on the mining 
and export of Rare Earth metal ores, thus 
ŀƎƎǊŀǾŀǘƛƴƎ ƻǘƘŜǊ ŎƻǳƴǘǊƛŜǎΩ ŘŜǇŜƴŘŜƴŎŜ ƻƴ ǘƘƛǎ 
source.  In 2007 China imposed a 10% export tariff 
on key strategic Rare Earth metals and oxides, 
many of which are used in advanced materials for 
batteries and magnets.  China also 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 and is beginning to develop high 
technology industries within the country.  Already, 
major producers of the very powerful magnet 
material Neodymium-Iron-Boron (NdFeB) have 
transferred their operations to China.  Some 
ŎƻƴŎŜǊƴ Ƙŀǎ ŀƭǎƻ ōŜŜƴ ŜȄǇǊŜǎǎŜŘ ƻǾŜǊ /ƘƛƴŀΩǎ 
attempted investment in other countries such as 
!ǳǎǘǊŀƭƛŀΦ  /ƘƛƴŀΩǎ Ǉƻǎƛǘƛƻƴ ƻǾŜǊ ǊŜŎŜƴǘ ȅŜŀǊǎ Ƙŀǎ 
stimulated new exploration activities within Brazil, 
USA, Australia and South Africa. 

                                                      

 
a Bjorn A Anderson, Department of Physical Resource Theory, 
GothenōǳǊƎ ¦ƴƛǾŜǊǎƛǘȅΣ {ǿŜŘŜƴΣ нллм άaŀǘŜǊƛŀƭ Ŏƻƴstraints on 
ǘŜŎƘƴƻƭƻƎȅ ŜǾƻƭǳǘƛƻƴέ 
b
 Sustainable resource management ς A new research agenda, Minerals 

& Energy Vol 22, Nos 1-2, 2007 
c UNEP, International Panel for Sustainable Management, November 
2007 
d
 Halada K, Shimada M, Ijima K, Decoupling status of metal consumption 

for economic growth, Materials Transactions, Vol 9, No. 3, (2008) pp 
411-418 
e Communication from the Commission to the European Parliament, 
ά¢ƘŜ Ǌŀǿ materials initiative ς meeting our critical needs for growth and 
jobs in Europe", COM (2008) 699. 

A report by the US National Academy of Sciences 
in 2007

f
  examined the critical nature of minerals 

to the US economy (Figure 3, facing).  In this 
analysis it was clear that the Rare Earth ores were 
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 metals (Figure 4, facing).  Clearly the 
high risk of supply of Rare Earth metals would 
dramatically affect the manufacture and use of 
these materials in magnets. 
 
The French Bureau de Recherches Géologiques et 
Minières focuses on the higher degree of criticality 
of high-tech metals based on three criteria:  

 possibility (or not) of substitution. 

 irreplaceable functionality. 

 potential supply risks.  
 
In the various analyses carried out

g
, they identified 

the short to medium risks of a number of elements 
including the Rare Earth metals.  In a similar work 
by Oakdene Hollins

h
, 69 materials were indexed 

based on the materials risks and supply risks 
(Figure 5, 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 change vulnerability.  Higher 
supply risks were associated some of the studied 
Rare Earths such as terbium and europium. 
 
With respect to this report, the key Rare Earth 
elements used in high performance magnets for 
electric and hybrid vehicles are neodymium and - 
to a small extent - dysprosium, terbium and 
praseodymium.  Use of neodymium-based high 
strength magnets in emergent gearless wind 
turbines (magnetic direct drive) is also relevant 
given the substantial increase in wind turbine 
energy generation.  Lanthanum used in NiMH-
based batteries for HEVs is also included in this 
project. 

                                                      

 
f bŀǘƛƻƴ !ŎŀŘŜƳȅ ƻŦ {ŎƛŜƴŎŜǎ ƛƴ нллтΣ άaƛƴŜǊŀƭǎΣ /ǊƛǘƛŎŀƭ aƛƴŜǊŀƭǎ ŀƴŘ 
ǘƘŜ ¦{ 9ŎƻƴƻƳȅέΣ нллт 
g Hocquard, C., 2008, Strategic metals, high-tech metals, environmentally 
green metals: A convergence. Abstract, 33rd International Geological 
Congress 2008 - Oslo, Norway, 6th-14th August. 
h Materials Security: Ensuring resource availability for the UK economy, 
Oakdene Hollins, 2008. 
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Figure 5: Material risks versus supply risks for various selected elements 
 

 

Source: Oakdene Hollins 

 

HgPt

Rh

Ag

Sb

Sn

Sr

Bi

Mg

Ni

Pd

Co

Eu

Ho

Mo

Nb

Os

Tb

Zn

In

Pb

Ru

Te

Ir

Mn

Re

Se

Si

ZrLiTi

Au

5

6

7

8

9

10

11

12

5 6 7 8 9 10 11 12

T
o

ta
l S

u
p

p
ly

 R
is

ks

Total Material Risks










































































































