
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Lanthanide Resources and Alternatives 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A report for 
Department for Transport and 

Department for Business, Innovation and Skills 
 

May 2010



 

 
This report has been prepared by:  Dr Hüdai Kara, Dr Adrian Chapman, Dr Trevor Crichton, Peter Willis and Nick Morley 
 
 
Checked as a final copy by:  Katie Deegan 
 
 
Reviewed by:   ………………………………………. 
 
 
Date:    26 May 2010 
 
 
Contact:     hudai.kara@oakdenehollins.co.uk 
 
 
File reference number:  DFT-01 205 issue2.doc 
 
 
 
 
Disclaimer 
Although this report was commissioned by the Department for Transport (DfT), the findings and recommendations are those of the 
authors and do not necessarily represent the views of the DfT.  While the DfT has made every effort to ensure the information in this 
document is accurate, DfT does not guarantee the accuracy, completeness or usefulness of that information; and it cannot accept liability 
for any loss or damages of any kind resulting from reliance on the information or guidance this document contains. 
 
 
 

Oakdene Hollins provides clients with these services: 
● Modelling and impact assessment 
● Programme management and evaluation 
● Project management 
● Ecolabelling advice 
● Carbon footprinting 
● Life cycle assessment 
● Policy and strategy development 
● Lean manufacturing 
● Economic analysis 
● Market appraisal 

 
For more information visit www.oakdenehollins.co.uk 
 
Oakdene Hollins is registered to ISO 9001:2008 
 

 
 
 
We print our reports on recycled paper 

  



  

For DFT and DBIS 

Glossary 

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

technologies, typically using hydro-carbon fuels 
EPSRC Engineering and Physical Sciences Research Council 
EV Electric Vehicle – a vehicle employing fully electric propulsion capability 
FCHV Fuel Cell Hybrid Vehicle 
GWMG Great Western Minerals Group 
HEV Hybrid Electric Vehicle – 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 – 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 – 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.  
China’s strategy is to encourage the manufacture 
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 

 
Source: ‘Rare Earths’, USGS, Mineral Commodity Summary 

 
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. 

0% 25% 50% 75% 100%

Supply

Reserves
China

CIS

US

Australia

India

Others

0

50

100

150

200

2008 2014

kt

Other

Ceramics

Phosphors

Glass

Polishing

Metal Alloys

Catalysts

Magnets



   

For DFT and DBIS Page 2 

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 
abundant in the earth’s crust than silver, and the 
four most common are more plentiful than lead

a
.  

The term ‘rare’ is more of a reference to historical 
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   

Yttrium Y 39   

Lanthanum La 57   

Cerium Ce 58   

Praseodymium Pr 59   

Neodymium Nd 60   

Promethium Pm 61   

Samarium Sm 62   

Europium Eu 63   

Gadolinium Gd 64   

Terbium Tb 65   

Dysprosium Dy 66   

Holmium Ho 67   

Erbium Er 68   

Thulium Tm 69   

Ytterbium Yb 70   

Lutetium Lu 71   
 
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
 “Rare Earths”, Metal Bulletin Monthly June 2006 

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 “Rare Earth Elements – Critical Resources for High Technology”, USGS 
c “China Tightening Grip on Rare Minerals”, New York Times, 31st 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 
ores) are on most countries’ critical list.  This is 
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 
the world’s output of Rare Earth metals.  It 
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 
aggravating other countries’ dependence on this 
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 
concern has also been expressed over China’s 
attempted investment in other countries such as 
Australia.  China’s position over recent years has 
stimulated new exploration activities within Brazil, 
USA, Australia and South Africa. 

                                                      

 
a Bjorn A Anderson, Department of Physical Resource Theory, 
Gothenburg University, Sweden, 2001 “Material constraints on 
technology evolution” 
b
 Sustainable resource management – 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, 
“The raw materials initiative – 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 Nation Academy of Sciences in 2007, “Minerals, Critical Minerals and 
the US Economy”, 2007 
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 
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4 Rare Earth Resources 

4.1 Overall Reserve Estimates 

This section presents estimates of world reserves 
of Rare Earths, following the common typology 
used for mineral resources (Figure 6), which 
demonstrates the relative certainty and economic 
feasibility of each category.  At this point it is 

beneficial to have some definitions
a
:   

 ‘Reserves’ are the part of the reserve base 
from which economic extraction or 
production is feasible.  Generally, reserves 
are declared by organisations such as mining 
companies who own the rights to extract 
them. 

 ‘Reserve base’ is resources that meet the 
minimum criteria to be economically 
extractable but not declared as reserves.   

 ‘Ultimate resources’ refer to the total volume 
present in the lithosphere, and give an idea 
of metal availability if prices were to rise and 
make lower concentration deposits more 
economically viable. 

 
Figure 6: A common typology of mineral resources 

 
 
Despite their name, Rare Earths are actually 
relatively abundant in the Earth’s crust, but 
discovered mineable concentrations are less 
common than for most other ores.  Current 
estimates for world Rare Earth resources are given 
in Table 2, which gives current world reserves 
estimated at 99Mt, up from 88Mt in 2009.  
Estimates for the reserve base are put at over 
160Mt.  China heads the list for Rare Earth 
resources, with 37% of world reserves, although 
significant deposits are found outside China, i.e. in 
Russia, United States and Australia.  It is thought 

                                                      

 
a

 ‘Resource/Reserve Classification for Minerals’,  USGS 

that undiscovered resources are likely to be very 
large relative to expected demand

b
. 

 
Table 2: World Rare Earth reserves 

Country 
Reserves 

(Mt) 

China 36 

CIS 19 

United States 13 

Australia 5.4 

India 3.1 

Other countries 22 

World total 99 

Source: ‘Rare Earths’, USGS, Mineral Commodity Summary 

 
Figure 7: Rare Earth reserves by country 

 
Source: ‘Rare Earths’, USGS, Mineral Commodity Summary 

 
Rare Earths are present in a number of different 
types of ores

c
, with each ore body requiring a 

specific technology - unique to that particular 
deposit - to extract and separate the elements

d
.  

 
Table 3 (over) gives details of the different ore 
types and Rare Earth recovery rates. 

                                                      

 
b

 ‘Rare Earths’, USGS 
c
 ‘Rare Earths’, USGS 

d
 ‘Export restrictions on strategic raw material and their impact on trade 

and global supply’, 2009 Workshop on raw materials, OECD, October 
2009 
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Table 3: Composition of major Rare Earth minerals 

Mineral Formula Major Occurrences REO max (%) 

Bastnäsite LnFCO3 China, USA 75 

Monazite (Ln,Y,Th)PO4 China, Australia, Brazil, India, Malaysia, Africa 65 

Loparite (Na,Ca,Ln,Y)(Nb,Ta,Ti)2O6 Former Soviet Union 32 

Xenotime YPO4 China, Australia, Malaysia, Africa 62 

Apatite (Ca,Ln)5[(P2Si)O4]3 Former Soviet Union, Australia, Canada 12 

Ionic Clays 
Weathered Xenotime 

and Apatite 
China n/a 

Source: Greenland Minerals Annual Report 2009 
 

 

Deposits of bastnäsite in China and the United 
States represent the largest percentage of the 
world’s Rare Earth economic resources.  Bastnäsite 
is a fluorocarbonate occurring in carbonatites and 
related igneous rocks

a
.  The second largest 

percentage is monazite, with deposits around the 
world in Australia, Brazil, China, India, Malaysia, 
South Africa, Sri Lanka, Thailand and the United 
States.  Monazite has become a less important 
source of Rare Earths as it commonly contains 
radioactive thorium: beach sand processed by 
Indian Rare Earths, a subsidiary of the Atomic 
Energy Agency, has a 7% thorium content (this is 
banned elsewhere)

b
.  As a comparison, Mountain 

Pass has approximately 100 ppm thorium
c
 and 

Mount Weld only 44 ppm. 
 
Other Rare Earth-bearing minerals are xenotime, 
an yttrium rich phosphate found in sands, loparite, 
which occurs in alkaline igneous rocks and ion-
adsorption clays found in China and Russia.  Rare 
Earths can also be extracted, albeit in relatively 
small quantities, in the tailings of other minerals - 
notably tin.  This is known to be happening 
currently in Brazil and is under consideration in 
Kazakhstan and Kyrgyzstan by Japanese trading 
company Sumitomo

d
.  In Malaysia, on the West 

Coast of the peninsula, the tin tailings from 
dredges and gravel pumps are thought to contain 
0.5-1% monazite with a Rare Earth oxide (REO) 
content in the monazite of about 60%

e
.  It may 

even be present in tin mine tailings in Cornwall, 
although tailings from hard rock mining may be 
quite different from that of the dredged alluvial 

                                                      

 
a

 ‘Rare Earths’, Jane Spooner, Micon International 
b Lynas presentation, 5th International Rare Earths Conference, Hong 
Kong November 2009 
c Rare Earth Deposits of North America, S Castor 2008 
d
 www.sumitomocorp.co.jp/english/news/2009/20090812_082824.html 

e
 Personal communications, January 2010 

deposits found in Malaysia and Indonesia.  
Economics of extraction from such tailings are 
likely to be unfavourable.  
 

4.2 Individual Reserve Estimates 

This section presents estimates of individual Rare 
Earth reserves which are available for most 
projects.  Some additional definitions are required 
here regarding the classification of resources 
depending on their relative certainty

f
:   

 ‘Measured’ resources are those computed 
from detailed sampling where the 
measurements are spaced so closely and the 
geological character is so well defined that 
size, shape, depth, and mineral content of 
the resource are well established.   

 ‘Indicated’ resources are computed using 
information similar to that for measured 
resources, but the sampling is positioned 
further apart.   

 ‘Inferred’ resource estimates are those based 
on ‘assumed continuity’, beyond that for 
measured and indicated resources, for which 
there is geological evidence.   

 Reserve estimates are typically based upon 
particular cut-off grades, beyond which 
extraction is not viewed as economic.   

 
For the purposes of the Rare Earth breakdowns 
given, yttrium has not been included as - strictly 
speaking - it is not part of the Lanthanide series.  

                                                      

 
f 

‘Resource/Reserve Classification for Minerals’,  USGS 
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4.2.1 China 

Rare Earths based on bastnäsite ore are mined in 
China, with production in the provinces of Inner 
Mongolia, Gansu and Sichuan.  Bastnäsite is mined 
as the primary mineral in both Sichuan and Gansu, 
but in Inner Mongolia it is obtained as a by-
product from iron making; this accounts for its low 
extraction costs compared to other producers.  
Reserves for Inner Mongolia are put at 300Mt at 
1.5% grade with a likely recovery rate of 25-50%.  
In Sichuan, reserves are put at 17Mt with a grade 
of 3% and likely recovery rate of 50%

a
.  A 

breakdown of Rare Earth content for bastnäsite in 
Inner Mongolia is given in Figure 8.  Sichuan 
bastnäsite has similar content to that of Inner 
Mongolia, though lanthanum content is higher and 
neodymium is lower.   
 
Extraction also occurs in the states of Guangdong, 
Hunan, Jiangxi and Jiangsu based on ion 
absorption clays such as lateritic ore

b
.  The 

breakdown of the Rare Earth content of lateritic 
ore in Jiangxi is given in Figure 8.  The striking 
feature is its very low cerium content.  
Consequently the other Lanthanide elements, 
particularly the heavy Rare Earths, comprise a 
much larger share of the ore than is typical 
elsewhere.  There is also a large yttrium content. 

                                                      

 
a Arafura website 
b

 ‘Rare Earths’, Jane Spooner, Micon International 

 
Figure 8:  Rare Earth breakdown of bastnäsite ore, 
Inner Mongolia (upper), and lateritic ore, Jiangxi 
(lower) 

 
Source: ‘2007 Rare Earth Yearbook & Rare Earth Factsheet’, 
USGS 
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4.2.2 Australia 

Mount Weld, Lynas Corporation 
The reserves at Mount Weld, Western Australia, 
have been estimated at 12.2Mt with a (very high) 
average grade of 9.7% giving a total of 1.18Mt of 
Rare Earth oxides, bounded using a cut-off grade 

of 2.5% (Table 4)
a
.  (NB: 917kt are estimated at a 

4% cut-off grade).  Figure 9 gives the distribution 
of Rare Earth elements at Mount Weld, which is a 
monazite ore.  It is fine-grained, which puts some 
limitations on processing. 
 
Nolans, Arafura 
Resources for Nolans Project in Northern Territory 
are estimated at 30.3Mt, although reserves of 
60Mt could easily be realised once exploration is 
complete

b
.  Of Rare Earths currently identified, the 

average grade is 2.8% giving a total of 0.85Mt of 
Rare Earth oxides (Table 5), although it is not clear 
what cut-off grade this is based on

c
.  A breakdown 

of the ore is given in Figure 9.  Like Mount Weld, it 
has a relatively large neodymium component, but 
a slightly smaller lanthanum share. 
 
Other Projects 
There are two further Rare Earth projects of note 
in Australia.  The first is by Alkane Resources in 
their Dubbo Zirconia project.  Reserves are put at 
73.2Mt, split between measured and inferred 
resources, at a grade of 0.745% (based on 
zirconium cut-off grades), giving a total of 545kt

d
.  

The second is Navigator Resources’ Cummins 
Range Rare Earth project, which is at the drilling 
stage. 

                                                      

 
a
 Lynas presentation, 5th International Rare Earths Conference, Hong 

Kong November 2009 
b Arafura, 5th International Rare Earths Conference, Hong Kong 
November 2009 
c
 Arafura website 

d
 ‘The Dubbo Zirconia Project’, Alkane Website 

 
Table 4: Reserve estimates at Mount Weld (2.5% 
cut-off grade) 

Type 
Ore 
(Mt) 

Grade 
(%) 

REO 
(kt) 

Measured 2.21 14.7 324 

Indicated 5.26 10.7 563 

Inferred 4.77 6.2 287 

Total 12.24 9.7 1,184 

Source: ‘Mount Weld Rare Earths Latest Developments’ 

 
Table 5: Reserve estimates at Nolans 

Type 
Ore 
(Mt) 

Grade 
(%) 

REO 
(kt) 

Measured 5.1 3.2 167 

Indicated 12.3 2.8 350 

Inferred 12.8 2.6 333 

Total 30.3 2.8 850 
Source: Arafura Website 

 
Figure 9: Rare Earth breakdown, Mount Weld 
(upper) and Nolans (lower) 

 
Source: Lynas and Arafura Websites 
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4.2.3 Canada 

Hoidas Lake, Great Western Minerals Group 
The resources at this project in Saskatchewan are 
put at 1.4Mt with an average grade of 2.56%, 
which gives overall Rare Earth resources at 34.9kt 
of REO (Table 6).  A breakdown of the ore is given 
in Figure 10.   
 
Thor Lake, Avalon Rare Metals 
The estimated resources of this project in the 
North West Territory are put at 64.2mt for the 
upper and basal deposits.  Most of these reserves 
are at present inferred but successive drilling 
campaigns are converting the resources into 
indicated resources.  The average grade is 1.79% 
using a 1.6% cut-off grade, giving a total estimate 
of 1,146.72kt of REO, as shown in Table 7

a
.  The 

breakdown of the ore content is given in Figure 10.  
The notable feature of the resource at Thor Lake is 
its large content of HREE, the main constituents 
being gadolinium and dysprosium.   
 
Other Projects 
There are a number of other Rare Earth projects 
taking place in Canada, but in the relatively early 
stages.  Great Western Minerals Group has three 
grassroots projects in Canada at Benjamin River, 
Douglas River and Misty.  Early drilling reveals that 
the two river projects are notable for high HREE 
content; in fact Douglas River is almost exclusively 
HREE

b
.  Other projects with promising exploration 

results are Eden Lake (Rare Element Resources), 
Elliot Lake (Pele Mountain Resources) and Zeus 
(Matamec Exploration). 
 

Table 6: Reserve estimates Hoidas Lake (1.5% cut-off grade) 

Type 
Ore 
(Mt) 

Grade 
(%) 

REO 
(kt) 

Measured 0.12 2.92 3.59 

Indicated 0.43 2.73 11.72 

Inferred 0.81 2.41 19.60 

Total 1.365 2.56 34.91 

Source: GWMG website and ‘Rare Earth to mine presentation’, 
note original estimates have been adjusted to remove yttrium 
content 

                                                      

 
a
 ‘How are we going to meet our growing need for rare earth supply?’, 

Avalon Presentation 
b

 ‘Rare Earth Metals: Mine to Market’, GWMG 

 
Table 7: Reserve estimates Thor Lake (1.6% cut-off 
grade) 

Zone Type 
Ore 
(Mt) 

Grade 
(%) 

REO  
(kt) 

Upper Inferred 19.90 1.94 386 

Basal Inferred 44.26 1.72 761 

Basal 
of which 

Indicated Aug09 
4.40 1.70 75 

Basal 
of which 

Indicated Mar09 
2.19 1.91 42 

Total Inferred 64.15 1.79 1,147 

Source: Avalon website, note original estimates have been 
adjusted to remove yttrium content 

 
Figure 10: Rare Earth breakdown, Hoidas Lake 
(upper) and Thor Lake (lower) 

 
Source: GWMG and Avalon Websites 
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4.2.4 United States 

Mountain Pass, Molycorp Minerals 
This project involves the reopening of a former 
Rare Earth mine in California.  At one point 
Mountain Pass was indeed the major Rare Earth 
mine in the world.  The proven reserves at 
Mountain Pass are 50Mt at a high grade of 8.6% 
giving 4.3Mt of Rare Earth oxides

a
 or 20Mt of ore 

at average 9.4% grade, using a 5% cut-off
b
.  Figure 

11 gives the historical breakdown of the bastnäsite 
at Mountain Pass.  It shows that the ore is 
dominated by high lanthanum and cerium content. 
 
Deep Sands, Great Western Minerals Group 
This project consists of Rare Earth rich sands in the 
state of Utah.  Early drill results revealed ore 
grades ranging from 0.14% to 0.80% of Rare Earth 
oxide.  This grade of ore would normally be 
uneconomic to mine but the Rare Earth deposits 
are situated in sands rather than rock and the 
vastness of the site puts potential reserves 
between 20 and 120Mt if the early drilling results 
are indicative

c
.  A breakdown of the content of the 

ore, given in Figure 11, reveals that HREE make-up 
a relatively high proportion. 
 
Other Projects 
There are two further projects of note in the 
United States.  The first is at Bokan Mountain in 
Alaska by Ucore Uranium.  Although it is 
predominantly a Uranium project, early drill 
results put the Rare Earth ore grade at around 3% 
with a high proportion being in the HREE

d
.  

Prevailing estimates put the total REO at around 
170kt.  The second project is Bear Lodge in 
Wyoming by Rare Element Resources.  Inferred 
resource estimates are put at 8.9Mt at 4.1% REO 
giving 365kt of REO. 

                                                      

 
a
 Roskill presentation 

b Molycorp presentation, 5th International Rare Earths Conference, Hong 
Kong, Nov 2009 
c
 GWMG website 

d
 Ucore website 

 
Figure 11: Rare Earth breakdown, Mountain Pass 
(upper) and Deep Sands (lower) 

 
Source: ‘2007 Rare Earth Yearbook & Rare Earth Factsheet’, 
USGS and GWMG Website 
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4.2.5 Other Countries 

Kvanefjeld Project, Greenland Minerals 
(Greenland) 
Although it is only at a pre-feasibility stage, the 
Kvanefjeld Project in Greenland has had a 
considerable amount of media coverage

a
.  The 

indicated and inferred Rare Earth resources are a 
huge 457Mt with a grade of 1.07%, putting REO 
content at 4.91Mt, measured at 0.015% uranium 
cut-off grades

b
.  The co-mined uranium deposits, 

as well as additional zinc and sodium fluoride 
minerals, will offset the costs of Rare Earth 
extraction.  Figure 12 gives the breakdown of the 
Rare Earth content, revealing a relatively high 
proportion of lanthanum and HREE. 
 
Steenkampskraal Mine, Great Western Minerals 
Group (South Africa) 
This mine was a thorium mine between 1952 and 
1963.  It had been intended to be developed as a 
Rare Earth mine during the 1990s, but this was put 
on hold due to low prices during China’s period of 
dominance.  Historical results estimate that among 
the 249.5kt of rocks and dumped material there 
are 29.5kt of Rare Earth oxides of grades up to 
16.74%, although there has been no recent work 
at the site.  The historical breakdown is given in 
Figure 12. 
 
Other Reserves 
The Frontier Minerals project at Zandkopsdrift has 
estimated resources of 31.5Mt at an average grade 
of 3.6% giving total REO of 1.134Mt

c
.  Malawi is 

known to have inferred reserves of 107kt with an 
average grade of 4.24% REO with very low thorium 
content

d
.  A further project with promising drilling 

results is the Sarfartoq Rare Earth project in 
Greenland.  However the possibility that China 
might further limit its exports has led to huge 
interest around the world in locating and acquiring 
potential Rare Earth deposits

e
.  Many of these are 

in Canada, although closer to home exploration 
has begun in the Republic of Ireland

f
.   

 

                                                      

 
a
 ‘Greenland challenge to Chinese over Rare Earth metals’, The Times 5

th
 

October  2009 
b

 Greenland Minerals & Energy Website 
c
 Frontier presentation, 5th International Rare Earths Conference, Hong 

Kong, Nov 2009 

d 2007 Rare Earth Yearbook”, USGS 
e

 ‘Rare Earth scramble continues’, Industrial Minerals 6th October 2009 
f
 ‘Coastal Pacific Mining to enter joint venture to explore for Rare Earths 

in Ireland’, Metal Pages 11
th

 November 2009 

 
Figure 12: Rare Earth Breakdown, Kvanefjeld 
Project (upper) and Steenkampskraal (lower) 

 
Source: Greenland Minerals and GWMG Websites 

 
4.2.6 Summary 

Figure 13 (page 15) summarises the location of 
Rare Earth reserves. The size of the green circles 
indicates the estimated size of measured reserves, 
which shows that the largest deposits are 
Kvanefjeld, Inner Mongolia and Mountain Pass.  
The purple circles indicate known Rare Earth 
deposits (some are in production but reserve 
estimates are unavailable, others exhibit promising 
drill results). 
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4.3 Conclusions 

 World Rare Earth reserves are very large at 
99Mt and it is likely that undiscovered 
resources are large. 

 China heads the list for both reserves and 
reserve base but there are a number of other 
territories, e.g. CIS, United States and 
Australia, with significant reserves. 

 The largest individual reserves are in Inner 
Mongolia, California (Mountain Pass) and 
Greenland (Kvanefjeld). 

 The composition of individual reserves can 
vary substantially, although most have a 
dominance of lanthanum and cerium. 

 Ore grades range from around 10% at Mount 
Weld and Mountain Pass down to as little as 
1% for Kvanefjeld. 
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Figure 13: Location of Rare Earth reserves and known production 
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5 Supply 

5.1 Introduction 

The recent supply situation is dominated by China 
whose share of estimated world Rare Earth mine 
production was between 95% and 97% for the 
years 2003-2009, as shown in Table 8 (facing).  In 
2008 the remainder was produced by Brazil, India 
and Malaysia.  A small amount of additional Rare 
Earth production came from the monazite 
concentrate in Brazil, India and Malaysia, as shown 
in Table 9 (facing).  Such dominance led Deng 
Xiaopeng to declare that “the Middle East had oil 
but China had Rare Earths”

a
. 

 
Although China is currently the dominant supplier 
there is a growing number of projects in progress 
in other countries.  However these will take some 
time to develop.  Grass-roots projects take a 
minimum of 6-10 years before a mine can be 
opened for production

b
, even assuming that 

exploration, financing and other aspects are 
successful.  This time span is comparable to that 
for other minerals, but there are a number of 
added complexities specific to Rare Earth 
extraction. 
 
At the 5th International Rare Earths Conference in 
Hong Kong, November 2009, the steps to Rare 
Earth production were outlined by Dudley 
Kingsnorth of IMCOA

c
: 

1. Prove resource: grade, distribution and 
understand mineralogy. 

2. Define process and bench scale: each ore-
body is unique.  Because of this a new 
separation process has to be developed that 
can be used for that particular ore-body. 

3. Conduct pre-feasibility study. 
4. Demonstrate technical and commercial 

viability of the process. 
5. Obtain environmental approval.

                                                      

 
a
 ‘China corners Rare Earths market’,  South China Morning Post, 

November 16 2009 
b

 ‘Making sense of the emerging Rare Earth mania’, John Kaiser 
c IMCOA presentation, 5th International Rare Earths Conference, Hong 
Kong, Nov 2009 

 
 

6. Publish Letters of Intent (basis of long term 
customer relations) – marketing is customer 
specific.  This is important as the main value 
added from Rare Earths lies not in the mining 
and extraction, so it is necessary to either 
develop your own supply chain or gain access 
to an existing supply chain. 

7. Complete bankable feasibility study. 
8. Effect construction and start-up. 
 
It is apparent that, as a new producer, there are 
significant barriers to entry to the Rare Earths 
market.  In addition the capacity costs are high, at 
typically more than US$30,000 per tonne of annual 
separated capacity, and operational expertise is 
limited outside of China

d
.  This compares with 

capacity costs of US$3,200 per tonne of ore from 
an open pit mine based in the United States with a 
daily capacity of 5kt

e
.  Additionally, given that REO 

prices in June 2009 were US$ 9,520 per tonne of 
Rare Earth (Mount Weld composition), 
institutional investors view the potential returns as 
limited.  For other minerals, junior explorers who 
do not have the financial resources to develop 
promising projects will attempt to sell them to 
major mining companies.  However, even large 
companies are put off by speculative ventures in 
specialist Rare Earths, leaving juniors with risky 
development issues.  This is set against a 
background of a 95% failure rate of new mining 
ventures pre-production

f
.  Because of the 

foregoing, the focus in this section will be on only 
those projects that have the potential to be in 
production by 2014. 
 

                                                      

 
d
 “Export restrictions on strategic raw material and their impact on trade 

and global supply”, 2009 Workshop on raw materials, OECD, October 
2009 
e “Theoretical 5,000 Tonnes per Day Open Pit Cost Model”,  
http://costs.infomine.com/costdatacenter/miningcostmodel.aspx 
f
 “Rare Metals In The Age Of Technology”, Jack Lifton 
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Table 8: Estimated world Rare Earth oxide mine production by country (kt) 

Country 2003 2004 2005 2006 2007 2008 2009 

Brazil 0 0.402 0.527 0.527 0.645 0.650 0.650 

China 92 98 119 133 120 120 120 

India 2.7 2.7 2.7 2.7 2.7 2.7 2.7 

Kyrgyzstan 2 0 0 0 0 0 0 

Malaysia 0.36 0.8 0.15 0.43 0.38 0.38 0.38 

Total 97.1 102 122 137 124 124 124 

Source: ‘Rare Earths’, ‘2007 Rare Earth Yearbook’, USGS 

 
 
Table 9: Estimated world monazite concentrate production by country (kt) 

Country 2003 2004 2005 2006 2007 

Brazil 0 0.731 0.958 0.958 1.173 

India 5 5 5 5 5 

Malaysia 0.795 1.683 0.320 0.894 0.800 

Total 5.800 7.410 6.280 6.850 6.970 

Source: ‘2007 Rare Earth Yearbook’, USGS 

 
 
Table 10:  Chinese Rare Earth export quotas (2008 figure adjusted for 12 month allocation for comparative 
purposes) 

Year 
Export quotas 

(kt) 
Percent change year on year 

Estimated  
non-Chinese demand (kt) 

2004 65.609 -- 57.0 

2005 65.609 0.0 46.0 

2006 61.821 -5.8 50.0 

2007 59.643 -3.5 50.0 

2008 56.939 -4.5 50.0 

2009 50.145 -11.9 35.0 
Source: ‘Export restrictions on strategic raw material and their impact on trade and global supply’, 2009 Workshop on raw materials, 
OECD, October 2009, p17 
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5.2 China 

In China in 2003, production was restructured into 
two groups of producers; a Northern Group and a 
Southern Group

a
.  The Northern Group is based in 

Inner Mongolia, Gansu and Sichuan and is based 
on bastnäsite ore.  The Northern Group is thought 
to represent around 70% of total Chinese Rare 
Earth production

b
.  Production in Sichuan that was 

suspended following the earthquake in 2008 has 
been reopened but kept idle because of the 
depressed market following the financial crisis

c
.  

The Southern Group is located in the states of 
Guangdong, Hunan, Jiangxi and Jiangsu with 
production based on ion absorption clays such as 
lateritic ore. 
 
These two groups have come to the fore as 
production of Rare Earths in China is consolidated 
under stricter regulation.  Planning consent for 
production has become mandatory and 
environmental issues are increasingly important

d
.  

The Northern Group has been headed up by Inner 
Mongolia Baotou Steel Rare Earth, which has 
purchased a number of other companies.  In the 
south, consolidation is being led Minmetals 
Corporation.  Additionally some small mines have 
closed due to low prices.  Production is also being 
controlled is through quotas.  It is thought that 
extraction from the ionic clays may be restricted 
due to environmental reasons, which will lead to a 
shortage in the HREEs

e
. 

 
Exports of Rare Earths are also being tightly 
controlled.  Quotas have been falling continuously 
since 2005, but the decline between 2008 and 
2009 was more dramatic than most (see Table 10) 
although - due to the recession - non-Chinese 
demand did not exceed supply during 2009.  China 
is known to have been stockpiling Rare Earths for 
its own consumption following the depressed 
prices.  In addition, China introduced an export tax 
in 2006 with the effect of raising prices for Rare 
Earth raw materials by 31% and severely 
undermining the competitiveness of non-Chinese 
magnet makers for example

f
.  The evidence shows 

that these policies have been successful in 

                                                      

 
a
 ‘Rare Earths’, Jane Spooner, Micon International 

b
 ‘Rare Earths’, Jane Spooner, Micon International 

c ‘Review and outlook of 2008 China Rare Earth market’, China Rare 
Earth information 
d

 ‘Review and outlook of 2008 China Rare Earth market’, China Rare 

Earth information 
e

 Lynas presentation, 5th International Rare Earths Conference, Hong 

Kong November 2009 
f
 “Rare Earths Market Overview”, Greenland Minerals 

stimulating growth of high value-added production 
in China.  There is wide-scale concern that China 
may soon greatly restrict or even ban the export of 
particular Rare Earths in order to guarantee supply 
for its own rapidly expanding demand

g
 from wind 

energy, electric bikes and hybrids.  In fact, such is 
the expected growth in Chinese Rare Earth 
demand, it could conceivably become a net 
importer of Rare Earths

h
. 

 
There has been much speculation about China’s 
future policy on Rare Earths.  What is clear, 
however, is that China has been systematically and 
methodically reducing quotas.  Recently China has 
given the message that it will accelerate this 
process.  China is not expected to ‘starve’ the rest 
of the world

i
 but nonetheless there is a need to 

develop mines outside China.  There is indeed 
some concern that China may reduce quotas and 
taxes in order to depress world prices and hurt 
prospective producers.  Because of the potentially 
damaging implications, China should be 
encouraged to maintain the consistency of its long-
term strategy for Rare Earths.  However, given the 
large stakes Chinese companies have taken in 
foreign producers, its own production limits and 
levels of internal demand, it seems unlikely that 
China would choose to reduce quotas and taxes. 
 
With its ever growing manufacturing capacity and 
interest in clean technology applications, China has 
an internal demand for Rare Earths.  Growing 
industries manufacturing magnets, motors and 
batteries for export will add value to the Rare 
Earth supply chain.  Non-Chinese companies must 
elect to continue to rely on the Chinese supply 
chain or to develop non-Chinese supply chains.  
The latter approach has attractions because of 
concerns about intellectual property rights, 
environmental shortcomings of local 
manufacturing and supply risk management. 
 
  

                                                      

 
g
 ‘Interest in Rare Earths stimulated by concerns over possible Chinese 

export Curbs’, Mining Weekly, 4th September 2009 
h Molycorp, personal communication 
i IMCOA presentation, 5th International Rare Earths Conference, Hong 
Kong, Nov 2009 
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5.3 Australia 

There are three projects in Australia that have the 
potential to be in production by 2014: Mount 
Weld, Nolans and Dubbo Zirconia, although there 
is significant probability that the latter two will not 
realise this potential. 
 

5.3.1 Mount Weld, Lynas Corporation 

The Mount Weld project in Western Australia is 
well advanced

a
; it has all the necessary approvals 

in place and construction is in progress.  The 
venture includes both a mine and a concentration 
plant which will yield a 40% REO concentrated ore.  
This ore will be transported 1000km to the port of 
Freemantle and shipped to Malaysia for treatment 
at its advanced materials plant.  The Malaysian site 
benefits from an abundance of water, cheap 
electricity and labour, and proximity to chemical 
plants. 
 
The project was due to commence production in 
late 2009 but operations were suspended due to 
financing difficulties

b
.  Funding for the project had 

been sourced through a buy-out of more than 50% 
of the company’s equity by a Chinese company, 
China Nonferrous Metal Mining, a move 
subsequently blocked by the Australian Regulator 
on the grounds of material security.  Subsequently, 
A$450 million was successfully raised by issuing 
new equity

c
 allowing construction to 

re-commence.   
 
The production plans are as follows:  Phase 1 
targets 11kt per annum of REO to be produced 
starting 2011.  Phase 2 follows immediately 
ramping production to 22kt.  It should also be 
noted that the company currently has 7.73kt of 
ore stockpiled from an earlier mining exercise. 
 

5.3.2 Nolans, Arafura 

In this venture, the pre-feasibility study has been 
completed; work on the pilot plant has been 
started, as has the approval process.  The project 
benefits from having valuable phosphate, calcium 
chloride and uranium as potential co-products.  
Work is ongoing with nuclear service experts at 
the Australian Nuclear Science and Technology 

                                                      

 
a Lynas presentation, 5th International Rare Earths Conference, Hong 
Kong November 2009 
b
 Lynas website 

c
 ‘Lynas Corp completes A$450m financing’, Metal Pages 11th November 

2009 

Organisation with regard to the uranium, and with 
an Israeli company on how to recover the 
phosphates

d
.  The original project plan targeted 

commencing production, in 2011, of 10kt per 
annum, which would increase to around 20kt per 
annum in 2012.  Arafura are currently openly 
looking for partners to obtain the necessary 
funding, despite an A$22.94m investment by East 
China Exploration, so REO production at Nolans 
remains doubtful.  Additionally there are the 
critical issues of needing to define the ore reserve, 
develop an extraction process, complete a 
feasibility study, obtain the necessary approvals 
for production and achieve customer support

e
, so 

there are a considerable number of hurdles to 
overcome before production can commence. 
 

5.3.3 Dubbo Zirconia, Alkane Resources 

The other project in Australia with the potential to 
begin production before 2014 is the Dubbo 
Zirconia project in New South Wales.  The project 
has a demonstration plant in place and has already 
processed 70 tonnes of ore and produced over 
1,300kg of zirconium and 300kg of niobium 
products with the yttrium and Rare Earth 
extraction circuits planned to be added later

f
.  The 

base case production is 1kt per annum of Rare 
Earth, which could commence in 2012.  Production 
could be scaled up to 3kt per annum, but key in 
this decision is the demand for zircon. 
 

5.4 Canada 

There are two projects in Canada that could 
potentially commence production before 2014: 
Hoidas Lake and Thor Lake, although neither is 
expected to start until after 2012.  The Hoidas Lake 
project is currently at an advanced exploration 
stage with some preliminary test work having been 
completed.  It still has the critical issues of needing 
to define the ore reserve, develop an extraction 
process, complete a feasibility study, obtain the 
necessary approvals for production and achieve 
customer support

g
 so there are a considerable 

number of hurdles to overcome before production 
can commence.  Potential production is put at 
3-5kt per annum from 2013

h
.  The Thor Lake 

                                                      

 
d Arafura, 5th International Rare Earths Conference, Hong Kong 
November 2009 
e ‘The Rare Earths market: can supply meet demand in 2014?’ IMCOA 
presentation 
f ‘The Dubbo Zirconia Project’, Alkane Website 
g ‘The Rare Earths market: can supply meet demand in 2014?’ IMCOA 
presentation 
h ‘The Rare Earths market: can supply meet demand in 2014?’ IMCOA 
presentation 
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project currently has advanced exploration work 
being conducted, a pre-feasibility study underway 
with some preliminary test work complete.  It has 
the same steps to overcome as noted above for 
the Hoidas Lake project.  If all of these 
requirements are met, then production of 5-10kt 
per annum of REO could commence from 2014

a
. 

 

5.5 United States 

The only mine likely to begin production in the 
United States is Mountain Pass, as all of the other 
potential projects are at relatively early stages.  
The project at Mountain Pass involves the 
re-opening of a former Rare Earth mine in 
California.  At one point Mountain Pass was indeed 
the major Rare Earth mine in the world.  The 
project has proven resources, processing abilities 
and extraction of the individual Rare Earth 
elements.  The project is privately owned, with 
backers such as RCF, Goldman Sachs and Traxys, 
and has no debt

b
.   

 
Pre-feasibility studies were expected to be 
completed before the end of 2009.  The project 
has all of the necessary mining and environmental 
permits in place, although it has a limit of 2kt per 
day of ore extraction.  This has encouraged the 
project to seek the highest possible levels of 
recovery, but with new technology offering 
recovery of over 90%, Molycorp estimates only 
900t per day of ore needs to be extracted to meet 
production targets of 20kt per annum from 2012

c
. 

 
The production situation is that the separation 
plant has been restarted, processing mined 
stockpiles of bastnäsite concentrate, with fresh 
mining operations due to start in 2011

d
.  2009 

output of REO is expected to be 2.15kt, increasing 
to 3kt for 2010 and 2011, thence to 20kt in 2012.  
The company’s initial focus will be purely on 
extracting the oxides.  However, it plans to 
become fully vertically integrated over time; 
ultimately producing neodymium magnets. 
 

5.6 Other Countries 

All of the potential projects in the other countries 
are at a relatively early stage.  The Kvanefjeld 

                                                      

 
a
 Avalon presentation, 5th International Rare Earths Conference, Hong 

Kong November 2009 
b ‘The Rare Earths market: can supply meet demand in 2014?’ IMCOA 
presentation 
c
 Molycorp presentation, 5th International Rare Earths Conference, Hong 

Kong November 2009 
d

 Molycorp website 

Project in Greenland could target production of 
20kt per annum by 2014 but faces numerous 
planning and evaluation steps. 
 

5.7 Summary 

The expected supply situation is summarised in 
Table 11 by IMCOA and in Table 12 (facing) by 
GWMG for each Rare Earth element.  GWMG is 
more optimistic in is its assessment of supply, 
anticipating that in addition to China, Mountain 
Pass and Mount Weld, Nolan’s Bore and Thor Lake 
will be open for production.  Total REO supply is 
estimated at 212ktpa.  IMCOA are less optimistic 
on the number of mines they expect to open, 
anticipating that only Mountain Pass and Mount 
Weld will be in production by 2014.  This gives 
estimated supply of 192ktpa. 
 
Table 11: Rare Earth Oxide supply (+/-15%) by 
element for 2014  

REO Supply(tonnes) 

Lanthanum 54,750 

Cerium 81,750 

Praseodymium 10,000 

Neodymium 33,000 

Samarium 4,000 

Europium 850 

Gadolinium 3,000 

Terbium 350 

Dysprosium 1,750 

Erbium 1,000 

Ho-Tm-Yb-Lu 1,300 

Total 191,750 
Source: IMCOA presentation 

 

5.8 Long Term Supply Scenarios 

As HEVs, EVs and PHEVs are emergent 
technologies which are not expected to take off 
before 2014, it is necessary to construct some long 
term supply scenarios from which the impact of 
their potential uptake on Rare Earths can be 
modelled.  This will be done in Section 7.  
 
Figure 14 (facing) presents three different long 
term supply scenarios for Rare Earths using 
IMCOA’s forecast up to 2014 as the baseline.  It 
should be stressed that these are scenarios rather 
than forecasts, and as such they are only intended 
to provide a guide of what would happen if certain 
events occur. 
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Scenario 1 is the most optimistic.  It assumes that 
world supply will grow at a rate of 12% per year 
(the average of the forecasted growth rates 
between 2010 and 2014).  This would lead to a 
more than six-fold increase in global Rare Earth 
between 2014 and 2030.  In order to meet such a 
massive increase in supply, a very large number of 
new mines would have to open; probably most if 
not all of the projects listed in this section, as well 
as China considerably ramping up its own 
production. 
 
Scenarios 2 and 3 are likely to be more realistic 
scenarios given the information provided on Rare 
Earth supply and potential grass-roots projects in 
this section.  Both scenarios assume that China is 
successful in curbing its Rare Earth production, as 
it has indicated it would like to.  In these scenarios 
China reduces its growth in production from the 

forecasted 7% per year in 2014 to a long term rate 
of 3% per year, while improving current extraction 
processes.   
 
The difference between scenarios 2 and 3 is in 
their assumptions regarding production growth in 
the rest of the world.  Scenario 2 assumes that the 
rest of the world continues on its forecasted 2014 
growth rate of 20% per year for around a further 
10 years before starting to slow after 2025.  This 
gives a more than four-fold increase in supply.  
Scenario 3 assumes that growth in the rest of the 
world starts to slow from 2014 (as indeed it is 
forecasted to, between 2010 and 2014).  Long run 
growth for the rest of the world in scenario 3 is at 
12% per year.  Scenario 3 has global Rare Earth 
production not quite trebling. 
 

 
Table 12: Rare Earth Oxide supply by element and mine, estimates 2012-2014 

REO (tonnes) China Mtn. Pass Mt. Weld Nolan's Bore Thor Lake Total Supply 

Lanthanum 39,000 8,300 5,376 4,000 405 57,081 

Cerium 63,000 12,275 9,605 9,640 850 95,370 

Praseodymium 7,500 1,085 1,138 1,196 170 11,089 

Neodymium 24,000 3,000 3,910 4,300 780 35,990 

Samarium 3,000 200 512 480 1,085 5,277 

Europium 600 25 116 82 40 863 

Gadolinium 2,400 50 204 200 355 3,209 

Terbium 300 0 19 16 45 380 

Dysprosium 1,350 0 34 68 250 1,702 

Erbium 600 0 0 10 105 715 

Ho-Tm-Yb-Lu 0 0 0 22 180 202 

Total 141,750 24,935 20,914 20,014 4,265 211,878 
Source: GWMG presentation 

 
Figure 14: Long term Rare Earth supply scenarios (REO kt) 

 
Source: IMCOA forecasts up till 2014, own calculations thereafter 
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5.9 Conclusions 

 China is the world’s largest producer with 
97% of production of Rare Earth oxides and is 
likely to remain the dominant producer due 
to the time required in developing new mine 
capacity. 

 A tightening of controls for both the 
production and exports of Rare Earths is 
happening in China. 

 There is a need for new mines to open 
outside of China, but tighter export controls 
will encourage the development of non-
Chinese resources. 

 Because of the potentially damaging 
implications, China should be encouraged to 
maintain the consistency of its long-term 
strategy for Rare Earths. 

 High growth is forecasted for production in 
the rest of the world between 2010 and 2014 
with two to four new mines likely to open 
outside China.
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6 Rare Earth Applications 

6.1 Overview 

Rare Earth elements are a fundamental 
constituent of many of today’s hi-tech materials.  
These materials find key applications in magnets, 
batteries, catalytic converters and many other 
uses.  This section reviews the applications of each 
of the Rare Earth elements, with a particular focus 

on those elements that are used in hybrid and 
electric vehicles.   
 
Table 13 lists the applications of each of the main 
Rare Earth elements in rough order of significance.  
The major applications are in bold. 
 

Table 13: Applications for Rare Earth elements (major applications in bold) 
La Ce Pr Nd Sm Eu Gd Tb Dy 

NiMH 
batteries 

Catalysts 
NdFeB 

magnets 
NdFeB 

magnets 
SmCo 

magnets 
Phosphor 
activator 

Microwave 
applications 

Green 
phosphor 
activator 

RE 
magnets 

Petroleum 
refining 

Polishing 
Colour 
glass 

Colour glass 
Carbon-arc 

lighting 
Red 

phosphor 
Phosphors RE magnets 

Laser 
materials 

Glass Glass 
 

Colorant for 
enamels 

Dope CaF 
crystals 

Neutron 
absorbers 

Enhance 
images in  

MRI 
Fuel cells 

 

Additive for 
cast iron 

Carbon-arc 
lighting  

Lasers Catalysts 
    

Alloys 
Pigment in 

plastics  

Auto 
catalyst 

enhancer 

Misch 
metal     

Misch metal 
Misch 
metal  

Misch metal 
     

Source: ‘Minor Metals & Rare Earths’, Arafura Presentation 

 
 
Figure 15: Rare Earth applications in a hybrid 

 
Source: ‘The Automotive Industry: A Major Rare Earths Consumer’, 3rd International Rare Earths Conference, Dudley J Kingsnorth, 
November 2007 
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6.2 REs in Hybrid and Electric Vehicles 

Small amounts of Rare Earth elements are found in 
many components modern cars.  For example, 
neodymium-based magnets have allowed the 
miniaturization of motors leading to their use in 
many auxiliary systems.  A much greater quantity 
of Rare Earths is found in hybrid vehicles.  Figure 
15 showed the different applications in a typical 
hybrid car. 
 
The key applications of Lanthanides are in the 
neodymium magnets used for electric motors and 
generators and in rechargeable NiMH batteries.  
These systems are at the core of the operation of 
the vehicle, and require significantly more Rare 
Earths than the other components.  Neodymium-
based magnets have led to an explosion in new 
technological developments due to their 
unparalleled magnetic power and comparatively 
low cost.  For electric and hybrid vehicles there are 
no recognised substitutes that can offer the same 
performance.   
 
Rare Earth elements also form a core part of NiMH 
rechargeable batteries, in which lanthanum or a 
mixture of Rare Earths forms the ‘metal’ portion of 
the battery.  Other uses include catalytic 
converters, petroleum refining catalysts and glass 
polishing powders but the major element for these 
purposes is relatively abundant cerium.   
 

6.3 Rare Earth Magnets 

6.3.1 Neodymium Magnets 

Figure 16: Typical composition of neodymium magnets 

 
Source: Shin-Etsu presentation 

 
For the motor and generator, the key Rare Earth 
element is neodymium, which is used to make 
Neodymium-Iron-Boron (NdFeB) magnets, 
together with smaller quantities of praseodymium, 
dysprosium and terbium.  Figure 16 gives the 
breakdown by element for a typical neodymium 
magnet (by weight) as reported by Shin-Etsu.  
GWMG reports a slightly differing breakdown of 
68% iron, 31% Rare Earth and 1% boron.  It should 
be noted that there is a degree of substitutability 

of the Rare Earths within a NdFeB magnet, which is 
described below

a
.  Other common metals, such as 

cobalt, niobium, aluminium and gallium can be 
added to fine-tune the properties of the magnets. 
 
The benefit of adding dysprosium in place of 
neodymium is that it improves coercivity (a 
measure of the resistance of a ferromagnetic 
material to becoming demagnetized) and 
therefore temperature tolerance.  Addition of 
dysprosium is consequently at the focus of much 
research and development.  For applications at the 
highest end of temperature range (200°C), NdFeB 
magnets may benefit from 10wt% addition of 
dysprosium, as is the case for hybrid motor-
generators and in power steering.  This puts 
pressure on supply with an accompanying rise in 
the dysprosium price, further highlighting the 
importance of finding an adequate substitute.   
 
Terbium can perform a similar function to 
dysprosium, although its supply is even more 
limited.  If supply were no object, terbium would 
probably be the additive of choice, as it has a 
stronger influence on coercivity with a lesser 
impact on remanence (magnetization left after an 
external magnetic field is removed).  Demand on 
terbium is also affected by its use in tri-colour 
phosphors for low energy fluorescent lamps and in 
phosphors for other uses. 
 
Praseodymium can be used to improve the 
corrosive resistance of the magnet alloys.  To some 
extent it can directly substitute for neodymium, 
without too severe an impact on properties, when 
prices of the latter are unfavourable.  To this end a 
mixed grade of neodymium/praseodymium 
(75%/25%), commonly called didymium, is used as 
a raw material in magnet alloy production.  
Similarly, cost saving drives the inclusion of other 
Rare Earths as passengers, to the minor detriment 
of magnetic properties.  
 
It should be noted that there are many 
applications of neodymium magnets outside of 
hybrid and electric vehicles.  In 2008 10.4kt of REO 
in neodymium magnets were consumed, up from 
5.5kt in 2003. 
 

                                                      

 
a GWMG presentation, 5th International Rare Earths Conference, Hong 
Kong November 2009 
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Figure 17: Applications of neodymium magnets 

 
Source: Shin-Etsu presentation 

 

6.4 Rare Earth Batteries 

The Lanthanide elements required for NiMH 
batteries are lanthanum and, to a lesser extent, 
cerium, selected owing to their hydrogen storage 
properties.  To limit purification costs to economic 
levels, residual traces of less common Rare Earths 
are often tolerated.  In fact many NiMH 
applications use battery-grade mischmetal, 
(containing typically 27% lanthanum, 52% cerium, 
16% neodymium, and 6% praseodymium), rather 
than the pure lanthanum and cerium metals.  
Research indicates that removing the neodymium 
content does not influence the storage capacity.  
Consequently there is a case for its extraction 
since it is in tight supply

a
. 

 
Figure 18 gives the breakdown of NiMH battery 
use for 2007.  Hybrid electric vehicles represent 
more than half the usage, at 57%.  There is 
currently a great deal of debate surrounding the 
relative merits of NiMH batteries compared to 
lithium-ion (Li-ion) batteries:  Toyota’s Prius uses 
the NiMH but other manufacturers, such as 
Renault, plan to use Li-ion batteries for their 

forthcoming electric cars
b
.  Toyota remains 

committed to the NiMH battery for its 
conventional hybrids, citing NiMH’s ease of 
management, low cost and durability to last the 
lifetime of the vehicle, although Li-ion will be the 
battery used for its PHEV Prius due for commercial 
sale in 2011

c
.  Toyota expects almost universal 

adoption of Li-ion for EVs and PHEVs
d
. 

 
Roskill’s view is that NiMH batteries will remain 
the No.1 choice for HEV applications until 2012/13 

                                                      

 
a
 Roskill presentation 

b
 ‘Electric Cars’, Metal Bulletin Monthly November 2009, p38 

c http://www.reghardware.co.uk/2009/12/15/plugin_prius_timeline/ 
d
 Toyota personal communication 

by which time Li-ion battery technology may have 

matured
e
.  This view is also shared by Deutsche 

Bank who forecast the market share of Li-ion 
batteries rising to 70% of the hybrid market 
between 2015 and 2020 (Figure 19), although 
Deutsche Bank still expects NiMH to account for 
70% of the market in 2015. 
 
Figure 18: Breakdown of NiMH batteries by end 
use, 2007 

 
Source: Roskill presentation 

 
Figure 19: Forecast for NiMH vs. Li-ion 

 
Source: “Electric Cars: Plugged in”, Deutsche Bank 

                                                      

 
e
 Roskill presentation 
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6.5 Conclusions 

 Different Rare Earth elements are used in a 
wide range of different applications. 

 The key applications for hybrid and electric 
vehicles are the magnets required in the 
motors and also in the batteries. 

 Rare Earth magnets contain neodymium and 
dysprosium together with iron and boron, but 
it is possible to substitute and alter the 
composition as required. 

 Rare Earth magnets are used for a wide range 
of applications outside of hybrid and electric 
vehicles. 

 NiMH batteries use lanthanum, but other 
Rare Earths are often contained in the 
mischmetal often used, and could be 
conserved. 

 Hybrid vehicles are the dominant user of 
NiMH, but Li-ion batteries are expected to 
become the battery of choice. 
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7 Demand 

7.1 Overview 

This section provides an overview of current and 
forecasted demand for Rare Earths.   
 

7.1.1 Consumption 

In 2008 global Rare Earth consumption (including 
yttrium) was estimated at 124kt.  Table 14 gives 
the breakdown of global consumption by region 
and application for 2008.  The largest consumer of 
Rare Earths was China, with 60% of demand.  USA, 
Japan and South East Asia make up most of the 
remaining demand (Figure 20, over). 
 
China has put considerable emphasis on growing 
‘advanced materials’ with a high value added.  
Demand has grown in these sectors by more than 
20% per year between 2005 and 2007

a
.  The pace 

of demand growth in China is expected to exceed 
that in other countries, and China is expected to 
make up an even larger proportion of world 
demand by 2014.  The extent to which China 
exports these intermediate and finished Rare Earth 
products is unclear, although there is clearly 
considerable domestic demand owing to the 
widespread use of Rare Earths in wind turbines 
and electric bikes.  However, given China’s current 
dominance in world supply, any Lanthanide-
containing product will at some point in the supply 
chain be sourced from China. 
 
The breakdown of Rare Earth consumption by 
different industries is presented in Figure 21 (over) 
by tonnage, and in Figure 22 by relative values.  In 
terms of tonnage, magnets, catalysts and metal 
alloys account for more than half of global 
consumption.  A different picture is revealed when 
the relative value is considered owing substantially 
to the predominance of individual Rare Earths 
used in each application.  Magnets and phosphors 
represent the highest value fraction at 68% of the 
total. 
 
The forecast demand for 2014 is presented in 
Table 15 and Figure 23.  Overall consumption 
including yttrium is estimated at between 170kt 
and 190kt, growing at 8-11% per annum between 
2011 and 2014.  The highest growth rates are 

                                                      

 
a
 “Rare Earths Market Overview”, Greenland Minerals 

predicted for magnets and metal alloys, which are 
required for hybrid and electric vehicles; both at 
greater than 10% per annum.   
 
Table 14: Global Rare Earth consumption 2008 
(kt, +/- 10%) 

Application China 
Japan 

& 
SE Asia 

USA Others Total 

Catalysts 7.0 2.0 12.5 1.5 23.0 

Glass 8.0 2.0 1.0 1.5 12.5 

Polishing 8.0 4.0 1.0 1.5 15.0 

Metal alloys 16.0 4.0 1.0 1.0 22.5 

Magnets 21.0 3.0 0.5 1.0 26.5 

Phosphors 5.0 2.0 0.5 0.5 9.0 

Ceramics 2.0 2.0 1.25 0.75 7.0 

Other 6.0 2.0 0.25 0.25 8.5 

Total 74.0 23.5 18.5 8.0 124 

Source: IMCOA presentation 

 
Table 15: Forecast demand (kt per annum)  

Application 
Consumption 

2008 
Consumption 

2014 

Growth    
2011-
2014 

Magnets 26.5 39.0-43.0 10–15% 

Catalysts 23.0 28.0 -30.0 6-8% 

Metal Alloys 22.5 43.0-47.0 15–20% 

Polishing 15.0 19.0-21.0 6-8% 

Glass 12.5 12.0-13.0 negligible 

Phosphors 9.0 11.0-13.0 7–10% 

Ceramics 7.0 8.0-10.0 7–9% 

Other 8.5 10.0-12.0 7–9% 

Total 124 170-190 8-11% 

Source: IMCOA presentation 
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Figure 20: Rare Earth consumption for different regions 
2008, by volume 

 
Source: IMCOA presentation 

 
Figure 21: Rare Earth consumption for different industries 

2008, by tonnage 

 
Source: IMCOA presentation 

 
Figure 22: Rare Earth consumption for different industries 

2008, by value 

 
Source: IMCOA presentation 

 
Figure 23: Forecast demand (kt per annum) 

 
Source: IMCOA presentation 

7.1.2 Prices 

Prices for individual Rare Earth oxides with a 
minimum of 99% purity as of June 2009 are given 
in Table 16.  The heavier elements - dysprosium, 
europium and terbium - have by far the highest 
prices due to the relative shortage of their supply.  
Prices for particular ore bodies vary by mine 
composition, as illustrated by the price for the 
average Mount Weld composition being $9.52 and 
that of Baotou being $7.65

a
. 

 
Table 16: Rare Earth oxide prices - min 99% purity, 
June 2009 (US$ per kg) 

Element La Ce Nd Pr Sm Dy Eu Tb 

Price 5.9 3.8 14.5 14.5 4.8 112.0 495.0 360.0 

Source: Lynas Annual Report 2009 

 
Trends in Rare Earth oxide prices since 2001 are 
revealed in Figure 24.  Elements that are used in 
magnets – neodymium, praseodymium, 
dysprosium and terbium – all experienced three- 
to five-fold prices increases between 2001 and 
2008, before dropping off in 2009 as a result of the 
recession.  Prices of other Rare Earth oxide 
elements shown, including that of lanthanum, 
which is used for NiMH batteries, have remained 
close to or below 2001 levels for the whole period. 
 
Figure 24: Trends in REO prices (June 2001 = 100) 

 
Source: Lynas Annual Report 2009 

 

  

                                                      

 
a
 Lynas Annual Report 2009 
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7.2 Hybrid and Electric Vehicles 

7.2.1 Current Market Situation and Forecasts 

Whilst there seems to be a consensus on the 
expectations for hybrid vehicle sales, there is a 
very wide range of forecasts for uptake of electric 
and plug-in hybrid vehicles.  As with many 
forecasts, the methodology is essentially based 
upon reviewing statements from automotive 
companies and judging the median view. 
 
The current UK market situation for alternatively 
fuelled vehicles is shown in Figure 25, over.  Sales 
have increased dramatically since 2000 standing at 
15,830 units in 2008, 97% of these being hybrid 
(petrol/electric).  Cumulatively the total number 
sold in the UK is around 52,000.  Note that this 
represented only 0.7% of the total car market in 
2008 and a similar proportion globally.  Toyota, the 
leading hybrid vehicle manufacturer, reports 
cumulative sales of 2 million hybrids.  Toyota 
expects 2009 sales of 600-700,000 but it aims to 
grow this to 1 million per year by the early 2010s

a
. 

 
Hybrid vehicles are forecast to account for 
significant shares of the global car market by 2015.  
The number of models is expected to 
approximately double by 2012

b
.  From looking at 

vehicle registration and consumer confidence 
data, R.L Polk & Company anticipates significant 
rises in hybrid vehicle sales.  They predict hybrid’s 
share of US vehicle sales to double to 5.3% in just 
three years with an even more marked rise in 
Western Europe in spite of the current recession

c
, 

as shown in Figure 26. 
 
J.D. Power, typically a conservative forecaster, 
forecasts a share of 7% of the market in 2015, up 
from 2.2% in 2007

d
.  Industry Research Solutions 

(RNCOS, India) expects an annual growth rate of 
around 12% for hybrid vehicle sales between 2008 
and 2015, which would lead to sales more than 
doubling

e
.  Pike Research forecasts that huge 

growth will occur for hybrid vehicles in the fleet 
sector, growing from 300,000 sales per year in 
2009 to 830,000 in 2015.  This represents a 

                                                      

 
a Toyota personal communication 
b

 ‘List of hybrid cars’ & ‘New Study: Hybrid Cars on the Rise, Especially in 

Europe’, hybridcars.com 
c
 ‘New Study: Hybrid Cars on the Rise, Especially in Europe’, 

hybridcars.com 
d

 ‘J.D.Power Sees Three-Fold Growth for Hybrids by 2015’, 

hybridcars.com April 8, 2008 
e

 ‘Global Hybrid Car Market Forecast to 2010’, RNCOS 

cumulative total of 4 million vehicles worldwide, or 
8% of all fleet sales for the period

f
.  Iwatani’s 

forecast for the hybrid car market is shown in 
Figure 27.  It predicts sales doubling in the three 
years 2009-2012 with the majority of the growth 
coming from the USA, but with the EU remaining 
at a low proportion of total sales rather than 
experiencing the strong growth shown in Figure 
26.  The reason for this difference in forecasts is 
not clear. 
 
Two more forecasts for hybrid uptake provide 
estimates for the United States only

g
.  The 

National Highway Traffic Safety Administration 
(NHTSA) forecasts that hybrids will make up 20% 
of the US market in 2015.  For 2020, Global Insight 
forecasts that hybrids will be 47% of the US market 
(Figure 28), although much of this will be 
composed of micro or mild hybrids, which offer 
relatively small efficiency gains over conventional 
engines. 
 
The forecast for electric and plug-in hybrid vehicle 
uptake is much wider ranging, reflecting numerous 
uncertainties in the market and with the 
technology.  In their recent report, BERR present a 
number of different scenarios for uptake, as 
shown in Table 17.  The key sensitivities they 
identify are: incentives offered for their purchase, 
when whole life costs become equivalent to those 
of conventional vehicles, how widespread the 
charging infrastructure will become, and the level 
of fiscal incentives for uptake. 
 
As for global forecast figures, the most optimistic 
are those from Carlos Ghosn of Renault-Nissan 
who believes that electric vehicles will account for 
10% of the global car market by 2020, which is 

65m units at 2008 levels
h
.  Umicore, a materials 

technology group that has an interest in recycling 
batteries, was quoted as expecting electric cars to 
make up 5% of the world market by 2015.  
Volkswagen estimates a share of 1.5-2% of electric 

vehicles by 2020
i
 and expects penetration to be 

highest in cities and in particular regions such as 
China. 
 
  

                                                      

 
f
 ‘Huge forecast for hybrid vehicle sales’, thegreencarwebsite.co.uk 

g “Electric Cars: Plugged in”, Deutsche Bank 
h

 ‘Electric Cars’, Metal Bulletin Monthly, November 2009 
i
 ‘Mr Ghosn bets the company’, The Economist, October 17th 2009, p82 
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Figure 25: UK sales of alternatively fuelled vehicles 

 
Source: SMMT 

 
 
Figure 26: Hybrid market share forecast 

 
Source: ‘New Study: Hybrid Cars on the Rise, Especially in Europe’, hybridcars.com 

 
 
Figure 27: Hybrid market forecast (‘000s of cars) 

 
Source: Iwatani Presentation 
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Figure 28: Forecast for US car market in 2020 

 
Source: Global Insight in “Electric Cars: Plugged in”, Deutsche Bank 

 
Table 17: UK electric and plug-in hybrid electric vehicle uptake (vehicle numbers) 

 
2010 2020 2030 

Scenario EV PHEV EV PHEV EV PHEV 

Business as usual 3,000 1,000 70,000 200,000 500,000 2,500,000 

Mid-Range 4,000 1,000 600,000 200,000 1,600,000 2,500,000 

High-Range 4,000 1,000 1,200,000 350,000 3,300,000 7,900,000 

Extreme Range 4,000 1,000 2,600,000 500,000 5,800,000 14,800,000 

Source: ‘Investigation into the Scope for the Transport Sector to Switch to Electric Vehicles and Plug-in Hybrid Vehicles’, BERR, 2008 

 
The least optimistic global forecast is that from 
Global Insight, which predicts a 0.6% share for 
pure electric vehicles with an additional 0.7% 
coming from plug-in hybrid electric vehicles by 

2015
a
.  However, as shown in Figure 28, Global 

Insight forecasts that PHEVs could make up 5% of 
the US market in 2020.  Global Insight points to a 
short range and a lack of charging places as the 
main stumbling blocks to PHEV uptake.  Toyota’s 
view is that for all of these reasons, EVs will only 
be taken up by short distance commuters in urban 
areas, as shown by Figure 29.  On the other hand 
they believe that HEVs and PHEVs do have 
potential for the mass market. 
 
A different perspective on this issue is given by the 
New Automotive Innovation and Growth Team 
(NAIGT).  Their product development roadmap is 
one of moving through successive technologies 
(HEVs to PHEVs to EVs to FCHVs) over time in 

                                                      

 
a
 Ibid. 

order to reduce the CO2 impact of automotives, 
although key barriers for each technology are 

identified
b
. 

 
Long term global development scenarios from 
McKinsey for HEVs, EVs and PHEVs are presented 
in Figure 30.  The leftmost columns show a 
scenario where the automotive sector 
concentrates on optimising internal combustion 
engines (ICEs).  The middle scenario is where a mix 
of technologies coexists in the automotive sector.  
In this scenario HEVs, EVs and PHEVs make up 16% 
of the market in 2020 and 42% in 2030.  The 
rightmost scenario depicts the situation where 
hybrid and electric vehicles become the dominant 
technologies over time.  In this scenario HEVs, EVs 
and PHEVs make up 26% of the market in 2020 
and 60% in 2030. 
 

                                                      

 
b
 ‘An Independent Report on the Future of the Automotive Industry in 

the UK’, NAIGT 
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Figure 29: Powertrain map in future mobility 

 
Source: Toyota 

 
 
Figure 30: Potential development paths for the automotive sector (millions sales per year) 

 
Source: “Towards a Low Carbon Future”, McKinsey 
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7.2.2 Rare Earth Implications of Forecasts 

In this section the Rare Earth implications of the 
development paths for the automotive sector are 
assessed and compared to the long term supply 
scenarios shown in Figure 14 (page 21).  The 
following estimates for Rare Earth consumption 
per vehicle are used: 

 Jack Lifton, an independent commodities 
consultant and strategic metals expert, 
estimates that each electric Prius motor 
requires 1kg of neodymium, and each battery 
uses 10 to 15kg of lanthanum

a
.  Lifton 

extrapolates this to an annual consumption 
of at least 7.5kt of lanthanum and 1.0kt of 
neodymium metal

b
.  He expects that number 

will nearly double under Toyota’s plans to 
boost the car’s fuel economy.   

 Dudley Kingsnorth, a consultant in Perth, 
Australia estimates that the electric motor in 
a Prius requires 2 to 4 pounds (0.9 to 1.8kg) 
of neodymium.  Some luxury vehicles have 
more than one motor, but most vehicles have 
the same number

c
.   

 
In the scenarios presented below in Table 18, the 
1kg estimate for neodymium metal is used, which 
is then adjusted to an estimate for neodymium 
oxide per vehicle.  The sensitivity that the 
neodymium content per vehicle could rise over 
time has been noted, but has not been built into 
the projections, so these neodymium requirement 
scenarios may be conservative.  In the optimised 
ICE scenario the neodymium oxide requirement is 
very modest at only 1,050 tonnes per year in 2030, 
and could be easily met with current production 

                                                      

 
a ‘As Hybrid Cars Gobble Rare Metals, Shortage Looms’, Reuters, 31st 
August 2009 
b ‘The Rare Earth Crisis of 2009’, The Jack Lifton Report, 15th October 
2009 
c
 Toyota personal communication 

levels which are around 20kt of neodymium oxide 
per year (16.2% of total REO production).  The 
mixed technology and hybrid and electric 
scenarios however both have neodymium oxide 
requirements well in excess of current production. 
 
Table 19 presents the neodymium oxide 
requirements for each of the automotive 
development scenarios as a percentage of the 
supply scenarios.  The assumption made here is 
that neodymium oxide continues to be 16.2% of 
REO production which, given the ore compositions 
presented in Section 4, seems likely.  The mixed 
technology scenario is projected to consume 
approximately 21% to 28% of global neodymium 
oxide supply in 2020, which would rise to between 
20% and 47% in 2030, depending on which supply 
scenario is selected.  The hybrid and electric 
scenario is illustrated in Figure 31.  This scenario is 
projected to consume approximately 34% to 46% 
of global neodymium oxide supply in 2020, which 
would rise to between 29% and 67% in 2030, again 
depending on which supply scenario is selected. 
 
The conclusion that can be drawn from this 
exercise is that, even when global neodymium 
supply grows considerably, widespread uptake of 
hybrid and electric vehicles will still consume a 
substantial proportion of production.  Indeed, 
given the other uses of neodymium, the most 
conservative supply scenario is likely to be unable 
to meet growing demand.  Further examination of 
these scenarios will be made after discussion of 
the competing demand for neodymium from wind 
turbines, in the next section. 
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Table 18: Neodymium oxide requirements of McKinsey scenarios (tpa) 

 

Optimised ICEs Mixed Technology Hybrid and Electric 

2010 2020 2030 2010 2020 2030 2010 2020 2030 

Hybrids 0 875 1,050 0 8,748 24,144 0 15,746 29,392 

Plug-in hybrid 0 0 0 0 4,374 16,796 0 5,249 25,193 

Electric Vehicle 0 0 0 0 875 3,149 0 1,750 8,398 

Total 0 875 1,050 0 13,996 44,088 0 22,744 62,983 

 
 
Table 19: Neodymium oxide requirements as % of supply scenarios 

 

Optimised ICEs Mixed Technology Hybrid and Electric 

2010 2020 2030 2010 2020 2030 2010 2020 2030 

% of scenario 1 0.0 1.3 0.5 0.0 21.1 20.6 0.0 34.2 29.4 

% of scenario 2 0.0 1.7 0.7 0.0 26.5 29.4 0.0 43.1 42.0 

% of scenario 3 0.0 1.8 1.1 0.0 28.3 46.8 0.0 46.0 66.8 

 
 
Figure 31: Neodymium oxide requirements of hybrid and electric scenario 
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7.3 Wind Turbines 

A key and growing use of neodymium magnets is 
that of wind turbine generators.  Wind power has 
become one of the most significant methods of 
renewable power generation.  At the end of 2009 
worldwide capacity reached 159,213MW, out of 
which 38,312MW were added in 2009

a
.  All wind 

turbines installed by the end of 2009 worldwide 
are generating 340TWh per annum, equalling 2% 
of global electricity consumption. 
 
There are three main alternative drive train 
technologies in use: 

 Wind power turbines with stepped 
transmission and fast-running generators 
(favoured by GE Energy, Repower, Siemens, 
Vestas). A full inverter offers advantages 
when generating electricity. 

 Wind power turbines without a transmission 
(Enercon) and with inverters that produce 
electricity at grid voltage. 

 Permanent-magnet synchronous generators 
(direct drive) with medium rotation speed. 
Electric magnetisation is not required and 
losses are lower. The drive train and 
generator form a very compact unit 
(favoured by Darwind, Scanwind (now part of 
GE), Goldwind).  Vestas, Clipper, Unison and 
Siemens recently moved into this technology. 

 
The advantage of direct drive turbines with 
permanent magnet generators is that they 
eliminate the need for a gear box, which improves 
reliability and mechanical efficiency.  This would 
make them a good candidate for off-shore 
applications where minimum maintenance is 
demanded.  The possibility of manufacturing and 
commissioning more reliable turbines consisting of 
fewer wear-parts will be considered here, along 
with future demand. 
 
It is not yet clear what proportion of the wind 
market will be based on the gearless magnet 
based system compared to geared ones.  Jack 
Lifton reports that each MW of electricity 
produced by such a wind turbine requires between 
0.7t and 1.0t of NdFeB

b
.  Avalon, a potential Rare 

Earth miner, reports a lower figure of 2.0t 
neodymium-based magnets for a new 5MW wind 
turbine

c
, yielding a performance as low as 400kg 

                                                      

 
a  World wind energy report 2009, http://www.wwindea.org 

b ‘The Rare Earth Crisis of 2009’, The Jack Lifton Report, 15th October 
2009 
c
 Avalon presentation 

per MW of wind energy (with roughly 29% of this 
being neodymium metal). 
 
In the spring of 2009, China announced that 
between 2010 and 2020 it would quadruple its 
previous commitment to building wind generators 
from a previously announced 33GW to a new total 
of 120GW of capacity

d
.  The UK recently revealed 

the successful bidders for about 32GW of wind 
farms across nine zones in the seas around the 
UK

e
. 

 
The projected Rare Earth demand due to wind 
energy developments worldwide is shown in Table 
20.  The analysis is based on the current data on 
wind generation

f
.  It assumed a 0.7t magnet mass 

per MW generation capacity with about 29% 
neodymium content.  Other minor Rare Earths 
such as dysprosium and terbium that might exist in 
the magnet composition were not calculated.  The 
total REO demand (Nd2O3) due to wind energy 
generation is about 1.3kt, just about 4% of the 
projected supply in 2014 (Table 11).  
 
The future for magnetic gearless drives is far from 
clear.  Opinions of people in the industry vary 
depending on whether they are offering or 
promoting gearless solutions.  The most 
enthusiastic proponent suggests “more than 50% 
[of installed units]” on the back of the advantages 
offered, especially if used in offshore operations.  
It is felt that there will be an increasing market for 
this solution and it will account for around 10% of 
new installations to 2020 increasing to 40% of 
installations in the ten years to 2040.  Based on 
these assumptions, neodymium oxide requirement 
will rise more than 4-fold from 2014 levels by 
2020, 8-fold by 2030 and over 13-fold by 2040.  By 
2040 projected energy generation from magnetic 
gearless wind turbines is about 15%.  This is 
unsustainable from the neodymium availability 
point of view as supply will not be viable at the 
same rates.  The implication is that the 
penetration of gearless system will be limited by 
the availability of the neodymium and perhaps by 
its price. 
 
Assuming that 32GW off-shore wind farm capacity 
announced by the UK government was 
manufactured from gearless magnetic drive 
turbines of 5MW each, representing just over 15% 

                                                      

 
d ‘The Rare Earth Crisis of 2009’, The Jack Lifton Report, 15th October 
2009 
e Guardian Newspaper, Sat 9th Jan 2010 
f
 wwindea.org/home/images/stories/worldwindenergyreport2008_s.pdf 
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of the direct drive uptake worldwide, then the 
averaged demand generated for neodymium in 
2020 would be just above 12% of the total global 
supply in 2014.  
 
Comparing the demands created by the magnets 
in the motors used in the electric vehicles (Figure 
32), it appears that gearless wind turbines also 
create reasonable demand for the neodymium-
based magnets (if 10% of the wind turbine 
generation capacity were based on gearless 
technology by 2020, and 20% by 2030).  Indeed 
the projected demands for wind turbines and 
hybrid and electric vehicles together exceed that 
of all but the most optimistic supply scenarios, 
indicating that very strong growth in supply will be 
required in the long term.  
 

There is also considerable research and effort into 
developing HTS magnets for direct drive 
generators.  Although offering the possibility of 
much more compact machines, the high cost of 
HTS wire to date has prevented their application in 
cost-sensitive wind turbine applications.  
Development of low cost HTS wire as well as 
demand for high power wind turbines (>5MW) will 
in the future allow HTS machines to compete in 
such a market.  Converteam in the UK is leading 
the development of such generators.  Applications 
of HTS technology in wind turbines is not taken 
into account in analyses performed for this report. 
 

Table 20: Rare Earth demand due to projected uptake of magnetic direct drive turbines 

Wind energy projections 2006 2007 2008 2009 2010-2014 2015-2020 2021-2030 2031-2040 

Increase in installations (% pa)   27% 29% 32% 25% 20% 10% 5% 

Increase over period (GW) 15 20 27 20 229 772 1,850 1,893 

Capacity at end of period (GW) 74 94 121 159 389 1,161 3,010 4,904 

Magnetic direct drive (%) 0% 0% 0% 3.14% 10.00% 20.00% 25.00% 40.00% 

Increase in magnetic drive (GW) 0 0 0 5.00 23 154 462 757 

Total generation with magnetic drive 
(%) 

0% 0% 0% 3% 6% 13% 15% 15% 

Magnets required over period (t) 0 0 0 3,500 16,064 108,074 323,715 530,113 

Nd required over period (t) 0 0 0 1,015 4,659 31,342 93,877 153,733 

Nd2O3 required over period (t) 0 0 0 294 5,434 36,555 109,494 179,307 

Nd2O3 required average per year (t)         1,358 6,093 10,949 17,931 

 
Figure 32: Comparison of neodymium oxide demand from cars and wind turbines 
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7.4 Conclusions 

 World demand was 124kt in 2008. 

 China has the highest demand for Rare Earths 
at close to 60% of the world demand. 

 Demand is expected to grow at 8-11% per 
annum for Rare Earths with fastest growth in 
the magnets and metal alloys required for 
hybrid and electric vehicles. 

 Prices have risen most for the Rare Earths 
that can be used for magnets (dysprosium, 
terbium, neodymium, praseodymium), 
although prices fell off during the recession. 

 All the forecasts expected strong growth in 
hybrid sales, but there is wide variation in 
forecasts for electric and plug-in hybrid 
vehicles. 

 Estimates are that hybrid vehicles use 
10-15kg of lanthanum and around 1kg of 
neodymium. 

 Wind turbines are likely to be a competing 
demand on neodymium due to the trend 
towards gearless generators.  

 Neodymium will be a limiting factor for the 
penetration of magnet-based gearless 
technology into the existing wind energy 
generation, unless there is very strong 
growth in the long run supply of Rare Earths. 

 HTS-based magnets might provide 
opportunities for high power, small weight 
generators once their cost is favourable. 
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8 Demand-Supply Balance 

8.1 Overview 

The overall picture for Rare Earths can be simply 
summarised as one of short term supply 
constraints while new mines come into operation, 
whilst the outlook for the long term is that world 
reserves will be able to meet predicted demand 
well into the 21

st
 century

a
.  However, shortfalls 

may be expected in the most sought after Rare 
Earth elements. 
 
Figure 33 shows graphically the supply-demand 
situation, assuming current trends continue, new 
projects are developed and there is a balance in 
supply and demand for individual Rare Earths.  
Both demand and supply are projected to increase, 
within and outside China, but supply from the rest 
of the world is predicted to make up an increasing 
share of world production. 
 

Figure 33: Rare Earths supply and demand 2004-2014 

 
Source: IMCOA presentation 

 

8.2 By Element 

The picture is changed when the demand-supply 
balance is assessed for each Rare Earth element in 
turn.  Table 21 and Table 22 provide two sets of 
estimates of the demand-supply balance.  Of the 
two forecasts, greater credibility should be placed 
on that by IMCOA, which is an independent 
consultancy, while GWMG is a potential Rare Earth 
miner. 
 
Both of them reveal that, despite total supply 
exceeding forecasted demand, shortages are 
predicted for particular Rare Earth elements: 
 
 
 

                                                      

 
a
 2007 Minerals Yearbook on Rare Earths, US Geological Survey, p9 

 Both forecasts predict that lanthanum, the 
key element for NiMH batteries, will be in 
surplus with around 7% excess supply over 
demand.  However both forecasts predict 
shortages of the key elements required for 
the permanent magnets of neodymium, 
dysprosium and terbium, although the 
forecasts differ in the predicted severity of 
the shortages.   

 Both agree that terbium will be highly sought 
after, with shortages predicted in excess of 
40% of demand.   

 For dysprosium shortages are predicted of 
between 14% and 35% of total demand.  
GWMG predicts a higher level of demand and 
consequently a greater shortage for the 
element than does IMCOA. 

 For neodymium, the predicted shortage is 
less severe than the heavy Rare Earth 
elements of dysprosium and terbium.  
GWMG predicted a 17% shortage and IMCOA 
predicts a relatively mild shortage of 5%.   

 Praseodymium, which could be used as a 
substitute for neodymium at the cost of 
reduced performance, is predicted by both 
forecasts to be a surplus element, so 
substitution may occur in this direction for 
some lower performance applications. 

 
For elements in shortage, large price rises are 
possible.  This will lead to these elements being 
diverted to the high end applications that do not 
have alternatives available.  With these shortages 
in mind, many automotive manufacturers have 
commissioned Japanese trading companies such as 
Sumitomo and Mitsubishi to secure their supply on 
long term contracts

b
.  The cost of engaging in this 

process is unclear, but it does guarantee their 
supply should the forecasted shortages be 
realised. 
  

                                                      

 
b
 Toyota, personal communication 



  

For DFT and DBIS Page 39 

 
Table 21: Demand-supply balance for Rare Earths, estimates 2012-2014 
REO Total Supply Demand Balance Balance as % of Demand 

Lanthanum 57,081 53,000 4,081 7.70 

Cerium 95,370 66,000 29,370 44.50 

Praseodymium 11,089 9,250 1,839 19.88 

Neodymium 35,990 43,475 -7,485 -17.22 

Samarium 5,277 2,775 2,502 90.16 

Europium 863 925 -63 -6.81 

Gadolinium 3,209 2,775 434 15.64 

Terbium 380 700 -320 -45.71 

Dysprosium 1,702 2,600 -898 -34.54 

Erbium 715 850 -135 -15.88 

Yttrium 9,178 14,800 -5,622 -37.99 

Ho-Tm-Yb-Lu 202 2,850 -2,648 -92.91 

Total 221,056 200,000 21,056 10.53 
Source: GWMG presentation 

 
Table 22: Forecast global demand for individual Rare Earths in 2014 (±15%) 
REO Total Supply Demand Balance Balance as % of demand 

Lanthanum 54,750 51,050 3,700 7.25 

Cerium 81,750 65,750 16,000 24.33 

Praseodymium 10,000 7,900 2,100 26.58 

Neodymium 33,000 34,900 -1,900 -5.44 

Samarium 4,000 1,390 2,610 187.77 

Europium 850 840 10 1.19 

Gadolinium 3,000 2,300 700 30.43 

Terbium 350 590 -240 -40.68 

Dysprosium 1,750 2,040 -290 -14.22 

Erbium 1,000 940 60 6.38 

Yttrium 11,750 12,100 -350 -2.89 

Ho-Tm-Yb-Lu 1,300 200 1,100 550.00 

Total 203,500 180,000 23,500 13.06 
Source: IMCOA presentation 

 
 

8.3 Conclusions 

 In the short term there will be supply 
constraints while new mines come into 
operation, but in the long term reserves will 
meet forecasted demand. 

 China is expected to make up a larger share 
of world demand. 

 Supply from the rest of the world will become 
a larger share of world demand. 

 A surplus is expected for lanthanum, which is 
used for NiMH batteries. 

 Shortfalls are expected for other elements, 
notably neodymium, dysprosium and terbium 
that are required for Rare Earth magnets. 
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9 Alternative Technologies

The development of technologies which lower the 
usage of Rare Earths in electric vehicles is essential 
for reducing the reliance on these resources.  
Alternative technologies may either minimise the 
use of Rare Earths in existing magnets and 
batteries, or provide substitutes which have the 
equivalent or better performance. 
 
The alternatives outlined below are purely 
directed towards the development of magnets and 
batteries in EVs, therefore technologies such as 
bio-fuels have not been considered. 
 

9.1 Magnet Technology 

9.1.1 Background 

NdFeB magnets were simultaneously discovered in 
the early 1980s by research groups in the USA, 
Japan and China seeking cheaper alternatives to 
samarium cobalt-based magnets.  The newly 
discovered neodymium-based material was rapidly 
developed to become the strongest permanent 
magnetic material known, leading to a plethora of 
new technologies and novel uses.  To date, NdFeB-
based materials remain the strongest permanent 
magnets discovered, by a large margin. 
 

9.1.2 Development of NdFeB magnets 

Internationally, a vast amount of research has 
been targeted at improving various aspects of the 
performance of this material.  Gradual advances in 
synthesis, manufacturing and magnetisation 
techniques have led to a two-fold increase in their 
magnetic strength since the mid 1980s, and 
developments of coatings have improved their 
resistance to corrosion.  However the fundamental 
composition of the material has remained the 
same. 
 
In addition to increasing magnetic strength, 
progress has also been made in tuning the 
performance of these magnets to suit different 
needs.  One of the largest technical barriers faced 
with NdFeB magnets is their rapid loss in 
magnetism at temperatures in excess of 80

O
C.  

This issue is currently resolved by replacing a small 
quantity of neodymium with another Rare Earth.  
Dysprosium is the most commonly used element 
for this purpose.  (Although other Rare Earths such 
as terbium have been shown to work, these are 
less well suited due to price or performance 

considerations.)  Increasing the proportion of this 
doping improves the temperature performance, 
but also progressively decreases baseline magnetic 
strength.  Therefore many different grades of 
magnet are available with different substitution 
levels: a typical magnet in a hybrid motor will have 
3-5% of the neodymium substituted with 
dysprosium.  
 

9.1.3 Technology Outlook 

Various strategies for the reduction or elimination 
of neodymium and dysprosium usage in EV motor 
magnets have been found.  These fall into the 
three broad categories explored below:  
 

1. Reduction of neodymium and dysprosium 
usage in existing magnetic materials  
 
Neodymium – Increasing the magnetic 
strength of neodymium-based magnets 
would allow a reduction in the size of these 
magnets and therefore the quantity of 
neodymium required.  As stated above, 
significant advances were made soon after 
the discovery of this material, resulting in a 
doubling of magnetic strength.  More recent 
improvements are generally in production 
techniques, such as the shift from bonding to 
sintering of magnets, or enhanced methods 
for magnetisation using powerful 
superconducting magnets.  These 
developments have primarily arisen from 
research in Japan, China and the USA.  Some 
further improvements may also arise from 
development in areas such nanotechnology 
and materials chemistry.  However, the 
magnetic strength of the most recent 
generation of magnets is believed to be close 
to fundamental and technical limits of this 
material.  Therefore, advances in this area are 
unlikely to provide a significant reduction in 
Rare Earth usage in electric vehicles. 

 
Dysprosium – Dysprosium will suffer a greater 
supply deficit than other Rare Earths if 
current trends continue.  This has been 
identified by various organisations, and a 
considerable research effort is under way to 
reduce the quantity of dysprosium required 
to achieve the necessary performance over 
the motor’s operating temperature.  As 
observed with neodymium minimisation 
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strategies, new production techniques are 
being developed that provide the same level 
of temperature resistance but using much 
lower levels of dysprosium doping.  These 
focus on utilising dysprosium more effectively 
within the material’s chemical structure, but 
are some way from commercial scale 
operation (for example grain boundary 
diffusion alloying); therefore it is difficult to 
predict the actual reduction these will 
generate. 
 
Japanese companies and research bodies 
appear to be at the forefront of this research 
and have heavily invested in it, in support of 
their large magnet manufacturing industry.  
The Japanese Government has also been 
quick to identify issues surrounding 
dysprosium usage: A large scale Government-
sponsored research effort targeting 
dysprosium minimisation or substitution is 
ongoing.  Published or known research from 
other countries is lagging behind this effort.   
 
No feasible dysprosium replacement 
strategies were identified.  The most suitable 
alternative dopant known is praseodymium.  
However, this element is rarer and more 
expensive so adoption on a large scale is 
unlikely.  In the short term, alternative 
strategies such as minimisation through 
design may provide a more effective way to 
reduce the demand for dysprosium.  An 
example would be motor design and cooling 
features which reduce the operational 
temperature range, lowering the grade of 
magnet required.  Further advances in 
technology, for example in the 
nanotechnology field, may provide materials-
based minimisation options in the future.  

 

2. New or alternative magnetic materials 
At the current time there is no evidence of 
any successful developments towards new 
materials which can compete or better the 
strength of neodymium-based magnets.  
Indeed, many experts believe that no such 
material exists.  Overall progress in this area 
is limited, and there is very little public 
research and development specifically 
targeting this goal.   
 
Of known magnetic materials the closest to 
neodymium magnets in terms of 
performance are samarium cobalt magnets.  
These magnets have superior resistance to 
temperature, and are used in niche areas 

such as high temperature applications.  
However, these magnets have around half 
the magnetic strength of neodymium-based 
magnets and are therefore far less suitable 
for use in EV motors.  Research in this field is 
reasonably mature, and it is unlikely that 
their performance will be increased 
significantly. 
 
Other known permanent magnetic materials, 
such as aluminium-nickel-cobalt (AlNiCo) or 
ferrite-based magnets, are simply not 
powerful enough to be used in efficient EV 
motors; the mass of magnet required would 
be prohibitively heavy.  
 
HTS magnets potentially provide a solution in 
the longer term.  These materials are able to 
provide higher magnetic strengths than 
permanent magnetic materials, but currently 
require cooling to very low temperatures to 
operate.  Due to the potential benefits of 
superconduction for a large number of 
applications there are significant ongoing 
research efforts targeting new 
superconducting materials; particularly 
superconductors that operate at higher 
temperatures.  However, unless the 
operation temperature of HTS magnets is 
significantly increased, these materials are 
most likely to find use in large scale, static 
applications such as wind turbines rather 
than in EVs or HEVs. 
 
In short, the replacement of neodymium-
based magnets with either known or ‘yet-to-
be-discovered’ magnetic materials should not 
be relied upon.  Research may provide a 
suitable material in the future, but the 
likelihood and timescales involved are 
unclear.  

 

3. Electric motor technology 
In the short term, alternative motor 
technologies may provide the most suitable 
route for reducing RE usage in HEV and EV 
motors.  As would be expected, improving 
the performance of existing permanent 
magnetic motors (PMMs) is a key area of 
research for most vehicle manufacturers.  
However, our research indicates that 
reductions in permanent magnet usage 
arising from these improvements are minimal 
at best. 
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Instead, the largest reductions could occur 
from the use of electrical motors which do 
not rely on permanent magnets.  These 
motors are well known and are already in use 
in many applications; the most common of 
these are induction motors.  Very crudely, 
induction motors use electric current to 
generate a strong magnetic field in place of 
permanent magnets.  In reality, the 
differences are more complex, and there are 
large variations in motor design and 
operation.  Consequently both have technical 
advantages and disadvantages for use in EVs 
and HEVs.  

 
Theoretically, these differences appear to be 
roughly evenly balanced.  However, HEV 
manufacturers' preference is towards 
permanent magnet based motors, and all are 
believed to use this technology.  Discussions 
with experts indicate that PMMs are more 
suitable for hybrid vehicles due to a number 
of considerations.  The primary factor noted 
was the complexity of running an electric 
motor and internal combustion engine in the 
same drive train.  In the current generation of 
hybrid drive trains, both the motor and 
engine are directly connected to the drive (a 
parallel hybrid system).  Integrating these 
two varieties of motor is simpler when using 
a PMM.  In comparison, controlling a non-
PMM is more complex for these applications, 
and requires more advanced electronic 
control systems.  A further performance 
consideration is the regenerative braking 
capabilities, a key requirement of HEVs.  
Again this is less complex using PMMs 
compared to other motor types.  Size was 
also stated to be important.  In general 
PMMs are more compact, and this favours 
their use in HEVs where space is more 
limited. 
 
In contrast with HEV development, current 
‘pure’ EVs do utilise induction motors.  Tesla 
Motors, and other EV manufacturers, have 
opted to use induction type motors in their 
current generation of fully electric vehicles, 
indicating that adoption of this technology in 
EVs is viable given the correct set of 
circumstances.  It was indicated that the use 
of non-PMMs in HEVs is possible, though it is 
a non-optimal solution in the current HEV 
drive train architecture.  The evolution of 
different HEV drive trains and development 
of more suitable motor systems could allow 
their adoption in the future. 

Therefore, current circumstances do not 
preclude the use of induction type motors in 
HEVs in the future.  Indeed, it may be that 
both motor types can be utilised; one 
industry representative pointed out that 
petrol and diesel engines coexist, and there 
are many variations of both.  In addition to 
this, the use of electric motors may allow the 
development of innovative new drive train 
designs, not based on the current 
combustion engine model.  This may favour 
one type of motor over the other.  Overall, as 
HEV and EV drive trains become increasingly 
complex, both technical and economic 
factors are likely to determine which type of 
motor is favoured in the long run. 

 

9.1.4 Research Base 

Within the UK there is very little research into 
these types of permanent magnetic materials or 
into the manufacture of magnets.  Researchers 
implied that there was little interest in funding this 
work as the Research Councils favoured emergent 
fields; analysis of the EPSRC’s grant portfolio

a
 

appears to back this up.  There is little commercial 
motivation to support this work outside academic 
research.  A recent funding programme launched 
by the EPSRC and the Technology Strategy Board 
(the Low Carbon Innovations Strategy) is seeking 
to promote the development of EV technologies, 
but at the time of writing projects receiving 
funding have not been revealed.  Other relevant 
UK based initiatives include the Low Carbon 
Vehicle Technologies & Supply Chain Development 
programme and the Foresight Vehicle Roadmap

b
.  

The nature of these programmes means that they 
have broad strategies, although the development 
of new electric motor technologies is identified 
within these aims. 
 
Elsewhere in the world there is greater research 
and development activity.  A large proportion of 
this work is conducted in secret due to the 
commercial nature of developments

c
.  Discussions 

with researchers indicated that Japan had the 
largest R&D effort; as stated above, the 
government has backed research programmes for 
strategic purposes.  There is also investment from 
industry:  Japanese car manufacturers with 
interests in the hybrid and electric vehicle market 

                                                      

 
a A list of identified research groups can be found in Appendix A 
b Run by the Society of Motor Manufacturers and Traders 
c
 Examples of high profile research bodies can be found in Appendix A 



  

For DFT and DBIS Page 43 

(such as Toyota and Nissan) hold patents in the RE 
magnet area.   
 
China also conducts a large amount of strategic 
research.  The Baotou Rare Earth Research 
Institute founded in 1984, forms the core of this 
activity, developing new technologies based on 
Rare Earths, with permanent magnets being a key 
area.  Several other academic and technical 
institutions are working in this area. 
 
In the recent past the USA had a strong research 
base but this has declined.  Permanent magnet 
research is generally limited to a small part of 
larger research work such as the Ames laboratory, 
researching magnetism, or the FreedomCar project 
targeting EVs.  The Rare Earth Industry and 
Technology Association (REITA) provides a focus 
for research and commercial activities.  However, 
by their admission the sector is declining as 
magnet manufacturing activities have moved 
outside the USA.   
 
In the EU and other countries pockets of expertise 
exist, most notably Germany.  However none were 
found to be on the scale of those in Japan, China 
or the USA.  
 

9.1.5 Conclusions 

 No feasible replacement for the Rare Earth 
magnets used in EV motors has been 
discovered. 

 Minimisation of Rare Earths in existing 
magnets will only result in small reductions in 
material usage compared with the overall 
demand.   

 The reduction or replacement of dysprosium 
usage is a high priority on many research 
agendas as this element will suffer the 
tightest resource constraints.  Both design 
and technological solutions to achieve this 
should be investigated. 

 Electric motors which do not require magnets 
are the most likely way of reducing or 
eliminating Rare Earth in EV magnets.  
However, for technical reasons Rare Earth 
technology is favoured in the current 
generation of hybrid vehicles. 

 Despite some historic expertise, negligible 
research into magnetic materials now occurs 
within the UK.  When compared to the efforts 
of Japan, China and the USA, public and 
private funding of research in this area is 
minimal. 

 Development of UK based expertise into Rare 
Earth or other permanent magnets is not a 
realistic short term goal, due to: 
o lag behind other research centres; 
o lack of manufacturing capabilities or 

industry to provide a drive; 
o limited native Rare Earth resources. 

 Research and development of Rare Earth 
magnets is not limited to the EV sector as 
many technologies rely on magnets and 
would benefit from the development of new 
magnetic materials.  

 At the time of writing HEVs favour PMMs 
whereas pure EVs favour other motor types. 
However, this situation may change in the 
future as electric vehicle drive trains are 
evolving rapidly. 

 

9.2 Battery Technology 

9.2.1 Background 

The current generation of hybrid vehicles most 
commonly use NiMH batteries.  These are cheap, 
safe and have a moderate energy density 
compared to other magnets.  The use of these 
batteries places heavy supply demands on Rare 
Earths, particularly lanthanum.  
 

9.2.2 Technology Outlook 

Improving battery technology is crucial to 
improving the performance of all EVs.  Problems 
such as energy density, recharge time and 
longevity need to be addressed to allow batteries 
to achieve the same energy storage performance 
as petrol and diesel.  The current generation of 
lithium batteries has an energy storage capacity 
per kilogram of 75 to 100 times lower than petrol, 
indicating the scale of this challenge. 
 
NiMH batteries are unlikely to be used in the long 
term as their performance is not good enough and 
it cannot be improved to compete with lithium-
based batteries.  In fact, most EV/hybrid 
manufacturers are now moving towards lithium-
based batteries.   
 
The extensive use of lithium-based batteries for 
many applications means that there is already 
large research base in this area, with a move away 
from the study of NiMH batteries.  Developments 
are progressive and performance gains are likely to 
continue providing a greater technological 
incentive for their use in EVs.  This technology is 
not reliant on Rare Earths; therefore their uptake 
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will not be constrained by supply issues of Rare 
Earths.  However, possible issues around lithium 
resources have been well aired. 
 
Numerous alternative electronic energy storage 
technologies are at the research stage including 
zinc-air batteries, lithium-air batteries, aluminium-
air batteries and super-capacitors.  These are less 
well developed technologies and commercial 
realization is likely to be 10-15 years away.  At this 
stage none of these technologies appears to be 
reliant on Rare Earths, but these are early days and 
this could change as new developments are made. 
Mechanical energy storage methods, such as 
flywheels, have been implemented for HEV 
applications; these are unlikely to find application 
in fully electric vehicles. 
 
A further alternative energy storage option for EVs 
is hydrogen, which can be used to generate 
electricity using a fuel cell technology.  This 
technology is even further away from 
implementation than batteries.  One of the key 
factors influencing this is the development of 
materials which are able to safely store large 
quantities of hydrogen.  At present, there is no 
indication that large amounts of Rare Earths will 
be required but, as before, resource implications 
are unclear due to the early stage nature of this 
technology.   
 

9.2.3 Research Base 

The UK has a reasonably well developed expertise 
in portable energy storage for EVs, ranging from 
new battery technologies to hydrogen storage.  In 
comparison with magnet research these areas 
have been well funded by Research Councils and 
other funding bodies.  However analysis of the 
EPSRC’s grant portfolio indicates that the ratio of 
funding is in favour of hydrogen vehicle 

development.  The broad programmes outlined in 
the magnets section also apply to this technology 
area. 
 
As stated above, the improvement of battery 
technology is a key area for enabling the wide 
adoption of EVs.  Therefore, it is a focus of much 
research around the world.  A large proportion of 
the work is funded by the automotive industry, 
with the greatest effort concentrated in the USA 
and Japan. 
 

9.2.4 Conclusions 

 The demand for Rare Earths in batteries will 
naturally decline as manufacturers shift from 
NiMH batteries towards lithium-based 
technology. (Consequently, this may cause 
supply issues around lithium.) 

 Even with improvements NiMH batteries are 
unlikely to compete with lithium-based 
alternatives in performance terms. 

 Many alternative battery technologies are 
being investigated as improvement of battery 
performance is a key consideration in the 
future development and implementation of 
EVs.  None of these is heavily reliant on Rare 
Earths at the current time.   

 The UK has reasonably strong research in this 
area, though may not have the 
manufacturing base to exploit developments 
in a commercial setting. 

 UK research funding is skewed in favour of 
hydrogen-based technologies, particularly 
storage materials, rather than other areas.  It 
should be noted that hydrogen power shares 
some common themes with other research, 
such as the need for electrically powered 
drive trains. 
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10 End-of-Life Recovery of Rare Earths

Rare Earth elements are used both in high strength 
magnets and in high power density batteries.  For 
convenience, these two potential waste streams 
will be considered separately as they present 
different challenges and opportunities. 
 

10.1 Batteries 

There are well-established methods for the 
recycling of most batteries containing lead, nickel-
cadmium (NiCd), nickel hydride and mercury, but 
for some, such as newer nickel-hydride and lithium 
systems, recycling is still in the early stages and not 
designed for the recovery of their Rare Earth 
contents.   
 
The focus of the recycling of NiMH cells has been 
on the recovery of the nickel, chromium and iron 
fractions.  The Rare Earths and other metals 
contained in the hydride alloy were not separated 
and ended up in the slag, which was used as an 
aggregate substitute.   
 
The negative electrode in NiMH is made of nickel 
hydride alloy that can include lanthanum, cerium, 
neodymium and praseodymium.  Mischmetal with 
naturally occurring Rare Earth combinations is the 
major source for the electrode alloy.  The nickel 
hydride alloy scrap cells typically contains about 
33% Rare Earth metal, 60% transition metals and 
7% others, such as manganese and aluminium.  
Motorola uses only 5-15% Rare Earths in its 
negative electrodes, so it can be assumed that the 
amount of Rare Earth used in NiMH cells will vary 
between manufacturers. 
 
There are no known rechargeable battery recycling 
facilities in the UK, and very few in Europe.  The 
most active organisation in Europe is Umicore, 
which recycles both NiMH and Li-ion cells.  In 
November 2009, Umicore announced it was to 
invest in a new facility in Belgium to recover Rare 
Earths from batteries, but process details are not 
yet available.  Toyota uses the Umicore route to 
recycle their European battery recycling activities. 
 
In Japan Toyota recycle their HEV batteries by 
removing them from the vehicles and returning 
them to Panasonic EV Energy Co Ltd, where they 
are disassembled into their various higher value 
components, namely resins and plastics, metals 
and precious metals.  The precious metals, 

including cobalt, nickel and the Rare Earths, are 
processed by a battery recycling company and the 
recovered metals used as raw material for 
stainless steel.  The level of activity is currently 
low, with only 1,471 HEV batteries being collected 
and recycled by Toyota in 2008. 
 
Batrec AG uses technologies developed by the 
Sumimoto Heavy Industries Co and generates 
about 95% reuse, but there is no evidence of Rare 
Earth metal recovery.   
 
The French company Citroen uses thermo-
metallurgical processing to reprocess waste 
batteries, whilst Recupyl uses hydrometallurgical 
techniques for processing all types of batteries, 
including Li-ion and NiMH.   
 
Societe Nouvelle d'Affinage des Metaux (SNAM) 
carries out mechanical recycling on NiCd, Li-ion 
and NiMH batteries, whilst SAFT-NIFE and 
Valdi/Tredi both specialise in NiCd systems.  There 
is no recovery of Rare Earth metals from batteries 
by any of these organisations. 
 

10.2 Magnets 

Rare Earth magnets are fragile and will fracture 
very easily.  It is estimated that between 20-30% of 
the Rare Earth magnet is scrapped during 
manufacturing because of breakages or waste 
cuttings such as swarf and fines

a
. 

 
Currently there is no program for the recovery of 
re-useable Rare Earth magnets, but there are three 
categories of waste materials derived from Rare 
Earth magnets: 

 material left in furnaces after vacuum 
melting, atomising or rapid quenching 

 rejected finished magnets 

 residues from grinding operations used to 
fabricate magnets. 

 
All these scrap materials are designated as 
hazardous wastes. 
 
Recovery or recycling methods of Rare Earth 
magnet scrap can be classified into three generic 
processes: 

                                                      

 
a
 Recycling Rare Earth elements; Akai, T.; AIST Today (2008), No29 pp8-9   
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 Re-melt the scrap and attempt to recover the 
metals in an unoxidised state.  The re-melting 
process generally suffers from low yields 
from almost all scrap sources, although it is 
considered that recovery from melted 
residues by this method may be economical. 

 Recover the Rare Earth scrap in its oxide 
state.  The recovery of Rare Earths in their 
oxide state is not fully proven, but is 
considered to be the most appropriate 
method of handling the materials.  However 
it assumes their commercial value, in their 
waste form, is near to zero. 

 Recover material in a form suitable for 
recombination into another magnet.  The 
recovery of the magnetic material in a form 
that is suitable for recycling as a new magnet 
requires that the waste is not chemically 
processed and remains as a high quality 
metal alloy. 

 
Transport of magnetic materials is restricted:  their 
fields can interfere with aircraft instruments so 
they are deemed hazardous materials.  (Any 
magnetic field greater than 0.00525 gauss at 
15 feet is prohibited from air transport.) 
 
It can therefore be postulated that recycling of 
Rare Earth magnets will require both regional and 
centralised collection and processing facilities.  To 
ensure the Rare Earth magnets do not constitute a 
hazard, they will need to be demagnetised prior to 
transportation to a central processing facility. 
 

10.3 Recycling Process Technologies 

There is very little activity in recycling except in 
Japan where the uptake of hybrid and electric 
vehicles is high and where the restriction on Rare 
Earth metals could have a major impact not only in 
the field of electric cars but also in the electronics 
industry.  There is also a requirement to restrict 
the environmental impact of waste magnets. 
 
Several ways of recycling Rare Earth magnets have 
been described in the literature, and the methods 
include the use of molten salts, hydrometallurgical 
processes, extraction with silver and magnesium, 
melt spinning and the formation of slags. 
 

10.3.1 Molten Salts 

The Rare Earth metals are chlorinated and 
dissolved in sodium chloride (NaCl) and potassium 
chloride (KCl) melts

a
.  The electro-winning of 

lanthanum, cerium, neodymium, samarium and 
dysprosium from these melts has been studied and 
it was concluded that the low current efficiency of 
neodymium electro-winning was due to the 
solubility of neodymium in the melt.  The same 
may apply to dysprosium. 
 
Binary chloride mixtures of Rare Earths were 
separated by a reduction-vacuum distillation 
process, giving greater selectivity than solvent 
extraction methods

b
.  Magnet sludge was 

chlorinated by iron chloride (FeCl2) to remove 
neodymium and dysprosium as their chlorides.  
Recovered chlorides may be converted to their 
oxides by reaction with water and these oxides can 
be used directly as the raw material in the 
conventional oxide electrolysis process. 
 

10.3.2 Hydrometallurgical Processes 

A hydrometallurgical process has been developed 
for the recovery of cobalt, nickel and Rare Earth 
metals from the electrode materials of spent NiMH 
batteries

c
.  Mischmetal nickel-cobalt intermetallic 

compound was separated from the electrode 
materials mixture by sedimentation (56% nickel, 
13.4% cerium, 10.6% lanthanum and 7.9% cobalt).  
Rare Earths leached quickly in sulphuric acid, nickel 
less so. 
 
Sulphuric acid dissolved the Rare Earths followed 
by precipitation at pH 1.2 using sodium hydroxide 
(NaOH).  At pH 5-7 iron, zinc and manganese were 
precipitated.  Nickel and cobalt can be obtained by 
electro-winning from the remaining solution

d
. 

 
Hydrochloric acid was used to dissolve 98% nickel, 
100% cobalt and 99% Rare Earth metals

e
. 

                                                      

 
a
 T.  Yamamura et al., ‘Mechanism of electrolysis of Rare Earth chlorides 

in molten alkali chloride baths’, Yazawa International Symposium.  Ed.  F. 
Kongoli et al (TMS 2003), 327 – 336. (Tohoku University, Japan and 
University of Science and Technology, China) 
b T. Uda and M. Hirasawa, ‘Rare Earth separation and recycling process 
using Rare Earth chloride’, Yazawa International Symposium.  Ed. 
F. Kongoli et al (TMS 2003), 373- 385. (Tohoku University, Japan) 
c
 T. Kuzuya et al., ‘Hydrometallurgical process for recycle of spent nickel-

metal hydride battery’, Yazawa International Symposium.  Ed. F. Kongoli 
et al (TMS 2003), 365 – 372. (Nagoya University, Japan) 
d D. Bertuol et al., ‘Spent NiMH batteries – the role of selective 
precipitation in the recovery of valuable metals’, J. Power Sources 193 
(2009) 914-923.  (ICET, Brazil) 
e T.W. Ellis, F.A. Schmidt and L.L. Jones, ‘Methods and Opportunities in 
recycling of Rare Earth based materials’ in Metals and Materials Waste 
Reduction, Recovery, and Remediation, edited by K.C. Liddell al. (TMS, 
Warrendale, PA, 1994), 199-208 (Ames Laboratory, US) 
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Rare Earth elements can be precipitated from 
aqueous solutions by the addition of oxalic acid or 
hydrogen fluoride to form the oxide or fluoride.  
As Rare Earth elements are produced by the 
calciothermic reduction of the fluoride, it is 
advantageous to precipitate it in this form.  
However, although high quality material can be 
produced by aqueous processing, removal of other 
dissolved species can cause problems. 
 

10.3.3 Treatment with Liquid Metals 

Neodymium is selectively extracted from magnet 
scrap with liquid magnesium, leaving the iron 
behind.  The magnesium is then distilled away 
from the neodymium

ab
. 

 
Neodymium is selectively leached from magnet 
scraps using molten silver

c
.  The Neodymium is 

selectively removed from the silver by oxidation to 
form neodymium oxide (Nd2O3). 
 

10.3.4 Melt Spinning 

Isotropic NdFeB magnetic powder was recycled 
directly from nickel-coated waste sintered 
magnets by melt spinning.  The resultant magnets 
had good magnetic properties

d
. 

 

10.3.5 Glass Slag Method 

Boric acid is used to extract the Rare Earth 
elements as RE-BO3 from Rare Earth-iron alloys. 
 

10.3.6 Electroslag Remelting 

Relatively large scrap magnetic material can be 
melted either as a consumable anode or by 
addition to a molten bath.  A reactive flux, 
(CaCl2/CaF2/RE-F3) is used to remove carbon, 
nitrogen, oxygen and metallic impurities such as 
lithium, sodium and aluminium.  This method 
cannot be used for swarf or fine materials

e
. 

 

                                                      

 
a
 T.H. Okabe et al., ‘Direct extraction and recovery of neodymium from 

magnet scrap’, Materials Transactions 44 (2003) 798-801 
b O. Takeda, T.H. Okabe and Y. Umetsu, ‘Recovery of neodymium from a 
mixture of magnet scrap and other scrap’, J.  Alloys and Compounds, 
408-412 (2006) 387-390 (University of Tokyo, Japan) 
c
 O. Takeda, T.H. Okabe and Y. Umetsu, ‘Phase equilibrium of the system 

Ag-Fe-Nd and Nd extraction from magnet scraps using molten silver’, J.  
Alloys and Compounds, 379 ( 2004) 305-313 (University of Tokyo, Japan) 
d M. Itoh et al., ‘Recycling of Rare Earth sintered magnets as isotropic 
bonded magnets by melt spinning’, J.  Alloys and Compounds, 374 (2004) 
393-396. (Osaka University, Japan) 
e T.W. Ellis, F.A. Schmidt and L.L. Jones, ‘Methods and Opportunities in 
recycling of Rare Earth based materials’ in Metals and Materials Waste 
Reduction, Recovery, and Remediation, edited by K.C. Liddell al.  (TMS, 
Warrendale, PA, 1994), 199-208 (Ames Laboratory, US) 

10.3.7 Other Processes 

Although not a recycling process, one further 
process worthy of mention is the extraction of 
Rare Earths from titanium dioxide ores developed 
by Leeds University (Professor Jha) as part of a 
Sustainable Technologies Initiative project on 
improving yields of titanium dioxide.  Rare Earths 
occur as an impurity and can be concentrated up 
by the process, which is based around alkali 
roasting and acid leaching. 
 

10.4 Conclusions 

 There is no collection infrastructure in place 
for the NiMH batteries yet.  This is because of 
the long time span of the batteries coming 
into the recycling markets.  There needs to be 
proper separation and segregation of Rare 
Earth-related components for optimum 
recovery.   

 A significant amount of research into the 
recycling of Rare Earth metals has been 
undertaken, most notably in Japan.   

 There are potentially a number of extraction 
processes but none of them developed 
commercially due to drawbacks on yields and 
cost.  The most attractive appears to be 
treatment with liquid metals. 

 The only patents appear to be from the early 
1990s.  Little progress has been made in 15 
years or so.  Therefore there is potential to 
undertake some development not only to 
avoid possible supply shortage but also to 
retain the Rare Earths in the UK. 
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11 Environmental Impacts 

Bastnäsite (RE-CO3F) is the most important mineral 
source of Rare Earth oxide (REO) production, 
representing the majority of Rare Earth resources 
worldwide.  It contains oxides of LREEs such as 
cerium and lanthanum with a concentration of 
5-6% as oxides.  Due to its dominance and the 
availability of environmental impact data in 
Ecoinvent

a
 database, this study takes into account 

the environmental impact of bastnäsite.   
 

11.1 System Boundary  

Different ore bodies require different processes to 
recover the Rare Earth content.  For the 
bastnäsite, the process of mining and beneficiating 
of REO consists of the following steps: 

 mining of the ore 

 mineral concentration by froth floatation 

 extraction of Rare Earth into concentrate 
subgroups (cracking) 

 separation of individual Rare Earth by solvent 
extraction. 

 
The most important Rare Earth deposits in hard 
rock are mined as open-pit operations by drilling, 
blasting, loading and hauling to the mill.  Steam is 
used to condition the ore before flotation for 
bastnäsite recovery.  The flotation concentrate 
contains typically 60% REO.  This is leached by 10% 
hydrochloric acid (HCl) to remove the calcite, 
which raises the REO content to 68-73%. 
 
Various process routes may be used for cracking 
and separating individual Rare Earths from the 
concentrate.  For bastnäsite, roasting at 500°C in 
concentrated sulphuric acid is use to remove 
fluoride and CO2.  Chloride solutions are also used 
in further purification processes.  In other 
processes, nitric acid solutions might also be used. 
 
The end-product mixture from the mineral 
cracking process is further processed to separate 
the individual elements.  A solvent extraction 
process is used for the initial stages of the 
separation and results in materials up to 99.9% 
purity. 
 
System boundaries for the environmental analysis 
of Rare Earth oxides are shown in Figure 34, facing. 

                                                      

 
a
 http://www.ecoinvent.ch/ 

11.2 Data Source 

Data available in the Ecoinvent database for 
bastnäsite included processes:  

 The process includes raw materials, 
processing chemicals and processing energy, 
emissions to water and wastes.   

 Transport and infrastructure are estimated.   

 The multi-output process ‘Rare Earth oxide 
production from bastnäsite’ delivers the co-
products ‘cerium concentrate, 60% cerium 
oxide, at plant’, ‘lanthanum oxide, at plant’, 
‘neodymium oxide, at plant’, ’praseodymium 
oxide, at plant’, ‘samarium europium 
gadolinium concentrate 94% Rare Earth 
oxide, at plant’.   

 For the purposes of distributing the impacts 
to products, the product values are used to 
calculate allocation factors. 

 
Remarks:  

 Inputs and outputs are calculated for REO 
processing with sulphuric acid as used in 
China.   

 Infrastructure is approximated with a 
chemical plant.   

 Some inputs of auxiliary materials are 
calculated according to stoichiometry.   

 Rough estimates were made for energy 
consumption, solvent use and waste 
generation.   

 
Geography:   

 Production in China is considered.   

 The process is applicable for other regions if a 
similar process is used. 

 
Technology:   

 The process includes roasting and cracking of 
the Rare Earth concentrate with 98% 
sulphuric acid at 500°C in a rotary kiln.   

 For following separation of the different Rare 
Earth oxides, solvent extraction is used.   

 The obtained Rare Earth oxide product has a 
purity of up to 99.9%. 
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Figure 34: System boundary for Rare Earth oxide production from 1kg bastnäsite 

 
Source: Ecoinvent database Report No:8 
 

Table 23: Environmental impact of producing 1 kg of each REO 

 
Global warming  

kg CO2 eq 
Abiotic depletion  

kg Sb eq 
Acidification  

kg SO2 eq 
Eutrophication  

kg PO4 eq 

REO Concentrate, 70% 1.41 0.0103 0.0079 0.0008 

Lanthanum Oxide 8.50 0.0793 0.0512 0.0053 

Cerium Oxide 7.59 0.0702 0.0456 0.0047 

Neodymium Oxide 34.35 0.3371 0.2097 0.0218 

Praseodymium Oxide 36.85 0.3621 0.2250 0.0234 

Samarium Oxide 2.32 0.0229 0.0142 0.0015 

Europium Oxide 46.79 0.4615 0.2860 0.0298 

Gadolinium Oxide 0.30 0.0030 0.0018 0.0002 

 
Figure 35: Carbon burden-benefit analysis of utilising Rare Earth in hybrid and electric vehicles against REO 
content in ore body. 
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11.3 Impact of Individual REOs 

CML 2001
a
 life-cycle-assessment methodology was 

used to calculate depletion of abiotic resources, 
climate change, and acidification and 
eutrophication (Table 23).  The SimaPro

b
 software 

package, by PRé Consultants, was used for the 
calculations. 
 
The environmental impact of neodymium, 
praseodymium, and europium is substantially 
higher than that of lanthanum and cerium due to 
their high prices as the revenue allocation method 
is used to assign the marginal impact of each REOs.  
That is to say, the price of a particular Rare Earth is 
related to its relative demand.  Since these Rare 
Earths tend to be mined together, those most in 
demand will share the highest portion of the 
environmental burden.   
 
The environmental benefit over a vehicle’s life of 
using lanthanum and neodymium in a EV or HEV 
can be compared to the additional environmental 
burden of mining these REs over a range of 
possible concentrations in the ore body, as shown 
in Figure 35.  The additional benefit of employing 
Rare Earths in new car technologies (hybrid, plug-
in hybrid, electric) over combustion vehicles (CV) is 
evident and is very much influenced by carbon 
intensity of electric mix

c
.  This benefit is more 

evident in the UK than in the US.  The 
environmental burden was calculated based on 
bastnäsite, which has average ore grade of 6% (red 
data point in Figure 35).  The lower the ore grade, 
the higher the environmental burden.  Although 
the nature of this relationship is not known to us, 
we can assume a ‘power series’ as the worst case, 
based on the fact that mining and concentration 
cost is only one quarter of the finished REO cost

d
.  

Figure 35 suggests that the environmental benefits 
of hybrid and electric vehicles still outweigh the 
impacts of exploitation for ore grades as low as 
0.2%. 
 

11.3.1 Toxicity 

There is not much information on the toxicity of 
Rare Earths in the literature.  The Rare Earth 
metals are not absorbed via the skin, are poorly 
absorbed from the gastrointestinal tract, and are 

                                                      

 
a
 CML 2001 (all impact categories) V2.04, developed by Centre for 

Environmental Studies (CML), University of Leiden, 2001 
b http://www.pre.nl/simapro/ 
c
 Environ. Sci. technol. 2008, 42, 3170-3176. 

d
 Lynas Corporation Investor Presentation, September 2009. 

slowly absorbed from the lungs or on injection.  
Because of similar chemical properties, it is 
plausible that their binding affinities to bio-
molecules, metabolism, and toxicity in the living 
system are also very similar.  
 
Lanthanum is thought to have no known biological 
role.  The element is not absorbed orally, and 
when injected its elimination is very slow.  
 
Neodymium compounds, as with all Rare Earth 
metals, are of low to moderate toxicity; however 
their toxicity has not been thoroughly investigated.  
Neodymium dust and salts are very irritating to the 
eyes and mucous membranes, and moderately 
irritating to skin.  It should be handled with care.  
 
There is little known of the toxicity of samarium; 
therefore, it should be handled carefully.  
 
Soluble dysprosium salts, such as dysprosium 
chloride and dysprosium nitrate, are mildly toxic 
when ingested. The insoluble salts, however, are 
non-toxic.  
 
Similar to other Rare Earths, praseodymium is of 
low to moderate toxicity and believed to have no 
known biological role. 
 

11.4 Conclusions 

 Neodymium, praseodymium and europium 
show the highest environmental damage per 
kg of Rare Earth when the revenue allocation 
method is used. 

 The environmental impacts of individual Rare 
Earths used for hybrid or pure electric vehicle 
applications are very small compared to the 
overall life-cycle burden of a vehicle. 

 The carbon impact of exploiting lower grade 
ore bodies due to demand from hybrid and 
electric vehicles will still be lower than the 
carbon saving available when compared to 
the internal combustion engine. 

 Information on the toxicity of the Rare Earths 
is scarce, but they are thought to be of low to 
moderate toxicity. 
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12 Conclusions 

Here the conclusions from each section of the 
report are presented: 
 

12.1 Reserves 

 World Rare Earth reserves are very large at 
99Mt and it is likely that undiscovered 
resources are large. 

 China heads the list for both reserves and 
reserve base but there are a number of other 
territories, e.g. CIS, United States and 
Australia, with significant reserves. 

 The largest individual reserves are in Inner 
Mongolia, California (Mountain Pass) and 
Greenland (Kvanefjeld). 

 The composition of individual reserves can 
vary substantially, although most have a 
dominance of lanthanum and cerium. 

 Ore grades range from around 10% at Mount 
Weld and Mountain Pass down to as little as 
1% for Kvanefjeld. 

 

12.2 Supply 

 China is the world’s largest producer with 
97% of production of Rare Earth oxides and is 
likely to remain the dominant producer due 
to the time required in developing new mine 
capacity. 

 A tightening of controls for both the 
production and exports of Rare Earths is 
happening in China. 

 There is a need for new mines to open 
outside of China, but tighter export controls 
will encourage the development of non-
Chinese resources. 

 Because of the potentially damaging 
implications, China should be encouraged to 
maintain the consistency of its long-term 
strategy for Rare Earths. 

 High growth is forecasted for production in 
the rest of the world between 2010 and 2014 
with two to four new mines likely to open 
outside China. 

 

12.3 Applications 

 Different Rare Earth elements are used in a 
wide range of different applications. 

 The key applications for hybrid and electric 
vehicles are the magnets required in the 
motors and also in the batteries. 

 Rare Earth magnets contain neodymium and 
dysprosium together with iron and boron, but 
it is possible to substitute and alter the 
composition as required. 

 Rare Earth magnets are used for a wide range 
of applications outside of HEVs and EVs. 

 NiMH batteries use lanthanum, but other 
Rare Earths are often contained in the misch-
metal often used, and could be conserved. 

 Hybrid vehicles are the dominant user of 
NiMH, but Li-ion batteries are expected to 
become the battery of choice. 

 

12.4 Demand 

 World demand was 124kt in 2008. 

 China has the highest demand for Rare Earths 
at close to 60% of the world demand. 

 Demand is expected to grow at 8-11% per 
annum for Rare Earths with fastest growth in 
the magnets and metal alloys required for 
hybrid and electric vehicles. 

 Prices have risen most for the Rare Earths 
that can be used for magnets (dysprosium, 
terbium, neodymium, praseodymium), 
although prices fell off during the recession. 

 All the forecasts expected strong growth in 
hybrid sales, but there is wide variation in 
forecasts for electric and plug-in hybrid 
vehicles. 

 Hybrid vehicles are estimated to use 10-15kg 
of lanthanum and around 1kg of neodymium. 

 Wind turbines are likely to be a competing 
demand on neodymium due to the trend 
towards gearless generators.  

 Neodymium will be a limiting factor for the 
penetration of magnet-based gearless 
technology into the existing wind energy 
generation, unless there is very strong 
growth in the long run supply of Rare Earths. 

 HTS-based magnets might provide 
opportunities for high power, small weight 
generators once their cost is favourable. 
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12.5 Demand-Supply Balance 

 In the short term there will be supply 
constraints while new mines come into 
operation, but in the long term reserves will 
meet forecasted demand. 

 China is expected to make up a larger share 
of world demand. 

 Supply from the rest of the world will become 
a larger share of world demand. 

 A surplus is expected for lanthanum, which is 
used for NiMH batteries. 

 Shortfalls are expected for other elements, 
notably neodymium, dysprosium and terbium 
that are required for Rare Earth magnets. 

 

12.6 Alternative Technologies 

Magnets  

 No feasible replacement for the Rare Earth 
magnets used in EV motors has been 
discovered. 

 Minimisation of Rare Earths in existing 
magnets will only result in small reductions in 
material usage compared with the overall 
demand.   

 The reduction or replacement of dysprosium 
usage is a high priority on many research 
agendas as this element will suffer the 
tightest resource constraints.  Both design 
and technological solutions to achieve this 
should be investigated. 

 Electric motors which do not require magnets 
are the most likely way of reducing or 
eliminating Rare Earth in EV magnets.  
However, for technical reasons Rare Earth 
technology is favoured in the current 
generation of hybrid vehicles. 

 Despite some historic expertise, negligible 
research into magnetic materials now occurs 
within the UK.  When compared to the efforts 
of Japan, China and the USA, public and 
private funding of research in this area is 
minimal. 

 Development of UK based expertise into Rare 
Earth or other permanent magnets is not a 
realistic short term goal, due to: 
o lag behind other research centres; 
o lack of manufacturing capabilities or 

industry to provide a drive; 
o limited native Rare Earth resources. 

 Research and development of Rare Earth 
magnets is not limited to the EV sector as 
many technologies rely on magnets and 

would benefit from the development of new 
magnetic materials.  

 At the time of writing HEVs favour PMMs 
whereas pure EVs favour other motor types. 
However, this situation may change in the 
future as electric vehicle drive trains are 
evolving rapidly. 

Batteries 

 The demand for Rare Earths in batteries will 
naturally decline as manufacturers shift from 
NiMH batteries towards lithium-based 
technology. (Consequently, this may cause 
supply issues around lithium.) 

 Even with improvements NiMH batteries are 
unlikely to compete with lithium-based 
alternatives in performance terms. 

 Many alternative battery technologies are 
being investigated as improvement of battery 
performance is a key consideration in the 
future development and implementation of 
EVs.  None of these is heavily reliant on Rare 
Earths at the current time.   

 The UK has reasonably strong research in this 
area, though may not have the 
manufacturing base to exploit developments 
in a commercial setting. 

 UK research funding is skewed in favour of 
hydrogen-based technologies, particularly 
storage materials, rather than other areas.  It 
should be noted that hydrogen power shares 
some common themes with other research, 
such as the need for electrically powered 
drive trains. 

 

12.7 End-of-Life Recovery for Rare 
Earths 

 There is no collection infrastructure in place 
for the NiMH batteries yet.  This is because of 
the long time span of the batteries coming 
into the recycling markets.  There needs to be 
proper separation and segregation of Rare 
Earth-related components for optimum 
recovery. 

 A significant amount of research into the 
recycling of Rare Earth metals has been 
undertaken, most notably in Japan. 

 There are potentially a number of extraction 
processes but none of them developed 
commercially due to drawbacks on yields and 
cost.  The most attractive appears to be 
treatment with liquid metals. 

 The only patents appear to be from the early 
1990s.  Little progress has been made in 15 
years or so.  Therefore there is potential to 
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undertake some development not only to 
avoid possible supply shortage but also to 
retain the Rare Earths in the UK. 

 

12.8 Environmental Impact 

 Neodymium, praseodymium and europium 
show the highest environmental damage per 
kg of Rare Earth when the revenue allocation 
method is used. 

 The environmental impacts of individual Rare 
Earths used for hybrid or pure electric vehicle 

applications are very small compared to the 
overall life-cycle burden of a vehicle. 

 The carbon impact of exploiting lower grade 
ore bodies due to demand from hybrid and 
electric vehicles will still be lower than the 
carbon saving available when compared to 
the internal combustion engine. 

 Information on the toxicity of the Rare Earths 
is scarce, but they are thought to be of low to 
moderate toxicity. 
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13 Recommendations 

 The UK government should support 
application-focused development of Rare 
Earth magnets where opportunities exist to 
add value and knowledge through innovative 
design. 

 

 Policies for the prevention of the dispersion 
of Rare Earths should be pursued.  This 
includes innovations in whole life 
management and development of recycling 
infrastructure.  Future amendments to the 
End of Life Vehicle Directive should 
encourage collection and recycling of Rare 
Earth containing parts and components. 

 

 The UK does not possess sufficient academic 
or industrial capacity for fundamental 
magnet development.  Therefore, 
collaboration with the EU, USA and/or Japan 
will be required for credible research 
initiatives.  

 

 Possibilities of Rare Earth production as a by-
product from other ores exist and are worthy 
of further investigation, although economic 
viability without further innovation appears 
doubtful. 

 

 Consideration of material security should be 
included in any investment appraisal of 
gearless magnet generator technology for 
wind turbines. 

 

 If only because it improves the certainty of 
the investment planning landscape, China 
should be encouraged to maintain the 
consistency of its long-term strategy for Rare 
Earths. 

 

 Transparency of the supply chain should be 
encouraged to give manufacturers knowledge 
of the environmental impacts of the supply 
chain and to provide a choice. 

 

 Exploitation of business opportunities in 
recycling should be encouraged. 

 

 Alternatives to PMMs, such as induction 
motors, should be explored.  This work 
should take place with consideration of the 
complete HEV and EV drive train, to allow 
optimisation of the benefits of electric-based 
vehicles. 
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14 Final Remarks

The general view of expert commentators is that 
the cessation of licences for REO exports in 2014, 
as has been recently proposed, is consistent with 
China’s reduction in REO export quotas and its 
ambition for its own Rare Earth value-adding 
industries.  We should therefore regard it as highly 
likely to occur, and business should plan 
accordingly.  A cessation of Chinese exports would 
have a number of long-term beneficial effects: 

 It would improve the economic viability of 
non-Chinese projects that would have 
previously been undercut by Chinese supply, 
thus increasing global security of supply. 

 Such a long-term signal is helpful to non-
Chinese mining projects in raising finance and 
in long term planning. 

 These new mines would be expected to 
operate to much higher environmental 
standards than is currently the case with 
most Chinese mines.  Chinese mines in the 
south of China are generally regarded as 
having an extremely poor environmental 
profile.  The major source in the north 
(Baotou) has also been criticised in this 
respect.  Thus the export ban would enable 
not only a newer but also greener supply 
chain to be established. 

 Non-Chinese businesses would still be able to 
purchase value- added items (magnets, 
motors etc) from Chinese sources, or 
establish more expensive non-Chinese supply 
chains albeit with a better and more 
transparent environmental profile.  This 
principle already applies in many other UK 
industrial sectors. 

 
The main negative effect is some short-term 
supply tightness, particularly if the first two major 
non-Chinese Rare Earth projects are delayed.  
However such tightness will also be an incentive 
for the acceleration of these and other projects. 
 
The main risk is, perversely, that China does not 
follow through on the export ban, but is tempted 
by higher prices to continue export of REOs, which 
may adversely affect the economic viability of the 
new non-Chinese mines.  There is also the ‘grey’ 
market to consider – the considerable volume of 
REOs that circumvent the export quotas and are 
exported illegally from China. The degree to which 
these exports are targeted by enforcement 
authorities will also affect the viability of non-
Chinese mines. 
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Appendix A 

Identified UK-based Research Centres 

Magnets –  

 Wolfson Centre for Magnetics – Cardiff University 

 York Institute of Magnetic Materials – The University of York 

 Centre for Advance Magnetics – The University of Sheffield 

 Magnetic Materials Group – The University of Birmingham 

 
Batteries/Energy Storage-  

 EPSRC programmes – Sustainable Generation and Supply (SUPERGEN), UK Sustainable Hydrogen Energy 
Consortium (UK-SHEC) 

 Sir Joseph Swan Institute – Newcastle University 

 Professor Peter Hall – School of Engineering -  University of Strathclyde,  

 Professor Saiful Islam -  Department of Chemistry - University of Bath  

 Professor Peter Bruce -  School of Chemistry – University of St Andrews 

 Dr Peter Slater – Surrey Materials Institute – University of Surrey  

 Professor Martin Schroder – School of Chemistry – The University of Nottingham 

 UK Magnetics Society  

 Institute of Physics – Magnetism Group 

 
Extraction/Purification 

 Professor Animesh Jha, Department of Materials, Leeds University 
 
 

Overseas Research Centres 

This list represents a selection of research institutes and organisations which have capabilities or knowledge in 
rare earth magnets. 
 

Japan –  
Magnetic Materials Centre – National Institute for Materials Science (Toyota Materials Center of Excellence for 
Sustainable Mobility) 
Institute for Solid State Physics, The University of Tokyo  
The Tohoku University Institute of Materials Science, Chiba Institute of Technology 
Toyota Central R&D Labs, Nagakute (Corporate) 
The Japanese Rare Earth Society 
 

China -  
Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences 
College of Material Science and Engineering, Beijing University of Technology 
State Key Laboratory of Rare Earth Chemistry and Physics – Chinese Academy of Sciences 
The Chinese Society of Rare Earths (CSRE) 
 

USA –  
Oak Ridge National Laboratory 
Ames Laboratory – US Department of Energy 
Department of Physics & Astronomy - University of Delaware 
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Addendum: Market Forecasts for Lanthanum 

In the main body of this report, a potential 
neodymium shortage due to the uptake of hybrid 
and electric vehicles and gearless wind turbines 
was analysed.  This addendum repeats this analysis 
for lanthanum in the light of recent hybrid and 
battery projections released by the French 
consultancy Avicenne. 
 
It has been estimated that the Toyota Prius 
requires 10-15kg of the rare earth, lanthanum, in 
its Nickel Metal Hydride (NiMH) battery

a,b
.  The 

alternative battery for hybrids, the lithium-ion (Li-
ion) battery, is expected to gain market share over 
time, although there is disagreement as to the 
speed with which this will happen.  Compared to 
Deutsche Bank, Avicenne forecast that a higher 
proportion of hybrids will use NiMH batteries, and 
the switch to Li-ion batteries will be slower (Figure 
36). 
 
Figure 36: NiMH share of hybrid battery market 
(%)  

 
Sources: Avicenne (AV), Deutsche Bank (DB) 

 
Another key aspect in making a demand forecast 
for lanthanum is the rate of uptake of hybrid 
vehicles.  Avicenne forecast that worldwide hybrid 
sales will hit 3.6 million in 2020.  However 
Deutsche Bank are forecasting sales of 23 million 
hybrids in 2020 for the United States and Europe 
alone, although two thirds of these are ‘micro’ or 
‘mild’ hybrids which have much smaller batteries

c
.  

Another forecast by McKinsey & Company predicts 

                                                      

 
a Jack Lifton, Reuters 31st August 2009 
b 

This may be a high estimate of lanthanum content, because many 
NiMH batteries use Mischmetal (containing typically 27% lanthanum, 
52% cerium, 16% neodymium, and 6% praseodymium), rather than the 
pure lanthanum 
c Here it is assumed that the average ‘micro’ and ‘mild’ hybrids use a 
tenth and a third of the lanthanum quantity respectively. 

that hybrid and electric vehicles will achieve 
worldwide sales on 12m in 2020

d
. 

 
These forecasts can then be assessed by their 
lanthanum oxide requirements, plotted against a 
long term supply forecast (S)

e
 (Figure 37).  This 

shows that there may a supply shortage for 
lanthanum, depending on which forecast is 
believed.  The Deutsche Bank forecast puts 
demand for lanthanum oxide from NiMH batteries 
close to total world supply in 2016 and 2017 
which, given the other uses for lanthanum (e.g. 
petroleum refining, glass), means that a shortfall is 
likely.  However the detailed and more recent 
Avicenne forecast, with its slow uptake of hybrids, 
suggests that there are no lanthanum supply 
issues. 
 
Figure 37: Lanthanum oxide requirements of 
hybrids plotted with forecasted supply (kt) 

 
Sources: Avicenne (AV), Deutsche Bank (DB), Oakdene Hollins (S) 

 
The following conclusions can thus be drawn: 

 There is considerable uncertainty both in the 
uptake of hybrid and electric vehicles, and as 
to which batteries will be used. 

 There is a potential shortage in lanthanum if 
growth in hybrids is strong and NiMH remains 
the battery of choice. 

 The severity of lanthanum supply constraints 
depends upon which forecast is believed.   

 
 

                                                      

 
d
 McKinsey & Company put forward three uptake scenarios: ‘optimizing 

ICEs’, ‘mixed technology’ and ‘hybrid and electric’.  Here the middle 
‘mixed technology’ scenario is reported. 
e The long term supply forecast uses ‘scenario 2’ from the previous 
report, where China curbs its growth in supply.  Lanthanum oxide 
content is 26% of total rare earth oxide output. 
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