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1. Executive Summary

1.1 Summary of key bndings

This report evaluates a set of projections for the future supply of various rare-earth materials, which have previously
been identified as being of critical importance to the future clean-energy economy. The projections, going out to
2017, use a bottom-up approach, building on data gathered from multiple sources to construct plausible projections
that have a sound basis. They are summarized in Figure 1.1.

Annual increase in Chinese rate of rare-earth production

0% 3%
pessimistic A B
optimistic C D

Roll out of new ROW rare-earth production
(based on schedules published by project owners) —>

Figure 1.1: Global rare-earth supply projections (A-D), generated from assumptions concerning Chinese
and ROW sources of supply (source: TMR).

Detailed estimates for the 2010 production of individual rare earths in China and elsewhere were determined. These
were combined with published production rates and start dates for new projects outside of China, to form the basis
of the projections. The initial results for total rare-earth oxide (TREQO) production are tabulated in Table 1.1.

Table 1.1: Projected global rare-earth production (t TREQO)

Projection A Projection B Projection C Projection D Average
2010e 123,310 123,310 123,310 123,310 123,310
2011p 123,310 126,877 123,310 126,877 125,093 + 2%
2012p 123,310 130,551 130,560 137,801 130,555 + 6%
2013p 143,725 154,750 172,166 183,192 163,458 + 12%
2014p 163,764 178,687 184,124 199,047 181,405 + 10%
2015p 178,917 197,855 255,473 274,411 226,664 + 21%
2016p 218,341 241,414 319,603 342,676 280,508 + 22%
2017p 293,403 320,735 333,753 361,085 327,244 + 10%

Source: TMR estimates / projections

A detailed set of projections for oxides of each of the critical rare earths neodymium (Nd) , europium (Eu) , terbium
(Tb), dysprosium (Dy) and yttrium (Y) was produced. In addition, for comparative purposes, projections were also
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created for oxides of non-critical rare earths lanthanum (La) and cerium (Ce) . These supply projections, based on
the scenarios summarized in Figure 1.1, were compared to upper and lower demand projections produced by the US
Department of Energy, and published in December 2010 (Bauer et al., 2010). In addition, a detailed breakdown of the
projected sources of individual rare-earth oxides (REOs) was produced for each scenario.

Table 1.2: Range of projected surpluses / debcits for select REOs

2010e 2011p 2012p 2013p 2014p 2015p 2016p
Lalo” O O o) ! I I R
CeO! 0 o) O ! I Lrr o
NdiO " " ® O | L
STIC o e Y ' O I I
Tb#os " " " " " O L
Dy! O" v " B " "o " @) ]
Y!'O" e e e e " " ! I
CREO " " " ' ' ! e
Supply as % demand: " " =50-74%: " =75-94%: O =95-105%: | =106-125%: ! | =126-150%: ! | | "151%
CREO = oxides of Nd, Eu, Tb, Dy & Y Source: TMR estimates / projections

The results from each of the projects were collated and additional averaged projections were produced, for each of
the rare earths reviewed. The projected supply surpluses and deficits for each REO was evaluated, and the results
are summarized in Table 1.2.

A more detailed review of the underlying data indicated the points at which, based on the average of the four supply
projections, each of the reviewed REOs is likely to go into permanent surplus with respect to supply. The results are
summarized in Table 1.3.

Table 1.3: permanent surplus transition points, based on averaged supply & demand projections

Nd! 0"

2012-2013 2012-2013 2014 2015-2016 2015-2016 2017 2016

Source: TMR estimates / projections

In addition to projecting the quantity of REOs that would be produced under each of the scenarios selected, and
comparing it to projected demand, the present work also looked at where the new sources of supply are located,
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and how China’s dominance in the supply chain might change over time. Figure 1.2 shows the proportion of supply
projected to come from China, based on the averages of the four supply projections.

2010e 2011p 2012p 2013p

LalO"
CeO!
Nd! 0"
Eul 0"
Th#0$
Dy! 0"
Yo"
CREO

TREO

2014p 2015p 2016p 2017p

Lal 0"
CeO!
Nd! 0"
EulO"
Tb#0$
Dy! 0"
Yo"
CREO

TREO

Figure 1.2: Projected Chinese rare-earth supply as a fraction of global total, averaged from the four
supply projections A-D. CREO = oxides of Nd, Eu, Th, Dy & Y; TREO = oxides of La-Lu + Y
(source: TMR estimates & projections).

Based on the aforementioned results, the critical rare earths reviewed in the present work were ranked in order of risk
to supply, with the element at greatest risk listed first, as follows:

1. Dysprosium
2. Yttrium

3. Terbium

4. Europium
5. Neodymium
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In addition to the supply projections, the present work also looked at which of the potential new sources of supply
outside of China, are of particular interest for critical REOs (CREOS) . Projects on the TMR Advanced Rare-Earth
Projects Index were compared and ranked in terms of relative in-situ quantities and relative distributions of each of
the CREOs.

It was determined that the grade and distribution of Nd,O3 had the greatest influence on the overall rankings of
relative in-situ grade of CREQOs collectively within specific mineral resources, while Y,O3; had the most significant
influence on relative in-situ distribution of CREOs.

In terms of the most “top 5 rankings” for relative in-situ quantity of individual CREOs, in descending order, Mount
Weld, Steenkampskraal, Bokan & Strange Lake  (tied) and Norra Karr rank the most frequently. For relative in-
situ physical distribution of individual CREOs, Bokan, Norra Karr, Strange Lake, Kutessay Il & Zeus (all tied)
ranked most frequently.

1.2 Contents of the report

Chapter 2 of the present work gives an introduction to rare earths and their uses, as well as an overview of recent
work to characterize critical and strategic materials. Chapter 3 reviews the Chinese sources of rare-earth supply,
including estimates of Chinese production in 2010.

Chapter 4 review non-Chinese sources of rare-earth supply, both presently producing as well as slated to come on-
stream in the future. It includes estimates of non-Chinese rare-earth production in 2010, as well as reviewing the
most advanced projects currently under development and providing the “top 5 rankings” for each CREO.

Chapter 5 focuses on the creation of the supply projections based on the scenarios outlined in Figure 1.1, comparing
them to the US DOE demand projections. This Chapter includes comprehensive charts for each of the CREOs (plus
the two non-CREOs mentioned above), and for each of the projections. It also includes charts and data concerning
surplus and deficit projections.

Chapter 6 reviews the supply projections on the basis of geographic region, and Chapter 7 concludes the present
work with a review of the criticality of each of the CREOs.

1.3 References

Bauer D., Diamond D., Li J., Sandalow D., Telleen P. and Wanner B., 2010, Critical Materials Strategy, Department of
Energy, http://www.energy.gov/news/documents/criticalmaterialsstrategy.pdf (last accessed July 7, 2011).
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2: Introduction

2.1 What are the rare-earth metals?

The so-called rare-earth metals or elements (REEs) are a unique group of chemical elements that exhibit a range
of special electronic, magnetics, optical and catalytic properties. These elements are enablers; their use in
components manufactured from a wide range of alloys and compounds, can have a profound effect on the
performance of complex engineered systems.

The International Union of Pure and Applied Chemistry defines the rare-earth metals as the 15 lanthanoid elements
(with atomic numbers of 57 through to 71) in addition to scandium (Sc) and yttrium (Y) (Connelly et al., 2005). The
positions of these elements in the periodic table are shown in Figure 2.1.

1 18
1 2
He
1.008 2 13 14 15 16 17 4.003
4 5 6 7 8 9 10
Li | Be B|IC|N|O F | Ne
6.941 9.012 10.811 12.011 14.007 15.999 18.998 20.180
1 12 13 14 15 16 17 18
Na | Mg Al | Si| P | S |CIl|Ar
22.990 24.305 3 4 5 6 7 8 9 10 11 12 26.981 28.086 30.974 32.065 35.453 39.948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

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

39.098 40.078 44.956 47.867 50.942 51.996 54.938 55.845 58.933 58.693 63.546 65.409 69.723 72.641 74.922 78.963 79.904 83.798
37 38 39 40 a4 42 43 44 45 46 47 48 49 50 51 52 53 54

Rb|Sr| Y |[Zr |Nb|({Mo[(Tc |RUu|{Rh |Pd|[Ag|[Cd|In |Sn|Sb|(Te | I | Xe

85.468 87.621 88.906 91.224 92.906 95.942 [98] 101.072 | 102.906 | 106.421 | 107.868 | 112.412 | 114.818 | 118.711 | 121.760 | 127.603 | 126.904 | 131.293

55 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs | Ba Hf | Ta| W |Re|Os| Ir [Pt [Au|Hg| Tl |Pb | Bi | Po| At | Rn
182.905 | 137.327 178.492 | 180.948 | 183.841 | 186.207 | 190.233 | 192.217 | 195.084 | 196.966 | 200.592 | 204.383 | 207.21 208.980 [209] [210] [222]
87 88 89-103 104 105 106 107 108 109 110 111
Fr | Ra Rf |Db | Sg |Bh | Hs | Mt [ Ds | Rg
[223] [226) [261] [262] [266) [264] [277] [268] [271] [272]
57 58 59 60 61 62 63 64 65 66 67 68 69 70 al

Lanthanoids | La [ Ce | Pr [ Nd [Pm|Sm | Eu |Gd [ Tb | Dy |Ho | Er |Tm | Yb | Lu

138.905 | 140.116 | 140.908 | 144.242 [145] 150.362 | 151.964 | 157.253 | 158.925 | 162.500 | 164.930 | 167.259 | 168.934 | 173.043 | 174.967

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actinoids | Ac | Th |Pa| U [Np| Pu|[Am|Cm|Bk | Cf [ Es |Fm|Md|No | Lr
[227] | 232.038 | 231.036 | 238.029 | [237] [244] [243] [247] [247] [251] [252] [257] [258] [259] [262]

Figure 2.1: The periodic table of the chemical elements, with the rare-earth metals highlighted in green
(source: TMR, after Connelly et al., 2005).

In practice, while Y frequently occurs with the lanthanoids, Sc is seldom found with these elements. In addition,
promethium (Pm) is a radioactive element and is not usually found in Nature. From the industrial viewpoint then, the
REEs usually refer to the remaining 15 elements in the group, albeit imprecisely.
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2.2 Terms and debnitions

REEs are further grouped into the so-called light REEs (LREEs) and heavy REEs (HREEs). The distinction
between LREEs and HREEs is, strictly speaking, based on the specific configurations of electrons within each REE
atom. The REE industry as a whole, however, tends not to use the strict definitions that chemists and geologists
would use, designating the first five lanthanoids as LREEs, resulting in the categorization shown in Figure 2.2. Note
that Y is typically considered to be a HREE in industry reporting.

57 58 59 60 62 63 64 65 66 67 68 69 70 71 39

La|[Ce|Pr |Nd||[Sm|Eu|[Gd|Tb |Dy |Ho | Er |Tm|YDb | Lu Y

138.91]140.12] 140.91[144.24| |150.36] 151.96] 157.25| 158.93| 162.5 | 164.93| 167.26]| 168.93| 173.04| 174.97| |88.906

| Light rare earths | Heavy rare earths |
La - Lanthanum Eu - Europium Er - Erbium
Ce - Cerium Gd - Gadolinium Tm - Thulium
Pr - Praseodymium Tb - Terbium Yb - Ytterbium
Nd - Neodymium Dy - Dysprosium Lu - Lutetium
Sm - Samarium Ho - Holmium Y - Yttrium

Figure 2.2: Sub-groups of the rare-earth metals, per industry (not scientibc) norms
(sources: TMR, industry sources).

REEs are frequently separated and sold in their oxide form and thus it is customary to render mineral-deposit data in
terms of rare-earth oxide (REO) equivalents. The corresponding light-rare-earth oxide (LREO) and heavy-rare-
earth oxide (HREO) terms are used as appropriate, particularly when assessing the supply and demand
characteristics of the overall rare-earths market. Exploration-stage projects may report REE concentrations as
elemental parts-per-million (ppm) values, which will be slightly lower than their oxide equivalents. Total rare-earth
elements or oxides (TREEs or TREOs) refers to the sum total of rare earths present in a deposit.

2.3 HREEs vs. LREEs

HREEs are generally (though not always) much scarcer than LREEs. The majority of REE-bearing mineral deposits are
dominated, in tonnage terms, by the presence of LREEs. So-called HREE mineral deposits are thus generally
designated as such on the basis of the potential value of that deposit by virtue of the presence of HREEs, not their
overall tonnage. HREEs frequently occur in minerals that are significantly more challenging to process than the more
common LREE-rich minerals, which have a well-established history of such processing. HREEs tend to be more
valuable on a unit mass basis due to their scarcity, but also occur in lower material grades within the mineral
resource.

2.4 End uses of rare earths

A full-blown description of the myriad applications for REEs is beyond the scope of the present work, but suffice it to
say that are used in a variety of chemical forms, and in a wide variety of applications, some more complex than
others. These applications can divided into two broad categories:
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e Uses that enable the processing of engineered or other materials, and
¢ Uses within components, which are themselves used as “building blocks” within engineered products.

2.5 Rare earths as process enablers

The first broad group of applications of rare earths are the process enablers - end uses that are used in the lifecycle
of other materials and components, where the REEs do not stay with the processed material. In general, the
properties of simple REE compounds are utilized, such as REOs.

There are many specific process-enabling applications of REEs; significant examples include:

¢ Fluid cracking catalysts (FCCs) : these are materials used in the petroleum-refining industry, to convert heavy
crude oil into gasoline and other valuable products. La and Ce are added to the catalytic compounds, to take
advantage of their ability to interact with the hydrogen (H) atoms found in the long-chain hydrocarbon molecules
in the starting raw material. This interaction aids in the transformation of the crude oil into useful petroleum
products.

e Automotive catalytic convertors: modern vehicles use catalytic convertors to reduce the emission of
pollutants that result from the internal combustion process. CeO: is the primary rare-earth compound used in this
process (with some LaxOs and Nd20s), usually in conjunction with platinum-group metals.

e Polishing media : significant amounts of CeO- (with some La>Os and Nd2O3) are utilized in the polishing of glass,
mirrors, TV screens, computer displays and the wafers used to produce silicon chips. When used in a fine-
powder form, the REOs react with the surface of the glass to form a softer layer (the so-called ‘mechano-
chemical’ effect), thus making it easier to polish the surface to a high-quality finish.

2.6 Rare earths as technology building blocks

The second group of end uses for rare earths, consists of incorporating various REEs into sometimes-complex alloys
and compounds, which are then used in engineered components. These components might then be utilized in sub-
assemblies, which in turn might be used to produce a complex engineered product or device. In some cases,
relatively small amounts of REEs are used in the overall product, but their presence is critical for the functionality of
the ultimate end application.

There are many specific “building-block” applications of REEs; significant examples include:

e Permanent magnets : the use of REEs in certain magnetic alloys, has made it possible to produce permanent-
magnet materials that generate very strong magnetic fields. At the same time, these magnets are able to strongly
resist being demagnetized when exposed to other magnetic fields, or to increases in temperature. The REEs
present in these alloys, such as Nd, Pr, Sm, Dy and on occasion Tb, effectively help to ‘channel’ the inherent
ferromagnetism of transition metals such as iron (Fe) and cobalt (Co) .

These characteristics have revolutionized magnetics design in recent years, most notably in the production of
high-performance electric motors, which convert electricity into mechanical motion, and electric generators,
which, operating in reverse, convert mechanical motion into electricity. Permanent-magnet motors (PMMSs)

and generators (PMGs) are used in, for example, Prius-class hybrid electric vehicles (HEVSs), to power the
vehicle as well as to re-capture energy associated with braking, respectively. Each Prius HEV requires an
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estimated 1 kg of Nd + Pr, and perhaps 100-200 g of Dy in the various magnets required for operation. PMGs
can be used in megawatt-scale, next-generation wind turbines, as a means of eliminating massive mechanical
gearboxes and other components which are subject to reliability issues. The magnets in these large turbines
contain an estimated 150-200 kg of Nd + Pr and perhaps 20-35 kg of Dy, per MW of generating capacity.

In addition to being able to produce such electrical machines with higher efficiencies and greater performance,
rare-earth permanent-magnet (REPM)  materials have made it possible to miniaturize motors, loudspeakers,
hard-disk drives, cordless power tools and other applications that use permanent magnets to operate, while
maintaining the same or better output characteristics as other technologies.

The two most important families of REPM materials are those based on compounds of Sm, Co and other
elements, and those based on compounds of Nd, Fe and boron (B), along with other REEs such as Pr, Dy and
Tb. The latter family is the more widely used. The HREEs Dy and Tb are used in Nd-based REPM materials, to
increase the ability of the material to resist being demagnetized as a result of elevated temperatures or stray
magnetic fields - a characteristic known as coercivity. Increased additions of Dy or Tb to Nd-based materials give
them increased coercivity (though Tb is generally not used today for this purpose). A wide range of grades or
blends of material, tailored to meet particular specifications, are used today.

e Energy storage : compounds of La and nickel (Ni) are used to produce battery cells for energy storage. The
presence of La enables the absorption of H in the cell, and the ease of reversal of this electrochemical process
leads to La-Ni-H compounds being particularly suitable for rechargeable-battery applications.

Although recent developments in battery cells that utilize lithium (Li) ion technology, are gaining ground in certain
applications, batteries based on La-Ni-H are still a very cost-effective and reliable method of storing electricity, for
applications including Prius-class HEV battery packs (which use an estimated 2.3 kg of La per vehicle for this
application) and others.

e Phosphors : phosphor materials emit light after being exposed to electrons or ultraviolet (UV) radiation. Liquid
crystal displays (LCDs) and plasma screen displays, light-emitting diodes (LEDs) and compact
Buorescent lamps (CFLs) all utilize such materials. Compounds containing Eu, Y and Tb are frequently used to
produce phosphors, and are fined-tuned for particular color outputs. Since much more of the electrical energy is
converted into light than with conventional light sources, phosphor materials are significantly more energy-
efficient that older technologies, requiring a lot less electricity to produce the same outputs.

e Glass additives : CeO2 and La2O3 are used as additives in the glass industry for a variety of purposes. They are
used to remove undesirable coloration in commercial glass by reducing the effects of the presence of Fe within
the material. They are also used to reduce UV light penetration, thus protecting the interiors of vehicles and other
materials from degradation over time. They can also be used to increase the refractive index of glass lenses.

2.7 The problem with over-simplibcation

In recent years there has been an over-emphasis placed on the characterization of rare-earth mineral deposits as
being either LREE-rich or HREE-rich resources. Such designations are somewhat simplistic when delving into the
potential value and utility of specific projects. It is the distribution or varying proportions of the individual fifteen REEs
in any given deposit (and other noteworthy metals that might be present), which determines the overall potential value
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of individual REE projects. This is due to the different market prices for each separated element or oxide, not to
mention the associated costs of production that will depend on mineralogy, required extractive metallurgy &
processing, local infrastructure, logistics and more. Fixating on terms such as LREE and HREE has led to them
becoming misleading proxies for general characteristics associated with resources, which may not, in fact, exist.

A similar issue occurs in wider discussions of the rare-earth sector in general, where the rare earths as a group are
discussed in over-simplified, monolithic terms, ignoring the nuances and supply and demand characteristics of each
individual metal. This is perhaps understandable given the fact that the REEs invariably occur together, and have to
be separated from each other before they can be used. Nevertheless, when investigating the sector it is important to
quickly move past these general terms and to focus in on individual REEs and their supply and demand dynamics.

2.8 So what makes a rare earth critical?

Within the wider technology-metals sector, there have been a number of attempts to assess the criticality of certain
elements and compounds, from end use, industrial and strategic perspectives. Recent examples include studies by
the US National Academy of Sciences (NAS) (Eggert et al., 2008), The European Commission (Catinat et al.,
2010), the US Department of Energy (DOE) (Bauer et al., 2010) and a joint study by the American Physical Society
and Materials Research Society (Jaffe et al., 2011). In each of these studies, rare earths (either as a group or as
individual elements) were evaluated for criticality and generally deemed to be critical for a variety of applications.

The DOE study on critical materials was particularly detailed in its approach to answering the question: which
elements are critical to clean-tech applications? Using a format adapted from the earlier NAS study, the DOE
assessed the potential criticality of specific elements, across short- and medium-time scenarios, using two criteria:

e The importance of a particular element to clean energy;
e Supply risk

The study evaluated a number of rare-earth metals for their criticality, specifically La, Ce, Pr, Nd, Sm, Eu, Tb, Dy & V.
The DOE constructed a number of demand trajectories for each element, based on high and low market penetration
of clean-tech devices and systems, and high and low materials intensity (i.e. usage per unit component / device /
system). This resulted in four different combinations of outcome. More detail can be found on these trajectories in
Chapter 5 of the present work.

Along with a number of other elements under evaluation, these REEs were placed into criticality matrices for short-
and medium-term scenarios, based on the aforementioned criteria. The results can be seen in Figure 2.3.

Based on its evaluation of potential demand trajectories and projected future supplies, the DOE determined that
bve REEs were critical to clean energy - Nd, Eu, Th, Dy & Y . It is to these five REEs that the author refers when
discussing the so-called critical rare earths in the present work.

2.9 Scope of the present work

The supply projections detailed in Chapter 5 of the present work were designed to expand on the limited approach to
future supply estimates used in the original DOE report, which was primarily focused on demand projections. They
use a bottom-up approach, building on the data gathered from multiple sources, to construct plausible projections
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Figure 2.3: Short- and medium-term criticality matrices for select elements
(source: TMR, after Bauer etal., 2010).

that have a sound basis in the underlying data. These data sources are outlined in Chapters 3 and 4, which focus on
potential and actual sources of supply in China and the rest of the world.

The goal of the present work is to determine what the industry might expect in terms of future surpluses or deficits of
specific critical rare earths (while comparing such scenarios to those for two non-critical rare earths, La and Ce). It
goes beyond the more simplistic approach of treating all rare earths as a single monolithic entity, when looking at

market dynamics. The latter approach can mask the supply and demand dynamics of individual rare earths in
general, and critical rare earths in particular.

It is important to note that the projections in the present work are not forecasts or predictions. They simply
reflect the assumed inputs in each scenario, and as such it should be recognized that changing those inputs would
naturally result in different outcomes. Nevertheless, the projections are potentially useful in evaluating the probability
of surpluses or deficits for individual rare earths.

In addition to the projections, the present work also ranked published content and distribution data, for critical REEs
within leading REE projects, under development outside of China. From this data, a list of “leading contenders” was
developed, based on both the actual in-situ grade of critical REEs within a given mineral deposit, in addition to the
distribution of specific critical REEs within the overall occurrence of REEs in the deposit. The ranking of projects in
this fashion is a rel3ection only of the presence of particular REESs. It is not a ref3ection on their ease of
extraction, or of any other characteristics associated with the real-world commercialization of such

projects .
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3: Chinese Sources of Rare-Earth Supply

3.1 Rare-earth production within China
The mining and processing of rare earths is widespread across China, but has become concentrated in nine
provinces and regions, specifically:

e Fujian (a southeastern province - capital & largest city is Fuzhou)

e Guangdong (a southern province - capital & largest city is Guangzhou )

e Guangxi (a southern autonomous region - capital & largest city is Nanning )

e Hunan (a southern province - capital & largest city is Changsha )

e Inner Mongolia (a northern autonomous region - capital is Hohhot & largest city is Baotou )
e Jiangxi (a southeastern province - capital & largest city is Nanchang )

e Shandong (an eastern province - capital is Jinan & largest city is Qingdao )

e Sichuan (a southern province - capital & largest city is Chengdu )

e Yunnan (a southern province - capital & largest city is Kunming )

The Chinese Ministry of Land and Resources allocates rare-earth production quotas to each of the provinces and
regions listed above, on an annual basis. In practice, the actual amount of rare earths produced has historically been
significantly higher than the production quota allocated, as indicated in Table 3.1. According to Chinese officials
interviewed by the author, the actual output figures include estimated unregulated / uncontrolled material production
(ignoring for a moment, the fact that any production over the official production quota is technically non-conforming),
that might or might not be subsequently exported illegally out of China.

Table 3.1: Chinese rare-earth production quotas and estimated actual production

Province / Region 2007 2008e 2009 2010 2011
Fujian 220 320 720 1,500 2,000
Guangdong 700 1,000 1,500 2,000 2,200
Guangxi 200 200 200 2,000 2,500
Hunan 100 300 800 1,500 2,000
Inner Mongolia 46,000 46,000 46,000 50,000 50,000
Jiangxi 7,400 7,400 7,400 8,500 9,000
Shandong 1,200 1,200 1,500 1,500 1,500
Sichuan 31,000 31,000 24,000 22,000 24,400
Yunnan 200 200 200 200 200
Total Production Quota 87,020 87,620 82,320 89,200 93,800
Estimated Actual Production 120,800 124,500 129,400 118,900 TBD

Source: Chinese Ministry of Land & Resources and
TMR estimates, based on industry sources and other references.
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The relative REO distributions within the mineral deposits located in each of the provinces and regions varies widely.
LREO-dominated deposits tend to be located in the northern parts of the country, with HREO-rich deposits located in
the southern areas.

3.2 Estimates of Chinese rare-earth production in 2010

The reality of production is not quite as clear cut as the production quotas might tell us, since rare-earth processors
located in one area can in theory (and do in practice) process materials mined in other areas. In addition, according to
the officials in China interviewed by the author, “overproduction” of rare earths has occurred much more significantly
in the provinces that predominantly produce HREOSs, such Fujian, Guangdong and Jiangxi. The New York Times has
reported estimates that as much as half of all HREOs are produced illegally (Bradsher, 2011).

Figure 3.1 shows an estimate of the relative distribution of actual rare-earth production output in China, for each of
the critical REOs (CREOs) , as well the CREOs and TREOs in aggregate. The estimates are based on the specific
average REO distributions within each production area, and estimates of the actual quantities of REOs produced in
each province and region in 2010.
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Figure 3.1: Relative distribution of 2010 Chinese rare-earth production
(source: TMR estimates, based on industry sources and other references).

The overall potential rare-earth production capacity within China is generally estimated to be around 200-250 ktpa.
Only a portion of this capacity is currently being used, and it is likely that much of this excess capacity will be
unavailable indefinitely, due to the recent implementation of stricter environmental standards in a number of Chinese
industries (Zhang, 2011) and ongoing active efforts to consolidate the industry (Associated Press, 2011).

Coupled with ongoing restrictions on the exploration and development of new rare-earth sources within China, the
industry is in something of a “steady state” at present in terms of the relative distribution of individual REO output.
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Table 3.2: Estimated Chinese production of CREOs in 2010

Nd! 0" Eu! 0" Tbh#0$ Dy! 0" YIO"

2010 Chinese production (t REO) 19,709 296 240 937 5,892 27,074

Source: TMR estimates, based on industry sources and other references.

Table 3.2 shows the estimated Chinese production of individual CREOs as well as total CREOs in 2010. Figure 3.2
shows the estimated ratio of Chinese CREO to non-CREQO production in 2010, as well as the estimated Chinese
production of individual REOs as a proportion of TREOs produced during that period. It can be seen that at 77%,
non-CREQO production (primarily of CeO2 and La203) forms the majority of REO production in China.
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Figure 3.2: Estimated Chinese rare-earth production in 2010
(source: TMR estimates, based on industry sources and other references).

3.2 Chinese export quotas

The present work deliberately focuses on the production of CREOs in China and not on their export, or the
associated controversy with restrictions in those exports in recent years. The issues associated with export quotas
and other restrictions clearly have an effect on the pricing and availability of CREOs for use outside of China.
However, the level of production of CREOs in China is driven by overall demand for these materials, within China and
in the rest of the world, not the export quotas.

There is certainly some risk of demand destruction in the global REE market, if prices remain at very elevated levels
relative to historical pricing, and thus the possibility of an effect on production levels, especially in China. However,
those price increases are dominated by incremental surcharges applied to each unit of quota that a particular export
shipment represents (drawn from the overall quota allocated to the individual producer), and not a result of any actual
true scarcity of supply from such sources. Thus the focus on the present work is on overall production, not exports.
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4: Non-Chinese Sources of Rare-Earth Supply

4.1 Rare-earth production outside of China

The rise and eventual dominance of Chinese sources of rare-earth supply in recent decades, has meant that
production outside of China has declined to a relatively low, steady state. Obtaining reliable information on these non-
Chinese, Orest of the worldO (ROW) sources can be quite a challenge these days, but probable ROW sources of
REOs include:

e Lahat (located in Malaysia)

e Karnasurt (located in the Kola Peninsula of the Russian Federation )
e Buena Norte (located in eastern Brazil)

e Orissa-Kerala (located in various coastal regions of India)

e Mountain Pass (located in California, USA )

There are a significant number of new projects at advanced stages of development outside of China, in addition to
the revamping of the Mountain Pass mine in California; these are detailed later in this Chapter.

4.2 Estimates of ROW rare-earth production in 2010

Existing ROW sources (with the exception of Lahat) are dominated by the presence of LREEs. As such, very few
quantities of HREEs are actually produced outside of China. Table 4.1 shows the estimated ROW production of
individual CREOs as well as total CREOs in 2010. Note that the estimated production data for REOs, includes REO-
equivalent production data for non-oxide REE-based compounds. It should also be noted that much of the ROW
production of these elements originated from previously mined stockpiled of materials, that are being worked down
over time.

Table 4.1: Estimated ROW production of CREOs in 2010

Nd! 0" Eu! O" Tbh#0$ Dy! O" Yo"

2010 ROW production (t REO) 514 3 1 6 40 564

Source: TMR estimates , based on industry sources and other references.

It should be noted that intermediate REE-containing concentrates produced from the above sources, may be
processed in a variety of facilities around the world. When comparing the ROW CREO estimates for 2010, to those
for China shown in Chapter 3, it can be seen that ROW sources comprised no more than 2% of global CREO
production in 2010.

Figure 4.1 shows the estimated ratio of ROW CREO to non-CREO production in 2010, as well as the estimated ROW
production of individual REOs as a proportion of TREOs produced during that period. It can be seen that at 87%,
non-CREQO production (primarily of CeO2 and La:0s) forms the vast majority of REO production outside of China.
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Figure 4.1: Estimated ROW rare-earth production in 2010
(source: TMR estimates, based on industry sources and other references).

4.3 Potential new sources of ROW supply

Within the last few years there has been an explosion in the number of new rare-earth exploration and development
projects around the world. As of July 2011, the author was tracking a total of 381 rare-earth projects outside of
China and India, being developed by 244 different companies and located in 35 different countries

Clearly not all projects are equal, with some being developed on the basis of a handful of samples, while others have
proven mineral reserves. It is almost certain that the vast majority of these projects will never have properly developed
mineral-resource estimates, let alone become profitable mining ventures. The number and diversity of these projects,
however, does go to show that the so-called “rare-earths crisis” is theoretically solvable, i.e. there are plenty of
opportunities outside of China, to develop new sources of rare-earth supply. However, while the number of potential
ROW projects is significant, this number belies the formidable challenges associated with the successful
commercialization of such projects. A variety of technical, financial, environmental and political hurdles exist for most
if not all of these projects, and these hurdles should not be under-estimated.

4.4 The TMR Advanced Rare-Earth Projects Index
Of the 381 projects mentioned above, as of July 2011 there are 20 projects that have been either:

e Formally defined as a mineral resource or reserve, under the guidelines of a relevant scheme such as Canada’s NI
43-101 or Australia’s JORC Code, or

e  Subject to past mining campaigns, and for which reliable historical data is available, even if not formally compliant
with a relevant scheme.

These projects form the author’s so-called TMR Advanced Rare-Earth Projects Index (TMRAREPI) , and it is
from projects on this list (either now in the future) that successful new REE projects will be drawn. This is because,
with the possible exception of state-funded development projects, it is invariably a requirement of project
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development, that a properly defined mineral-resource estimate must be developed, before later stages of
development can be funded and executed. Table 4.2 shows the current list of rare-earth projects on the TMRAREPI.

Table 4.2: The TMR Advanced Rare-Earth Projects Index (as of July 2011)

Project Location Owner(s) / Partners(s)

Bear Lodge (Bull Hill Zone) USA Rare Element Resources Ltd. (TSX:RES, AMEX:REE)

Bokan (Dotson / | & L Zones) USA Ucore Rare Metals Inc. (TSX.V:UCU, OTCQX:UURAF)

pusala - NeUOmor Rt e e

Dubbo Australia Alkane Resources Ltd. (ASX:ALK, OTCQX:ANLKY)

Eco Ridge (Elliot Lake) Canada Pele Mountain Resources Inc. (TSX.V:GEM, OTCQX:PMNHF)
Eldor (Ashram Zone) Canada Commerce Resources Corp. (TSX.V:CCE, OTCQX:CMRZF, F:D7H)
Hoidas Lake Canada Great Western Minerals Group Ltd. (TSX.V:GWG, OTCBB:GWMGF)
Kangankunde Malawi Lynas Corporation Ltd. (ASX:LYC, PK:LYSCF)

Kutessay I Kyrgyzstan Stans Energy Corp. (TSX.V:HRE, OTCQX:HREEF)

Kvanefjeld Greenland Greenland Minerals and Energy Ltd. (ASX:GGG, PK:GDLNF)
Mount Weld Australia Lynas Corporation Ltd. (ASX:LYC, PK:LYSCF)

Mountain Pass USA Molycorp Inc. (NYSE:MCP)

Nechalacho (Thor Lake) Canada Avalon Rare Metals Inc. (TSX:AVL, AMEX:AVL)

Nolans Bore Australia Arafura Resources Ltd. (ASX:ARU, PK:ARAFF)

Norra Karr Sweden Tasman Metals Ltd. (TSX.V:TSM, PK:TASXF, F:T61)

Sarfartoq (ST1 Zone) Greenland Hudson Resources Inc. (TSX.V:HUD, OTCQX:HUDRF)
Steenkampskraal South Africa  Great Western Minerals Group Ltd. (TSX.V.GWG, OTCBB:GWMGF)
Strange Lake (B Zone) Canada Quest Rare Minerals Ltd. (TSX.V:QRM, AMEX:QRM)
Zanckopsdrt South Aica  oner e Earns Ld. (TSXFRO, PIGFREFF) &

Zeus (Kipawa) Canada Matamec Explorations Inc. (TSX.V:MAT, PK:MTCEF)

Source: TMR

4.5 The most promising TMRAREPI projects from the CREO perspective
There is a wide range of parameters that can be used to evaluate the potential of any given rare-earth mineral
resource. Two of the more commonly used metrics are:
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e The relative in-situ quantity  of specific REOs as a fraction of the overall mineral resource (MR) (also known
as the material grade).

e The relative physical distribution  of specific REOs as a fraction of TREOs (frequently used to show the
distribution of HREOs as a fraction of TREOs present); and

An important caveat to comparing projects using these metrics is that they do NOT take into account a wide range of
other important parameters such as costs of production, total size of mineral resource, processing recovery rates and
other project-related parameters such as required infrastructure, logistics, environmental impact, waste disposal and
SO on.

This has led to a degree of internecine squabbling between companies in the sector, looking to develop various REE
projects. These companies generally fall into two “camps”:

1) Those developing projects that contain significant TREO material grades i.e. a significant in-situ quantity of TREOs
(but which tend to be dominated, in tonnage terms, by the presence of lower-value LREOSs), and

2) Those developing projects with significant relative distributions of HREOs within the overall TREO present within the
deposit (but which tend to have low overall TREO material grades).

Companies in the first camp frequently criticize those in the second, for focusing only on the potential values of the
separated end products, without acknowledging the low TREO material grade (which will necessitate the processing
of significantly higher quantities of the mineral resource, to extract a given quantity of TREOs, than will be the case for
projects in the first camp), or the potential challenges associated with the metallurgical processes required to extract
the TREOs from potentially complex minerals.

Companies in the second camp frequently criticize those in the first, for focusing only on the relative abundance of
TREOs within their deposits, without acknowledging that the vast majority of the materials produced from such
deposits will be the lesser value oxides of La and Ce, and that such LREOs will likely result in a significant surplus of
such materials as companies bring projects on stream.

The reality is that, for projects in the first camp above, although the resulting end products are less valuable than
those in the second, the processing costs will almost certainly be considerably lower. Conversely, for the second
camp, although considerably greater quantities of mineral resources will have to be processed to obtain unit
quantities of end products, those end products are considerably more valuable than those produced from projects
from the first category.

Ultimately, the successful commercialization of any of these projects, in either camp, relies on addressing a simple,
universal question that is not unique to the rare-earths sector - namely, will the project make money? Any project that
is going to be successful will require a great enough positive difference or margin, between the cost of producing
finished product and the market value of such products, to ensure that the operation flourishes, and to keep the
company'’s investors are happy. It should be apparent that beyond the frequently scant data available for the financial
models associated with these projects, only the companies themselves know what these margins are likely to be,
and only time will tell if they are sufficient for the project to be successful.
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Despite the controversy surrounding the use of the above metrics for comparing projects, they are still useful for
establishing baseline comparisons between particular projects.

Figure 4.2 shows a comparison of the relative in-situ quantities of CREOs (not HREOs or TREQOs) within each of the
projects on the TMRAREPI.
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Eldor (CAN)
Hoidas Lake (CAN)
Kangankunde (MWI)
Kutessay Il (KGZ)
Kvanefjeld (GRL)
Mount Weld (AUS)
Mountain Pass (USA)
Nechalacho (CAN)
Nolans Bore (AUS)
Norra Karr (SWE)
Sarfartoq (GRL)
Steenkampskraal (ZAF)
Strange Lake (CAN)
Zandkopsdrift (ZAF)
Zeus (CAN)

26.2
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Mass of in-situ critical rare earths per unit mass of mineral resource (kg/t)

Figure 4.2: Relative in-situ quantities of CREOs (oxides of Nd, Eu, Th, Dy & Y) within TMRAREPI projects
(sources: TMR, company reports).

The wide range in CREO material grades, from one TMRAREPI project to another, is quite striking, reflecting the wide
range of geological formations and occurrences of REE deposits around the world.

Figure 4.3 below, shows a comparison of the relative physical distribution of CREOs (not HREOs or TREOs) as a
fraction of all REOs present, within each of the TMRAREPI projects. Again, we can see a wide range of distributions
when comparing one project to another.
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Figure 4.3: Relative physical distribution of CREOs (oxides of Nd, Eu, Tb, Dy & Y) within TMRAREPI
projects (sources: TMR, company reports).

We can drill down further into the metrics described in the above Figures, by looking at the data for the individual
CREOQOs and then ranking the projects on the TMRAREPI accordingly. Although individual CREOs exist side-by-side in
the mineral deposit with other CREOs and non-critical REOs, this exercise has value in determining the specific
CREO-related advantages certain TMRAREPI projects have over others, in terms of their strategic value to certain
industries, and end users, as discussed in Chapter 2.

Figures 4.4 through 4.8 below, show the relative in-situ quantities and relative distributions of each of the CREOs,
with the top TMRAREPI projects shown in rank order, for each CREO and for each metric. Figure 4.9 below shows
the rankings for all CREOs collectively.

It can be readily seen that the grade and distribution of Nd,O3 has the greatest influence on the overall rankings of
relative in-situ grade of CREOs collectively within specific mineral resources, while Y,0O3; has the most significant
influence on relative in-situ distribution of CREOs collectively in these deposits.
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Figure 4.4: Top TMRAREPI projects ranked by relative in-situ quantity & physical distribution of Nd 10"

(sources: TMR, company reports).
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Figure 4.5: Top TMRAREPI projects ranked by relative in-situ quantity & physical distribution of Eu 1o"

(sources: TMR, company reports).
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Figure 4.6: Top TMRAREPI projects ranked by relative in-situ quantity & physical distribution of Th #O$

(sources: TMR, company reports).
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Figure 4.7: Top TMRAREPI projects ranked by relative in-situ quantity & physical distribution of Dy
(sources: TMR, company reports).
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Figure 4.8: Top TMRAREPI projects ranked by relative in-situ quantity & physical distribution of Y 1o"
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Figure 4.9: Top TMRAREPI projects ranked by relative in-situ quantity & physical distribution of CREOs
(sources: TMR, company reports).
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In terms of the most “top 5 rankings” for relative in-situ quantity of individual CREOs, it can be seen that in
descending order, Mount Weld, Steenkampskraal, Bokan & Strange Lake (tied) and Norra Karr rank the most
frequently. For relative in-situ physical distribution of individual CREOs, Bokan, Norra Karr, Strange Lake, Kutessay Il &
Zeus (all tied) rank the most frequently.

Again, it must be re-iterated that the presence alone of significant in-situ grades of CREOs, or of a significant fraction
of CREOs out of the TREOs present, are not enough to make such projects successful. In situations, however, where
both the grade and relative distribution of specific CREOs make a project rank highly compared to its peers, it is not
unreasonable to consider such a deposit as being of potential strategic importance, for the specific CREO. The
projects with top 5 rankings for both relative in-situ quantity and relative physical distribution of specific CREOs are:

e Nd!O": Nolans Bore

e Eu!O": Bear Lodge, Hoidas Lake, Mount Weld & Zandkopsdrift
e Tb#0$: Bokan & Strange Lake

e Dy! O": Bokan, Norra Karr & Strange Lake

e Y!O": Bokan, Norra Karr & Strange Lake

4.6 Other potential new sources of ROW supply at advanced stages of development

In addition to the currently producing ROW projects, and the potential new sources of supply listed on the
TMRARERPI, there are one or two other advanced projects currently under development outside of China.

Probably the most notable of these is the Dong Pao project located in Chai, Vietnam . This project is being jointly
developed by Toyota Corp, Sojitz Corp and the Viethamese government.
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5: Global Supply & Demand Projections for Specific Rare Earths

5.1 Rare-earth demand projections

As mentioned previously in Chapter 2, the US DOE published a report on its Critical Materials Strategy (Bauer et al.,
2010) in late 2010, focusing on the role of key elements in the future growth and development of clean-tech or green
energy initiatives. Starting with a baseline of non-clean energy usage for each element, the DOE report then looked to
project the demand for the elements in the production of specific components:

e Permanent magnets, used in new wind-turbine designs and in electric vehicles;
e Advanced batteries, used in electric vehicles;

¢ Thin-film semiconductors for photovoltaic cells (solar panels); and

e Phosphors, used in high-efficiency lighting.

In order to study the future demand of specific elements for each of these applications, the DOE developed two
alternate cases for the deployment and market share of these applications (i.e. market penetration), and two for the
demand for these elements in each unit produced (i.e. materials intensity). This resulted in a total of four combinations
of scenarios, which the DOE referred to as demand trajectories, depicted in Figure 5.1.

Material intensity of the clean-energy component

low A B
high| G | D

Market penetration - a combination of level of global
deployment and market share of specific clean-tech application —>

Figure 5.1: Demand trajectories (A-D) used in the DOE critical materials report, generated from
assumptions concerning material intensity & market penetration (source: TMR, after Bauer et al., 2010).

In its report, the DOE was at pains to point out that these trajectories were not predictions of future demand, but
were generated “to illustrate a range of future possibilities” under certain circumstances.

It can be seen that Trajectories A & D represent the lower and upper extremes respectively, for likely material demand.
The resulting DOE outputs for these two trajectories, for the individual CREOs evaluated, were used as the basis of
lower and upper supply projections, in the present work. They can be seen in the charts which appear later in this

Chapter.

5.2 Rare-earth supply projections - the approach

To generate projections of future global rare-earth supply, it was decided to use a somewhat similar approach to that
employed in the DOE report. Two different scenarios were generated for Chinese rare-earth supply, and two for ROW
supply. This resulted in a combination of four global supply projections.
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5.3 Scenarios for Chinese rare-earth supply
Using the 2010 rare-earth production estimates detailed in Chapter 3 as a baseline, the author generated two
hypothetical scenarios for future Chinese supply growth:

3) Static : 0% average annual growth in supply, and
4) Modest growth : 3% average annual growth in supply.

These scenarios are clearly simplistic and monolithic, despite the models used to generate the subsequent results
being capable of more nuanced changes in parameters, specifically relating to growth rates for individual regions and
provinces. Nonetheless, either scenario was deemed to be a plausible possibility for the production of rare earths in
China. It is important to note once again, however, that neither of the two Chinese scenarios are predictions.

5.4 Scenarios for ROW rare-earth supply

Creating supply scenarios for ROW production was a significantly more complex affair than for Chinese production,
because of the number of new projects slated to come on-stream in the near- to medium-term. Given the uncertainty
associated with the eventual success of any given project, it was decided to base the two hypothetical ROW supply
scenarios on the published production rates and start dates for each project (in addition to ongoing production of
existing sources of ROW supply). The following two scenarios were created:

1) Pessimistic : the potential new projects come on-stream, but with a number of them doing so behind schedule
and not at the production rates publicly announced to date.

2) Optimistic : all potential new projects, for which production start dates and rates have been announced at the
time of writing, come on-stream on-schedule and at the published production rates.

Note that the owners of a number of TMRAREPI projects have to date not announced schedules or
production rates. Potential production from these projects is by debnition not included in either of the two
ROW supply scenarios at this time, though will be included in future versions, as appropriate.

One other important, specific point to note, concerns the data and subsequent projections associated with the
Mount Weld rare-earth project in Australia. The data used previously in the present work was based on published
averages for the mineral resource as a whole. The data used for the supply projections below was based only on the
so-called Central Lanthanide Deposit (CLD) at Mount Weld, and excludes the so-called Duncan Deposit. This is
because, per discussions with senior management at the project’s owner (Lynas Corporation), all production within
the timeframe covered by the supply projections below, will very likely come from the CLD only.

Tables 5.1 & 5.2 show the projected TREO production by year, for each of the actual and potential new ROW sources
of supply, for Scenarios 1 (pessimistic) and 2 (optimistic) respectively. By debnition, Table 5.2 is a representative
summary of the previously announced production rates and schedules from project owners. Wherever time
frames have been announced that are more specific than simply stating a particular year, this is reflected where
possible in the projections (e.g. if a project is scheduled to commence full production at end of Q3 in a given year,
then 25% of the annual production rate is assigned to that first year).

It is important to note that neither of the two ROW scenarios are predictions ; similar to the DOE predictions of
future demand, they have been generated “to illustrate a range of future possibilities” under certain circumstances.
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Table 5.1: Projected supply from ROW rare-earth sources under Scenario 1 (pessimistic) (t TREO)

Source 2010e 2015p 2016p
Bear Lodge (USA) 0 0 0 0 0 0 5,342 9,800
Bokan (USA) N/A N/A N/A N/A N/A N/A N/A N/A
(1) Buena Norte (BRA) 650 650 650 650 650 650 650 650
Cummins Range (AUS) N/A N/A N/A N/A N/A N/A N/A N/A
(1) Dong Pao (VNM) 0 0 0 0 0 3,500 3,500 3,500
Dubbo (AUS) 0 0 0 0 0 1,153 4,610 4,610
Eco Ridge (CAN) N/A N/A N/A N/A N/A N/A N/A N/A
Eldor (CAN) N/A N/A N/A N/A N/A N/A N/A N/A
Hoidas Lake (CAN) 0 0 0 0 0 0 2,500 5,000
Kangankunde (MWI) N/A N/A N/A N/A N/A N/A N/A N/A
(1) Karnasurt (RUS) 1,900 1,900 1,900 1,900 1,900 1,900 1,900 1,900
Kutessay Il (KGZ) N/A N/A N/A N/A N/A N/A N/A N/A
Kvanefield (GRL) 0 0 0 0 0 0 0 43,729
(1) Lahat (MYS) N/A N/A N/A N/A N/A N/A N/A N/A
Mount Weld (AUS) 0 0 0 11,000 16,500 22,000 22,000 22,000
Mountain Pass (USA) 1,860 1,860 1,860 9,525 19,050 19,050 19,050 19,050
Nechalacho (CAN) 0 0 0 0 0 0 0 2,500
Nolans Bore (AUS) 0 0 0 0 0 5,000 20,000 20,000
Norra Karr (SWE) 0 0 0 0 0 0 0 2,500
(1) Orissa-Kerala (IND) 0 0 0 1,750 1,750 1,750 1,750 1,750
Sarfartoq (GRL) N/A N/A N/A N/A N/A N/A N/A N/A
Steenkampskraal (ZAF) 0 0 0 0 5,014 5,014 5,014 5,014
Strange Lake (CAN) 0 0 0 0 0 0 3,125 12,500
Zandkopsdrift (ZAF) 0 0 0 0 0 0 10,000 20,000
Zeus (CAN) N/A N/A N/A N/A N/A N/A N/A N/A
TMRAREPI 1,860 1,860 1,860 20,525 40,564 52,217 91,641 166,703
Other 2,550 2,550 2,550 4,300 4,300 7,800 7,800 7,800
ROW TOTAL 4,410 4,410 4,410 24,825 44,864 60,017 99,441 174,503
1: Non-TMRAREPI project Source: TMR projections

N/A: Proposed project production start date & rates not available in the public domain
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Table 5.2: Projected supply from ROW rare-earth sources under Scenario 2 (optimistic) (t TREO)

Source

2010e

2013p

2015p

2016p

Bear Lodge (USA)
Bokan (USA)

(1) Buena Norte (BRA)
Cummins Range (AUS)
(1) Dong Pao (VNM)
Dubbo (AUS)

Eco Ridge (CAN)

Eldor (CAN)

Hoidas Lake (CAN)
Kangankunde (MWI)
(1) Karnasurt (RUS)
Kutessay Il (KGZ)
Kvanefjeld (GRL)

(1) Lahat (MYS)

Mount Weld (AUS)
Mountain Pass (USA)
Nechalacho (CAN)
Nolans Bore (AUS)
Norra Karr (SWE)

(1) Orissa-Kerala (IND)
Sarfartoq (GRL)
Steenkampskraal (ZAF)
Strange Lake (CAN)
Zandkopsdrift (ZAF)
Zeus (CAN)
TMRAREPI

Other

ROW TOTAL

N/A
650
N/A

N/A
N/A

N/A
1,900
N/A

N/A

1,860

N/A
1,860
2,550
4,410

N/A
650
N/A

N/A
N/A

N/A
1,900
N/A

N/A

1,860

N/A
1,860
2,550
4,410

N/A
650
N/A

N/A
N/A

N/A
1,900
N/A

N/A
5,500
1,860

1,750
N/A
0
0
0
N/A
7,360
4,300
11,660

N/A
650
N/A

1,153
N/A
N/A

N/A
1,900
N/A

N/A
22,000
19,050

3,500
N/A
5,014
0
0
N/A
47,217
6,050
53,266

N/A
650
N/A
3,500
4,610
N/A
N/A

N/A
1,900
N/A

N/A
22,000
19,050

5,000

3,500
N/A
5,014
0
0
N/A
55,674
9,550
65,224

5,342
N/A
650
N/A

7,000

4,610
N/A
N/A

2,500
N/A

1,900
N/A

10,932
N/A

22,000
40,000
0
20,000
0

3,500
N/A

5,014

3,125

10,000
N/A
123,523
13,050
136,573

9,800
N/A
650
N/A

7,000

4,610
N/A
N/A

5,000
N/A

1,900
N/A

43,729
N/A
22,000
40,000
2,500
20,000

2,500

3,500
N/A

5,014

12,500
20,000
N/A
187,653
13,050
200,703

13,950
N/A
650
N/A

7,000

4,610
N/A
N/A

5,000
N/A
1,900
N/A

43,729
N/A

22,000

40,000

10,000

20,000

5,000

3,500
N/A

5,014

12,500

20,000
N/A

201,803

13,050

214,853

1: Non-TMRAREPI project

Sources: TMR projections / company reports

N/A: Proposed project production start date & rates not available in the public domain
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5.5 Global projections of rare-earth supply & demand - initial results

Combining the supply scenarios for both Chinese and ROW sources of supply, results in four different global supply
projections, as summarized in Figure 5.2. It can be seen that supply projections A & D represent the lower and upper
extremes respectively, for likely global supply of rare earths under these hypothetical conditions.

Annual increase in Chinese rate of rare-earth production

0% 3%
pessimistic A B
optimistic C D

Roll out of new ROW rare-earth production
(based on schedules published by project owners) —>

Figure 5.2: Global rare-earth supply projections (A-D), generated from assumptions concerning Chinese
and ROW sources of supply (source: TMR).

Table 5.3 summarizes the projected global TREO production from 2011-2017, for each of the respective supply
projections, in addition to the baseline data for 2010 drawn from the estimates detailed in Chapters 3 & 4.
Aggregating the results of each projection, the global production in 2014 can be approximated to 181,400 t
TREO % 10%; that for 2017 to 327,200 t TREO + 10% . Production for 2015 and 2016 appears to have the
greatest uncertainty, with deviations of 21% and 22% respectively, from the mean values of the four projections.

Table 5.3: Projected global rare-earth production (t TREO)

Projection A Projection B Projection C Projection D Average
2010e 123,310 123,310 123,310 123,310 123,310
2011p 123,310 126,877 123,310 126,877 125,093 £ 2%
2012p 123,310 130,551 130,560 137,801 130,555 + 6%
2013p 143,725 154,750 172,166 183,192 163,458 + 12%
2014p 163,764 178,687 184,124 199,047 181,405 + 10%
2015p 178,917 197,855 255,473 274,411 226,664 + 21%
2016p 218,341 241,414 319,603 342,676 280,508 + 22%
2017p 293,403 320,735 333,753 361,085 327,244 + 10%

Source: TMR estimates / projections

Figures 5.3 - 5.6 show the projected global production of REOs from 2011-2017, for each of the respective supply
projections, in addition to the baseline data for 2010 drawn from the estimates detailed in Chapters 3 & 4.
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Global Rare-Earth Supply: Projection A
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Figure 5.3: Projected global production of REOs assuming 0% annual growth in Chinese supply &
pessimistic roll out of announced new ROW sources (source: TMR estimates / projections).

Global Rare-Earth Supply: Projection B
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Figure 5.4: Projected global production of REOs assuming 3% annual growth in Chinese supply &
pessimistic roll out of announced new ROW sources (source: TMR estimates / projections).
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Global Rare-Earth Supply: Projection C
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Figure 5.5: Projected global production of REOs assuming 0% annual growth in Chinese supply &
on-schedule roll out of all announced new ROW sources (source: TMR estimates / projections).

Global Rare-Earth Supply: Projection D
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Figure 5.6: Projected global production of REOs assuming 3% annual growth in Chinese supply &
on-schedule roll out of all announced new ROW sources (source: TMR estimates / projections).
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5.6 Global supply & demand projections for CREOs

Turning our attention now to the CREOs, Figure 5.7 shows the supply projections for these elements collectively,
compared to the highest and lowest demand projections from the US DOE’s recent report (Bauer et al., 2010),
depicted here and in subsequent charts as upper and lower demand projections respectively. Note that the year
markers on the x-axis represent the end of a particular year, not the beginning

We can see from this chart that as a group, the CREOs are in deficit for all supply projections until at least 2013. In
2013, supply projections C and D meet the lower demand projection. They exceed the upper demand projection in
2015. The more pessimistic supply projection B does not meet the lower demand projection until 2015, and
projection A doesn’t meet this demand projection until 2016. An additional year is required in both cases for these
supply projections to meet the upper demand projections.

The supply projections for 2014 have a range of 34,294 - 42,160 t of CREOs, compared to a projected demand
range of 38,127 - 44,799 t for CREOs. By 2017, the range of supply is 66,125 - 80,047 t of CREOs, compared to a
projected demand range of 41,948 - 55,000 t for CREOs.

We can see therefore, that according to the projections, the overall demand for CREOs will be more than met by
2017. However, just as focusing on TREO supply and demand projections does not give us the full picture when it
comes to the dynamics of individual REOs, so to must we go beyond treating the CREOs collectively, and look to
develop projections for the individual CREOs.

Projected Global CREO Supply & Demand
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g B Supply Projection D
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Figure 5.7: Comparison of projected global supply of all CREOs under various scenarios, to demand
trajectories projected by the US DOE (sources: TMR estimates & projections / Bauer etal., 2010).
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5.7 Global supply & demand projections for Nd ! O"
Figure 5.8 shows the supply and demand projections for Nd,Os in a single chart. Figures 5.9 - 5.12 show charts for
individual supply projections, further differentiating between Chinese and ROW supply.

We can see from these charts that the projected global supply of newly produced Nd,Os is in deficit until 2013 at the
earliest. In the worst-case scenario, that of the pessimistic supply projection A compared to the upper demand
projection, Nd,O3 supply does not go into surplus until 2016.

The Nd,0Os supply projections for 2014 have a range of 26,253 - 32,110 t, compared to a projected demand range
of 25,206 - 30,781 t for Nd,Os. By 2017, the range of supply is projected to be 46,288 - 56,524 t of Nd,Os,
compared to a projected demand range of 27,922 - 38,850 t for Nd,Os.

Looking at the set of projections as whole, a permanent transition from deficit to surplus of new global supply of
Nd,O3 is most likely occur in the vicinity of 2014.

Figures 5.13 & 5.14 show the projected supply of Nd,Os from various ROW rare-earth sources, under scenarios 1
(pessimistic) and 2 (optimistic) respectively. According to these scenarios, the projected ROW supply of Nd,Os in
2014 will range from 6,543 t (scenario 1) to 9,928 t (scenario 2). By 2017, the range in projected ROW Nd,O3 supply
increases, from 26,578 t under scenario 1 to 32,284 t under scenario 2 (with either value surpassing the estimated
global supply of Nd,Os in 2010).

Projected Global Nd ! O" Supply & Demand
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Figure 5.8: Comparison of projected global supply of Nd I 0" under various scenarios, to demand
trajectories projected by the US DOE (sources: TMR estimates & projections / Bauer et al., 2010).
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Global Nd ! O" Supply & Demand - Projection A
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Figure 5.9: Projected supply & demand of Nd ! O", assuming 0% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Figure 5.10: Projected supply & demand of Nd ! O", assuming 3% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Global Nd ! O" Supply & Demand - Projection C
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Figure 5.11: Projected supply & demand of Nd ! O", assuming 0% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer etal., 2010).

Global Nd ! O" Supply & Demand - Projection D
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Figure 5.12: Projected supply & demand of Nd ! O", assuming 3% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer etal., 2010).
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Projected ROW Supply of Nd ! O" - Scenario 1 (pessimistic)
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Figure 5.13: Projected supply of Nd ! 0" from ROW rare-earth sources under Scenario 1 (pessimistic)
(source: TMR estimates & projections).

Projected ROW Supply of Nd !'O" - Scenario 2 (optimistic)
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Figure 5.14: Projected supply of Nd ! O" from ROW rare-earth sources under Scenario 2 (optimistic)
(source: TMR estimates & projections).

© 2011 Technology Metals Research, LLC. All rights reserved. Last updated August 2011. www.techmetalsresearch.com


http://www.techmetalsresearch.com
http://www.techmetalsresearch.com

G P Hatch - Critical Rare Earths: Global Supply & Demand Projections and the Leading Contenders for New Sources of Supply 41

5.8 Global supply & demand projections for Eu ! O"

Figure 5.15 shows the supply and demand projections for Eu,Os in a single chart. Figures 5.16 - 5.19 show charts
for individual supply projections, further differentiating between Chinese and ROW supply.

The projected global supply of newly produced Eu,O; is in deficit until 2015 at the earliest. In the worst-case

scenarios, those of the pessimistic supply projections A and B, compared to the upper demand projection, Eu,03
supply does not go into surplus until 2016.

The Eu,03 supply projections for 2014 have a range of 403 - 499 t, compared to a projected demand range of 559 -

578 t for Eu,03. By 2017, the range of supply is projected to be 807 - 974 t of Eu,03, compared to a projected
demand range of 603 - 638 t for Eu,0s.

Looking at the set of projections as whole, a permanent transition from deficit to surplus of new global supply of
Eu,0s, is most likely to occur around 2015 - 2016.

Figures 5.20 & 5.21 show the projected supply of Eu,O3; from various ROW rare-earth sources, under scenarios 1
(pessimistic) and 2 (optimistic) respectively. According to these scenarios, the projected ROW supply of Eu,Os in
2014 will range from 107 t (scenario 1) to 166 t (scenario 2). By 2017, the range in projected ROW Eu,0O3 supply
increases, from 511 t under scenario 1 to 610 t under scenario 2 (with the latter value more than double the
estimated global supply of Eu,O3 in 2010).
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Figure 5.15: Comparison of projected global supply of Eu 10" under various scenarios, to demand
trajectories projected by the US DOE (sources: TMR estimates & projections / Bauer etal., 2010).
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Global Eu'!O" Supply & Demand - Projection A
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Figure 5.16: Projected supply & demand of Eu
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer
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Figure 5.17: Projected supply & demand of Eu
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer
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Figure 5.18: Projected supply & demand of Eu ! O", assuming 0% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer etal., 2010).
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Figure 5.19: Projected supply & demand of Eu ! O", assuming 3% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer etal., 2010).
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Projected ROW Supply of Eu ! O" - Scenario 1 (pessimistic)
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Figure 5.20: Projected supply of Eu ! 0" from ROW rare-earth sources under Scenario 1 (pessimistic)
(source: TMR estimates & projections).

Projected ROW Supply of Eu ! O" - Scenario 2 (optimistic)
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Figure 5.21: Projected supply of Eu ! 0" from ROW rare-earth sources under Scenario 2 (optimistic)
(source: TMR estimates & projections).
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5.9 Global supply & demand projections for Tb ~ #0$

Figure 5.22 shows the supply and demand projections for Tbh40; in a single chart. Figures 5.23 - 5.26 show charts
for individual supply projections, further differentiating between Chinese and ROW supply.

The projected global supply of newly produced Tb,4O; is in deficit until 2015 at the earliest. In the worst-case
scenario, that of the pessimistic supply projection A compared to the upper demand projection, Tb4O; supply does
not go into surplus until 2017.

The Tb40O; supply projections for 2014 have a range of 277 - 335 t, compared to a projected demand range of 337 -
354 t for Tb,O;. By 2017, the range of supply is projected to be 553 - 676 t of Tb,O,, compared to a projected
demand range of 360 - 393 t for Tb,0;.

Looking at the set of projections as whole, a permanent transition from deficit to surplus of new global supply of
Tb40Oy, is most likely to occur around 2015 - 2016.

Figures 5.27 & 5.28 show the projected supply of Tb,0O; from various ROW rare-earth sources, under scenarios 1
(pessimistic) and 2 (optimistic) respectively. According to these scenarios, the projected ROW supply of Tbh,O; in
2014 will range from 38 t (scenario 1) to 65 t (scenario 2). By 2017, the range in projected ROW Tb40; supply
increases, from 313 t under scenario 1, to 382 t under scenario 2 (with these values being a higher than the
estimated global supply of Tb40; in 2010).

Projected Global Tb #0O$ Supply & Demand
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Figure 5.22: Comparison of projected global supply of Th #O$ under various scenarios, to demand
trajectories projected by the US DOE (sources: TMR estimates & projections / Bauer etal., 2010).
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Figure 5.23: Projected supply & demand of Tb  #0$, assuming 0% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer etal., 2010).
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Figure 5.24: Projected supply & demand of Tb  #0$, assuming 3% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Figure 5.25: Projected supply & demand of Tb  #0$, assuming 0% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer etal., 2010).
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Figure 5.26: Projected supply & demand of Tb  #0$, assuming 3% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Projected ROW Supply of Tb #0$ - Scenario 1 (pessimistic)
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Figure 5.27: Projected supply of Th  #0$% from ROW rare-earth sources under Scenario 1 (pessimistic)
(source: TMR estimates & projections).

Projected ROW Supply of Tb #0$ - Scenario 2 (optimistic)
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Figure 5.28: Projected supply of Tb  #0$ from ROW rare-earth sources under Scenario 2 (optimistic)
(source: TMR estimates & projections).
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5.10 Global supply & demand projections for Dy !0O"
Figure 5.29 shows the supply and demand projections for Dy,0Os in a single chart. Figures 5.30 - 5.33 show charts
for individual supply projections, further differentiating between Chinese and ROW supply.

The projected global supply of newly produced Dy,0; is in deficit until 2015 at the earliest. In the worst-case
scenario, none of the supply projections (A, B, C or D) actually exceeds the upper demand projection for Dy,03
before 2017.

The Dy,03 supply projections for 2014 have a range of 1,034 - 1,282 t, compared to a projected demand range of
1,446 - 2,245 t for Dy,05. By 2017, the range of supply is projected to be 2,515 - 3,015 t of Dy,03, compared to a
projected demand range of 1,614 - 3,169 t for Dy,0s.

Looking at the set of projections as whole, a permanent transition from deficit to surplus of new global supply of
Dy,0s, is not likely to occur before 2017.

Figures 5.34 & 5.35 show the projected supply of Dy,Os from various ROW rare-earth sources, under scenarios 1
(pessimistic) and 2 (optimistic) respectively. According to these scenarios, the projected ROW supply of Dy,0Os in
2014 will range from 97 t (scenario 1) to 227 t (scenario 2). By 2017, the range in projected ROW Dy,0O3; supply
increases, from 1,578 t under scenario 1 to 1,863 t under scenario 2 (with the latter value being approximately double
the estimated global supply of Dy,03 in 2010).
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Figure 5.29: Comparison of projected global supply of Dy 10" under various scenarios, to demand
trajectories projected by the US DOE (sources: TMR estimates & projections / Bauer etal., 2010).
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Global Dy ! O" Supply & Demand - Projection A
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Figure 5.30: Projected supply & demand of Dy ! O", assuming 0% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Figure 5.31: Projected supply & demand of Dy ! O", assuming 3% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Figure 5.33: Projected supply & demand of Dy
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer
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Projected ROW Supply of Dy !O" - Scenario 1 (pessimistic)
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Figure 5.34: Projected supply of Dy !Q" from ROW rare-earth sources under Scenario 1 (pessimistic)
(source: TMR estimates & projections).

Projected ROW Supply of Dy Q" - Scenario 2 (optimistic)
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Figure 5.35: Projected supply of Dy ! 0" from ROW rare-earth sources under Scenario 2 (optimistic)
(source: TMR estimates & projections).
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5.11 Global supply & demand projections forY !1O"

Figure 5.36 shows the supply and demand projections for Y,0Os in a single chart. Figures 5.37 - 5.40 show charts for
individual supply projections, further differentiating between Chinese and ROW supply.

The projected global supply of newly produced Y,0Os3 is in deficit until 2016 at the earliest. In the worst-case
scenarios, that of supply projections A and B compared to the upper demand projection for Y,03, supply does not
go into surplus until 2017.

The Y,0;3 supply projections for 2014 have a range of 6,328 - 7,934 t, compared to a projected demand range of
10,579 - 10,841 t for Y,03. By 2017, the range of supply is projected to be 15,963 - 18,857 t of Y,03, compared to
a projected demand range of 11,449 - 11,950 t for Y,0s.

Looking at the set of projections as whole, a permanent transition from deficit to surplus of new global supply of
Y,0;3, is most likely to occur around 2016.

Figures 5.41 & 5.42 show the projected supply of Y,0O3 from various ROW rare-earth sources, under scenarios 1
(pessimistic) and 2 (optimistic) respectively. According to these scenarios, the projected ROW supply of Y,03 in 2014
will range from 436 t (scenario 1) to 1,302 t (scenario 2). By 2017, the range in projected ROW Y,03; supply
increases, from 10,071 t under scenario 1 to 11,611 t under scenario 2 (with the latter value being almost double the
estimated global supply of Y,03 in 2010).
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Figure 5.36: Comparison of projected global supply of Y 10" under various scenarios, to demand
trajectories projected by the US DOE (sources: TMR estimates & projections / Bauer etal., 2010).
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Global Y!0O" Supply & Demand - Projection A
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Figure 5.37: Projected supply & demand of Y ! O", assuming 0% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Figure 5.38: Projected supply & demand of Y 1 O", assuming 3% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer etal., 2010).
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Global Y !O" Supply & Demand - Projection C
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Figure 5.39: Projected supply & demand of Y ! O", assuming 0% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Figure 5.40: Projected supply & demand of Y 1 O", assuming 3% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Projected ROW Supply of Y ! O" - Scenario 1 (pessimistic)
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Figure 5.41: Projected supply of Y 10" from ROW rare-earth sources under Scenario 1 (pessimistic)
(source: TMR estimates & projections).

Projected ROW Supply of Y ! O" - Scenario 2 (optimistic)
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Figure 5.42: Projected supply of Y 10" from ROW rare-earth sources under Scenario 2 (optimistic)
(source: TMR estimates & projections).
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5.12 Global supply & demand projections for non-CREOs: La !'O"

In the interest of contrasting the supply & demand projections of CREOs with non-CREOs, Figure 5.43 shows the
supply and demand projections for La,0Os in a single chart. Figures 5.44 - 5.47 show charts for individual supply
projections, further differentiating between Chinese and ROW supply.

The projected global supply of newly produced La,0Os is in slight deficit until 2011-2012 at the earliest. In the worst-
case scenarios, that of supply projections A and B compared to the upper demand projection for La,0Os, projected
supply does not go into a permanent surplus until 2013.

The La,0O3 supply projections for 2014 have a range of 46,252 - 55,336 t, compared to a projected demand range of
39,037 - 41,201 t for La,03. By 2017, the range of supply is projected to be 76,923 - 95,853 t of La,03, compared
to a projected demand range of 43,075 - 47,451 t for La,0s.

Looking at the set of projections as whole, a permanent transition from deficit to surplus of new global supply of
La,O3, is most likely to occur around 2012 - 2013.

Figures 5.48 & 5.49 show the projected supply of La,Os from various ROW rare-earth sources, under scenarios 1
(pessimistic) and 2 (optimistic) respectively. According to these scenarios, the projected ROW supply of La,Os in
2014 will range from 12,720 t (scenario 1) to 17,596 t (scenario 2). By 2017, the range in projected ROW La,03
supply increases, from 43,392 t under scenario 1 to 54,614 t under scenario 2 (with the latter value being over one-
and-a-half times the estimated global supply of La,Os in 2010).

Projected Global La ! O" Supply & Demand
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Figure 5.43: Comparison of projected global supply of La 10" under various scenarios, to demand
trajectories projected by the US DOE (sources: TMR estimates & projections / Bauer etal., 2010).
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Global La! O" Supply & Demand - Projection A
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Figure 5.44: Projected supply & demand of La ! O", assuming 0% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Figure 5.45: Projected supply & demand of La ! O", assuming 3% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer etal., 2010).
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Global La!O" Supply & Demand - Projection C
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Figure 5.46: Projected supply & demand of La ! O", assuming 0% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Figure 5.47: Projected supply & demand of La ! O", assuming 3% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Projected ROW Supply of La ! O" - Scenario 1 (pessimistic)
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Figure 5.48: Projected supply of La ! Q" from ROW rare-earth sources under Scenario 1 (pessimistic)
(source: TMR estimates & projections).

Projected ROW Supply of La ! O" - Scenario 2 (optimistic)
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Figure 5.49: Projected supply of La ! O" from ROW rare-earth sources under Scenario 2 (optimistic)
(source: TMR estimates & projections).
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5.15 Global supply & demand projections for non-CREOs: CeO !

Figure 5.50 shows the supply and demand projections for CeO, in a single chart. Figures 5.51 - 5.54 show charts for
individual supply projections, further differentiating between Chinese and ROW supply.

For some projections, the global supply of newly produced CeO, was already in surplus by the end of 2010. In the
worst-case scenarios, that of supply projections A, B and C compared to the upper demand projection for CeO,,
projected supply does actually not go into a permanent surplus until 2013.

The CeO, supply projections for 2014 have a range of 68,586 - 83,643 t, compared to a projected demand range of
55,579 - 58,194 t for CeO,. By 2017, the range of supply is projected to be 123,007 - 151,886 t of CeO,, compared
to a projected demand range of 61,262 - 66,550 t for CeO,.

Looking at the set of projections as whole, a permanent transition from deficit to surplus of new global supply of
CeQ,, is most likely to occur around 2012-2013.

Figures 5.55 & 5.56 show the projected supply of CeO, from various ROW rare-earth sources, under scenarios 1
(pessimistic) and 2 (optimistic) respectively. According to these scenarios, the projected ROW supply of CeO, in 2014
will range from 21,635 t (scenario 1) to 30,800 t (scenario 2). By 2017, the range in projected ROW CeO, supply
increases, from 76,056 t under scenario 1 to 94,142 t under scenario 2 (with the latter value approaching double the
estimated global supply of CeO, in 2010).

Projected Global CeO ! Supply & Demand
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Figure 5.50: Comparison of projected global supply of CeO I under various scenarios, to demand
trajectories projected by the US DOE (sources: TMR estimates & projections / Bauer etal., 2010).
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Global CeO! Supply & Demand - Projection A
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Figure 5.51: Projected supply & demand of CeO !, assuming 0% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).

Global CeO! Supply & Demand - Projection B
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Figure 5.52: Projected supply & demand of CeO !, assuming 3% annual growth in Chinese supply &
pessimistic roll out of new ROW sources (sources: TMR estimates & projections / Bauer etal., 2010).
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Global CeO! Supply & Demand - Projection C
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Figure 5.53: Projected supply & demand of CeO !, assuming 0% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Figure 5.54: Projected supply & demand of CeO !, assuming 3% annual growth in Chinese supply &
on-schedule roll out of new ROW sources (sources: TMR estimates & projections / Bauer et al., 2010).
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Projected ROW Supply of CeO ! - Scenario 1 (pessimistic)
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Figure 5.55: Projected supply of CeO ! from ROW rare-earth sources under Scenario 1 (pessimistic)
(source: TMR estimates & projections).

Projected ROW Supply of CeO ! - Scenario 2 (optimistic)
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Figure 5.56: Projected supply of CeO ! from ROW rare-earth sources under Scenario 2 (optimistic)
(source: TMR estimates & projections).
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5.16 Determining projected surpluses and depcits through averaged results

We can combine the supply projection data, into average supply values with associated ranges of deviation, for each
of the REOs and for each of the years described above. Although of course much of the detail is lost, such an
averaged dataset is a useful proxy for the total set of projections, and the values are shown in Table 5.4.

Table 5.4: Averaged supply projections for select REOs (t)

LalO" 35,182 35,685 37,107 45,997 50,794 62,790 75,307 86,388

+ 0% +1% +5% +12% +9% +20% +22% +11%
CeO! 48,956 49,660 52,077 67,873 76,115 96,706 118,894 137,446
+ 0% + 1% + 6% + 13% + 10% +22% +22% +11%
Nd!'O" 20,223 20,518 21,462 26,434 29,181 36,244 44,626 51,406
+ 0% +1% +6% +12% + 10% +21% +20% + 10%
Eu! O" 299 303 321 410 451 589 762 891
+ 0% + 1% + 7% + 12% +11% +22% + 17% +9%
Th#0$ 240 244 251 285 306 364 487 615
+ 0% +1% +4% + 9% +9% +19% +26% + 10%
Dy! O" 939 953 977 1,070 1,158 1,405 2,071 2,765
+ 0% +1% +4% +9% +11% +21% +31% +9%
Y!o" 5,901 5,989 6,017 6,562 7,131 8,569 12,909 17,410
+ 0% +1% +3% +8% +11% +22% +33% + 8%
CREO 27,602 28,008 29,117 34,760 38,227 47,171 60,855 73,086
+ 0% +1% +5% +11% + 10% +21% +23% + 10%
TREO 123,310 125,093 130,555 163,458 181,405 226,664 280,508 327,244
+ 0% +1% + 6% +12% + 10% +21% +22% + 10%
CREO = oxides of Nd, Eu, Th, Dy & Y Source: TMR estimates / projections

TREO = oxides of La-Lu + Y

Looking at the deviation values, we can see that the projections for 2015 and 2016 are particularly divergent, ranging
from 17 to 33%, before coming back towards the 8-11% mark for 2017. This is a reflection of the significant potential
supplies of various REOs that start to come on-stream outside of China, depending on the projection, in those years.
Things settle down by 2017, as the output numbers in the various projections start to converge.

We can do a similar exercise with the upper and lower demand projections for each REO evaluated in the present
work, and the results are shown in Table 5.5. Comparing this dataset to that in Table 5.4, Table 5.6 shows the
averaged supply projections as a percentage of the averaged demand projections for the various REOs
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Table 5.5: Averaged demand projections for select REOs (t)

LalO" 33,795 35,320 36,882 38,481 40,119 41,797 43,513 45,263
+ 0% +1% +2% +2% +3% +3% +4% +5%
CeO! 48,223 50,309 52,447 54,639 56,887 59,191 61,524 63,906
+ 0% +1% +1% +2% +2% +3% +3% +4%
Nd!O" 22,312 23,695 25,102 26,535 27,994 29,479 31,409 33,386
+3% +5% +7% +9% + 10% +11% +14% + 16%
Eu! O" 505 520 536 552 569 586 603 621
+ 0% + 0% +1% +1% +2% +2% +2% +3%
Th#0$ 309 318 327 336 346 356 366 377
+ 0% +1% +1% +2% +2% +3% +4% +4%
Dy! O" 1,337 1,461 1,588 1,716 1,846 1,977 2,182 2,392
+ 9% +13% + 16% + 19% +22% +24% +28% + 33%
YIO" 9,485 9,777 10,079 10,389 10,710 11,041 11,366 11,700
+ 0% + 0% +1% +1% +1% +2% +2% +2%
CREO 33,947 35,771 37,631 39,528 41,463 43,438 45,925 48,474
+2% +4% + 6% +7% + 8% + 9% +11% + 13%
CREO = oxides of Nd, Eu, Tb, Dy & Y Source: TMR, based on data from Bauer etal., 2010

Table 5.6: Averaged supply projections as a % of averaged demand projections for select REOs

2010e 2011p 2012p 2013p 2014p 2015p 2016p 2017p
LalO" 104 101 101 120 127 150 173 191
CeO! 102 99 99 124 134 163 193 215
Nd! O" 91 87 85 100 104 123 142 154
Eu! O" 59 58 60 74 79 100 126 144
Th#0$ 78 77 77 85 89 103 133 163
Dy! 0" 70 65 61 62 63 71 95 116
YIO" 62 61 61 63 67 78 114 149
CREO 81 78 77 88 92 109 133 151

CREO = oxides of Nd, Eu, Tb, Dy & Y Source: TMR estimates / projections
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evaluated in the present work. A more stylized version of the data in the latter table can be found in Table 5.7, which
gives a visual indication of the range of projected surpluses / deficits for the various REOs. It should be noted that the
deviation ranges have been omitted from the latter two tables; obviously they still have a bearing on the averaged
projections, and should not be forgotten when reviewing the data.

Table 5.7: Range of projected surpluses / debcits for select REOs

2010e 2011p 2012p 2013p 2014p 2015p 2016p
Lalo” O O o) ! I I R
CeO! 0 o) O ! I A R
NdiO " " ® O | L
STIC o e Y ' O I I
Tb#os " " " " " O L
Dy! O" o o " o v o O I
Yo" v e o o e " ! I
CREO " " " " " ! I I
Supply as % demand: " " =50-74%: " =75-94%: O =95-105%: | =106-125%:! | =126-150%:! ! | "151%
CREO = oxides of Nd, Eu, Th, Dy & Y Source: TMR estimates / projections

Based on the averaged projection data, La,Os; and CeO, would appear to be in balance through the end of 2012,
going into permanent surplus by 2013. Both of these rare earths are projected to go into significant surpluses by
2015-2016. Nd,Os is projected to be in deficit until 2013, and to go into permanent surplus in 2015 onwards. It
would appear to go into significant surplus by 2017.

Eu,0s appears to be in fairly significant deficit until 2014, going into permanent surplus in 2016 onwards, as does
Tb40-, although with less of a projected deficit prior to that. Dy,Os is the rare earth in greatest deficit for the longest
time, projected to go into surplus only in 2017 onwards. Close behind is Y,03, with similar projected deficit levels until
2016, when it goes into projected surplus.

Table 5.8 summarizes this information, indicating the point at which, based on the average of the four supply
projections, each CREQ is likely to go into permanent surplus with respect to supply.

Table 5.8: permanent surplus transition points, based on averaged supply & demand projections

La!O" Nd! 0" Eu! O" Dy! O"

2012-2013 2012-2013 2014 2015-2016 2015-2016 2017 2016

Source: TMR estimates / projections
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6: Supply Projections for Specific Rare Earths by Region

6.1 The continued dominance of Chinese sources of supply

Table 6.1 shows the fraction of supply of individual CREOs (as well as the CREOs and TREQOs collectively), that will
originate from China, according to the four supply projections. Supply estimates for 2010 indicate that approximately

Table 6.1: Projected Chinese rare-earth supply as a % of global supply, under supply projections A-D
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CREO = oxides of Nd, Eu, Th, Dy & Y
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Source: TMR estimates / projections
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96% of TREOs originated in China in that year. The fraction increases to 98% for the CREOs collectively, and
approaches 100% for supplies of Tb,O7, Dy,03 and Y,05 in 2010.

Figure 6.1 shows the averaged projections of the fraction of global supply coming from China. Note that the
deviations from the average values included in Figure 6.2 can be determined from Table 6.1, and that these
deviations are at their most significant in 2015 and 2016, where there is the greatest uncertainty concerning
outcomes.

2010e 2011p 2012p 2013p

Lal 0"
CeO!
Nd! 0"
EulO"
Tb#0$
Dy! 0"
Yo"

CREO

TREO

2014p 2015p 2016p 2017p

Lal 0"
CeO!
Nd! 0"
EulO"
Tb#0$
Dy! 0"
Yo"

CREO

TREO

Figure 6.1: Projected Chinese rare-earth supply as a fraction of global total, averaged from the four
supply projections A-D. CREO = oxides of Nd, Eu, Th, Dy & Y; TREO = oxides of La-Lu + Y
(source: TMR estimates & projections).

As seen in Chapter 5, for each of the supply projections there is little new ROW supply of CREOs until 2013. This is
reflected in Table 6.1 and Figure 6.1, with little change in the proportion of CREOs that will originate from China, in the
later years of each projection. Projections B and D will naturally result in higher proportions of Chinese supply than
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their counterpart projections A and C, given the fact that the key difference between the two sets is the assumed
growth rate of Chinese production of rare earths.

The projected fraction of collective TREO supply coming from China in 2014, has a range of 65 - 75% of global
supply. This drops to a range of 36 - 46% by 2017. For collective CREO supply, in 2014 the projected fraction is in
the range of 70 - 81%, dropping to 37 - 46 % by 2017, very similar to that for TREOs. These numbers suggest that
it will take longer for the world to reduce its dependence on China for CREOs, than it will for TREOs as a whole, and
that this discrepancy will take a number of years to resolve.

The projected fraction of Nd,O3 supply coming from China in 2014, has a range of 67 - 77% of global supply. This
drops to a range of 38 - 48% by 2017. For Eu,03 supply, in 2014 the projected fraction is in the range of 64 - 76%,
dropping to 33 - 42 % by 2017.

For Tb4O- supply, in 2014 the projection fraction coming from China is in the range of 79 - 88% of global supply. This
drops to a range of 39 - 49% by 2017. The projected fraction of Dy,0O3 supply coming from China in 2014 is in the
range of 80 - 92%, dropping to 33 - 42 % by 2017.

The projected fraction of Y,03 supply coming from China in 2014, has a range of 82 - 94% of global supply. This
drops to a range of 34 - 42% by 2017.

Reviewing Table 6.1 and Figure 6.1, it can be seen that supplies of Tb,07, Dy,03 and Y,0; take the longest of all of
REOs examined, to see a long-term drop in reliance on Chinese sources. Of these three CREQOs, Tb,0; is the CREO
most reliant on Chinese supply in 2016 and 2017.

Looking at the non-CREQOs reviewed in the present work, we can see that the projected fraction of La,Os supply
coming from China in 2014, has a range of 66 - 75% of global supply. This drops to a range of 38 - 49% by 2017.
For CeO, supply, in 2014 the projected fraction is in the range of 60 - 71%, dropping to 33 - 43 % by 2017.

6.2 Specibc geographical regions of interest for future CREO supply

Viewing the rare-earth sector in “Chinese / non-Chinese” supply terms is useful in broad strategic terms, since from
the geographical perspective alone, the present dominance by the Chinese represents a potential severe bottleneck
in the supply chain. If we look at where the new sources of supply will be located outside of China, we can start to
see which regions will grow in terms of importance to the rare-earths sector.

Figure 6.2 shows in greater detail, the origins of the new sources of supply outside of China, by region, using
averaged data from the four supply projections. Since there is an appreciable range of different values when
comparing one supply projection to another (leading to a wide variety of deviation percentages), the charts should be
used for qualitative purposes only. We can see that, by the time we reach 2017, rare-earth projects physically located
in Australia, Canada and the USA are collectively projected to constitute around 30% of total global supplies of
CREOs. Much of the remaining ROW CREO supply will also come from stable jurisdictions, further diversifying the
supply base for REOs, critical and otherwise.

While it is the case that by 2017, the projections indicate that the majority of CREOs will be coming from sources
outside of China, there are some subtle difference in sources for each CREO. For example, the averaged projections
show that by this year, the USA will be the source of 11% of global supplies of Nd,O3 and 12% of Eu,Os. It will
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Figure 6.2: Projected sources of CREO supply by geographical region, averaged from supply
projections A-D; CREO = oxides of Nd, Eu, Th, Dy & Y (source: TMR estimates & projections).
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however be the source of only 5% of global supplies of Tb,07, 2% of Dy,03 and just 1% of Y,0s. This is a reflection
of the fact that, despite the existence of potentially promising sources of these CREOs from projects such as the
Bokan deposit in Alaska, USA, at present there is no published timetable or estimated production rate for materials to
be produced from this deposit.

Other trends that are visible in the charts in Figure 6.2 include the rise of Australian-based projects as being the key

non-China alternative for supply, from 2013 onwards. The US and then Canada “appear” on the scene a little while
later.
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7. Reviewing the Ciriticality of the Critical Rare Earths

7.1 Evaluating the supply risk to the CREOs

As shown in Figure 2.3 above, the US DOE's original Critical Materials Strategy report ranked the REEs contained
within the five CREOs discussed in the present work, on a criticality matrix, for both the short and long terms (Bauer
et al., 2010). In both cases, Dy was ranked as the most critical REE. Nd, Tb and Y were ranked next in the short
term, followed by Eu. In the long term, Nd and Tb were ranked below Dy, and Eu and Y below them.

A further review of the above supply projections for the CREQs, can help to shed further light on risks to the supply of
these materials. Obviously there is key underlying risk to the supply chain, concerning the ability of the various new
ROW projects to come on time, and at the rates they have previously announced. The two ROW scenarios used in
the projections above attempt to look at this; determining the actual probabilities of success though, for individual
projects, is beyond the scope of the present work.

Two specific criteria associated with supply risk, do emerge from the supply projections:

e The point at which the supply of a specific CREOQ is projected to go into permanent surplus, and
e The time for the global supply of a specific CREO to become significantly less dependent on Chinese sources.

After reviewing the results summarized in Table 5.7, Table 5.8 and Figure 6.1 above, we can rank the critical rare
earths reviewed in the present work, in order of risk to supply, with the element at greatest risk listed first:

Dysprosium
Yttrium
Terbium
Europium

a s~ b e

Neodymium
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