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Abstract

In recent decades, China has become the world’s principal source of rare earths extraction, processing,
and manufacturing of its derivative goods. China’s monopoly is partly a result of its rich geological
endowment, particularly of the “heavy” rare earths that are increasingly valuable in green energy and
military technology applications. The country’s rapid industry consolidation, however, has been abetted
by unfair policies such as export restrictions that subsidized domestic producers. Furthermore, Beijing
has indicated a tight-fisted disposition, intent on reserving its rare earths for domestic consumers and
preferring that trade partners “find their own sources.” This dissertation examines how the U.S. can
pursue a portfolio of policies to reduce American vulnerability to the supply disruption of one critical
heavy rare earth, dysprosium. Intended primary for U.S. policy makers, the study first provides a
consolidated narrative of the interplay of politics, economics, and geology of rare earths in general and
dysprosium in particular. It then systematically evaluates the effectiveness and costs of a roster of new
and incumbent policies. A new strategic planning framework leverages mixed-integer linear
programming to concoct policy portfolios that maximize U.S. resiliency to dysprosium supply disruptions
at given budget levels. This enables a trade-off analysis comparing the portfolios’ vulnerability reduction
effectiveness against their costs. This analysis culminates with a recommendation of the portfolio that
balances fiscal feasibility with acceptable vulnerability reduction. The hope is that the method and
research findings will also serve as a generalizable template for mitigating the criticality of other
vulnerable rare earths and materials.
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Executive Summary

Research Introduction
This dissertation serves as a “one-stop shopping” destination for the U.S. policy planner seeking to

understand the complex political, economic, and technical dynamics governing rare earths in general and
dysprosium in particular and to identify a comprehensive solution for increasing American resilience to
dysprosium supply disruptions. The study leverages qualitative and quantitative data and methods to
provide a systematic explication, diagnosis, and treatment of the dysprosium supply challenge. In
particular, it presents a framework for maximizing dysprosium criticality reduction under budget
constraints using an optimization model.

The first step is to understand the unique political, economic, and technical dynamics that define the
criticality of a material such as dysprosium. This establishes the empirical and qualitative foundations for
understanding why a given material is “critical” and equally importantly, what role policies can have in
reducing the criticality. Next, a roster of policy options is considered (derived from literature and
additionally synthesized by the author) that can address the drivers of dysprosium criticality. The study
then utilizes a linear programming model to determine which policy combination (portfolio) maximizes
American resilience to dysprosium supply disruptions for a series of budget levels up to $3 billion.

The result is a cost-effectiveness trade-off curve and the identification of unique optimal portfolios of
policies that reduce dysprosium criticality. There are three practical planning benefits of this approach for
the policy planner. First, the planner is able to select and assemble policy options that can best reduce
dysprosium criticality (vulnerability to supply disruption), given an allocated budget. Secondly, if
budgetary pressures call for additional cost saving measures, the planner has an indication of how much
savings are possible, and if budgets are cut involuntarily, how much those cuts will affect dysprosium
criticality reduction effectiveness. Lastly, if the optimized portfolio at a given budget level does not
sufficiently decrease dysprosium criticality, the planner has an analytical framework for justifying
additional funding to meet required dysprosium criticality reduction levels. At the very least, senior
decision makers can be forewarned of the potential consequences of budget reductions on dysprosium
criticality or vulnerability to supply disruption.

Finally, three “Sweet Spot” Portfolios are identified for three different ranges of portfolio implementation
budgets (low, moderate, and high). Not only do these Sweet Spot portfolios yield the highest
effectiveness for their given budgets, they also provide the policy planner with superior value for money.

Dysprosium Supply Risk — Politics, Economics, and Geology

China rose to become the leading rare earths producer today through strategic investment in the industry
spanning the decades. Eager to capitalize on its abundant geological reserves and to exploit its unique
properties, Beijing has sought to develop mining capacities, invest in scientific research, and in the last
decade, consolidate lucrative global midstream and downstream rare earth production facilities within its
borders. This consolidation is now largely complete, with greater than 90 percent of upstream and
midstream capacities and at least 75 percent of downstream NdFeB magnet capacity currently residing
within China. In particular, China has a monopoly of valuable heavy rare earths, including dysprosium, at
least for the near term.
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Beijing’s strategy for capturing the global rare earth value chain was two-fold. First, China’s rise as an
upstream monopolist was abetted by its geological endowment of large and easy to excavate (read less
costly) deposits, particularly of heavy rare earths which include dysprosium. Secondly, to capture the
midstream and downstream capacities, Beijing instituted export restriction measures that created a two-
price system—a domestic price that effectively subsidized Chinese suppliers and an international market
price that was much higher. This created financial pressures that forced foreign rare earth processors and
manufacturers to either close down or relocate their business to China to take advantage of lower rare
earth ore prices. It was not until 2009, however, with Beijing’s drastic cuts in export quotas and the
concomitant rise in prices afterwards that rare earths gained the attention of policy makers worldwide. In
the years since, the U.S. along with the Japanese and European governments among others, have
prevailed against Beijing’s export barriers on critical materials and rare earths in two successive suits
before the WTO.

Undergirding the political and economic fracas of rare earths is a non-human factor: the abundant
presence of rare earths within China’s political borders. The abundance is not merely in terms of quantity
(just less than half of the world’s reserve) but also in valuable heavy rare earths in the form of ion-
adsorption which are significantly easier to extract than heavy rare earths found in other deposits around
the world. The triumvirate of rare earths quantity, elemental distribution, and quality gives China a
natural (pun not intended) advantage in the political economy of rare earths.

Dysprosium Material Importance: The NdFeB Permanent Magnet

By far, the most significant use of dysprosium is in small quantities in the manufacture of NdFeB
(Neodymium-Iron-Boron) permanent magnets. These magnets have superior overall qualities in terms of
power (magnetism), coercivity (resistance to heat and de-magnetization), and efficiency (smaller amounts
that still yield superlative performances which allow for miniaturization) than all its predecessors, such as
the SmCo (Samarium-Cobalt) and iron magnets. Permanent magnets are used in hard drives, autos, smart
phones, and medical devices as well as in next generation wind turbines and advanced military weapons
systems. With greater demand for technology goods that shrink in size without sacrificing performance,
dysprosium-laced permanent magnets play an increasingly important role in the modern economy.

Dysprosium, the Most Critical Rare Earth
This study heavily relies on the critical materials framework established by NRC (2008) and Bauer et al.

(2011) which introduced the criticality matrix. According to this matrix, the more important a material is
to society and the more risk there is of a supply disruption for that material, the more critical or vulnerable
the material. Dysprosium ranks high in both dimensions (Bauer et al. 2011). Criticality is manifested in
part by shortfalls, the difference between available supply and demand. A range of potential shortfalls is
possible in the decades ahead. In the best case, the shortfalls will be limited if demand requirements are
stable and supply capacities grow steadily outside of China. In the hypothetical worst case, however, the
shortfall can be very acute.

While China is the dominant rare earths producer, it is increasingly also a net importer as well, especially
of the heavy/critical rare earths (including dysprosium) as its technology manufacturing base matures.
Meeting shortfall demand by opening up Chinese rare earths trade thus may not improve American
supply of dysprosium given China’s own voracious demand for the material.
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U.S. Policy Options for Increasing Resiliency

Ten policy choices recommended by U.S. government agency reports, legislators, or otherwise
synthesized by the author are classified along four Policy Areas (Supply Chain Development, Functional
Substitute R&D, Trade Restrictions, and Contingency Plans). Policy Area 1 seeks the revitalization of
the U.S. rare earth supply chain (from upstream extraction, midstream separation and processing, to
downstream manufacturing); Policy Area 2 includes the research and development (R&D) of substitutes;
Policy Area 3 leverages U.S. trade power to either shield and nurture American rare earths suppliers from
Chinese rent-seeking, or to impose costs on Beijing to deter it from pursuing such policies; and finally,
Policy Area 4 is the stockpiling of dysprosium by the Department of Defense (DoD) either through the
National Defense Stockpile (NDS) or via contracts with private sector suppliers to maintain a buffer stock
mmventory.

Each policy option was qualitatively evaluated on its ability to reduce criticality of one or more sub-
dimensions of the criticality matrix by the end of the FY 2029 and interpreted into a 4-point integer scale
based on the NRC (2008) and Bauer et al. (2011) studies. The exception is the NDS, which is selected as
a necessary “insurance” policy for meeting military and essential civilian needs for four years during a
contingency event such as a major conflict or homeland attack. The policy implementation costs for the
fifteen fiscal year planning period (FY 2015 to FY 2029) were also estimated.

Three Sweet Spot Optimal Portfolios for Three Budget Ranges

The study applies a linear programming model to calculate how much dysprosium criticality reduction
can be achieved under various budget levels ranging from zero to $3 billion. This analysis yields a trade-
off curve that exhibits diminishing marginal criticality reductions with each additional dollar increase in
the budget. In addition, a dozen unique policy portfolios are identified that are optimal for different
ranges of budget. Of these, three are identified as what are called “Sweet Spot” Portfolios because they
reduce U.S. dysprosium vulnerability to specified criticality ranges at the lowest cost possible:

Portfolio 3 offers the highest per dollar vulnerability reduction value amongst all the portfolios. The
downside, however, is that this portfolio may not be resilient enough to shield the U.S. from critical
shortfalls in the worst of cases. Thus, Portfolio 3 would be the selected option if the policy maker is
merely interested in the best value without consideration of the robustness of the portfolio against worst
case scenarios. It consists of investments in three policy options. First is U.S. domestic mining
permitting reforms. Second is R&D on functional substitutes. Third is export restrictions on raw
materials that China is import-dependent on in order to compel Beijing to dismantle its export restrictions
as well as to deter it from manipulating global supplies henceforth.' Portfolio 3’s actual implementation
cost is $102 million. With the NDS contingency insurance of $62 million, the total cost is $164 million.

Portfolio 5 is the Sweet Spot Portfolio for a budget between $431 million to approximately $2 billion. It
is designed to sufficiently decrease U.S. dysprosium vulnerability so that the U.S. would not experience
acute shortages even in the worst case scenario. It includes Portfolio 3’s three policy options plus two
more policies—the Comprehensive Recycling Initiative (CRI) that invests in both cost-effective
dysprosium recycling technology R&D and legislation to increase collection rates of e-wastes that contain

! Portfolio 3 selects export restrictions as the default policy. However, the policy maker can also select import restrictions as a
viable alternative for a slightly higher budget ($6.4 million). Regardless of which policy is selected, however, these policies are
not assumed to be automatically executed because of their high potential for political and economic blowback. Thus, the funds
are allocated as reserves in case the U.S. policy maker later decides that either of the policies is implemented after serious
deliberation about the merits of their effectiveness in increasing supply resiliency.
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dysprosium; and R&D investment in better rare earths midstream (separation and processing)
technologies that can improve the competitiveness of U.S. rare earth suppliers. The actual portfolio cost
is $431 million, with the total rising to $493 million after the NDS contingency plan.

Portfolios 11/12 would achieve the maximum reduction in American dysprosium vulnerability with the
full set of policy options at the lowest possible budget. However, the cost would be approximately $2.7
billion for the implementation of all possible policies (including the NDS contingency plan).> Portfolios
11/12 include a DoD accreditation regime to incentivize U.S. and qualified countries’ rare earth suppliers
to become certified trusted sources of dysprosium and derivative products for the U.S. military. It also
includes expanding the DoD’s pre-existing Trusted Foundry program to include government-owned
dysprosium (and other critical rare earths) midstream and downstream capacities to meet DoD
requirements.

All three Sweet Sport Portfolios are optimal for their budgets and achieve their relative policy objectives.
Portfolio 3 returns maximum value proposition albeit with high uncertainty regarding reductions in
vulnerability. Portfolio 5 provides a more robust outcome against uncertain futures but requires a larger
budget than Portfolio 3. Portfolios 11 and 12 achieve the maximum possible vulnerability reduction for
the policy maker. Given the constrained federal budget environment, however, Portfolios 11 and 12 are
politically untenable. Thus, Portfolios 3 and 5 represent the more serious contenders for adaptation.
Between the two, the decision maker must weigh the prospect of comparatively higher reductions in
dysprosium criticality offered by Portfolio 5 (at a higher cost) against the budget-friendly but less robust
option offered by Portfolio 3. This study recommends that the policy maker implement Portfolio 5 given
its ability to shore up the resiliency of the U.S. dysprosium supply chain regardless of future scenarios
and to do so in a fiscally responsible manner.

2 Portfolio 11 and 12 are interchangeable because the only difference between the two is which of the two versions of the trade
restriction options are selected.
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Chapter 1 — Introduction

“So, are rare earth minerals actually rare? Not really.”

- Charles Homans



Introduction

The objective of this dissertation is to examine how the U.S. can pursue policies to secure a more reliable
supply chain of one highly critical rare earth element (CREE), dysprosium, and to seek technical solutions
that reduce heavy reliance on its use. The primary audience for this research is the U.S. policymaking
community. Thus, a complementary research objective is to assist the U.S. policy maker to best utilize
public resources to reduce the likelihood of dysprosium supply shortfall, and should a shortfall occur, its
magnitude in a cost-effective manner.

This introductory chapter will present the dissertation’s core research findings, explicate the relevance of
the research to the U.S. policymaking audience, highlight the study’s research contributions and practical
policymaking utility, establish the case for dysprosium “criticality,” and why it is the rare earth element
(REE) that has been chosen for this study. Finally, it provides a research roadmap to assist the reader
navigate the chapters as they build the case for why and how the U.S. policy maker should and can cost-
effectively decrease American vulnerability to dysprosium supply disruptions.

Research Findings

The Policy Challenge

The growth in Sino-American trade relations over the past decades has wrought great economic benefits
for both countries by allowing each to fully exploit its comparative advantages. One of China’s natural
comparative advantages is its rich geological endowment of rare earth elements, particularly of the so-
called “heavy” rare earth elements (HREEs) including dysprosium, that are increasingly valuable in green
energy and military technology applications. In recent decades, China has become the principal source of
rare earths extraction, processing, and manufacturing of its derivative goods to global consumers,
including the U.S.

Such economic interdependence, however, is premised on the reliability and willingness of the supplier to
export its goods to its trading partners. Recent Chinese policies have cast heavy doubt on both accounts.
China’s rare earths industry integration has been propelled by beggar-thy-neighbor policies designed to
hasten advanced Chinese rare earths production capacities. Beijing’s principal policy tool for achieving
this goal has been through export restrictions (via quotas and tariffs) on rare earth ores. These measures
have created a two-tiered price system whereby international rare earth prices are significantly higher than
China’s domestic prices. This creates price pressures for foreign firms to relocate to China, consolidating
China’s monopoly of the rare earth supply chain. Furthermore, with China’s rare earths demand expected
to soar as the economy expands, Beijing is intent on reserving its rare earths for its own domestic
consumption. In sum, “Chinese rare earths for Chinese consumption” is Beijing’s resounding mantra.

The intersection of China’s near monopoly of the global rare earths supply chain, Beijing’s desire to
preserve production for its own market, and the sensitive application of rare earths in U.S. military



systems and green energy production necessitates a strong, coherent, and cost-effective policy response
from the United States government.

Policy Solution
The American policy maker has a range of technical, political, and economic policy options available to

redress these concerns. Ten policy options are broadly categorized under four Policy Areas summarized
in Table 1.1. Policy Area 1 seeks the revitalization of the U.S. rare earth supply chain (from upstream
extraction, midstream separation and processing, to downstream manufacturing); Policy Area 2 includes
the research and development (R&D) of substitutes; Policy Area 3 leverages U.S. trade power to shield
and nurture American rare earths suppliers from Chinese rent-seeking or to impose costs on Beijing to
deter said policies; and Policy Area 4 is the stockpiling of dysprosium by the Department of Defense
(DoD) either through the National Defense Stockpile (NDS) or via contracts with private sector suppliers
to maintain a buffer stock inventory.’

TABLE 1.1 — POLICY AREAS AND PoLICY OPTIONS

Policy Area Policy Option

1.1 Domestic Upstream Production

1.2 Midstream R&D Separation and Processing
1 1.3 DoD Downstream Accreditation

1.4 DoD Trusted Foundry

1.5 Comprehensive Recycling Initiative (CRI)
2 2.1 Functional Substitute R&D

3.1 Export Restriction

3.2 Import Restriction

4.1 Traditional Stockpiling

4.2 Buffer Stockpile

This dissertation finds that there are three different policy portfolios for three respective budget ranges
that can minimize American vulnerability to supply risks of dysprosium in a cost-effective manner.

These three portfolios—Portfolios 3, 5 and 11/12—are referred to as “Sweet Spot” Portfolios because
they maximize vulnerability (criticality) reduction for a given budget while also capturing large value for
money. Regardless of which portfolio the policy maker selects, the assumption is that the U.S.
government will continue to politically engage Beijing in the World Trade Organization (WTO) and
pursue DoD stockpiling of critical materials (including select rare earths) as statutorily required. It would
also continue to consult, cooperate, and coordinate with other countries on critical material matters,
including rare earths.

3 A couple of unique policy option attributes should be noted upfront which are extrapolated later. First, the two Policy Area 3
trade restriction options (export restriction and import restriction) are mutually exclusive. As explained in Chapter 6, the import
restriction is designed to keep Chinese rare earths out while the export restriction is designed to keep pressure on China to
continue supplying the U.S. and other trade partners with its rare earths. Second, one of the two Policy Area 4 contingency plan
options are always chosen as an insurance policy against the worst possible outcome (in practice, it is always the NDS option due
to its cost advantage).



Portfolio 3 is comprised of three “core” policies’: reforms to U.S. mining permitting delays (which will
support domestic upstream production), research and development (R&D) funding for substitute
technologies that do not rely on dysprosium (functional substitutes), and American export restrictions on
raw materials for which China is import-dependent on to coerce and/or deter Beijing from manipulating
dysprosium (and other rare earths) supplies. In addition, the study recommends that the Department of
Defense (DoD) retains a dysprosium stockpile as an insurance against serious national contingencies that
could result in severe dysprosium shortfalls. This portfolio emphasizes maximize per dollar value for the
American public but may not be robust enough to sufficiently reduce U.S. dysprosium supply
vulnerability in the most extreme cases. Portfolio 3 is the most cost-effective choice for total federal
program appropriations of $430 million or less. The actual implementation cost for the three policies plus
stockpiling over the planning period from Fiscal Year (FY) 2015 to Fiscal Year 2029 is an estimated $164
million. Any spending beyond $164 million yields diminishing reduction in dysprosium vulnerability
(diminishing marginal returns).

These three core policies plus the stockpiling plan are always selected no matter the budget level. They
have the highest effectiveness to cost ratios which offers the policy maker the greatest bang for the buck.

Portfolio 5 is comprised of the three portfolios in Portfolio 3 plus two additional policies: first, a
Comprehensive Recycling Initiative (CRI) that increases the recycling rate of electronic consumer waste
and the recovery of minute traces of dysprosium contained within them; and second, R&D investment
into next generation cost-effective rare earth separation and processing techniques that can help make
American rare earth production more competitive. This portfolio is designed to sufficiently reduce
American vulnerability to dysprosium supply disruptions such that the U.S. would not experience drastic
shortages even in the most pessimistic future scenario. Portfolio 5 is optimal and offers the highest value
for appropriated budgets between $431 million and approximately $2 billion (inclusive).” The actual
implementation cost—which includes the DoD stockpile—is estimated at $493 million.

Portfolios 11 and 12° are comprised of the same five policies in Portfolio 5 but with two additional
policies: first, investment in a DoD accreditation program that certifies the origins and qualities of
dysprosium and its derivative goods that are used by the U.S. defense industrial base; and second, the
inclusion of a separate DoD rare earths processing and rare earth magnet manufacturing capacity as an
extension of the pre-existing DoD Trusted Foundry program for semiconductors. This portfolio achieves
the maximum reduction in U.S. vulnerability with the given set of policy tools. Portfolios 11 and 12 are
the optimal high-value portfolios for budgets greater than $2 billion. The actual costs, again including the
DoD stockpile, is an estimated $2.7 billion.

4 Core policies are selected no matter the budget level. They have the highest effectiveness to cost ratios which offers the policy
maker the greatest bang for the buck.

5 «Optimal” policy portfolios maximize the reduction of dysprosium criticality (which is equivalent to maximizing the reduction
of American vulnerability to dysprosium supply disruptions) subject to an allotted fiscal budget. “High value” policy portfolios
are those that provide the greatest decrease in dysprosium with each additional dollar of budget increase. In microeconomics,
this is referred to as marginal returns.

8 Portfolios 11 and 12 are identical except in whether the policy maker selects export restrictions (Portfolio 11) or import
restrictions (Portfolio 12). Import restrictions prohibit the U.S. importation of Chinese rare earths in order to help the
revitalization of a domestic U.S. rare earth industry. Export restrictions are punitive and are designed to impose a cost on China
by curbing exports of raw materials that China is import-dependent via quotas or tariffs. Import and export restrictions are
mutually exclusive options (explained in Chapter 6) with minor differences in cost and effectiveness ratings. For these reasons,
Portfolios 11 and 12 are simply considered variations of a single portfolio.



These three Sweet Spot Portfolios achieve two important policy objectives.’

First, Sweet Spot Portfolios are designed to maximize reductions to U.S. dysprosium supply vulnerability
(maximize criticality reduction) at a given level of federal budget in the long term, specifically by the end
of FY 2029. This means that for an appropriated program budget, the policy maker knows what the best
combinations of policy options will help reduce American vulnerability.

Second, they capture the greatest value for money for the U.S. taxpayer. This means that Sweet Spot
Portfolios return a high dysprosium criticality reductions for every dollar spent (this is known as marginal
returns). Any additional money spent returns inferior rates of criticality reduction. Any smaller dollar
amount means that the policy maker is foregoing proportionally large increases in criticality reduction
even if spending increased by only a small amount.

This research’s primary audience is the U.S. policymaking community although rare earths stakeholders
in industry and academia may also find it relevant. The Sweet Spot Portfolios and the method for
identifying them should be of strong policy interest during this time of U.S. budget austerity since the
results ensure that limited fiscal resources are deployed for maximum effect and value. With this in mind,
this research recommends that the U.S. policy maker advocate moving towards the implementation of
Portfolio 11/12 which offers the greatest optimal risk reduction to American vulnerability to dysprosium
supply disruption. However, given the hefty cost, an acceptable fallback choice is Portfolio 5. Portfolio 3,
which is the least costly option, should only be advocated as an alternative to inaction.

Policy Relevance

Reducing dysprosium criticality is a costly proposition, so why should the U.S. policy maker be interested
in rare earths in the first place?

Rare earths are crucial for the manufacture of many products such as personal electronics, wind turbines,
hybrid cars, petroleum refining, solar cells, and advanced weapons systems. Rare earths comprise 17
separate elements on the periodic table that share similar chemical properties and are often found together
when extracted from mines. A subgroup of elements referred to as critical rare earth elements have been
found to be both high in importance to society but also prone to supply disruptions (Hatch 2011 and
Bauer et al. 2011). Of the CREEs, dysprosium is the single highest critical element which makes it a
suitable candidate for a case study generalizable to less restrictive rare earths elements.

Dysprosium is an important additive for increasing the performance of permanent magnets that have
crucial functions in next-generation wind turbines and military systems. Historically, dysprosium has
only been mined in China, which has been keen on preserving its limited reserves for domestic

7 Export and import restrictions policies—mutually exclusive options, with at least one which is selected in all three policy
portfolios—are very cost-effective. However, they are “volatile” policies because their political and economic outcomes are
difficult to ascertain. Much of their effectiveness relies on legal standing of the measures, the reaction from China, and the
collateral economic effects of these measures on domestic and foreign stakeholders. As a result these measures can just as easily
backfire or negate any positive outcomes. A second point is that the differences in these two policies’ costs and effectiveness are
negligible. Thus while the linear programming model selects export restrictions as the default policy option for Portfolios 3 and
5, they can be substituted with import restrictions for an additional $6.4 million and a small decrease in effectiveness.



consumption. Since 2010, the Chinese government drastically reduced export quotas and hiked up export
tariffs that have limited rare earths availability in the global market. These events point to the fact that
dysprosium and rare earths writ large sit on the nexus of three powerful policy narratives: geopolitics, the
environment, and development economics (Wiibbeke 2013).

Geopolitically speaking, China’s unique status as the monopoly producer of rare earths and other valuable
minerals such as tungsten, molybdenum, magnesium, and antimony, its sharp curtailment of allowable
exports of these materials to the world market, and finally its apparent willingness to use its market power
as political leverage (as it allegedly did in September 2010 over maritime disputes with Japan), have
raised concerns about China’s reliability as a supplier of these technology metals.

Environmentally, dysprosium and other rare earths have important clean energy applications, such as
wind turbines and electrical vehicles. Ironically, however, rare earths production and processing is
energy-intensive, highly reliant on toxic chemicals, and can produce radioactive byproducts, mostly from
thorium. Insufficient environmental oversights have and continue to lead to environmental degradation,
as is the case with China.

Lastly, Beijing’s export restrictions—ostensibly to support Chinese producers to move up and capture the
rare earth value chain—touches on a long-running debate between the balance of free trade on one hand
and the desire for developing economies to become less reliant on cheap raw materials exports and move
up the economic value chain on the other.

The controversy of Chinese rare earths in general (and dysprosium in particular) touches on geopolitical,
economic, and technology policy dimensions directly affecting public and private stakeholders in the U.S.
green technology, military, and mining industries. How successfully and cost-effectively the U.S.
policymaking community addresses supply risks of valuable commodities such as dysprosium can form
the basis of a strategic framework for addressing other critical elements, rare earths or otherwise. This
dissertation introduces just such a planning framework using dysprosium as an example.

Research Contribution

This study contributes to the policy research field in three ways: a consolidated narrative of dysprosium
criticality, a new strategic planning framework for reducing material criticality, and recommendations of
the aforementioned sweet spot policy portfolios that reduce dysprosium criticality cost-effectively and
efficiently using the said planning framework.

Contribution 1 — Consolidated Dysprosium Narrative

Rare earths, let alone dysprosium, are obscure elements that occupy a small but important niche in
modern technology industries. They enable technological improvements (e.g., smaller, faster, stronger,
and clearer) that provide that vital competitive edge for businesses, energy efficiency, and military
systems. This dissertation explores the complex interplay of politics, economics, and geology that make
many of the rare earths, and particularly dysprosium, critical. This dissertation offers a consolidated
narrative of these dynamics to explain what rare earths are, why they are important, why dysprosium in



particular is highly critical, and what can be done to reduce American vulnerability to dysprosium supply
disruptions.

Contribution 2 — New Criticality Reduction Planning Framework
U.S. government planning for supply security is covered by the Budget Control Act of 2011 which

mandates curtailed federal fiscal spending through FY 2021. The contemporary policy maker must plan
under tightened fiscal constraints. The new policy planning framework introduced in this study will assist
U.S. policy makers to achieve the best possible dysprosium criticality reduction under on-going budget
austerity through a combination of qualitative metrics and quantitative optimization model.

First, the study gathers a roster of policy options (derived from literature and additionally synthesized by
the author) that can reduce dysprosium criticality. The policy options are consistently assessed for their
implementation costs between FY 2015 to FY 2029 and their effectiveness in reducing the criticality of
dysprosium. A policy’s effectiveness is evaluated along two dimensions: material importance and supply
risk. For example, some policies can reduce the importance of dysprosium through research of substitutes
and reduce demand (material importance). Others can encourage the expansion of dysprosium mining
supply capacity outside of China through regulatory reforms or economic incentives (supply risk). All the
policy options are evaluated on a 1 to 4 qualitative criticality risk metric (1 = low risk, 2 = medium-low
risk, 3 = medium-high risk, and 4 = high risk). Thus, the goal of each policy is to reduce the criticality
risk by lowering the metric score to the lowest value possible. The policies’ implementation costs are
estimated for the 15 year planning period (FY 2015-FY 2029).

Next, the synthesized scores are applied as criticality reduction coefficients in a linear programming
model. Technically speaking, the model’s objective function maximizes criticality reduction subject to
budgetary constraints that increase in $10 million increments. In non-technical terms, this means that the
policy options are selected and assembled into policy portfolios (policy packages) for maximum
effectiveness in reducing American vulnerability to dysprosium supply disruptions for a given level of
budget allowance. This calculation at various budgets results in a cost-effectiveness trade-off curve
plotting an increasing budget against diminishing but positive marginal returns in criticality reduction
(effectiveness). The calculation also finds the optimal portfolio of policy choices that maximizes
criticality or vulnerability reduction at a given budget level.

Contribution 3 — Sweet Spot Portfolios for Dysprosium Criticality Reduction
The third major contribution of this research is the introduction of the three so-called Sweet Spot
Portfolios—derived using the optimization method described above—which the U.S. policy maker should
aim to implement. Not only do these Sweet Spot Portfolios yield the highest effectiveness for their given
budgets, but they also provide the policy planner with superior value for money, meaning that although
their absolute costs may be marginally higher than other portfolios in the respective budget ranges, their
effectiveness increases substantially for each additional dollar investment.

Practical Policy Planning Benefits

The cost-effectiveness trade-off curve is particularly useful for senior U.S. decision makers at a time of
budget austerity. For example, proposed budgets can be evaluated on their expected impact on criticality
reduction and whether the decision maker’s policy objectives can be met. Even if the budget were not
adjustable, this framework will still allow the decision maker to make an informed decision knowing the
expected impact (perhaps a dire one) of the budget. Alternatively, the policy planner will be able to



assess whether a minor budget increase from the original allocation can lead to a disproportionally higher
gain in criticality reduction, thereby capturing superior value for money.

To sum up the policy planning benefits, the systematic evaluation of the cost-effectiveness of policy
portfolios aids policy makers in three ways when planning for dysprosium supply strategy. First, the U.S.
decision maker can know exactly which policy options should be selected to best meet reduction
objectives at a specific funding level. Second, the policy maker has an idea if a certain level of funding is
sufficient enough to reduce dysprosium criticality by a desired margin. Depending on the budget
appropriation, it is possible to identify potential cost savings or if funding is decremented, what the
consequences on dysprosium criticality will be. Thirdly, if prospective funding falls below the necessary
budget amount, the policy maker can make an analytically justified case for adequate funding or at the
least forewarn senior decision makers about consequences of the reduced budget.

Dysprosium Criticality

Among the seventeen elements that comprise the rare earth elements, dysprosium is considered the most
“critical.” However, because dysprosium mining, economics, and policies are inextricably linked with
other rare earths, the study first conducts a qualitative review of the rare earths political economy

(Chapter 2) and geology (Chapter 3) before re-focusing on dysprosium shortfall projections (Chapter 4)
and a quantitative cost-effective assessment of U.S. policy options and portfolios (Chapters 5 and 6).

This section reviews the concept of criticality and why dysprosium is considered the most critical element.

Criticality Defined

The rare earth elements have similar chemical characteristics but their differences are significant enough
to affect large variances in geological bounty and technological applications. This translates to
differences in the economic and strategic valuation of these minerals which, in turn, impact the criticality
of each REE. While scientific and industry insiders involved in the rare earth sector have long understood
this importance nuance, policy circles have traditionally not, treating rare earths as a single convenient
entity. As noted by one industry observer:

In wider discussion of the rare-earth sector in general [REEs] are discussed in over-simplified,
monolithic terms, ignoring the nuances and supply and demand characteristics of each individual
metal (Hatch 2011).

In recent years, however, there has been a greater appreciation of the subtle but important differences not
only between light rare earth elements (LREEs) and HREEs, but of the granular details of each element in
policy planning. Much of this is due to high profile studies by the European Commission (EC), U.S.
Department of Energy (DoE), the U.S. National Research Council (NRC), and joint research by the
American Physical Society (APS) and Material Research Society (MRS). Similarly, the DoD’s biannual
report on strategic and critical materials evaluates the U.S. military’s material needs of REEs on an
individual basis (DoD 2013a).® The studies established that while some rare earths are clearly facing

¥ With exception to the DoD study (2013), the others focus on critical rare earths for the commercial and clean energy industries
(understandably since the overwhelming proportion of rare earths needs are in the commercial rather than the military sector).



supply shortages now and likely into the future, other rare earths do not face similar problems. The most
influential work, by Bauer et al. (2011), finds five rare earths—the HREEs yttrium, dysprosium,
europium, and terbium and one LREE neodymium—as the most critical in both short-term (2011-2016)
and medium-term (2016-2026). These five rare earths have since been colloquially referred to as “critical
rare earths” or CREEs in the industry (Bauer et al. 2011, Hatch 2011, and Lifton 2012).°

Dysprosium Is Most Critical
This study adopts dysprosium as the candidate REE for a case study on how the American policy maker

can plan and implement a national critical materials strategy. Dysprosium is an ideal element for two
reasons. First, it is of great importance for clean energy and national security applications as an additive
to NdFeB (Neodymium-Iron-Boron) permanent magnets (as is discussed in Chapter 3 and reviewed again
in Chapter 5) and is therefore of keen policy interest. Secondly, unlike less critical materials such as
LREEs where the ready availability of substitutes or abundant mining from non-Chinese sources means
shortages are unlikely or can be adequately addressed, dysprosium is recognized as a particularly tough
challenge. Thus multiple policy options—political and scientific—must be pursued and evaluated.

Policy and industry literature confirm the policy puzzle presented by dysprosium. Of the CREEs, only
dysprosium ranked highly for both supply risk and importance in the short-term and medium-term (see
Figure 1.1) (Bauer et al. 2011). DoD (2013a) also identifies dysprosium as one of the top elements that
would be in shortage during a national contingency (the other elements are the HREEs erbium, terbium,
thulium, yttrium, and the LREE scandium).'® Alonso et al. (2012) come to the same conclusion. In the
absence of alternative technologies, substitutes, or effective recycling schemes, the proportional share of
dysprosium demand vis-a-vis other rare earths could increase from 1 percent to nearly 8 percent by 2035
(Figure 1.2). Expressed in terms of tonnes of dysprosium oxide demand, this increase represents a 2,600
percent jump from current demand levels. Lifton (2012) points out that dysprosium is particularly
problematic because unlike LREEs and other HREEs, it has never been mined outside of China.

FIGURE 1.1 — DYSPROSIUM IS THE MOST CRITICAL ELEMENT IN THE MEDIUM-TERM
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? Neodymium, the fifth critical REE, is an LREE but its importance and high demand for production of permanent magnets
qualifies it as a critical DoE element.
' Three HREEs overlap between the DoE and DoD’s respective short lists— dysprosium, terbium, and yttrium.



FIGURE 1.2 — ALONSO ET AL. (2012) PROJECTED REES DEMAND DISTRIBUTION"
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Dysprosium Technical Factoid

Dysprosium, which derives from the Greek word dusprositos meaning “difficult to approach,” was
discovered by accident in 1886 by a French chemist. Attempting to process a holmium sample via several
challenging separation processes, Paul Emile Lecoq de Boisbaudran stumbled across dysprosium, thus
earning the new elements its name. Dysprosium is silvery and malleable and can be cleaved easily with a
knife. Dysprosium has a melting point of 1407 °C while dysprosium oxide—usually found as a light pink
powder—has a melting point of 2340 °C (InvestorIntel 2014).

Dysprosium is found in xenotime and monazite ores. Xenotimes, which are rare, typically have higher
dysprosium oxide at about 8 to 9 percent of total rare earth oxide (REO) content. Monazites, which are
more abundant, typically have about 0.2 to 0.9 percent dysprosium oxide enrichment levels.

. /

Roadmap of Research Chapters

This dissertation identified three Sweet Spot Portfolios that can optimally reduce dysprosium criticality
by the end of FY 2029 for the best value on behalf of the American public—Portfolios 3, 5, and 11/12. In
order to arrive at these findings, however, the study employed a mix of qualitative and quantitative
sources and methods. This section provides an overview, a roadmap, of the chapters in this dissertation
and how they complement one another in building the case that the Sweet Spot Portfolios deliver on their
purported benefits to the American policy maker. The first half of the dissertation progresses by
establishing the “policy challenge” of dysprosium. The second half then analyzes the “policy solution,”
i.e., how the U.S. policy maker can meet the said challenge.

! Right hand side figure is a zoom of the left hand side figure’s y axis from 0.9 to 1.0.
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The Policy Challenge — Chapters 2, 3, and 4

The policy challenge chapters (Chapter 2, 3, and 4) take a retrospective, contemporary, and prospective
examination, respectively, of why dysprosium (and rare earths writ large) presents a difficult policy
puzzle. They examine why rare earths and dysprosium in particular are important, how rare earths
production has become a Chinese monopoly, why it is difficult to challenge that monopoly, and what the
range of dysprosium shortfall projections could be like in by 2030.

Chapter 2 studies the political economy of the rare earths sector followed by Chapter 3, where the
geological and scientific underpinnings of rare earths discussed in detail. Chapter 4 transitions away from
the past and present and into the future: it projects supply capacity and demand requirements in the
coming decades to understand dysprosium market drivers and the range of possible dysprosium shortfalls.

The Policy Solutions — Chapters 5, 6, and 7

The policy solutions chapters (Chapters 5, 6, and 7) discuss the method for analyzing how to reduce
dysprosium criticality, examine the costs and effectiveness of available policy options, and then calculate
what the optimal and high value policy portfolios are, respectively. They introduce the combined
qualitative and quantitative criticality reduction methodology applied in the new strategic planning
framework, conduct an in-depth survey and assessment of policy options that can reduce dysprosium
criticality, and apply the quantitative linear programming methodology to calculate, identify, and check
the robustness of Sweet Spot Portfolios.

Chapter 5 reviews the technical framework for portfolio optimization which undergirds Chapters 6 and
Chapter 7. It discusses U.S. policy objectives regarding dysprosium and the concept of “criticality.” The
general approach to calculating policy implementation costs and for assessing the effectiveness of policies
in reducing said criticality is also explained. Finally, the chapter explains the process for optimizing the
combination of different policy options into an integrated policy portfolio that is most cost-effective
against three potential future scenarios.

Chapter 6 conducts a review of the contributory effectiveness and monetary costs of various policy
options that have been implemented by the government, suggested in the literature, and devised over the
course of this research. The review formulates the data into consistent effectiveness and cost bases that
can be analyzed for dysprosium supply security planning. Chapter 7 applies linear programming to
analyze the optimal combination of policy options to cost-effectively meet U.S. policy objectives in the
FY 2015 to FY 2029 timeframe.

Finally, Chapter 8 will provide a summary conclusion to this research.'”

Chapter Summary

Dysprosium is considered the most critical rare earth element due to its increasing importance to vital
technology sectors yet its high susceptibility to supply disruptions. Much of the risk arises from China’s

12 In the report, numbers are not rounded to significant figures so that readers can more easily replicate, match, and check the
calculations. They are rounded, however, in the final analysis and summary in Chapters 7 and 8.
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monopoly of the entire production chain and its policies that increasingly discourage exports to the global
market. These trends pose a difficult challenge for American policy makers.

This dissertation introduces a new strategic policy planning framework designed to analyze how
American vulnerability to dysprosium supply disruptions can be reduced within the fiscal constraints of
the current period of austerity. Using this method, the study recommends that the U.S. policy community
adopts Portfolio 11/12 to optimally and cost-effectively reduce dysprosium criticality. Given budgetary
realities, however, Portfolio 5 offers a respectable alternative. Portfolio 3, the least expensive option,
should be implemented only as a last resort.

While the research findings are most applicable to dysprosium, they have important implications for other
critical rare earths. The hope is that the methods applied, research findings, and policy recommendations
on dysprosium will serve as a generalizable template for mitigating the criticality of other rare earths and
materials that are similarly important but supply-constrained.
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Chapter 2 — The Politics and Economics of Rare Earth
Elements

[
“The Middle East has oil, and China has rare earths.”
— Deng Xiaoping



Introduction

Next to the energy market, no other mineral has been so intertwined with geopolitics in recent years as
rare earths. This is because China emerged as the world’s dominant producer of all things rare earths—
from ores all the way up the value chain to high performance magnets that are critical to improving
performances of green energy technologies and advanced weapons systems. Of course, China has been
the world’s de facto manufacturing base for a generation so the consolidation of yet another industry in
China is not necessarily an issue. The cause for concern, however, rises from China’s reluctance to
openly trade its rare earths in the global market as it seek to conserve and reserve its supply for domestic
consumption. Beijing’s message is simple, “Go find your own rare earths.”

From mining and extraction to alloys, metals, magnets, and semi-manufactured components, China has in
the last two decades emerged as the world’s one-stop source of rare earth goods. On one hand, this
development should not come as a surprise given China’s large reserves. On the other hand, this outcome
was not a given for two reasons. First, other countries also have significant rare earth reserves, including
the U.S. and Mongolia. In fact, the U.S. was the world’s single largest producer until the 1980s.
Secondly, unlike primary metals like copper or iron ore, rare earths are high technology specialty metals
that require advanced know-how to properly separate and purify (process) the rare earths. This sort of
specialty skill was previously found only in Japan, the U.S., and some European countries.

How did China surpass these countries to become the principal integrated rare earth supplier?

This chapter traces China’s policies that have led to its rare earth ascendency. The following chapter
(Chapter 3) explores the applications of rare earths and their physical and geological properties that
undergird the political and economic dynamics discussed here. The research finds two principal reasons
that drove China’s success. The first is China’s fortuitous geological endowment. Its reserves are not
only the world’s largest, but also have greater shares of particularly valuable rare earths called heavy rare
earths. What is more, these HREEs are embedded in ion-adsorption deposits which happen to be the
casiest to extract rare earths from (these and other technical and geological properties are discussed in
detail in Chapter 3). These attributes contribute to significant cost advantages for Chinese rare earth
miners. Poor environmental regulations also enable miners to produce at lower costs.

The second factor to China’s success is Beijing’s focused attempt in the last two decades to increase its
separation and processing capacities (midstream) and manufacturing capacities (downstream) at the
expense of U.S. and Japanese capacities. Beijing has achieved this through attempted acquisitions of U.S.
firms and through de facto subsidies that induce U.S. and Japanese midstream and downstream firms to
relocate to China. Such inducements were enabled through China’s restrictions of rare earth exports to
the rest of world which had the effect of increasing global rare earth prices while decreasing Chinese
domestic prices (thus the subsidy effect).

This chapter will also review the environmental costs of China’s rapid rise to rare earth sovereignty as
well as the negative impact it has had on the U.S. rare earth supply chain. It will cap with an overview of
policy responses from key rare earth consuming countries (an extensive review of American policy
responses and potential options are conducted separately in Chapter 6).
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China’s Path to Rare Earth Dominance

China’s rare earth monopoly is a fairly recent phenomenon that has taken shape over the last couple
decades. In the years leading up to the 1940s, the primary rare earths suppliers were India and Brazil.
Australian and Malaysian mines soon became principal suppliers in the following decades until the
American Mountain Pass mine become the dominant supplier starting the 1980s. China’s resurgence
began in earnest in the 1980s, coinciding with its economic reforms started in the 1970s (Walters, Lusty,
and Hill 2011).

Two simple reasons explain China’s dominant position in the global REEs supply. The first is its
geological endowment. China has large reserves, including the vast majority of known ion adsorption
clay deposits which are known to be much easier (and thus less costly) to process than other forms of rare
earths-bearing deposits. Secondly, perhaps most importantly, Beijing has actively fostered the growth of
the REEs industry for decades, culminating in its successful global consolidation today.

China’s Geological Endowment
Despite its name, rare earth elements are not necessarily “rare.” According to the latest estimates, in 2013

there was an estimated 147 million tonnes of rare earth oxides in the earth’s crust that qualified as
“reserves,” defined as those rare earth elements that could be “economically extracted or produced”
(USGS 2014a and Currie 2013b)."*'* Based on global consumption levels from 2013, this is equivalent
to more than 1,300 years’ worth of reserves. The global rare earth resource level, which includes the
reserves plus those resources not yet deemed economical for extraction, is far greater.

Just around 38 percent of the world’s REEs reserve is in China (Figure 2.1). Mongolia’s reserves account
for 21 percent of world reserves, Brazil holds about 15 percent, the U.S 9 percent, and Japan about 5
percent.”” Next is India (2 percent) and Australia (1 percent). Additional reserves of various quantities
are held across the globe, including in Finland, Greenland, Kyrgyzstan, Madagascar, Malawi,
Mozambique, South Africa, South Korea, Sweden, Turkey, Vietnam, and others, collectively comprising
31 percent of global reserves (USGS 2013). Figure 2.2 exhibits the global distribution of rare earth
deposits by deposit status and reserve/resource type.'®

13 Full definition of mineral reserves according to the USGS reads, “That part of the reserve base which could be economically
extracted or produced at the time of determination. The term reserves need not signify that extraction facilities are in place and
operative. Reserves include only recoverable materials; thus, terms such as “extractable reserves” and “recoverable reserves” are
redundant and are not a part of this classification system” (USGS 2013).

' In addition, there was 540,000 tonnes of yttrium oxide in 2012 which the USGS reported separately from the REEs estimates
(USGS 2013).

15 An estimated 6.8 million tonnes of rare earths were found on the Pacific seabed within Japan’s exclusive economic zone in
2012 (Currie 2013b).

'S The country of Mongolia has significant rare earth reserves. Because of its landlocked status, however, and its poor
transportation infrastructure, there has been little development or interest in Mongolian reserves until recent years. Like the
Bayan Obo mine (the world’s largest rare earth mine in China’s Inner Mongolia) however, Mongolian rare earths are believed to
be overwhelmingly comprised of less valuable (and less critical) light rare earths (Sullivan 2011; Feary 2012; and Humber and
Kate 2011). Nonetheless, it is possible that future explorations could identify economic reserves of heavy rare earths in the future.
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FIGURE 2.1 — 2013 REES GLOBAL RESERVES (147 MILLION TONNES)
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Data: USGS (2014a) and Currie (2013b)

FIGURE 2.2 — GLOBAL DISTRIBUTION OF REES DEPOSITS
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It is clear that REEs are not unique to China. However, it has two advantages that have made it a rare
carths powerhouse. First is simply the scale of its reserve. As shown in Figure 2.3, China’s rare earths
deposits are scattered throughout the country with the northern areas rich in LREEs and the southern



regions with greater concentrations of HREEs (Tyrer and Sykes 2013). To appreciate the scale of China’s
clout, consider the fact that Bayan Obo—the single largest known rare earth deposit— in northern China
has reserves of about 2.8 million tonnes of REO, which is greater than Australia’s entire reserve of about
2.1 million tonnes (Kanazawa and Kamitani 2006). Secondly, its distribution of REEs in the southern
regions is far more valuable due to their higher concentration of HREEs in its minerals (Walters, Lusty,
and Hill 2011). These high-value HREEs are expensive to process and separate in general, but China’s
unique geology has endowed it with HREE-rich ion-adsorption deposits which are the easiest (and thus
least expensive) to process.

FIGURE 2.3 — CHINA’S RARE EARTHS MINING DEPOSITS
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Beijing’s Push on Rare Earths Industry Development
China has become the world’s dominant rare earths producers within the last two decades. Endowed with

large, lucrative, and easy-to-mine deposits, Chinese mining (upstream) production has also been abetted
by laxer environmental control laws and cheaper labor compared to Western countries. These factors
compound China’s significant comparative advantage in rare earths mining vis-a-vis foreign deposits. As
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a result, China’s share of global supply rose from less than 50 percent in 1994 to a peak of 98 percent of
global supply in 2010 (Figure 2.4)."” According to the latest estimate, Chinese production was
approximately 100,000 tonnes in 2013 (USGS 2014a). Having consolidated upstream capacity, China
has in recent years been seeking to expand its midstream and downstream rare earth capacities—which
have traditionally been located in Japan, the U.S., and Europe— in order to more fully capture the
economic value of its rare earth production.

FIGURE 2.4 — REO PRODUCTION 1994 TO 2013
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Vertical Integration of the Chinese Rare Earths Industry

Beijing has sought to build a vertically integrated rare earth industry that captures the full value of rare
earths-derived manufacturing and for good reason (Nicoletopoulos 2011). For common metals, most of
their economic values are readily captured upon ore extraction. For example, about 75 percent of copper
and over 90 percent of gold and silver market values are reflected in raw ores. In contrast, less than half
of rare earth values are captured during the mining stage (Tyrer and Sykes 2013). Hayes-Labruto et al.
(2013) estimate that while raw rare earth ores are worth less than $100 per tonne, its value rises
substantially with greater purification, particularly when processed into separate oxides. When fully
purified into rare earths metal, the value rises more than a thousand fold to $125,000 per tonne (Figure
2.5).

'7 As depicted in Figure 2.4, rare earth prices reached an all-time high in 2011 but have subsequently leveled off. The price
increase was fueled by China’s dramatic cuts in rare earths export quotas starting in 2010 and by concerns of critical shortages

for non-Chinese consumers. The prices began dropping in late 2011, however, as signs of rare earths production outside of China,
particularly in Australia and the U.S eased some of the shortfall concerns. More interestingly, we will see in Chapter 6 that
because much of the world’s midstream and downstream rare earths consumers have been compelled to move from Japan,
Europe, and the U.S. to China to take advantage of lower rare prices, Chinese export figures actually fell below quota levels in
recent years.
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FIGURE 2.5 — VALUE OF RARE EARTHS ACROSS THE VALUE CHAIN
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To increase vitality of indigenous midstream and downstream production of rare earths-based alloys,
powders, and magnets, Beijing adopted two strategies. In the first case, Beijing created a two-tiered
pricing system that heavily favored domestic production of rare earths. Export quotas and duties inflated
domestic supply (whilst decreasing international supply). This deflated domestic rare earths prices while
increasing the prices in the international market. This incentivized foreign processing and manufacturing
capacities to relocate to China to take advantage of lower input prices. According to Silberglitt et al.
(2013):

The export restrictions have resulted in a two-tier pricing system for certain materials of which
China is the dominant producer, including its rare earth metals, allowing China’s domestic
manufacturers to pay a lower price than the export price. By undercutting the market price,
China’s actions have both discouraged the continuation of manufacturing in the United States and
provided motivation for moving U.S. manufacturing operations specifically to China.

Beijing has largely equivocated against the charge that China’s export restrictions were a de facto subsidy
to consolidate global rare earth manufacturing capacities within its border. In its 2012 White Paper on
rare earths, the State Council portrayed the migration of rare earths manufacturers to China as an example
of the country’s friendly investment environment for foreigners: “China has been actively creating a fair
and open environment for foreign investment, encouraging foreign investment in...high-end application
development and equipment manufacturing in the rare-earth industry [emphasis added]” (Government of
the People’s Republic of China 2012)."® But the facts speak for themselves. Recent trends show that the

'8 This is certainly true for foreign investments in midstream and downstream capacities where China has traditionally lagged and
has been aggressively seeking to develop. By enticing Japanese and Western firms to relocate to China and indigenize, Beijing
has been able to accelerate China’s consolidation of global rare processing and manufacturing capacities and technologies within
its borders. In contrast, foreign ownership is tightly regulated for upstream capacities. In 1991 China’s State Council classified
rare earths as a “protected” and “strategic” resource which prohibited direct foreign investment in China’s REE mining and
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price of exported Chinese rare earth oxides (Free on Board or FOB price) was anywhere from 168 percent
to 650 percent higher than China’s domestic prices, depending on the specific rare earth element (Figure
2.6). While the ratios of FOB to domestic prices have generally decreased since 2011, the discrepancy
still persists with foreign consumers paying an average 54 percent premium over Chinese consumers in
September 2013.

FIGURE 2.6 — RATIO OF FOB CHINA AVERAGE PRICE TO CHINA’S DOMESTIC PRICE
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The second strategy to boost its midstream and downstream capacity has been to acquire foreign firms
and transplant them back to China. This strategy was employed in 1995 with Magnequench, a unit of
General Motors (GM) that produced NdFeB permanent magnets using a “rapidly solidified” magnet
patent developed by GM engineers. According to the acquisition terms, the Chinese state investors,
Beijing San Huan New Materials High-Tech Inc. and China National Non-Ferrous Metals Import and
Export Corporation, agreed to keep Magnequench in operation at its original location in Anderson,
Indiana. However, in 2001 on the day after the expiration of the agreement, the entire staff was laid off
and the equipment shipped off to Tianjian, China and with it, the U.S. lost the sole manufacturing
capacity for NdFeB magnets (Hurst 2010b). Inconveniently for the DoD, Magnequench was the sole
source supplier for manufacturing of U.S. Hellfire missiles (Buchanan 2008)."” Magnequench
subsequently merged with a Toronto-based Canadian company, AMR Technologies, Inc., forming a new
company, Neo Material Technologies, Inc. (Neo) in 2005. In 2012, Neo was acquired by the U.S. rare

extraction (upstream) segment. Any upstream foreign investment required a joint venture agreement with Chinese producers
(Hurst 2010b).

' The acquisition was approved by the Committee on Foreign Investment in the United States (CFIUS) which oversees and
approves foreign acquisitions of U.S. companies that have national security implications. Much of the lessons learned from the
Magnequench saga were incorporated into Foreign Investment and National Security Act of 2007 (FINSA) which revised the
CFIUS review process.
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earths producer Molycorp, Inc. but the NdFeB manufacturing plant remains to this day in Tianjin (Areddy
2012 and Grieb et al. 2008).%°

Through implicit subsidies and acquisitions, China’s consolidation seems to have been a fait accompli by
2010 (Bauer et al. 2011). According to data synthesized by Green (2012), China not only produced
virtually all the rare earth ores and oxides, but also the processed metals and alloys, all the way down the
manufacturing stream to NdFeB magnets (75 percent of the market) and its closest alternative, SmCo
magnets (60 percent) (see Figure 2.7). The vertical integration is also evident in the changing
composition of its rare earth goods export. Between 2006 and 2010, the volume of NdFeB permanent
magnet exports from China essentially doubled (Wiibbeke 2013). Similarly, the relative proportion of
exported permanent magnets to rare earth ores has increased rapidly in the past decade, rising more than
six-fold between 2000 and 2012 (Figure 2.8). The more than doubling of the ratio from 2010 to 2011 is
witness to the effect of the expatriation of Japanese and U.S. permanent magnet manufacturers to China
and the export of their finished goods from China back to their former home countries in subsequent years.

FIGURE 2.7 — CHINA’S SHARE OF THE RARE EARTH SUPPLY CHAIN?'
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2% Rare earths are used in a variety of applications depending on the specific rare earths in question. This research focuses on
dysprosium whose primary use is as an important additive in NdFeB permanent magnets. For this reason, the discussion on the
downstream manufacturing sector principally revolves around the rare earths permanent magnet industry.

2! Cross reference the concomitant rise in the value of rare earths products as it moves down the value china in Figure 2.5.
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FIGURE 2.8 — RATIO OF CHINA’S PERMANENT MAGNET EXPORTS TO ORE EXPORTS?2
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A concrete testament to the exodus of U.S. magnet manufacturing to China is manifested by the sharp
drop in the number of permanent magnet makers from around 20 in the 1990s to half that figure as of July
2013. Table 3.3 lists the producers that have either remained in the U.S. and those that have either run out
of business or relocated abroad in the last two decades. While the market is constantly in flux, as of July
2013, there was only one indigenous American NdFeB magnet producer that was still operational,
Thomas & Skinner, which did not exist in the 1990s (in fact none of the original American NdFeB
magnet manufacturers—Magnequench, IG Technologies, and Crucible Magnetics—have survived).
Going against the tide, Hitachi Metals, Ltd. (HML), Japanese subsidiary, established a sintered NdFeB
magnet plant in China Grove, North Carolina to supply permanent magnets to U.S. electric auto makers
(Benecki 2013). The production capacity is estimated at about 480 tonnes per annum (Richardson et al.
2012).

The capacity reductions are not just limited to NdFeB magnets—similar decline was apparent for SmCo,
AINiCo, and iron (ferrite) magnets manufacturers whose numbers have dwindled by almost half by mid-
2013 to two SmCo producers, three AINiCo* producers, and two ferrite producers (Richardson et al.
2012 and Benecki 2013). Even for SmCo magnets, however, the U.S. is still largely dependent on China
for samarium, a light rare earth, and is also heavily dependent on China, Russia, Finland, and Norway for
cobalt (USGS 2013). The dramatic emigration is not unique to the U.S. Japanese auto firms Honda,
Nissan, and Toyota have relocated electric motor manufacturing for electric vehicles to China in 2011.
Showa Denko and Hitachi Magnetics have also moved proportions of its magnet manufacturing capacities
to China (Green 2011).**

22 Note: HS Code 280530 for rare earths and 850511 for permanent magnets.

3 Not a rare earth magnet.

2 Under U.S. regulations, AINiCo and SmCo magnets>* are covered under the Berry Amendment (now codified under Title 10
U.S.C. 2533) which requires preferential U.S. acquisition of American sourced materials for DoD procurement. They are also
covered under the subsequent Specialty Metals Clause which requires metals incorporated into defense products be melted in the
U.S. or in another “qualifying country” (Adams 2013, Richardson et al. 2012, and DoD 2009). Qualifying countries are Australia,
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TABLE 2.1 — THE EMIGRATION OF U.S. PERMANENT MAGNET MANUFACTURING

U.S.-based Producer 3205 7 e
NdFeB SmCo | AINiCo | Ferrite | NdFeB SmCo | AINiCo | Ferrite

Hitachi Metals, Ltd. v v v v v v
Arnold Magnetic Technologies v v v v v v
Electron Energy Corporation v v
Permanent Magnet Co., Inc. v v
Thomas & Skinner v v v
TDK v v
Crucible Magnetics v v v
IG Technologies (Ugimag) v v
Magnequench v
Sumitok v
General Magnetics v
Kane v
Producer Count 4 5 5 6 2 2 3 2
Note: Shaded row s denote producers that have maintained or re-established manufacturing in the U.S. betw een the tw o periods.

Data: Richardson et al. (2012), Benecki (2013), and USMMA (2013)

If there is a silver lining, it is that while Chinese manufacturing capacity of permanent magnets has
increased substantially in volume, the quality of its magnets still lags behind Japan—a common refrain
found in other infant Chinese industry sectors where impressive manufacturing capacity belies
technological lag. For example, even though Chinese NdFeB permanent magnets capture the greatest
proportion of the market by volume, its capture by value is proportionally less because of Japan’s
continuing technological edge in quality (Research in China 2010). In particular, HML maintains a
substantial lead in cutting-edge NdFeB design thanks to continued R&D over the years. Figure 2.9 shows
the evolution of magnet technology over the decades and HML’s proprietary sintered NdFeB magnet’s
clear advantage over rival designs in its magnetic power. Of course, this qualitative edge is
overshadowed by Japan’s (indeed the world’s) historically exclusive reliance on Chinese rare earths—a
trend that Tokyo has been working hard to reverse, as discussed later in this chapter.

Belgium, Canada, Denmark, Egypt, Germany, France, Greece, Israel, Italy, Luxembourg, Netherlands, Norway, Portugal, Spain,
Sweden, Switzerland, Turkey, United Kingdom, and Northern Ireland (see DFAR 225.252.7014) (Grasso 2014). NdFeB magnets
are not explicitly stated, but they are assumed to be covered under the broad definition of “high performance magnets” in the
specialty metal clause.
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FIGURE 2.9 — EVOLUTION OF HIGH PERFORMANCE PERMANENT MAGNETS
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The Chinese, while prolific and longstanding in rare earth research, are believed to be still catching up on
its American and Japanese peers. Su Wenqing, the former director of China Rare Earth Society, stated
that although Chinese scientists held nearly two-thirds of rare earth patents between 1998 and 2002, much
of it was “low technology content” compared to more advanced Japanese (and American) patents. > HML
holds nearly 1,000 patents related to rare earth products—100 in the U.S., 300 in China, and the balance
in Japan (Bruno 2013)—and it successfully sued Chinese NdFeB magnet makers for patent breaches in
2012 (Benecki 2013). Much to the ire of the Chinese, royalties adversely affect the cost competitiveness
of indigenous Chinese NdFeB magnet manufacturing. So when HML contemplated a joint venture in
China, Beijing set the now-familiar precondition that HML transfer core NdFeB magnet know-how to the
Chinese. HML refused and the venture was scuttled (Wiibbeke 2013). HML eventually established its
American presence in 2012.

The Next Generation Rare Earths Research and Application

Even if it is not at the vanguard of rare earth research, China has a long and continuing history in rare
earth research. It has two publicly funded research laboratories, known as State-Key labs, dedicated to
rare earths research that have been in operation for more than five decades. The Rare Earth Materials
Chemistry and Applications laboratory is affiliated with Beijing University and focuses on rare earth

25 This trend seems consistent with China’s overall patent quality levels. China’s Xinhua news agency reported that, “the quality
of [China’s] patents is still poor” and that, “China owns very few patents featuring originality and high or core technology”
(Xinhua 2014).
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separation techniques (Humphries 2013 and Hurst 2010b).® Founded in 1987, the Rare Earth Resource
Utilization laboratory is another State-Key lab affiliated with Changchun Institute of Applied
Chemistry.”” The Batou Research Institute for Rare Earths was founded in 1963 and is believed to be the
largest research center dedicated to rare earths study. The General Research Institute for Nonferrous
Metals was founded in 1952 (Humphries 2013; Hurst 2010b). More recently, in October 2000 Shenyang
National Laboratory for Materials Science (SYNL), a National Laboratory, was founded with support
from the Institute of Metal Research, Chinese Academy of Sciences, the Ministry of Science and
Technology, and Chinese Academy of Sciences. SYNL has a dedicated research program on rare earth
permanent magnets (SYNL 2014).

The Ministry of Land and Resources’ (MLR) 2008-2015 National Plan for Mineral Resources (NPMR)
expressively prioritizes China’s leadership not only as a rare earth producer but also as a force in rare
earth technology research. Rare earths are identified as a key R&D focus in the Outline of the National
Program for Long- and Medium-Term Scientific and Technological Development (2006-2020). The
program’s research focus will be on sustainable extraction technologies and next-generation application
of rare earth properties in magnetism, luminescence, hydrogen-storage, catalytic materials, information
technology, clean energy, and health care (Government of the People’s Republic of China 2012). China’s
rare earth research also benefits from more broad research funding programs such as Program 863 for
National High-Tech R&D and Program 973 for National Basic Research (Hurst 2010a).

These research efforts have led to proliferation of Chinese authored publications on rare earths including
the founding of China’s own “Journal of Rare Earths” in 2006 by the Chinese Society of Rare Earth.
Chinese-authored publications outnumber those authored by American and Japanese peers, although
Hayes-Labruto et al. (2013) and Wiibbeke (2013) note that Japanese research is considered far more
innovative than those by Chinese researchers.

While the scale and particularities of China’s research into military applications of rare earths is not fully
known, Hurst (2010a) identifies several past and currently known projects that demonstrate China’s keen
desire to leverage its rare earth abundance for military applications. As early as 1963, Chinese scientists
used rare earth ductile iron that greatly increased the kill ratio of its mortar projectiles compared to
standard pig iron designs. The Chinese Aviation Industry Corporation (AVIC) is allegedly developing 10
different types of rare earth magnesium alloys. Two examples include the neodymium-based ZMg for
use in helicopter rear brakes, ribs for fighter jet wings, and rotor plates for high capacity generators and
the BM25 which replaced aluminum alloys previously used in attack jets. Hurst (2010a) also notes that
the Chinese have been actively researching ways to adopt rare earths in the same military applications that
the U.S. military has been using them for, such as applications in lasers, communications,
superconductivity, sonar, radiation shielding, and combustibility in munitions among others.

26 According to the most recent English data available from the Rare Earth Materials Chemistry and Applications Laboratory
website, the funding was an estimated $2 million in 2004, in current inflated-adjusted USD (Peking University n.d.).

2T CAS Key Laboratory of Rare Earth on Advanced Materials and Valuable Utilization of Resources is the full name (Changchun
Institute of Applied Chemistry n.d.).

28 For a list of China’s National, State Key, and CAS Key laboratories go to
http://english.ucas.ac.cn/Research/Pages/NationalLabs.aspx. In contrast, until recently the only U.S. research institution with
sustained study of rare earths has been at the Colorado School of Mines (Grasso 2013).
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Rare Earths as a “Geopolitical Lever?”
China is not only the world’s largest producer of rare earth ores, but it has also become the largest

processor and manufacturer of rare earth goods, particularly of permanent magnets which have wide
commercial applications in energy, defense, and consumer electronics and autos. Having consolidated
nearly the entirety of the global rare earth value chain within its borders, there have been some concerns
of what China could theoretically do with its rare earths monopoly.

To be clear, there is no evidence that Beijing has or intends to use its rare earths as an overt tool of
coercion in its foreign policy tool box (a “geopolitical lever”). However, a public discourse in China
which called on the Beijing leadership to do so and ambiguous circumstances surrounding the sudden fall
in Chinese rare earths exports to Japan coinciding with (on-going) territorial island disputes have raised
eyebrows in Washington and Tokyo. For example, when the Obama administration announced a multi-
billion dollar arms deal with Taipei in February 2010, the Chinese online media—official and
unofficial—exploded in fury, including calls to ban sales of REEs to U.S. firms (Hurst 2010a). Ina
second instance, in September 2010, a maritime dispute between China and Japan escalated to the point
where Beijing allegedly temporarily stopped exports of rare earth minerals to Japan in the following
months—materials important for Japan’s electronics and automobile industries and for which it depended
almost entirely on China for (see Figure 2.10).

FIGURE 2.10 — CHINESE MONTHLY RARE EARTH OXIDE EXPORTS TO JAPAN IN 2010
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Observers differ on whether a technical “embargo” was enacted by Beijing against Japan. The New York
Times extensively covered the issue. An op-ed piece by Paul Krugman even chimed that China’s actions
demonstrated that it was “dangerously trigger-happy, willing to wage economic warfare on the slightest
provocation” (Krugman 2010). Beijing has maintained that no embargo of any kind was in place with
Premier Wen Jiabao declaring that, “We haven’t imposed, and will not, impose embargo on the [rare
earth] industry...We aim for the world’s sustainable development” (as cited in Morrison and Tang 2012).
Subsequent media reports, academic analysis, and private conversations provide conflicting views on the
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matter. Johnston (2013) maintains that the dip in exports in October and November 2010 to Japan may
just have been statistical noise. Others have hypothesized that internal politics were a more likely
explanation rather than any concerted effort by Beijing’s leadership to delay the shipments (Webster
2011). Whatever Beijing’s intention or the extent of its involvement may have been, it has not been
helped by Moscow’s more blatant use of its natural gas clout as political leverage in Eastern Europe in
recent years, actions that are fodder to Western nations increasingly concerned about resource nationalism
and its geopolitical implications.”” Beijing certainly has not been so overt and may not be willing to break
so easily from respectable international norms lest it unnecessarily tarnishes the world’s growing
recognition of China as a global power.

Less publicized but equally wary to U.S. policy makers has been Beijing’s willingness to manipulate the
market by habitually ceasing and resuming REEs production at its state-owned facilities in order to
“protect resources and maintain market stability,” which is to say to control market prices (Green 2011).
Beijing has demonstrated willingness to use its substantial clout in the commodities market in the past
before. In late 2010, it unloaded 200,000 tonnes of aluminum ingots at below market price and blunted a
price rally. It has also been accused of using its petroleum strategic reserves to influence the oil markets
by the International Energy Agency (Areddy 2011).

Of course, the actual efficacy of any “leverage” (phantom or real) or market manipulation by the Chinese
is also a function of the Americans’ (and the Japanese and Europeans’) own resiliency through the
development of alternative sources of supply, substitution, stockpiling measures, and other policies that
can minimize, dissuade, or neutralize Chinese influence. Chapter 6 reviews what such options might be
while Chapter 7 analyzes which combination of the policies are most cost-effective.

The Cost of Rare Earth Monopoly

China’s rise as the world’s primary integrated rare earth supplier has yielded economic benefits (and
potential geopolitical leverage, however unlikely). But the benefits have come with a large cost basis,
environmentally and socially. The environment and public health toll from China’s rare earth mining
activity is staggering. In Batou, the world’s largest rare earth production center in China’s Inner
Mongolia, vernacular sources report of radioactive tailings —the residue of non-REEs metal concentrates
leftover from concentrates—overflowing during heavy rainfall and of high radiation levels in drinking
waters and above-average cancer rates in surrounding villages. The estimated environmental damage to
China from the rare earth industry is approximately $6 billion (Els 2012).

In China, where environmental regulation has been traditionally an afterthought, just one tonne of rare
earth production was believed to have released 60,000 cubic meters of sulphuric and hydrofluoric acid,
200 cubic meters of acidic water, and 1 to 1.4 tonnes of radioactive waste, leading to polluted water
supplies, ruined agriculture productivity, and health issues (Hilsum 2009 and China Daily 2010).
According to Gibson (2011), more than 10 million tons of wastewater is discharged into a toxic, six-mile-
wide “lake” in Batou. Even when radioactive content is minimal and extraction is easy, as is the case
with ion adsorption clay deposits in southern China, the aforementioned use of harsh chemicals is
believed to exact a high toll.

? Moscow has in the past decade used pressure tactics, including threats to cutoff natural gas supply, against its neighboring
countries—Ukraine, Georgie, and Belarus—to leverage above-market gas prices (Beehner 2010).
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Hurst (2010b) details many of the consequences to the surrounding locality. Tailings often contain
radioactive thorium.*® A single tonne of rare earth production results in 2,000 tonnes of tailing according
to one Chinese official’s estimate. The radioactive tailings have seeped into local farmlands and the
Yellow River whether because they were improperly stored above sea level or because they were
transported on open air railway carts across thousands of miles. One Chinese health study links thorium
dust exposure to higher carcinogenic mortality rates specifically among rare earth workers (Chen et al.
2004). Kilby (2014) quotes another study that found that rare earth communities had radiation exposure
levels above the national average (Shuai 2005).

Environmental damage is compounded by the hundreds of illegal mining enterprises all over China. No
firm data are available but a review of vernacular sources by Kilby (2014) quotes local officials reporting
smuggled tonnage between 20,000 and 40,000 tonnes a year between 2008 and 2010. The best official
estimate comes from a State Council review of discrepancies between reported approved Chinese exports
and reported foreign imports of REEs in 2011. By this approximation, illegal exports amounted to
between 35 and 56 percent of approved export levels between 2006 and 2008 and 20 percent of approved
export levels in 2011 (Government of the People’s Republic of China 2012). According to data
assembled by Hatch (2011), alleged illegal mining volume was estimated at about 29,700 tonnes in 2010,
which is equivalent to more than 33 percent of the approved total production quota of 89,2000 tonnes
(Table 2.2). The sprawling black market not only prevents Beijing’s efforts to bring the production under
its levers to “maintain value” of REEs but it also makes any environmental protection measures difficult
to implement.

While China’s rare earth producers continue to leach toxic waste into the environment, the demand for
rare earths within China (and abroad) is expected to only increase. Chinese demand grew from around
20,000 tonnes in 2002 (Chen 2010) to more than 102,000 tonnes in 2010*'. By 2015, China is expected
to add an additional 60 gigawatts of wind-generated clean energy that would require upwards of 40,000
tonnes of rare earth magnets (Ma 2012). By 2020, installed wind power capacity would reach 100
gigawatts with concomitant increase in demand for REEs. China’s growing middle class consumption
will also increase demand for personal handheld electronics and electrical vehicles and bikes which all
require various amounts of REEs (Hurst 2010b). Chapter 4 will examine global dysprosium demand
projections in greater detail.

3% Thorium has lower radioactivity than uranium and plutonium and is often considered as a “cleaner” alternative to the latter pair
for nuclear energy. In the U.S., regulations require specific handling instructions for thorium and other low radiation tailings and
requirements for “perpetual surveillance and maintenance of the disposal site” (NRC 2014 and Katusa 2012).

31 Author’s estimation based on China’s domestic production, export quota, and world production data from USGS 1994 to 2012a.
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TABLE 2.2 — ESTIMATION OF CHINA’S ILLEGAL REES MINING IN 2010

Province/Region 2010
Fujian 1,500
Guangdong 2,000
Guangxi 2,000
Hunan 1,500
Inner Mongolia 50,000
Jiangxi 8,500
Shandong 1,500
Sichuan 22,000
Yunnan 200
Total Production Quota 89,200
Actual Production 118,900
"lllegal" Production? 29,700

Data: Hatch (2011)

Beijing’s Seller’'s Remorse
Politically, there has been a growing sense that China has been squandering a valuable national

commodity by selling it under market value. One article provides a narrative of China’s rare earth
monopoly as an instance of Western plunder, consistent with China’s historical victim narrative under the
hands of exploitative foreigners. Evoking the concept of baoweizhan or “Defense War,” China’s official
news agency Xinhua has put forth titles such as, “China declares ‘Rare Earth Defense War’” and “Will it
be easy for China to win the ‘rare earth defense war?” (Wiibbeke 2013). In response to Western and
Japanese complaints about export restrictions, the same author retorted that, “developed nations have
hardly mentioned the benefits they have won from China’s cheap price” and points to how the U.S. has
been cautious to protect its own rare earth resources by importing from China while Japan has been
squirrelling away imported Chinese rare earths into a strategic stockpile.

Chinese officials have pointed to its decreasing reserve levels with alarm. At the height of the global
commodity boom in 2008, for example, it was found that China’s reserve dropped from a decade-long
level balance of 43 million tonnes to 27 million tonnes in 2008. In 2010 Premier Wen Jiabao complained
that, “China contributes a large proportion of the global rare earth output, far outdoes exceeding its share
of the world’s total rare earth deposits” (Sina.com 2012 as cited in Wiibbeke 2013). The China Times
wrote that, “The United States and European nations have stopped mining their own rare earth resources
and turned to China for supply, leaving China to sustain the high environmental cost of extraction” (Shi
2011). Quipped one Chinese expert, “China had been selling these precious rare-earth metals at dirt-
cheap price for 20 years” (People’s Daily Online 2009). Rather than the view that China’s monopoly was
the successful outcome of decades of industrial strategy, the political narrative has instead been couched
in terms of wasted opportunities and foreign exploitations.

This victim narrative, however, conveniently omits Beijing’s decades of intentional development of its
rare earths industry. In fact, the narrative would be more compelling if Beijing were to point to the heavy
environmental costs borne by the Chinese, costs which directly translate to savings for U.S. and other
foreign consumers. Such a story would more rightly portray an exploitative dimension to the current
system. But the fact remains that China’s environmental crisis is largely self-inflicted; the greater the
environmental damage from rare earths, the greater the imperative to capture profitable downstream
margins to recoup the upfront environmental losses. But this uncomfortable reality is politically
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inconvenient and untenable, especially for a political brass bedeviled by widespread rural unrest
stemming from environmental damage in the last decade. At the height of discontent, the number of
formal complaints and mass protests about the environment is believed to have grown roughly 30 percent
each year since 2002, topping 230,000 protests nationwide in 2010 alone (Hayes-Labruto et al. 2013).

Two facts undermine Beijing’s victim narrative. First, while it is true that China’s reserve decreased in
2008, it then moved up to a new &igh not long afterwards. Reserve estimates are dynamic, sensitive to
price, demand, technology, and exploration. After dipping to 27 million tonnes, China’s reserve estimate
climbed to 37 million tonnes in 2009 and all the way to 55 million tonnes last year (USGS 1998b to
2014b) as shown in Figure 2.11.

FIGURE 2.11 — CHINA’S REOS RESERVE ESTIMATE
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Secondly, Beijing’s assertion that Japan and the West were plundering Chinese resources for their own
consumption at China’s expense is largely untrue. It is indeed true that China’s rare earth production
share (90 percent) is disproportionate to its share of rare earth reserves (37 percent). But it is also true
that China is the world’s single largest consumer of REOs. According to data by Kingsnorth (2012),
Chinese demand for REO applications were all above 50 percent of global demand except for ceramics
(Figure 2.12). More specifically, Chinese demand for critical applications in magnets, polishing, and
metal alloys ranged between 70 to 79 percent while demand for generally LREE-dependent applications
in glass, phosphors, and catalysts ranged between 55 and 69 percent. Put it differently, while China does
produce more than 90 percent of rare earths, it also consumes 72 percent of total world production (Tryrer
and Sykes 2013). By Beijing’s own design, it is producing and consuming its own rare earths, a trend
likely to continue in coming years when most of the critical demand for green energy technology will
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come from within China’s border.”> Given the toxic effect of China’s rare earth industry on the
environment, however, it is bitterly ironic they are so crucial for “green” energy development.

FIGURE 2.12 — CHINA IS THE PRIMARY CONSUMER FOR ALL RARE EARTHS APPLICATIONS
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China’s Controversial Way Forward

Beijing seeks greater efficiency and regulation over the sprawling industry where as much as half of all
HREEs and 15 percent of LREEs are believed to have been illegally mined in 2011. It also seeks to
minimize the negative environmental externalities associated with rare earth extraction and processing
(Nicoletopoulos 2011). To achieve this, the government has responded to the ecological and
organizational crises in five ways: environmental protection measures, industry consolidation, export
restrictions, acquisition of REEs suppliers abroad, and stockpiling. From the perspective of foreign
consumers, however, this policy package could not be seen as more threatening (Hurst 2010b). In
response to international criticisms, Beijing’s White Paper defended the quota system as a “reasonable
quota...that basically satisfies the normal demand of the international market” and that, “China opposes
politicizing the rare-earth issue.” It then homes into its main message that countries with rare earths

32 Assuming consumption ratio of light to heavy rare earths remain constant, China can largely meet its own demand. China’s
domestic reserve of approximately 55 million tonnes is equivalent to between four-and-half and six hundred years’ worth of its
recent production rate. As we will see, however, the increasing demand for heavy rare earths like dysprosium both in China and
abroad means even China may need to rely on foreign sources.
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should be “developing their own resources to diversify the supply and expand rare-earth trade in the
international market” (Government of the People’s Republic of China 2012). In other words, China was
closing shop, at least for the moment, until it got its house in order.

This section surveys five distinct policies that China has pursued in recent years to consolidate its gains
over the two decades. These include attempts at better environmental protection, consolidation of rare
earth disparate capacities into a few large entities, the use of export restrictions to subsidize midstream
and downstream suppliers, the acquisition of foreign rare earth production capacities to help meet
growing Chinese demand, and the stockpiling of valuable rare earth elements.

Environmental Protection Laws
The State Council vowed that, “China will never develop the rare-earth industry at the expense of its

environment.” Past environmental controls dating from the 1980s proved ineffectual in preventing the
tainting of water supplies from rare earth mining. Despite both the 11™ and 12" Five Year Plans
(cumulatively covering the decade from 2006 to 2015) targeting cuts in harmful emissions, there has been
little manifest change in rare earth operations (Government of the People’s Republic of China 2012). The
Rare Earth Industry Pollutant Discharge Standards issued by the Ministry of Environmental Protection in
July 2009 set new discharge standards for 14 pollutant types and required producers to introduce more
sustainable mining and processing methods (Hurst 2010b).*> Two years later, a new rare earths mining
law limited chemical oxygen demand and pollution emissions of ammonia, nitrogen, phosphorus, fluorine,
thorium, heavy metals, sulfur dioxide, chlorine gas, and other particles (Government of the People’s
Republic of China 2012).

Financial incentives are also being used to cajole rare earth producers to conform to sustainable mining
practices. In response to recently low rare earth prices that cut into producers’ profit margins, the
Ministry of Finance announced it would disburse cash payment of about $160 per tonne of rare earth
production capacity and $241 per tonne of rare earth processing capacity for enterprises that successfully
pass environmental compliance inspections (Xinhua 2012). Separately, a new environmental tax law on
rare earths is expected to become law in 2015 (Shen 2014).

It is unclear how effective—if at all—any of these many measures have been in mitigating the corrosive
impact of rare earths mining. Even with financial incentives, major companies such as Batou Steel may
not find the carrots sweet enough given the relatively diminutive size of the $3 to $4 billion rare earth
sector compared to the much larger and profitable $962 billion global iron ore industry. This leaves little
incentive to undertake or participate in expensive environmental control laws that have little impact on
their bottom lines (Hayes-Labruto et al. 2013). Even if new standards were to be enforced strictly (which
is doubtful), the standards themselves are compromised. In the original proposal, the new discharge
limits would have set ammonia at no more than 15 mg per liter. However strong pushback from the
industry forced a revision to 20 mg per liter before eventually settling at 25 mg per liter—the old limit
dating from 1996. Another significant loophole is that the standards would apply only to new mining
concessions (not many of which are expected) while incumbent operators—who will continue to remain
the dominant market players given Beijing’s consolidation effort—are exempt (Wiibbeke 2013).

33 Among others, these include fluoride, phosphorus, carbon, nitrogen, and ammonia nitrogen.
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Consolidation
The MLR has worked to consolidate the expansive Chinese rare earths sector in recent years. Driving this

change was the belief that consolidation into a handful of large-scale mining conglomerates would enable
greater operational efficiency and control over environmental effects associated with rare earth production
(Humphries 2013). Beijing largely failed in its goal to assume a “planned, unified control in
administration of all related procedures” of the rare earth industry since originally making the pledge in
1991. A second attempt is being made through the 2008-2015 NPMR to empower Beijing to assert
“regulation and control, restrictive exploitation, tightened access and comprehensive utilization” of
China’s sprawling rare earth industry (Government of the People’s Republic of China 2012). As part of
this renewed effort, Beijing has restricted mining permits, prohibited expansion of production capacity,
stepped up inspection and monitoring for compliance and shutting down illegal mining, and sought
mergers of production facilities (Government of the People’s Republic of China 2012).

First, in order to temper production, tax rates on rare earth ores rose from around ¥0.4 to ¥2 per ton to ¥60
per ton for LREEs and ¥30 per ton for HREEs. Also, according to the Rare Earth Industry Development
Plan (2009-2015), rare earth production has been capped between 130,000 and 150,000 tonnes until
2015 (Wiibbeke 2013). Approximately 20 percent of REO processing capacity was believed to have
been slashed in 2012 alone (Hastings Rare Metals Ltd. 2013). Secondly, the government has cracked
down on illicit mining, closing down 23 mines and 76 smelters mostly in the southern provinces where
illegal mining is most common because of the concentration of the more valuable HREEs (many of the
closed operations are believed to have re-emerged, however) (Wiibbeke 2013).

Thirdly, part of the challenge to regulatory control has been the wide dispersal of the rare earths industry
across 22 provinces and regions. To better manage across the geographic separation, Beijing is
consolidating the industry into three large districts (Figure 2.13). The North District includes Inner
Mongolia and Shandong, the South District includes Jiangxi, Guandong, Fujian, Hunan, and Guangxi,
and West District comprised solely of Sichuan.

Lastly, industry consolidation has also taken place via massive mergers among producers. At the end of
2008, a new state-owned-enterprise (SOE), the Inner Mongolia Batou Steel Rare Earth High-Tech Co.,
was formed through a consolidated eight-party joint venture valued at over $102 million (Hurst 2010b
and Hawes 2011). A similar consolidation took place with the formation of Chinalco Rare Earth
Company through a merger of five plants and a trading company in Jiangsu province (Bromby 2011). In
Sichuan province, Jiangxi Copper retained all mining rights in Manoniuping (Wiibbeke 2013). As a
result, between 2006 and 2011, the number of Chinese producers and traders shrank from 47 to 22, while
foreign joint ventures shrank from 12 to 9 (Tse 2011)*°.

The efficacy of these massive reforms is yet to be seen. First, despite Beijing’s desire to consolidate the
industry into two, at most three, large state-owned rare earth enterprises, it has run into fierce opposition
from local authorities intent on maintaining their influence over lucrative rare earth industries, particularly
in the southern provinces. Writes Wiibbeke (2013):

The central state is trying to involve central government-owned mining enterprises in local mining
and processing of REE, such as China Minmetals, Chinalco, and China Nonferrous Metal Industry,

3* Actual Chinese production between 2009 and 2013 were at or below 130,000 tonnes according to USGS estimates. Chinese
production between 2005 and 2008 was at or below 120,000 tonnes (USGS 2007b-2014a).
3> Mostly Japanese entities with American and European presence.
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and endow them with a strong position in the long run. But many of these enterprises were long
unable to obtain local mining licenses, as provincial governments wanted to protect their own
companies. Central state companies could become active only in smelting and separation.
Minmetals could not break the strong position of Ganzhou Rare Earth Minerals Industry for
several years. The provinces of Guangdong and Fujian set up own large provincial REE
enterprises. Central government-owned enterprises could obtain mining rights only in Guangxi,
Hunan,Yunnan, and Shandong with so far rather marginal production capacities. Although the
reorganization increased the degree of concentration, the industry remains fragmented between
central, provincial, and some private enterprises.

Secondly, quite ironically, the production restriction measures may have actually increased incentives for
illegal mining and smuggling due to the inflated market prices abroad caused by supply shortages (Kilby
2014).

FIGURE 2.13 — CHINA’S PROPOSED RARE EARTH REGIONAL DISTRICTS
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Export Restrictions
China employs export quotas and duties to restrict export of rare earths to the international market.

Beijing has defended these measure before the World Trade Organization (WTO) by invoking exemption
clauses under GATT Article XX(b) and XX(g) under which WTO signatories could apply “temporary”
export quotas and duties for reasons of “resource conservation” and “environmental protection” (WTO
2014a). Elsewhere, Beijing’s most public defense was in the form of a June 2012 White Paper titled,
“Situation and Policies of China’s Rare Earth Industry.” It cites China’s “excessive exploitation of rare-
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earth resources,” “severe damage to the ecological environment,” “irrational industrial structure,” and a
“severe divergence between price and value” of rare earths as grounds for changes in its domestic and
international rare earth policy (Government of the People’s Republic of China 2012).*®

99 ¢¢

The Ministry of Commerce sets the annual production quota (which is often exceeded by domestic
producers) as well as export quotas. It also establishes the export quota bi-annually with two different
quota levels: one for domestic producers and another for joint-ventures with foreign investors whose
exports must also be licensed. The quotas are then allocated individually for each firm (Tse 2011).
China’s quota decreased gradually between 2005 and 2009 from about 65,000 tonnes to 50,145 tonnes.
Starting in 2010, however, it was cut by nearly 40 percent to 30,258 at which level it has approximately
remained since (Figure 2.14). Not surprisingly, the price rise in 2010 and 2011 was due in large part to
the supply shock following these measures.>’

FIGURE 2.14 — CHINA REO EXPORT QUOTAS
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Secondly, the Ministry of Finance imposes export duties on REEs. A 25 percent tariff is levied on
exported neodymium, yttrium, europium, dysprosium, terbium, and scandium with the remaining REEs
levied a 15 percent tariff (Table 2.3). Since 2007, China has rescinded a refund program for value-added-
tax (VAT) on REEs goods on the lower- and mid-tier value chain. It has, however, maintained refunds
for exports of REEs goods higher up on the value chain, such as permanent magnets and phosphors. The
combined effect of tariffs and VAT refund schemes translates to a 31 percent premium price (before

36 Export restrictions are not uniquely employed by China and are not always challenged in the WTO. Appendix C provides a
brief overview of global usage of commodity export restrictions and the legality thereof.

371n 2007, the Ministry of Industry and Information Technology proposed outright bans on the export of raw HREEs ores,
specifically dysprosium, terbium, thulium, and yttrium, while permitting exports of processed oxides. This would have given a
substantial additional boost to processors of these HREE (Kilby 2014). However, subsequent reports contradict this, saying the
bans were never implemented.

38 Prices from 2005 to 2012 inflated to current 2014 U.S. dollars using data from USGS Historical Statistics (USGS 2014b).
Price for 2013 is estimated as a proportion of price decrease in the same time frame from Metal-Pages.com.
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transportation and storage costs) of rare earths materials for permanent magnet manufacturers outside of
China according to one OECD study (Korinek and Kim 2010).*’

TABLE 2.3 — CHINESE EXPORT DUTIES ON REES IN 2012

REE Type Ore Export [Oxide Export| Chloride Carbonate

Duty Duty Export Duty | Export Duty
Cerium L 25% 15% NA NA
Lanthanum L 25% 15% 25% 15%
Neodymium L 25% 15% 15% 15%
Praseodymium | L 25% 25% 15% 15%
Dysprosium H 25% 25% 25% 25%
Terbium H 25% 25% 25% 25%
Yttrium H 25% 25% 15% 15%

Data: WTO (2014)

Acquisitions of Rare Earth Supply Capacities Abroad

China has actively sought out foreign sources of rare earths to supplement its growing appetite (Figure
2.15). Its known foreign outreach efforts have been primarily through equity acquisitions of existing rare
earths mining interests with varying degrees of success. The highest, most recent profile was in 2005,
when China National Offshore Oil Corporation (CNOOC) tendered a $18.5 billion cash offer for U.S.
energy company Unocal which owned and previously operated the then-defunct Mountain Pass rare earth
mine. While much of the concern was over the impact of the acquisition on energy geopolitics, the
acquisition would have had an interesting outcome in the current rare earth competition. Eventually,
political pressure and perceived energy security concerns prevented the transaction, paving the way for
Chevron’s acquisition of Unocal (Kilby 2014 and Hurst 2010b).

In the years since, China has had mixed success elsewhere. Jiangsu Easter China Non-Ferrous Metals
Investment Holding Co. acquired 25 percent equity in Arafura Resources Ltd. which operates the Nolan’s
Bore project in Australia (Arafura 2009). However, an offer to purchase 51.6 percent equity in Lynas
Corporation of the Mount Weld fame in Australia was rebuffed by the Australian government (Keenan
2011). Most recently in March 2014, Greenland Minerals and Energy Limited (GMEL) announced that it
has signed a Memorandum of Understanding (MoU) with Guangdong Zhujiang Rare Earths Company, a
subsidiary of China Non-Ferrous Metal Industry’s Foreign Engineering and Construction Co. Ltd. (NFC).
The preliminary agreement lays the groundwork for GMEL to export is rare earths to NFC for separation
at its facility (GMEL 2014).

3% In March 2014, the WTO found China’s rare earth quotas and taxes to be inconsistent with Beijing’s obligations to the
Accession Protocols which set conditions for China’s formal entry into the WTO as a full member. China has since appealed the
ruling and the full resolution of the case may not be concluded for up to another two years. Details on the case are discussed in
Chapter 6.
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FIGURE 2.15 — CHINESE CONSUMPTION HAS INCREASED THREE-FOLD SINCE 2000
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Stockpile

China’s rare earth stockpiling policy is opaque and details are difficult to come by. Still, various sources,
including China’s own State Council White Paper, point to a public-private national strategic reserve of
ten critical materials (Government of the People’s Republic of China 2012 and Shi 2011). The ten metals
are believed to be rare earths, tungsten, antimony, molybdenum, tin, indium, germanium, gallium,
tantalum, and zirconium (China Daily 2010). Managed by the State Bureau of Material Reserves
(SBMR), an agency of the National Development and Reform Commission (NDRC), the stockpile was
and continues to be used to drive demand for processed aluminum and copper in the wake of weak
economic growth following the 2008-2009 global financial crisis. For example, in response to lobbying
by domestic smelters, Beijing agreed to purchase upwards of 400,000 tonnes of aluminum ingots and
165,000 tonnes of refined copper cathode at floor prices to pick up slack (Chinamining.org 2011).
Consistent with China’s observed practice of manipulating commodity market prices through its base
metal and petroleum reserves, Beijing may be doing the same with its new rare earth stockpile.

The MLR is believed to be directing the effort with a pilot stockpile plan taking effect in 2010 in
conjunction with Batou Steel Rare Earth Hi-Tech Co. (Batou). According to earlier reports, Batou was
reported to be stocking 9 percent of its annual production (Yam 2010 and Hurst 2010b). However,
because Batou is not a major producer of HREOs, the stockpile is likely comprised of LREOs whose
value (strategically and economically) is less critical than HREOs. Perhaps to help build up the HREO

40 Consumption estimates for 2000 to 2010 from Tse (2011). 2011 and 2012 consumption estimates calculated using the
following apparent consumption formulation used by the USGS: Apparent Consumption = Production + Import — Export +/-
Stockpile. Trade data sourced from UN Comtrade via the World Bank’s WITS interface. 2012 was the last year data was
available. China is not known to have begun stockpiling until 2013. Production data from USGS (2002b to 2014a).
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reserves, the Ministry of Industry and Information Technology is believed to be offering interest-free
loans for suppliers to help stockpile HREOs (Currie 2012b).

One estimate of the final level of the rare earth stockpile is about100,000 tonnes. Batou is believed to
have plans to expand the total storage capacity to as high as 200,000 tonnes (Areddy 2011). As part of
the inventory buildup, the stockpiling goal for 2013 was 10,000 tonnes (Topf 2013). In April 2014, the
SBMR, arranged for the purchase of 13,000 tonnes of REOs into the strategic reserve, purchased at prices
10 percent above the prevailing market rate (Shen 2014). In early April 2014, the SBMR arranged for the
purchase of 13,000 tonnes of HREOs into the strategic reserve, purchased at prices 10 percent above the
prevailing market rate (Shen 2014 and McLeod 2014).

Is China’s Policy of Rationalization Rational?

Beijing’s rare earths policy program is rife with contradiction. Its two policy objectives, as currently
pursued, are working against each other. Publically, Beijing has stated that its policies are aimed at
environmental protection and resource conservation. However, Beijing’s overriding objective over the
last three decades has been to become the dominant vertical rare earth producer, from extraction to end
product integration. So in reality, the concerns over environmental degradation and resource exhaustion
have only recently become a policy issue in the affermath of its successful creation of a massive (but
poorly regulated) rare earth production base.

It is clear that China wants to consolidate and maintain its lead as a rare earth producer, not merely in
terms of production but also in applying them to gain comparative advantage in its commercial and
military sectors over its rivals. Yet Chinese leaders need to contend with the toxic effects of the industry
as outcry over its negative externalities on the environment and local health mount. Implementation of
new environmental control laws and discharge standards aimed specifically at the rare earth industry are
steps in the right direction. But because at the end of the day, Beijing’s precedent concern is for rare earth
industrial supremacy, it chose to enact competing policy measures (such as export restrictions*' and
stockpiling) that increase domestic production, not temper it as any well-intentioned conservation planner
would do. Beijing is trying to have its cake and eat it too.

Instead, what is happening is that China is paying dearly in terms of health, environmental, and fiscal
costs to achieve and maintain a dominant position all across the rare earths supply chain. The truth is that
the environmental laws seem to be ineffective, undermined by weak regulatory compliance. The rare
earth industry consolidation is only partially successful, stumped by powerful local interests. Meanwhile,
export restrictions and production quotas have only encouraged illegal mining (which compounds the
environmental hazard) while depressing domestic prices. This in turn has compelled Beijing to expend
state funds on stockpiles in order to contrive demand so that prices are stabilized! These are the
snowballing costs to China as it tries to manufacture a vertical rare earth supply chain. As it happens,
these policies also impose costs on its trading partners who are stuck with premium rare earth price tags.

The recent April WTO ruling against Chinese restrictions is unlikely to change the market dynamics. As
mentioned, China’s 2014 stockpiling goal was 30 percent higher than in 2013 and it is exclusively

41 As previously discussed, export restrictions deflate domestic prices, which increases consumption demand, leading to greater
domestic production.
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focused on hard-to-obtain HREOs. According to Chinese analysts, this move was in response to the
WTO the ruling: as Beijing prepares for the possibility of having to dismantle the export quotas and
duties, it can just as easily maintain the two-tiered price system by increasing stockpiling levels for
exclusive domestic consumption, and by imposing higher mining taxes and export licenses fees (a grey
area that is not covered explicitly by the GATT framework) (Bloomberg 2014, McLeod 2014a, and Kilby
2014).

Ironically, the only indisputable winners to this convoluted dirigisme may be the foreign rare earth
manufacturers who have relocated to China. Welcomed with a red carpet by Beijing, they now access
raw REEs at below market value and sell their processed and manufactured products far above
equilibrium prices abroad. Meanwhile, the rest of Chinese society subsidizes these market imbalances
with their health, land, and cash. To that extent, perhaps China’s baoweizhan narrative is true after all.

Country Responses to China’s Rare Earths Policy

Three responses sum up the global reaction to China’s rare earth export restrictions: lawsuit against China
through the WTO process, redoubled investment in potential technological solutions to find substitutes
technologies and increase recycling capabilities, and increased mining outside of China.

The first response has been a concerted effort by national governments, including the U.S., EU members,
Japan, and others to file a complaint with the WTO regarding China’s export restrictions. In July 2011
and again in an appeal ruling in January 2012, the WTO favored the U.S., EU, and Mexico in finding that
the Chinese restrictions on bauxite, coke, fluorspar, magnesium, manganese, silicon carbide, silicon metal,
yellow phosphorus and zinc unfairly gave Chinese buyers a price advantage through a two-tiered pricing
system (Barkley 2012). In accordance with the ruling, China removed export restrictions on these
materials by January 2013 (WTO 2013). The case was regarded as a “mere prelude to potential litigation
on rare earths” according to observers and indeed it was (Lim and Senduk 2013).

Buoyed by the WTO ruling, the Obama administration, joined by Japan and the EU, submitted a second
WTO suit against China’s restrictions on REEs, tungsten, and molybdenum in June 2012 (EC 2012).
Nearly two years later on March 26, 2014, the WTO Dispute Settlement Body (DSB) found that China’s
export duties and quotas on rare earths, tungsten, and molybdenum were inconsistent with China’s
binding Accession Protocol. Most notably, the panel found that China’s defense under exemptions
clauses in Article XX for conservation of natural resources did not apply. The primary reason was that
China’s participation in the WTO was premised on the Accession Protocols rather than 1994 GATT
“permanent” framework and thus it could not invoke the privileges afforded by the latter. Furthermore,
the panel argued that even if China were eligible for exemptions under Article XX, the export duties
could not be found “necessary to protect human, animal, or plant life or health” as required by Article
XX(b) and the export quotas were found to “achieve industrial policy goals rather than conservation” in
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conflict with Article XX(g) provisions (WTO 2014a). China appealed the ruling in early June (McLeod
2014b). The WTO appellate body has up to 90 days to respond with a decision (WTO 2014b).**

The second response, a mix of private and government initiatives, has been to consider substitutes, work-
arounds, and recycling of materials in shortage (reviewed in closer detail in Chapter 6). Private
businesses such as Japanese automakers Nissan and Mazda have redesigned their electric vehicles to
substantially reduce usage of rare earths metals for which it almost entirely depends on China (King
2012). Honda recently announced that it has created and deployed its own proprietary mass recycling
process (Currie 2012a). The Korea Institute of Industrial Technology (KIIT), whose country is also
heavily reliant on Chinese rare earths, is funding research at the U.S. Department of Energy’s Ames
Laboratory to see if rare earth metals can be extracted from scraps using molten extraction (Mick 2012).
Separately, the U.S. government established the new $120 million Critical Materials Institute (CMI) at the
Ames Laboratory in addition to a bevy of R&D funds specifically for rare earths research under its
ARPA-E REACT initiative (Cho 2013).

The third response, primarily a private endeavor responding to incentives from the price hikes, has been
to re-start or initiate new mineral production in known deposits outside of China (King 2012). With
renewed interest in REEs mining, investors and governments have been actively searching for deposits in
both their home countries and abroad. In the U.S., Molycorp purchased the largest known U.S. REEs
deposit in Mountain Pass, California from Chevron and restarted production, defunct since 2002
(Molycorp 2011 and Molycorp 2013c). In addition, several exploratory studies are taking place,
including the Bear Lodge project in Wyoming by Rare Element Resources Ltd., the Bokan Mountain
project by Ucore Rare Metals in Alaska, and the Deep Sands deposit in Utah by the Great Western Metals
Group (Molycorp 2010, Ucore 2013, and Hiyate 2010). Japan, South Korea, and Australia have sought
production ventures abroad, including Malaysia, Central Asia, and South Africa among others (Herkovitz
2011). Appendix B lists global non-Chinese rare earth projects that are currently active or are in the
advanced stages of preparation, which could range anywhere from two to six years or more before
production begins.

The following section reviews the policy responses of major consumers of Chinese rare earths other than
the U.S. (the U.S. policies are reviewed more in depth in Chapter 6). Japan has been the most active,
investing across all five major types of policy investments (investments in development local resources or
reforms to encourage development, joint ventures abroad, R&D into substitute and recycling technologies,
and stockpiling). China and South Korea have largely focused on investments to increase supply. In
contrast, the U.S. and the EU have taken a demand-reduction approach, investing in research to increase
recycling. Australia and Canada, two major up and coming rare earth suppliers, have largely maintained
the status quo as mining-friendly regions to help capture the upswing in rare earth investors looking for
projects. Most countries except Canada and Australia are building rare earth stockpiles (the EU has been
deliberating on the issue for some time). See Table 2.4 for the summary. Note that private initiatives are
excluded, such as company stockpiles or joint ventures without government support.

42 According to the WTO, “Parties to a dispute can appeal a panel's ruling. Appeals have to be based on points of law, such as
legal interpretation — they cannot re-open factual findings made by the panel. Each appeal is heard by three members of a
permanent seven-member Appellate Body comprising persons of recognized authority and unaffiliated with any government.”
WTO (2014b).
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TABLE 2.4 — SUMMARY OF ACTIVE GOVERNMENT PoOLICY CATEGORIES RELATING TO RARE
EARTHS As OF 2012

D : :
| %ofGlobal | Domestic Joint R&D R&D .
Country/Region Mining Ventures . o ue Stockpile
Reserves Recycling | Substitution
Development| Abroad

China 37.4% v v v
United States 8.8% v v v
Japan 4.6% v v v v v
Australia 1.4% 4
Canada 0.6% v
EU 0.2% v v *
South Korea A v v v

* Under discussion; * unknow n

The European Union
The EU’s Raw Materials Initiative, founded in 2008, is the primary program for addressing critical raw

material supply challenges. The Raw Materials Initiative has three policy objectives. The first is to work
towards international access to raw materials through enforcement of WTO norms, aid to resource-
producing economies to promote governance, political risk mitigation, and sustainable mining practices.*
The second objective seeks to enhance domestic supply through improved mining data and regulatory
transparency, reforms to expedite mine permitting, research and development support for mineral
extraction, processing, and human capital development. The third objective is to mitigate demand by
increasing material recycling and efficiency, research funds to develop work-arounds, substitutes, and
prohibition of recyclable waste (European Commission 2008). As follow-up to these initiatives, the EC
released a 2010 study identifying fourteen raw materials that were economically important but were at an
elevated risk of supply disruption (European Commission, Enterprise, and Industry 2010). A second
2011 study by the EC Joint Research Center on the raw material needs of Europe’s clean energy industry
identified five metals—tellurium, indium, gallium, and the REEs neodymium, and dysprosium—as
particularly vulnerable (European Commission 2011).

Dubbed Horizon 2020 initiative, the EC released a report titled, “A Resource-efficient Europe” that
establishes a research and innovation policy framework for guiding Europe towards a comprehensive
green resource-efficient economy. Horizon 2020 is due to incorporate and supersede aspects of the EU
7™ Framework Programme for Research and Innovation (FP7) which is divided into seven programs that
fund research on environmental and energy issues with direct impacts on REE supply and demand
management. While the broad mandate of Horizon 2020 has implications for REEs, it does not explicitly
target critical materials/REEs supply security as a stand-alone issue (Halme et al. 2012). In February
2014, the EU appointed seven research organizations—Fraunhofer, CEA, VTT, Tenalia, SP, and
SINTEF—to focus on neodymium and dysprosium recycling technologies (Clancy 2014).

Member states have taken actions in response to the supply shock, mostly in response to the EU initiative.
The Finnish strategy is focused on supply-side growth by encouraging exploration and extraction of
critical minerals within labor and eco-friendly norms. The Netherlands has focused on the demand-
reduction, promoting on conservation and efficiency measures regarding critical materials. The British

4> One example of international outreach is a cooperative agreement between the EC and the African Union Commission to
improve issues of governance, investment, and geological know-how (Bauer et al. 2011).
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and French, like the U.S. government, have commissioned public studies to better understand the context
and impact of the critical materials problem. Germany’s response has been the most independent and
robust, with initiatives pre-dating the EU. Focusing on both state and federal level programs, Germany is
pressing on both supply- and demand-side policy frameworks designed to incentivize private sector action
towards efficient demand and supply expansion through recycling and substitution (Halme et al. 2012)

Japan

Wigl limited natural resource endowment to supply its expansive and cutting-edge manufacturing base,
Japan is particularly vulnerable to raw material disruptions. Japan has relied on as high as 82 percent of
its rare earth supply from China (although this number has declined over the last three years to around 62
percent) (Humphries 2013). The Japanese government’s response to the REEs supply challenge and the
critical raw materials challenge writ large has been to focus on securing reliable supply abroad while
tempering demand and increasing efficiency at home. Japan’s Ministry of Economy, Trade, and Industry
(METI) established four priorities for ensuring supply security in a 2009 report titled “Strategy for
Ensuring Stable Supplies of Rare Metals.” METI’s four objectives are to: (1) secure supply nodes abroad;
(2) greater recycling of scrap metals; (3) research into work-arounds; (4) and the establishment of
stockpile.

The program implementation and execution responsibilities fall on peer and subsidiary agencies,
especially the Japan Oil, Gas, and Metals National Corporation (JOGMEC) and the Japan Bank of
International Cooperation (Bauer et al. 2011). Japan is estimated to have budgeted $676 million in fiscal
year 2011 for its supply security programs that cover REEs and other critical raw materials, which
includes funds for developing foreign sources of REEs and R&D funds for recycling and work-arounds
(Maeda 2011). In addition, it has invested $386 million in a research subsidy program for 160 companies
(including HML). An additional $1 billion of private research expenditure is expected to be spent thanks
to the government’s research grants (Maeda and Tsukimori 2011). All in all, both government and
private sector expenses in 2011-2012 for material security is estimated to have been around nearly $2
billion (Suga 2011 and Reddall and Gordon 2012).

JOGMEQ, an independent government agency tasked with operational functions apart from ministry-level
planning functions, in particular assumes responsibilities for much of the METI objectives. JOGMEC’s
programs fall along five main tasks: (1) the Joint Basic Exploration Scheme which provides financial
support of global field surveys; (2) financing of high-risk mining projects; (3) stockpiling of nickel,
chromium, manganese, cobalt, tungsten, molybdenum, and vanadium (and possibly REEs) and

monitoring of supply levels of indium, platinum, gallium, niobium, tantalum, and strontium; (4)
information collection and dissemination of global mineral supply and mining policies and regulations; (5)
direct research and development or funding of new exploration, extraction, and recycling methods and
techniques (Bauer et al. 2011). As of 2011, JOGMEC had $4 billion in capital JOGMEC and Sojitz
Corporation 2011).

JOGMEC maintains the Rare Metals Stockpiling Program (RMSP). Conceived after the oil crisis of the
1970s, the RMSP was implemented in 1983 with materials stored at a 37,000 cubic meter warehouse
facility in Ibaraki Prefecture. According to JOGMEC, RMSP maintains stocks equivalent to 42 days of
standard consumption (JOGMEC 2014a and 2014b). It is not clear which rare earth metals are stored at
the RMSP facility but industry observers have maintained that Japan does stockpile rare earths. Based on
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an estimated annual Japanese consumption of 30,000 tonnes (Maeda and Tsukimori 2011). 42 days of
consumption would equal to about 3,450 tonnes.

The New Energy and Industrial Technology Development Organization (NEDOQ), the Ministry of
Education, Culture, Sports, Science, and Technology (MEXT), and the National Institute for Material
Science are other government entities that are actively involved in funding research on REEs substitutes
and demand mitigation. NEDO ran a one year $81.6 million program focused on rare earth demand
reduction and substitute research. A longer term 8 year program, the Rare Metal Substitute Materials
Development Project, due to expire in fiscal year 2015, has an estimated $66.5 million annual budget,
specifically focusing on dysprosium, terbium, europium, and cerium substitutes in addition to indium,
tungsten, and platinum group metals (NEDO 2012). Since 2001, the Japanese government has been
running the National Institute for Materials Science (NIMS) which has a budget of $320 million and
employs a staff of 1,500 (Halme et al. 2012). A REEs recycling center using collected consumer
electronics in Tohoku is expected to be scaled to a national system in 2014 (Smart 2011).

In March 2013, researchers from Tokyo University and the Japan Agency for Marine-Earth Science and
Technology confirmed a HREEs-concentrated deposit 5,700 meters below sea level near the island of
Minami-Torishima. The estimated deposit is a sizable 6.8 million tonnes** and most critically, the deposit
is within Japan’s undisputed exclusive economic zone and is free of thorium which mitigates both
political and extraction costs and risks (Currie 2013b). No information has been made public regarding
future production timelines.

In the meantime, Japan’s international outreach program has been extensive. Mitsubushi Corporation and
Neo Material Technologies Inc. of Canada plan to undertake a joint venture for REEs production at the
Brazilian Taboca Pitinga tin mine (Industrial Minerals 2009). In Asia, the Toyota Tsusho Corporation
has also made arrangements for a processing facility in India’s Orissa state with access to 4,500 tonnes
(Walters, Lusty, and Hill 2011). Toyota is also in a joint venture with Sojitz Corporation and the
Vietnamese government in Vietnam’s Dong Pao project with upwards annual production capacity of
5,000 tonnes of REO (Kingsnorth and Chegwidden 2010).

In Australia, Sojitz Corporation, together with JOGMEC, secured an agreement whereby Lynas
Corporation would provision 8,500 tonnes of REEs over a ten year period in exchange for a $250 million
investment into Lynas’s Mount Weld project. Separately, Northern Minerals of Australia agreed to ship
1,500 tonnes of future HREOs to Sumitomo Corporation from the Browns Range project (Proactive
Investors 2013).

In Eurasia, Sumitomo, JOGMEC, and Kazatomprom of Kazakhstan are in a joint venture, the Summit
Atom Rare Earth Co. (Sareco), to extract dysprosium from uranium mines in Kazakhstan at an annual rate
of about 50 tonnes, or 10 percent of Japan’s demand (Fukuyama 2012 and Suleymanov 2010).

Sumitomo is also working with Mitsui to consider fast-tracking an investment in the Sakha deposit in
Siberia, Russia (Russia Briefing 2011). Japan also signed an exploratory agreement with Mongolia in
2010 (AFP 2010).

“ Based on Japan’s 2011 consumption of 30,000 tonnes, this is equivalent to more than 220 years’ equivalent, assuming constant
consumption proportions of light and heavy rare earths.

43



The total Japanese private and public investments in the 2010 to 2012 period alone comes to nearly
20,000 tonnes of near-future non-Chinese REO access, nearly two-thirds of its 2011 demand volume.

South Korea
The execution of South Korea’s mineral policy is delegated by the Ministry of Knowledge Economy to

the Korea Resources Corporation (KORES), a government-owned enterprise. Formed as a public
corporation, KORES is specifically mandated with securing raw materials for South Korea’s resource-
hungry manufacturing base. Valued at about $2 billion in 2010 and $667 million in capital, KORES
seeks investment opportunities abroad for both fuel and non-fuel minerals (KORES 2014).

So far, South Korea’s public strategy has focused on supply-side growth with little focus on substitution
or recycling development. The exception might be research funded by the Korea Institute of Industrial
Technology (KIIT) at the DoE’s Ames Laboratory to see if rare earth metals can be extracted from scraps
using molten extraction (Mick 2012). Otherwise, Seoul has been most actively supporting exploratory
projects both at home and abroad. It commissioned exploratory studies for local sources of rare earths in
Hongcheon and Chungju (Park 2011).

Looking abroad, KORES has signed an agreement with Frontier Rare Earths of Luxembourg, which owns
a non-operational rare earth project in Zondkopsdrift, South Africa, to form a joint venture for a REEs
separation facility (Humphries 2013). According to the agreement, South Korea may have access to
upwards of 6,000 tonnes of REOs, which is nearly double its annual demand (Park 2011). KORES’s
initial 10 percent stake may increase to 50 percent (Frontier Rare Earths 2012). South Korea also signed
rare earths exploration agreements with Kyrgyzstan, Uzbekistan, Vietnam, and Australia (Kosich 2011
and Commodity Online 2010).

KORES began stockpiling 60 days’ worth of rare earth consumption in 2010 and is expected to complete
the inventory by 2014. The inventory would grow from the original 62 tonnes in 2010 to 1,500 tonnes.
Other critical metals will also be stored, including chrome, molybdenum, antimony, titanium, tungsten,
niobium, and selenium (Park 2011 and Japan Metal Bulletin 2010). In the meantime, South Korean
dependence on Chinese REEs decreased from more than 78 percent to 54 percent between 2011 and 2012,
shifting instead to Japan to make up the balance (Currie 2013a).

Australia

Because the mining industry is a significant driver of Australia’s economy, the Australian government has
focused on maximizing production from its known mineral reserves while incentivizing further
exploration and development of new deposits. As such, the policy objectives are to promote a favorable
investment environment for mining while ensuring sustainable practices. As a result, Australia ranks
highly in mining investment environment. Not only does it have the fastest processing time for mining
permits, the Australia government permits tax deductions and rebates for costs incurred for exploration
and permits rolling over losses/profits between years to decrease tax liabilities (Wyatt and McCurdy
2013). The primary government branch overseeing the mining sector is the Department of Resources,
Energy, and Tourism (RET) and its subsidiary agency, Geosciences Australia. The Minerals Down
Under National Research Flagship coordinates research and cooperation between the government
agencies, the private sector, and the Commonwealth Scientific and Industrial Research Organization
(Bauer et al. 2011).
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Lynas Corporation, an Australian firm operating the Mount Weld deposit in Australia, was recently
green-lit from the Malaysian government to build and operate a REE concentration plant and Advanced
Materials Plant in Malaysia (Curtis 2012). Lynas has an agreement with German engineering giant
Siemens to provide REEs for its wind turbine generators from Mount Weld (Humphries 2013). Alkane
Resources is expected to begin production of yttrium at its Dubbo project in New South Wales at an
annual rate of 6,500 tonnes of REO (Alkane Resources 2010). Arafura Resources is believed to begin
production at its Nolans Bore project in Northern Territory at end of 2013 at an annual rate of 20,000
tonnes of REO (Arafura 2014a).

Canada
Like Australia, the mining industry plays an important role in Canada’s economy. Mining policy

planning is established at the federal level by Natural Resources Canada whereas regulatory
responsibilities primarily fall on provincial authority. Despite fairly stringent mining and environmental
regulations, the Canadian government’s intentional focus on regulatory transparency and de-confliction,
and the harmonization of jurisdictional responsibilities between the federal and provincial authorities have
nonetheless yielded a favorable mining investment climate, ranking ninth in mining permit processing
time (Bauer et al. 2011 and Wyatt and McCurdy 2013). Canada maintains a raw materials stockpile
equivalent to a fraction (between 0.5 and 4 percent) of annual production for copper, gold, lead,
molybdenum, nickel, silver, and zinc (Bauer et al. 2011).

Chapter Summary

The breadth and depth of China’s dominance in the rare earths sector is the fruit of a decades-long effort.
China’s monopoly of rare earths is not merely in the upstream (mining extraction) segment but extends
through the midstream (separation and processing) and downstream (manufacturing) segments as well.
Today, the vast majority of rare earths are produced in China, purified in China, manufactured into
integrated components in China, and increasingly consumed in China.

Despite lingering ambivalence regarding Beijing’s desire or intention to use its rare earth advantage as a
so-called geopolitical lever, the more immediate problem is China’s heavy-handed mercantilist approach
to meeting the rising rare earths demand. Rather than opening the productivity of its integrated rare earth
supply chain to the global market, Beijing is intent on squirreling away rare earths for domestic
consumption through export barriers (presumably for as long as it can within WTO parameters) and mass
stockpiling.

This is problematic for American stakeholders because in the wake of China’s strenuous consolidation
lies the diminished rare earth supply chain capacities of the U.S. and others. No longer is the U.S. merely
dependent on China for ores, but it has also become wholly dependent on downstream products. What is
more, China is a reluctant supplier and regularly intervenes in the sector to favor Chinese producers and
consumers.

The fundamental puzzle for the U.S. policy maker is this: how can the U.S. establish a reliable supply of
rare earths when China, the rare earths monopolist by way of shrewd but unfair practices, is reluctant to
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trade them? Before proceeding further, however, two important questions must be answered. First, what
are rare earths used for that makes them so important? Secondly, if Chinese reserves are 38 percent of the
world, why not mine the remaining 62 percent outside of China? These critical questions are answered
next in Chapters 3 and 4. Once the importance of rare earths applications are established and the
technical challenges of rare earth production are understood in the next two chapters, Chapter 6 will begin
to assess what policy options the U.S. policy maker has to reduce American vulnerability to supply
disruptions using one heavy rare earth, dysprosium, as an example.
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Chapter 3 — Applications and Geological Properties of
Rare Earth Elements

“Rare earths have been called the vitamins of industry. They
take applications like wind turbines and improve the
technology because of their special properties.”

— Eric J. Schelter
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Introduction

Chapter 2 discussed how China’s geological endowment and its strategic policies over the last thirty years
have enabled the country to consolidate much of the world’s rare earth supply chain in its borders. This
chapter explains in greater detail why rare earths are so highly sought after (the applications) and the
reason behind their so-called rarity (their physical properties). The following three topics are covered:
what applications of rare earths make them so important; what physical properties give rare earths such
unique characteristics and why they are so “rare”; and lastly, what the extract and purification (processing)
steps for rare earths are.

This exercise serves two purposes. First, they provide a stronger sense of the underlying technical
rationale and terminology that are foundational for the following chapters, particularly in Chapter 4’s
discussion on dysprosium supply and demand projections and Chapter 6’s discussion on policy options.
Secondly, the technical overview in this chapter gives the reader stronger a sense of why rare earths are
valuable and helps resolve the paradoxical notion that rare earths are geologically plentiful yet
commercially scarce.

Rare earths used in many industrial applications, whether they be mature industries or cutting edge.*’

Rare earths are typically used as additives in a mix of other materials to help products achieve superior
and often superlative performances (e.g., stronger or strongest magnetism, clearer or clearest LED screens,
etc.). While the focus of the rest of this research is on one specific element, dysprosium, this chapter
conducts an inclusive overview of the applications and properties of other elements because these macro
dynamics have a direct bearing on dysprosium as well.

Although rare earths are similar enough in characteristics to be grouped as what are known as lanthanides
in the periodic table, their individual compositions are nonetheless sufficiently unique enough to
necessitate their separation through expensive and potentially costly chemical processing techniques. The
distinction between light rare earths and heavy rare earths originates from differences in the pairing of
electrons in the outer most shells. These subtle differences in chemical properties directly translate to
geological distributions whereby light rare earths are typically more abundant and easier to extract than
heavies which are less abundant and more expensive to extract.

LREE:s are fairly abundant and are used in both mature and fast-growth applications. Those elements that
are classified as HREEs are much rarer and more expensive and are highly sought after in the fast
growing applications. China’s southern mines have a proportionally higher ratio of heavy rare earths than
are typical. Furthermore, Chinese HREEs are found in ion-adsorption deposits which are the easiest types
of deposits to extract rare earths from. These advantages give Chinese miners a significant competitive
advantage over producers elsewhere in the world. It is not so much that rare earths are found exclusively
in China. But China is uniquely able to extract them at below average costs against which non-Chinese
producers cannot easily compete.

> Mature applications include uses in fossil fuel catalysts, metallurgy, glass polishing and additives, and phosphors. Fast growth
applications include batteries, permanent magnets, defense technologies, and ceramics.
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Rare Earth Applications

So-called the “vitamins” of modern industry because of their superlative qualities that significantly
improve performance and capacities in manufactured applications, REEs have wide applications in the
modern industry and are expected to be in high demand in the coming decades (Hurst 2010a). Koen
Binnemans, a rare earth specialist at the University of Leuven in Belgium describes rare earths as, “the
pepper and salt in many new technological applications. There are few applications where no other
elements can do the job” (Free 2014). More specific to dysprosium, this element has two important
properties that make it valuable to modern industry. First, dysprosium is paramagnetic, meaning their
magnetism is active only in the presence of an external magnetic field. Second, dysprosium also has
strong magnetic anisotropy, meaning its magnetism is easily aligned in one direction while resisting
magnetism in the opposite direction (Walters, Lusty, and Hill 2011). These unique properties make
dysprosium a critical component in both mature applications and cutting-edge technology.

Commercial usage of REEs forms the bulk of REEs demand. Their primary applications are in the form
of catalysts, magnets, metallurgical alloys, phosphors, glass and polishing, ceramics, and defense. Mature
industry sectors—defined as those that grow at the rate of the general economy (4 percent or less annual
growth)—globally consumed about 60 percent of REEs by volume, primarily for application in catalysts,
glass, lighting, and metallurgy. The remaining 40 percent of consumption was used in developing (fast-
growth) industry applications (i.e., industries with growth rates higher than the general economic growth
rate or greater than 4 percent annual growth), such as use for battery alloys, ceramics, magnets (Bade
2010).

Both mature and developing industry sectors are dependent on light rare earths (the physical properties
that distinguish light and heavy rare earths are explicated much greater technical detail in the next section).
According to data synthesized by Goonan (2011) on global trends (Table 3.1), LREEs comprised nearly
the entire demand for three of four mature industry sectors (catalyst, non-battery metallurgy, and glasses).
Phosphors were the only mature sector that was heavily dependent on HREEs, mostly in the form of
yttrium. Developing industry sectors (battery alloys, magnets, ceramics, and defense) are also heavy
consumers of LREEs but they have a greater reliance than on HREEs than the mature sectors, with
exception to phosphors.

Taking a close look at the individual elemental level, some elements are more important to the mature
industries than the developing industry and vice versa. For example, the LREEs lanthanum and cerium
and HREEs europium, terbium, and others minor HREEs*® are used in high proportions in mature
industries. In contrast, the LREEs praseodymium and neodymium and HREEs samarium, gadolinium,
and dysprosium are used almost exclusively by the developing sectors. Yttrium is the one exceptional
element that is utilized near parity by both industry sectors (Table 3.2). An explanation of the industry
sectors, subsectors, and their use of REEs are as follows.

46 Holmium, erbium, thulium, ytterbium, lutetium, scandium, and promethium.
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TABLE 3.1 — LREES AND HREES CONSUMPTION BY INDUSTRY SECTOR

Mature Market Sectors % Developing Market Sectors %
Glasses
Catalysts Metallurgy Polishings & | Phosphors Battery Magnets Defense Ceramics
(Non-Battery) e Alloys
Additives
LREE 100 100 97 20 97 93 77 47
HREE 0 0 3 80 3 7 23 53

Data: Modified from Goonan (2011)

TABLE 3.2 — INDIVIDUAL REE CONSUMPTION PERCENTAGE BY INDUSTRY SECTOR/SUBSECTOR

LREEs % HREEs, Pm, Sc %
Indust
Y la|cCe| Pr|Nd|Sm|Eu|lcd| Y | ™| Dy |HOE:TM YD,
Lu, Pm, Sc
Catalysts 471 21 2 1 0 0 0 0 0 0 0
$ Metallurgy (Non- 8| 14 71 8 o o o o o o 0
S Battery)
g Glass Polishing & 200 44 8 2/ o o o 2 o o 86
3 Additives
g Phosphors 2 2 0 0 0l 100 21 54 73 0 0
Mature Sector %| 78] 82 17| 10 o[ 100 21 56| 73 0 86
o Battery Alloys 16 10 5 5 73 0 0 0 0 0 0
= 5 [Magnets 0 of 7ol 76 0 o] 69 o[ 27 100 0
2 ©  |Defense 4 7 3 5| 27 of 10 12 0 0 14
2 (2] Ceramics 3 2 5 4 0 0 0 32 0 0 0
o Developing Sector %| 22 18 83| 90| 100 0 79| 44| 27| 100 14

Data: Goonan (2011)
Major Applications of REEs

Catalysts

There are two applications of REEs in catalysts: fluid cracking catalyst (FCC) used in petroleum refining
and automobile catalytic convertors. The fluid cracking process converts heavier crude oils to lighter
commercial gasoline and derivatives whereas the automobile catalytic converters are used to reduce
emission of pollutants through the exhaust. In both cases, REOs are important secondary elements. In
fluid cracking, REOs —primarily lanthanum and cerium—restock ions in the main catalytic element,
zeolite. This role helps increase gasoline yields and reduces emissions when processing oil (Bauer et al.
2011). As explained by the DoE,

The FCC process breaks apart or cracks heavy input streams into primarily gasoline and diesel
fuel, but also light hydrocarbon gases, heavy oil, and coke. The heavy crude oil material entering
the FCC unit...is heated to about 1,000°F, at which it becomes a gas and flows up a specially
designed pip (called a riser) along with a catalyst that helps to break apart the heavy molecules
(Bauer et al. 2011).

REOs are used as protective coatings for the actual catalysts, generally palladium and platinum, in
automobile catalytic converters. FCC usage comprised 72 percent of REO used with automobile catalytic
converters comprising the balance (Goonan 2011).
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Glass

REE:s are used in glasses for “absorbing ultraviolet light, altering the refractive index, and colorizing or
decolorizing. Yttrium is used with garnet to form yttrium-aluminum-garnet (Y AG) lasers. Neodymium
and other REEs are used as dopants to alter the properties of the YAG lasers” (Goonan, 2011). REEs are
also used as glass polishing compounds for making ultra-polished glass surfaces such as in plasma and
liquid crystal display (LCD) monitors and wafers for silicon chip production (Tasman Metals Ltd. n.d.
and Hatch 2011).

Metallurgy (Non-Battery)

The oldest and most common use of REEs has been in the form of processed alloy known as mischmetal,
a pure REO with the same proportional mix of REEs as found naturally on bastnésite minerals. Because
of pyrophoric property, mischmetal has been used as flint in lighters (Walters, Lusty, and Hill 2011).
Trace amounts of REEs are alloyed with other metals such as steel, aluminum, and cobalt to (Goonan
2011 and Molycorp 2011) which are then applied in galfan for submarine sonar systems, magnetic
refrigeration, and high-impact steel (Lynas 2012). REEs used in metallurgical alloys help prevent
cracking and resistance to oxidation (Walters, Lusty, and Hill 2011).

Phosphors

REEs are used in phosphor production in the lighting industry. Energy efficient lighting such as compact
fluorescent lamps (CFL) and white light-emitting diode (LED) lights require phosphors. CFLs consume
only 25 to 30 percent of traditional incandescent light bulbs while LEDs—which are increasingly used by
globally to reduce energy consumption—are not only more efficient than CFLs but also longer lasting
(Tasman Metals Ltd. n.d.).

Ceramics

REE:s strengthen ceramic structure by enabling higher quality sintering processes. REEs are also used for
specialized ceramic functions such as non-conducting microwave material, piezoelectric ceramics that
produce electricity if physical pressure is applied, and for use in semiconductor ceramics (Guanming et al.
2007). REEs are crucial for the performance of ceramic capacitors in electronic circuits. The ceramic
capacitors are doped with REEs that increase their operational utility and life (Alam, Zuga, and Pecht
2012). REEs are also used for ceramic colorization and in ceramic scintillators*’ with applications in the
medical diagnosis and radiography, and industrial inspection (Greskovich and Duclos 1997). A research
team at the Massachusetts Institute of Technology (MIT) has found that REE-laced ceramics retain water-
resistant (hydrophobic) properties even under excessive abrasion and heat—properties that are extremely
useful for longevity and durability of electronic components (Azimi et al. 2012).

Magnets

REEs enable superior magnetic properties, i.e., stronger and more resilient under varying conditions,
which make them valuable in electric motors as small as those found in computing hard drives to larger
ones used in electric vehicles, and even larger ones used in wind turbine generators. NdFeB magnets are
one of several “permanent magnets,” so-called because they are the strongest magnets available
(InvestorIntel 2014). NdFeB magnets are powerful enough that they are being research for application in
nanotechnologies (Hurst 2010a). They are resistant to demagnetization when other magnetic fields are

47 Scintillators emit light when the material absorbs or hit by charged particles or high-energy photons. For more information go
to: http://imagine.gsfc.nasa.gov/docs/science/how_12/gamma_scintillators.html.

51


http://imagine.gsfc.nasa.gov/docs/science/how_l2/gamma_scintillators.html

present and also highly resistant to heat (Hatch 2011). These properties enable miniaturization of high
capacity motors. Industrial and consumer products that rely on REE magnets for optimal performance
include actuators, audio equipment, Magnetic Resonance Imaging devices (MRI), anti-lock brake systems
and other automotive parts, communications systems, propulsion systems, frictionless bearings, storage
disks, and magnetostrictive alloys (ferromagnets that change shape or dimensions with magnetization)
(Goonan 2011 and Tasman Metals Ltd. n.d.).

Because greater magnets generate more electric current in wind generators, NdFeB magnets are highly
favored over its alternatives. Furthermore, REE-based magnets in air conditioning units can decrease
power consumption by up to 50 percent (Walters, Lusty, and Hill 2011). By one count, there are more
than 100 different applications of REEs-bearing permanent elements in a conventional passenger vehicle
(Reddall and Gordon 2012). A single automobile may use more than 50 motors for use in steering, seat
adjustments, transmission fluid, braking, for example, each of which use traces of REE that make motors
more powerful and energy efficient compared to induction motors (Spindell 2013).

Battery Alloys

REEs are used primarily in Nickel Metal Hydride Batteries (NiMH) used in portable batteries in personal
electronics and power tools, but most prevalently in hybrid vehicles (Lynas 2012). In particular,
lanthanum plays the crucial that enables both the absorption of hydrogen in the cells for energy storage as
well as the reverse process that make recharges possible (Hatch 2011).

Defense

Because of their utility in advanced weapons programs, the use and existence of REEs were a national
secret in the USSR and was not disclosed until 1993 (Hurst 2010a). Today, REEs continue to have a
variety of applications in weapons guidance and control, aircraft materials, lasers, optics and sensors
(including sonar transducers that convert electric to sound energy and back), communications/satellite
system (Goonan 2011 and Walters, Lusty, and Hill 2011). REEs are used for manufacture of fiber optics
where they help data transmission without the use of signal booster stations (Walters, Lusty, and Hill
2011). Other examples of major weapons systems that use REEs include the F-35 Joint Strike Fighter,
Global Hawk UAV, defense satellite systems, M1A1 Abrams, and advanced munitions such as the JDAM
and Javelin Missile (Greens 2011). Permanent magnets (SmCo but more preferably the NdFeB variants)
are used for guiding “smart” ammunitions (Hurst 2010a). NdFeB magnets in conjunction with Terfenol-
D speakers are used by “stealth” helicopters to mask the sound of helicopter blades (EWI 2011). Table
3.3 lists the various rare earths and their technological applications in U.S. military systems. Appendix A
lists additional examples of defense systems that depend on rare earths.

Other

Gadolinium and europium are used as neutron absorbers while the former is also used as reactor
temperature stability agents in the nuclear industry. Cerium and yttrium are often used for pigmentation
for consumer products such as paint and sunglasses. REE-based lasers are used for cosmetic, epidermal,
and dental procedures. China has also been known to use REEs in fertilizers (Walters, Lusty, and Hill
2011). Molycorp has successfully commercialized a water treatment technology that reduces phosphates
that can prevent algae growth (Molycorp 2013a). Today, scandium is produced in only small quantities
for research purposes (Thijssen 2011).
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TABLE 3.3 — EXAMPLES OF RARE EARTH APPLICATIONS IN U.S. MILITARY SYSTEMS

REE Technology Function Examples

Guidance and Control Smart Bombs, Joint Direct Attack Munition (JDAM), Joint Air to

Electric Motors and Ground Missile (JAGM), Cruise Missiles, Unmanned Aerial
Actuators, Stealth/Noise |Vehicles (UAVs), AIM-9x, AIM-120 AMRAAM, Helicopter
Nd, Pr, Sm, Dy, Tb |Permanet Magnet Cancellation Acoustic Signature Reduction (NdFeB plus Terfenol-D)
Zumwalt DDG 1000, Joint Strike Fighter (JSF), Hub Mounted
Electric Drive Motors Electric Traction Drive, Integrated Starter Generator, Combat

Hybrid Power System (CHPS)

Nd-doped Yttrium Aluminium Garnet (YAG) Laser for targeting
Amplification of Energy and [Targeting, Detection, and underwater mine detection (e.g. Magic Lantemn), Laser
Resolution Countermeasures Targeting (Air- and Ground-based), Counter-Improved Explosive
Device (IED) (e.g. Laser Avenger), SaberShot Photonic Disrupter

Y, Eu, Tb

Sonar Transducers, Radar, Enhanced Radiation Detection,
Multipurpose Integrated Chemical Agent Alarm (MICAD),
Microwave Amplification for Satellite Communication, High-
Capacity Fiber Optics

Communications, Radar,
Sonar, Radiation and
Chemical Detection

Amplification, Enhanced

Nd, Y, La, Lu, E
o Yo e U B Resolution of Signals

Enhanced Battlefield

Ce, La Displays and Optics Driver's Vision Enhancer (DVE), Avionics Displays

Displays
. Electronic Warfare and Jamming Devices, Electromagnetic Railgun, Ni Metal Hydride
. Energy Storage, Density ) : . )
Various . . . Directed Energy Battery, Area Denial System (e.g. Long Range Acoustic Device
Amplification, Capacitance
Weapons or LRAD)

Data: Grasso (2013)

New Applications of REEs

New consumer applications of REEs are on the horizon although not yet ready for commercialization.
Gadolinium and neodymium have been identified as plausible magnetic refrigerants whereby household
and industrial refrigeration can be achieved by lowering the magnetic field (Walters, Lusty, and Hill
2011). This novel method could potentially reduce up to 15 percent of fossil fuel consumption while
minimizing or eliminating the use of hazardous chemicals (Kennedy 2010).

High efficiency fuel cells also exploit REEs properties. Electrolytes synthesized from lanthanum, cerium,
and praseodymium carbonates could be used to form solid oxide fuel cells (SOFCs) that produce
electricity by oxidizing the fuel elements. The SOFC design is highly promising because they produce
electricity with high efficiency but with minimal carbon footprint (Zhu et al. 2008). At least one
company, Bloom Energy, has successfully commercialized SOFCs for use in on-site distributed power
generation servers (Bloom Energy 2014). REE-based metal-free catalysts for electric (zero emission)
automobiles are also a possibility (Hu and Noreus 2003).

Rare Earth Properties

This next section provides a technical overview of the properties of rare earths. It broadly explores the
chemical similarities and differences that translate to the distinction of light and heavy rare earths and the
mineralogy of rare earths that dictate how easy or difficult it is to mine them. To start, rare earths are a
group of 17 elements on the periodic table that share similar chemical properties. They comprise the 15
lanthanides group of elements (atomic numbers 57 to 71) plus scandium (21) and yttrium (39) (Figure
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3.1). Despite their names, REEs are not necessarily rare, geologically speaking, although the yield can
range widely for each element in a given geological terrain. “Rare earth elements are not particularly rare
in terms of abundance, but for many years remained rarely separated from each other owing to their
similar chemical characteristics” (Hurst 2010b and Goonan 2011).

For example, REEs have an overall crustal abundance of 9.2 parts-per-million (ppm), but the most
abundant, cerium, is 43 ppm whereas the most rare, thulium, is 0.28 ppm. Contrast this with common
metals such as copper’s 27 ppm and lead’s 1 1ppm (Taylor and McLennan1985 and Rudnick et al. 2005).
Instead the “rarity” of REEs originates from the fact that the lanthanides are exceedingly difficult to
separate chemically, making it costly—thus rare—to refine pure metals (Walters, Lusty, and Hill 2011).
Figure 3.2 from the U.S. Geological Survey (USGS) shows that the rare earth elements are generally
more abundant than many of precious metals (gold, silver rhenium, ruthenium, platinum, palladium,
osmium, and iridium).

FIGURE 3.1 — RARE EARTH ELEMENTS

15 Lanthanides, Scandium, and Yttrium

The periodic table of elements
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Source: Modified from Hatch (2011)
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FIGURE 3.2 — RARE EARTHS ARE NOT NECESSARILY RARE
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Light and Heavy Rare Earth Elements

Rare earths are generally classified as either a light rare earth or heavy rare earth based on their atomic
weights, with LREEs having lower atomic weights and the HREEs having higher weights. A technical
definition of LREEs is that their 4f electron shells™ are unpaired compared to the paired ones in HREEs.*’
Based on this understanding, LREEs comprise scandium, lanthanum, cerium, praseodymium, neodymium,
promethiumso, samarium, europium, and gadolinium. HREEs comprise the remainder: terbium,
dysprosium, holmium, erbium, thulium, ytterbium, lutetium, and yttrium (Bleiwas and Gambogi 2013).
The Canadian government’s National Instrument 43-101 (NI 43-101) and the Australasian Joint Ores
Reserves Committee (JORC) classify LREEs and HREEs in similar manner. A technical explanation of
the distinction between light and heavy REEs is as follows:

8 Electron shells are the orbits along which the electrons circle the atomic nucleus. Each shell can carry only a certain range of
electrons and each shell needs to be filled before the outer layers are occupied. The shells are identified by its electron shell
configuration. In this case, the number 4 in 4f refers to the fourth energy level and the letter f is the sub-shell.

47 LREEs are described as "unpaired” because they have clockwise electrons but no counter-clockwise electrons. In contrast,
HREEs have both clockwise and counter-clockwise electrons, but in different numbers. For each HREE (except lutetium), there
are both "unpaired" and "paired" electrons.

5% Radioactive element (Walters, Lusty, and Hill 2011). Promethium was the last of the REEs discovered and occurs naturally in
minute trace amounts. According to one estimate, natural occurrence of promethium on the earth’s crust is not greater than 600
grams (see Belli et al. 2007).
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The LREE are defined as lanthanum (Z=57) through gadolinium (Z=64). This is based on the fact
that starting with lanthanum, which has no 4f electrons, clockwise spinning electron are added for
each lanthanide until gadolinium. Gadolinium has seven clockwise spinning 4f electrons, which
creates a very stable, half-filled electron shell. The LREE also have in common increasing
unpaired electrons, from 0 to 7. The HREE are defined as terbium (Z=65) through lutetium (Z=71)
and also yttrium (Z=39). This is based on the fact that starting with terbium, counter-clockwise
spinning electrons are added for each lanthanide until lutetium. All of the HREE therefore differ
from the first eight lanthanides in that they have paired electrons. All of the lanthanides have from
0 to 7 unpaired electrons. The defining split at the LREE gadolinium, which has both a stable
half-filled 4f shell and 7 unpaired electrons, the following HREE, beginning with terbium, have
decreasing unpaired electrons. Terbium has 6 unpaired electrons with the addition of one counter-
clockwise electron which creates one electron pair. The number of unpaired electrons then
decreases through lutetium, which has no unpaired electrons and a full stable 4f shell with 14
electrons and 7 "paired up" electrons. Yttrium is included in the HREE group based on its similar
ionic radius and similar chemical properties. In its trivalent state, which is similar to the other
REE, yttrium has an ionic radium of 90 picometers, while holmium has a trivalent ionic radius of
90.1 picometers. Scandium is also trivalent, however, its other properties are not similar enough
to classify it as either a LREE or HREE (as cited in Bade 2010).

In contrast, the British Geological Survey (BGS) groups LREEs and HREEs differently, whereby
gadolinium is classified as an HREE rather than an LREE (Walters, Lusty, and Hill 2011). Because the
division between light and heavy, particularly for those REEs straddling the cutoff point, can be
contentious and arbitrary, others further classify REEs into a third category, the so-called medium REEs
(MREESs) which include the four mid-weight elements europium, gadolinium, terbium, and dysprosium
(Samson and Wood 2004).

The colloquial industry classification differs further in due consideration to the practical economic
valuation of the REESs rather the underlying technical properties that undergird the distinction. Industry
literature typically defines LREEs to include lanthanum, cerium, praseodymium, neodymium and HREEs
to include the elements with atomic numbers 62 to 71 (samarium to lutetium) and yttrium (Hatch 2011).
Promethium, an LREE, is also not included among REEs in industry literature because they are not a
naturally occurring element that can be extracted through mining but is rather synthetically produced for
commercial use as a byproduct of high-yield uranium processing (Knapp et al. 2007). As such,
promethium is not part of the conventional REEs mineral extraction supply and demand supply chain and
commonly excluded from market analysis. In addition, because scandium is seldom found with other
REEs, either light or heavy, it is also excluded altogether. As a result, the REEs listed in industry
literature refer to the select 15 elements with a longer list of HREEs (Hatch 2011). Table 3.4
differentiates the various classifications of REEs, LREEs, and HREEs. This research adheres to the
industry classification of the light and heavy REEs.
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TABLE 3.4 — REE AND HREE CLASSIFICATIONS

Colloquial Industry British Geological Survey U.S. Geological Survey
Rare Earth Elements Reference (BGS) (USGS), NI 43-101, JORC
Scandium Sc
Lanthanum La
Cerium : Ce LREEs
Praseodymium Pr LREEs
Neodymium Nd LREEs
Promethium Pm
Samarium Sm
Europium Eu
Gadolinium Gd
Terbium Tb
Dysprosium Dy
Holmium Ho
Erbium Er
Thulium m
Ytterbium Yb
Lutetium Lu
Yttrium Y
Note: This research adopts the colloquial industr terms in reference to the light and heawy rare earths.

Data: Hatch (2011); Walters, Lusty, and Hill (2011); Bleiwas and Gambogi (2013); and Bade (2010)

The chemical properties have important implications for the distribution and abundance of REEs. First,
compared to HREEs, LREEs are found in greater concentration because their larger ionic radii keep them
separated from other elements. Secondly, by the Oddo-Harkins effects, REEs with even atomic numbers
are generally in greater abundance than odd-numbered elements. Thirdly, the chemical similarity of the
elements results in multiple rare earths elements in a given mineral sample and therefore, a broad
distribution in the Earth’s crust. Finally, elements with higher atomic numbers generally—with a few
exceptions—have increasing melting points. For example, the lightest REE, cerium, has a melting point
of 798°C whereas lutetium, the heaviest REE, has a melting point more than twice as high at 1663°C
(Walters, Lusty, and Hill 2011)

Cumulatively, these characteristics have direct commercial implications. The relative scarcity of heavy
rare earths (which includes dysprosium, the element of primary interest of this research) over the lighter
variety partially explain the price disparity between the two groups as depicted in Figure 3.3. In recent
years, dysprosium oxide prices have been approximately 1,200 percent of light rare earth oxides, while
europium and terbium have been around 3,170 percent and 2,600 percent, respectively. The large price
differential between heavy and light rare earths is also a reflection of the differing melting points which
have a direct impact on feasibility and cost of the refining (purification) process. Higher melting points
generally require additional rare earths chemical processing steps which translate to additional costs
(Walters, Lusty, and Hill 2011 and Ames Laboratory n.d.). Thus, not only are the heavy rare earths
actually rare, they are also more expensive to process in the midstream stage. These two factors
combined help to explain the price differential between the heavy and light rare earths.
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FIGURE 3.3 — HEAVY RARE EARTHS COST SIGNIFICANTLY MORE THAN LIGHT RARE EARTHS"
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Mineralogy

Rare earths are usually found embedded in three types of rock-forming minerals: bastnésite, monazite,
and xenotime.” Each formation contains different proportions of LREEs and HREEs: “The chemically
similar nature (ionic radii and oxidation states) of the REE means they can substitute for one another in
crystal structures. This results in the occurrence of multiple REE[s] within a single mineral and a broad
distribution in the Earth’s crust” (Walters, Lusty, and Hill 2011). Bastnisites generally have high
concentrations of LREESs, primarily cerium, lanthanum, and neodymium. Monazites contain less
lanthanum, more neodymium, thorium (radioactive), and HREEs. Xenotime primarily contains HREEs,
such as yttrium, dysprosium, erbium, ytterbium, and holmium (Walters, Lusty, and Hill 2011). In
addition to these three most common REEs-bearing minerals, REEs are found in other mineral formations,
a selection of which is found in Table 3.5. REE-bearing minerals are found in two major classifications
of mineral deposits, classified as primary deposits and secondary deposits.

Primary Deposits

REEs in primary deposits are generally formed over millennia through magmatic consolidation and the
rocks often have crystalline textures, the result of a geological process known as igneous. They are also
formed through hydrothermal processes, or the formation through the circulation of hot water through the
Earth’s crust, which is often, but not always, associated with magma flow. One subcategory of igneous
rocks is carbonatites which are comprised of at least half of carbonate minerals. When REEs are present
in carbonatite igneous rocks, they are almost exclusively LREEs embedded in bastnésite, allanite, apatite,
and monazite. Prominent examples of carbonatite igneous deposits include the Mountain Pass deposit

3! Dysprosium, europium, and terbium are HREEs. LREEs price average of lanthanum, cerium, neodymium, praseodymium, and
samarium oxides. Prices reflect average Free on Board (FOB).
52 REEs can be found in around 200 different minerals, but the vast majority is found in bastnisite, monazite, and xenotime.
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(California, USA), the Bayan Obo deposit (Inner Mongolia, China), western Sichuan in China, deposits in
Kangankunde, Chilwa Island, Songwe, and Tundulu (Chilwa Alkaline Province, Malawi), Okorusu
(Namibia), Amba Dongar (India), and Barra do Itapirapua (Brazil) (Walters, Lusty, and Hill 2011).

The second subcategory of igneous rock is alkaline igneous rocks formed from magmatic materials. In
particular, perlakaline igneous rocks typically contain low grades of yttrium and other HREEs (Castor and
Hedrick 2006).” Example of perlakaline igneous rock depsosits include Khibina and Lovozero (Russia),
Strange Lake and Thor Lake (Canada), Tamazeght (Morocco), Pilanesberg (South Africa), and Weishan
(Shangdong, China) (Walters, Lusty, and Hill 2011).

A third subcategory of primary deposits is non-alkaline igneous iron-REE deposits which often have low
grades. Examples are Olympic Dam (Australia), Pea Ridge (Missouri, USA), Kiruna (Sweden), and
Bayan Obo (Inner Mongolia, China). A final subcategory of primary deposits contains REEs in only the
rarest instances and are found in Rock Canyon Creek (British Columbia, Canada), Hoidas Lake
(Saskatchewan, Canada), Snowbird (Montana, USA), Lemhi Pass (Idaho/Montana, USA), and Mary
Kathleen (Australia) (Walters, Lusty, and Hill 2011).

Secondary Deposits

In contrast to primary deposits, REEs in secondary deposits are generally formed either through the
collection of sediments over time (sedimentary process) or through rocks transformed by temperature and
pressure within the Earth’s crust (metamorphic processes). Two major types of secondary deposits exist:
marine/alluvial placer deposits and residual weathering (lateritic) deposits. Placer deposits are formed
through accumulation of heavy minerals transported along river waterways or carried by tides and
currents to coasts. As such, placer deposits are generally found on or near coastlines, with monazites
being the most common REE-bearing mineral found in them (Walters, Lusty, and Hill 2011). According
to one estimate by the USGS, there are an estimated 360 placer deposits with REEs (Orris and Grauch
2002).

There are two major drawbacks to placer deposits for rare earth mining, however. First, monazites are
often found in tandem with high concentrations of radioactive thorium, which significantly increases the
extraction cost and complexity (Castor and Hedrick 2006). Secondly, placer deposits generally have very
low concentration of REE-bearing monazite, comprising no more than 0.1 percent of deposit contents.
Exceptions are some Australian placer deposits with up to 1 percent monazite and Indian deposits with 1-
2 percent monazite concentrations (Moller1986).>*

Residual weathering deposits are formed from the accumulation of mineral residues from exposure to the
weather. For example, some combination of the disintegration of larger rock formations, leaching of
elements, and enrichment of sedentary elements through absorption tend to yield the highest level of rare
earth oxides (REOs)™, especially if an enriched rock is chemically weathered and breaks down into REE-
heavy minerals such as calcite, dolomite, and apatite. Examples of residual weathering deposits are the
Mount Weld deposit in Australia which has phosphate minerals with REO contents as high as 40 percent
and Brazil’s Araxa deposit (Lottermoser 1990; Pirajno 2009; and Castor and Hedrick 2006).

53 Peralkaline igneous rocks are also rich in what are known as high-field strength elements (HFSE) such as zirconium, titanium,
yttrium, and niobium.

>* See Walters, Lusty, and Hill (2011) for details on placer deposits and yield in Australia, Malaysia, Canada, and the U.S. states
of Florida, Carolinas, and Idaho.

33 REOs are rare earth elements purified to at least 99 percent purity. Higher purity commands greater market value.
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A recently classified subcategory of residual weathering deposits are ion-adsorption clays (also known as
weathered-crust elution-deposited rare earth ore) which are weathered granites enriched with REEs (Chi
and Tian 2008). Although weathered granites deposits are small and very low yields of REE content,
typically between 0.03-0.35 percent, they tend to have high HREEs distributions and minimal radioactive
co-elements which make them highly valuable and economical. lon-adsorption clays are found in
abundance in the southern China provinces of Jiangxi, Guangdon, Hunan, and Fujian (Grauch and
Mariano 2008 and Chi and Tian 2008).

Phosphorite and Deep-Sea Mud Deposits

Less researched are phosphorities which are sedimentary rocks with high phosphate and REE content.
Potential deposits are believed to exist in the southeastern U.S., from North Carolina extending south to
central Florida. The distribution of REEs is unknown except for the existence of yttrium and lanthanum
(Long et al. 2010). Phosphorites deposits are also found in southwestern China in the provinces of Zhijin,
Hinhua, and Guizhuo (Jie et al. 2006). Another potential source of REEs, one that is abundant but is even
less researched than phosphorites, are deep-sea muds on the Pacific seafloor. According samplings, REE
content from the South Pacific yielded between 1,000 and 2,230 ppm of REEs, of which 200-430 ppm
were HREEs. North Pacific samples were less concentrated but still significant, with REE contents of
400 to 1,000 ppm (Walters, Lusty, and Hill 2011).

TABLE 3.5 — RARE EARTHS-BEARING MINERALS

Mineral Approximate REO%
Aeschynite-(Ce) 32
Allanite-(Ce) 38
Apatite 19
Bastnasite-(Ce) 75
Brannerite 9
Britholite-(Ce) 32
Eudialyte 9
Euxenite-(Y) 24
Fergusonite-(Ce) 53
Gadolinite-(Ce) 60
Kainosite-(Y) 38
Loparite 30
Monazite-(Ce) 65
Parisite-(Ce) 61
Xenotime 61
Yttrocerite 53
Huanghoite-(Ce) 39
Cebaite-(Ce) 32
Florencite-(Ce) 32
Synchysite-(Ce) 51
Samarskite-(Y) 24
Knopite NA

Source: Walters, Lusty, and Hill (2011)
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Rare Earth Mining and Processing

An appreciation of the substantial costs and risk associated with rare earth mining and processing explains
why rare earths are rare. It is not necessarily the geological paucity but rather the high financial risk and
technical finesse to extract and purify these elements that make rare earths so valuable. This section
discusses the three typical phases that lead to the successful development of a rare earths mine. It then
discusses the steps for separating and processing rare earths into highly purified individual elements.
Mining

With high risks, much higher production costs, and a much smaller market size (a few billion dollars for
rare earths compared to major minerals’ trillion dollars), major mining companies find rare earths to be a
low value proposition (Hayes-Labruto et al. 2013). Filling in the vacuum for rare earths production
investment are so-called junior miners (high risk mining venture capital firms) that identify, survey, and
certify promising deposits which are then sold to investors who assume capital developments.

The few times major mining firms do produce rare earths are when rare earth ores must necessarily be
extracted as a by-product of mining for other minerals. REEs are often the result of “coupled production”
of primary metals. Coupled production occurs when certain elements are necessarily produced alongside
the desired principal element. Examples include Bayan Obo where REEs production is a coupled product

of its massive iron ore extraction operation. The most significant exceptions are the Mountain Pass and
Mount Weld projects in the U.S. and Australia, respectively. When REEs are mined, either as a primary
production or as necessary by-products, one of four extraction methods is applied. Which technique is
used depends on the type of deposit the elements are borne in. Table 3.6 describes the different types of
extraction methods.”

TABLE 3.6 — REES EXTRACTION METHODS

Open-pit mining

deep from the surface.

Hardened rock
formation deposits or
soft placer deposits.

processing. Extraction from dry land-based
placer deposits requires little effort other than to
collect the sand in bulk and transporting them for
processing. Some open-pit mines are combined
with underground mines.

Extraction . o
Method Deposit Description Example
Deposits which are Digging or use of explosllves to reach _deposn
- and then physically moving the ores via truck or
relatively shallow, not conveyer belt for stockpiling or immediate Bayan Obo
more than 100 meters Y pring (China),

Mountain Pass
(USA), Mount
Weld (Australia)

Submerged placer

Floatation vessels with buckets or a suction

Dredge mining deposits device to extract REEs-bearing sand for India
processing.
lon-adsorption Developed by China’s Jiangxi South Rare Earth Longnan
In-situ mining deposits Hi-Tech, ammonium sulphate is leached into (China),
drilled holes in deposits. This reagent collect common in

%% Coproduction also poses challenges to production planning. As HREEs become more valuable than LREESs, the latter is
increasingly considered a by-product of the former’s extraction which has led to abundance of cerium and lanthanum. The
inability to entirely control production rates plays an important role in the price gulf between LREEs and HREEs. Coupled
production is distinct from by-production where production of different elements within a deposit can be controlled according to
market conditions. Examples include zinc by-production with indium and germanium and bauxite by-production with gallium
(Wellmer and Dalheimer 2012).
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REEs as it travels through the cavity, is collected | deposits found
at the bottom into a tank where it is precipitated in Southern
using ammonium carbonate, leaving behind China

REEs. This process is a more environmentally-
friendly method than a previous method where
heaps of ores were leached en masse.
Through labor-intensive drilling and explosive

blasting, multi-storied horizontal cavities are Elliot Lake
Underground Deep and hard carved to extract ore which are transported by (Canada),
mining formation deposits rail up to the surface. Not unlike traditional coal Lovozero

mining techniques. Some open-pit mines are (Russia)

combined with underground mines.

Source: Walters, Lusty, and Hill (2011)

Mining exploration costs can be expensive with frustratingly low success rates. According to one study,
the odds that a project with inferred minerals would move to production stage ranges from 1.25 to 10
percent. For projects that have estimated the tonnage of a mineral contained in a deposit, the probability
increases to 33 percent. Furthermore, the lead time between discovery and production has historically
varied widely. Table 3.7 details the discrete steps and the aspired number of years for those steps which
would seem to suggest between eight to fourteen years before production can begin. In reality, lead times
for mining projects have historically ranged from five years to nearly half a century (Table 3.8). Finally,
price fluctuations “have a significant influence on the willingness of mining companies to take on the
investment risk for a new mine” which may delay project financing projects, leading to longer lead times
(Wellmer and Dalheimer 2012).

Another source of dissuasion for mining companies is that, unlike major metals, rare earth mining
includes an additional step following extraction that requires some base level of elemental separation and
purification. Unlike copper, for example, which can be extracted and commercialized with little effort,
rare earths typically require extensive physical separation and processing at the basic level to capture
greater economic value.”” Figure 2.5 illustrated the value difference between raw ores and even
minimally separated and processed oxides. The junior minors and investors that buy and develop the
surveyed deposits follow a fairly familiar path. A breakdown of the rare earth mining development
phases sheds light on where the risks lie, the associated costs, and who assumes those risks (and rewards)
in the rare earths sector.

Initial Phase

REEs mine discovery takes the form of either greenfield or brownfield projects. The former is the
exploration of hitherto unexplored geologies whereas the latter are exploration of potential deposits sitting
adjacent to pre-existing mining operations. Explorations are sensitive to mineral price cycles—the higher
the prevailing market price, the greater the exploration and vice versa. They tend to be under tight budget
and are cursory, with teams moving quickly from location to location based on quick survey results. Rare
earth explorations have indeed been rare in the last century until the very recent pickup in activities.
Much of the major REEs projects were discovered by accident whilst in search for or production of other
minerals (Long et al. 2010). Exploratory surveys are generally funded on a term (e.g., annual or decade,
etc.) budgeting basis by funding entities whether they are junior mining interests or public agencies. The
costs are also influenced by the geographic scope of the search (global, regional, or local) and the breadth

57 This physical processing step precedes even the more costly (and sometimes toxic) chemical processing step in the midstream
stage.
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of elements they are seeking (just rare earths or other minerals both major and minor). Subject to these
conditions, budgets can ran anywhere from a hundreds of thousands of dollars to hundreds of millions of
dollars (Wilburn and Stanley 2012).

Advanced Phase

Upon initial positive discovery, extensive drilling and mineralogy inference is conducted to size up the
deposit. Preliminary environmental and economic feasibility studies are simultaneously started.
Depending on the outcome of these studies, mine designs, a pilot processing plant, and a more formal
economic feasibility study is pursued. Permit applications are also initiated whilst a formal
environmental impact study is also conducted. The second feasibility study results form the basis of
securing financial investments (Long et al. 2010). Advanced phases usually progress after an investing
entity had acquired the rights from predecessor junior miners that have already explored and surveyed a
deposit in the initial phase. While the actual costs vary depending on the location of the reserve and the
local infrastructure, the general estimated cost to prove reserves at this stage is generally around $50
million (Bauer et al. 2011).

Final Phase

Assuming financing and regulatory permits and approvals are secured, construction of the mine begins.
Initial trial productions are conducted before full capacity is reached, although unanticipated hiccups in
the process are common at this stage. Typically, mining companies at each of these stages have expended
millions of dollars, either from its own resources, high interest loans, and/or investor equities without any
form of revenue from the mining project. The Mountain Pass project required $500 million in pre-
production financing since 2008, even though it already had a developed mine and infrastructure and had
once been operational for many decades before its 2002 hiatus (Long et al. 2010). The total cost from
greenfield projects to final phase costs at least $1 billion. Brownfield projects would cost much less since

it would leverage pre-existing infrastructure, with costs ranging from $100 million to $1 billion (Bauer et
al. 2011).

TABLE 3.7 — ASPIRATIONAL RARE EARTH MINE DEVELOPMENT SCHEDULE

W Exploration Cycle Objective
Stage | Required |

Grassroots Conceptual land acquisition 1 year
2 Target Generation & Filtering for drill targets 1-2 years
Drilling
B3] Discovery Delineation Defining the limits of the discovery - 1-2 years
tonnage & grade
4 Infill Drilling Preducing the mineral resource estimate 1-2 years
& scoping study
= Bulk Sample & Metallurgy Evaluating recoveries and optimal 1 year
processing method
6 Prefeasibility Produce a minable reserve, establish a 1-2 years
mining plan and associated costs
7 Permitting, Marketing & Securing approvals, negotiating off-takes, 1-2 years
Feasibility making a production decision
Construction Building the mine 1-3 years
Production Mining cashflow 10-20 years

Source: Avalon Rare Metals (2010)
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TABLE 3.8 — SELECTED LEAD TIMES OF GLOBAL MINING PROJECTS

Mine Country Commodity Discovery date Production Years fo
start-up production

Araxa Brazil Nb 1955 1961 6

Barro Alto Brazil Ni 1969 2010 41
Bulong Australia Ni 1971 1999 28
Catalao I Brazil Nb 1970 1977 7
Cawse Australia Ni, Co 1994 1999 5

Goro New Caledonia Ni, Co 1982 2010 28
Murrin Murrin Australia Ni, Co 1984 1999 15
Niobec Canada Nb 1967 1976 9
Urumu Utsumi Brazil U 1971 1981 10
Vermelho Brazil Ni 1966 2012 46

Source: Wellmer and Dalheimer (2012)

Processing
Once raw rare earth ores are extracted from the earth, the desired rare earths are separated in what is

called a beneficiation process. This allows the individual REEs to be purified to higher concentrates
which can then be smelted for specific industrial applications. There are different raw ore processing
methods depending on what type of deposit the REEs-bearing mineral was extracted from. Generally,
hard rock deposits involve greater effort than placer deposits since the ores must be hauled then crushed
and ground before processing and separation can begin. REEs in placer deposits require less effort in the
milling stage since they embedded within fine sand.

The two primary methods of beneficiation, physical and chemical, are generally used in conjunction with
each other. Physical beneficiation precedes chemical beneficiation which enables higher purification of
elements. Depending on the composition of the ore, a series of one or more techniques become necessary
to extract pure REE content. Since bastnésite, monazite, and xenotimes comprise the bulk of rare earth
deposits, the beneficiation processes used for these mineral concentrates are used as illustrative examples.
Figure 3.4 traces the REEs excavation, processing, and separation steps for bastnésites from hard rock
deposits and monazites and xenotimes from placer deposits.

Hard rock deposits - Bastndisites

In the case of hard rock deposits such as in Mountain Pass where raw ores have approximately 7 percent
REO content, the ores are finely crushed on a mill to about 0.1 millimeters. Then, chemical additives and
steam is used to produce slurry with 30 to 35 percent REO content. Using a technique called froth
flotation®® that involves use of chemicals, water, and compressed air, the desired rare earth elements float
on froth that forms on the liquid surface. They are then carefully collected, filtered, dried, and cleaned

58 Walters, Lusty, and Hill (2011) describes froth flotation in greater detail as follows: “Following grinding, water is added to the
powdered ore to produce a suspension. Air is blown upwards through the tanks. Chemicals are added which make specific
minerals water repellent and cause air bubbles to stick to their surfaces. Consequently, these minerals collect in a froth at the
surface and are removed. Reagents used for monazite flotation include fatty acides, hydroxamates, and dicarboxylic acids.”

64



into Bastnisite concentrates with approximately 60 percent REO content (Walters, Lusty, and Hill 2011).
Because other minerals such as barite and calcite have similar flotation properties as REEs, higher purity
cannot be achieved through froth flotation alone.

Chemical beneficiation is used to increase REO purity through multiple processes. Which reagents are
used, however, depends on the unique mineral content in question. In the case of Mountain Pass
bastnésite, the first step is to use hydrochloric acid which removes strontium and calcium. This increases
purity to 70 percent REO. Second, calcination removes carbon dioxide, achieving purity of 85-90 percent
REO. Bayan Obo applies a different chemical processes where minerals are baked with sulphuric acid at
a high temperature and leached with water to remove impurities (Walters, Lust, and Hill 2011).%’

Placer deposits — Monazites and xenotimes

Physical beneficiation of REEs from placer deposits can again differ significantly. In most cases,
however, gravity separation, magnetic separation, and electrostatic separation are the three principal
techniques applied. The gravity technique exploits the density differences of minerals to separate them
by feeding the sediment through jigs, spiral and concentrations, and shaking tables. Unwanted gangue
material tends to float while the desired minerals, which are denser, tend to sink. The concentrate is then
processed further with various combinations of gravity, electrostatic, and magnetic separations that
exploit the material structures of the various minerals in the concentrate (Walters, Lust, and Hill 2011).

Following is an illustrative example of how xenotime and monazite concentrates are extracted from
dredged sediments. Once concentrates from the preliminary gravity separation is dried, they pass through
magnetic separation. The non-magnetic concentrates proceed to electrostatic separation.” Here, the non-
conductive concentrates undergo a second round separation®' of magnetic or gravity separation (or both)
that separates out the zircon from the concentrate (zircon is slightly magnetic and more dense than REEs).
In the final stage, a much more precise gravity separation method is used to separate monazite from
xenotime. Higher separation calibration is needed since these two minerals have similar densities. At the
end of physical beneficiation, monazites and xenotimes on average contain about 65 and 61 percent REOs,
respectively (Walters, Lusty, and Hill 2011).

Alkaline chemical beneficiation is the preferred method for purifying monazite and xenotime. An
alternative method using acidic solutions has been used commercially but the use of sulphuric acid caps
the purity yield of REOs whereas the other method does not. Furthermore, the alkaline approach,
otherwise known as the caustic soda method, is preferred because it enables recovery of phosphate which
can be marketed. The process first separates the REEs from phosphate before the thorium is separated
(Walters, Lusty, and Hill 2011).

REEs separation

By the end of the chemical beneficiation process, the minerals are purified to at least 80 percent REO
purity or greater. However, the various REEs embedded in the minerals need to be separated from each
other. As previously noted, because the individual REEs have such similar physical properties, prying

% Precipitated as double sulphates, the REEs are then transformed to hydroxides and leached with hydrochloric acid. Russian
loparite concentrate is purified through simultaneous application of gaseous chlorination with reagents to remove titanium,
niobium, and tantalum. Ammonium sulphate and sulphuric acid is then used to dissolve the REEs-bearing residue. Finally,
water and sodium carbonate precipitates the REEs and thorium for capture (Castor and Hedrick 2006).

% The magnetic concentrates are ilmenites and are separated.

81 The conductive concentrates are leucoxenes and are separated.
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them apart is difficult. Chemical processing is the most common method of separating and extracting
individual REEs. Harsh solvents are necessary because the solubility levels of the REEs are so similar
(Bauer et al. 2011).%

Ion exchange and solvent extraction (SX) are the two most common methods of separating the REEs. The
ion exchange process produces high purity REOs but is more time consuming. As a result, they are used
only on a small scale by processors.” On the other hand, SX is the preferred method for large scale
separation. Because a single round of SX is not enough to separate the REEs in an ore, the process is
repeated continuously until the REEs finally do separate.®* The downside is that SX is best used for
LREEs and less effective when separating HREEs (Moore 2000). A third method, fractional precipitation
and crystallization, exploits minute differences in the elements’ basicity and alkali composition. It was
the default method until the 1950s but is no longer used due to its comparatively higher cost and lower
efficiency compared to ion exchange and SX methods (Gupta and Krishnamurthy 2005). When purified
at greater than 99 percent purity, rare earths are sometimes referred to as rare earth metals (REM). China
has by far the highest rare earth purity processing capability, producing concentrates at 99.9999 percent
purity. French companies produce at 99.99 percent purity and the Japanese at 99.9 percent purity
(Weisenthal 2010). Rare earths used in lighting applications such as europium and yttrium typically
require higher purity oxides while nickel metal hydride batteries can tolerate impurities in lanthanum
(Frontier Rare Earths 2014).

Rare earth processing is resource-intensive in terms of water and energy use. It also requires the use of
hazardous chemicals and other toxic by-products. Without proper regulation, enforcement, and care,
serious environmental damage can occur from leakage of hazardous waste and radioactive materials.
Concern over the latter is a chief reason why many REE production facilities are closed. Malaysian
placer deposits with uranium and thorium led to closures in the early part of 2000s while China, Australia,
and Europe have banned REEs extraction from sediments with monazites.

82 Despite the similarities between rare earth elements that lead to their clustering, their properties are nonetheless sufficiently
different enough, particularly between the light and heavy variants, to necessitate their separation and purification for industrial
needs. Nonetheless, their similarities do enable mutual substitution of one another for some applications, including for NdFeB
permanent magnets. As discussed later in Chapter 6, terbium is a viable elemental substitute for dysprosium for these magnets.
However, terbium is far rarer and more expensive than even dysprosium, making it a poor substitute.

% Walters, Lusty, and Hill (2011) describes that the “ion exchange is a process in which ions are exchanged between a solution
and an insoluble (usually resinous) solid. The solution containing the REE is passed over the ion exchange resin. The REE
displace the cations [positively charged ion] on the resin surface. This produces an aqueous waste containing the exchanged
cations, with a mixture of REE deposited on the resin. Individual REE[s] are then separated using a complexing agent which has
different affinities for the various REE[s].”

6 SX works by separating elements based on differences in solubility of materials when reacted with other materials which do
not mix well with each other, typically water and an organic solvent (Walters, Lusty, and Hill 2011).
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FIGURE 3.4 — RARE EARTH PROCESSING STEPS FROM EXTRACTION TO PRODUCT INTEGRATION
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Chapter Summary

This chapter has demonstrated that rare earths have important uses across key high technology industries
in the modern economy. They are particularly important in consumer electronics, green technology, and
military systems that are lucrative and sensitive for the U.S., Japan, Europe, and of course China. But as
diverse as the applications of rare earths are, so too are the 17 elements that comprise this group of
elements. Although colloquially referred to as a single entity, subtle differences in the electron
configurations of each element ultimately have significant economic and political implications.

In particular, some elements have unpaired outer electron shells while others are paired. This distinction
leads to two general groups of rare earths: light rare earths and heavy rare earths (which include
dysprosium, the primary element of interest in this study). The stability of LREEs means they are
generally found in greater concentrations in nature and are therefore more “abundant” relative to HREEs
which are widely dispersed and not as easily found in concentrations that are economical. In addition,
HREESs have higher melting points that make their processing more costly. Compounding the challenge
is the fact that HREEs are increasingly in high demand because of their unique properties that are
important for superior performance permanent magnets, batteries, ceramics, and military systems.

Thus, taking elemental dispersion, costly extraction and processing, and high demand together, heavy rare
carths are significantly more expensive than light rare earths. In the next chapter, Chapter 4, the case of
one heavy rare earth, dysprosium, is adopted and further investigated to understand what the shortfall
implications of these technical constraints mean for the U.S. policy maker.
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Chapter 4 — Dysprosium Supply and Demand Projections

“Dysprosium has emerged as the metal most vital to clean
energy industries yet most vulnerable to supply disruptions”
- Dudley Kingsley



Introduction

The preceding chapters provided a retrospective look at the importance of rare earths applications and
why dysprosium and other rare earths are principally mined, processed, and manufactured in China.
Beijing’s policies have focused on developing and vertically integrating the rare earth market, an effort
which has been significantly abetted by a favorable geological distribution of large and easy to extract
deposits with higher than average grades of highly coveted heavy rare earths, including dysprosium. This
is the status today. But what can we expect in the years ahead?

Based on projections analyzed in this chapter, the U.S. policy maker can face a wide range of dysprosium
shortfall outcomes. In the Best Case projection, dysprosium shortfall could be minimal if dysprosium
demand growth is low and supply capacity growth is high if both Chinese and non-Chinese dysprosium
mining increases. In the theoretical Worst Case projection supply capacity would meet less than 20
percent of rising demand by 2020 and less than 5 percent by 2030. A variety of shortfall outcomes are
possible within the boundaries of these extreme cases as exemplified in this chapter.

These projections are not predictive. However, they do provide two important insights. The first is that
as long as demand for dysprosium remains strong, merely mining more will be unlikely to meet all
demand. There is a clear need to pursue additional venues other than extraction—venues which are
explored and assessed in Chapter 6.

The second insight is that the projections demonstrate the uncertainty the policy maker faces in terms of
how much actual shortfall in dysprosium can be expected. More specifically, the projections clarify the
need for the policy maker to plan and invest in policies in the context of a wide spectrum of outcomes.
This point establishes the basis for the need for policy planning against various scenarios, which is
described in the following chapter, Chapter 5.

Projection Objectives

The following supply capacity and demand requirement projections are not intended to predict or forecast.
Rather, it is to illuminate the range of possibilities in global dysprosium production capacities in the
coming decades and to flesh out mining supply and demand dynamics specific to dysprosium.®

Projections serve a few important purposes.

First, it provides the opportunity to exhibit the uncertainty and difficulty of planning for mining supply
capacities into the future. Merely asserting that non-Chinese dysprosium reserves exist can be misleading
because it omits the real crux of the challenge, which is to understand whether individual mining projects

%5 Supply capacity refers to the maximum global mining capacity. Demand requirement refers to the quantity of dysprosium
required to achieve a policy, social, or economic outcome. For example, in the case of dysprosium, the amount of dysprosium
that would be required to install a certain level of wind turbine megawatt (MW) capacity in the pursuit of cleaner energy
production would be the demand requirement.
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will become operational, if ever. There might be adequate reserves, but it may not be exploited if miners
do not develop it within the timeframe of interest.

On the flip side, we may be given to temptation to overstate the level of Chinese monopoly in the REEs
domain and underestimate the diversity of non-Chinese supply. Policy choices made in light of past
recent events could thus overstate the level of supply insecurity in proceeding years, leading to
suboptimal policy investments. Through upper bound supply capacity projections, however, the supply
planner may recognize that the diversity of production within the U.S. and other friendly countries in
future years.

Secondly, while necessarily pedantic, the demand requirement projections will provide the policy planner
with an understanding of demand drivers for dysprosium. Rather than relying on repeated assertions that
dysprosium’s “demand is growing,” a grounds-up analysis of demand drivers provides an opportunity to
gain intuition on what is driving growth and at what scale, subject, of course, to projection assumptions.

Lastly, projections help delineate the scope of the supply, demand, and shortfalls (see Dysprosium
Shortfall section for a full definition of the shortfall terminology). Projections can illuminate, as will be
shown, whether mining can be adequate or whether shortfalls can still exist even in the most optimistic
supply projections. The refrain “drill, baby, drill” may be inadequate to satisfy demand. The shortfall
projections provide the policy planner to witness why dysprosium is considered the most critical of all
elements.

Projection Assumptions

Price Volatility

Theoretical research on mineral market dynamics find that commodity price prediction is extremely
challenging precisely because of price volatility. The classic example is the cobweb theorem, which was
first presented independently by three European economists—Schultz, Tinbergen, and Ricci—in 1930
(Ezekiel 1938). The theorem states that because production decisions in agriculture and mining take
place before actual market prices are observed, producers plan for future quantities based on previous
period prices. Exogenous variability that affect either the supply or demand side, such as changes in
weather conditions, technology, and consumer demand, results in cyclicality in supply and demand,
leading to price volatility (Figure 4.1).

Despite its detractors, most famous among them Samuelson (Dufresne and Vazquez-Abad 2013), the
cobweb theory has been refined, embellished, and generalized in part due to its strong intuitive appeal that
commodities production such as agricultural produce, livestock, and metals experience time lags.
Wellmer and Dalheimer (2012) underwrites this critical link in minerals commodities, noting that, “The
feedback control cycle of mineral supply is to all intents and purposes the same as the hog cycle in
agriculture or the cobweb theorem.” In fact, given that both production lag time and the lag in consumer
demand to price changes (delays in both supply and demand), “only the first or, at most, the first two
reaction cycles of the cobweb theorem are realized before a new equilibrium is found.” Historical mineral
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cases include price peaks, collapse, and sustained ebbs for molybdenum, cobalt, and tantalum (Wellmer
and Dalheimer 2012).

Figure 4.1 illustrates two cases of a cobweb where the price/quantity spiral inwards and converges to the
market equilibrium (“Convergent”) and an alternative case where the cobweb spiral outwards away from
the equilibrium (“Divergent”). In both of these cases, the underlying intuition is that market prices and
supply quantity swing away from the theoretical market equilibrium price and quantity. This uncertainty
suggests that demand and supply projections can benefit from assessments on ranges of supply, demand,
and shortfall projections rather than precise equilibrium point estimates.

Recent theoretical economic works have expanded the cobweb theory to incorporate the supply lag and a
random element, i.e., “stochasticity”, in the model. Pryor and Solomon first introduced randomness in
observed prices (Pryor and Solomon 1982). Turnovsky examined stochasticity in price forecasting
(Tunrovsky 1968). Chiarella’s salient work demonstrated chaotic conditions for the model (Chiarella
1988). Chaotic system refers to systems, like the commodities market for example, that are very sensitive
to the initial conditions—the starting values used in the mathematical model. Slight changes in these
initial numbers, i.e., exogenous shocks to the supply or demand curves—can lead to starkly different and
diverse results. This makes predicting the future very difficult if not impossible. This rich and growing
niche of academic research uses mathematical modeling to project supply and demand using past data
from major minerals such as iron, copper, and zinc. Some prominent works include those by Speirs et al.
(2013), van Vuuren et al. (1999), Yerramilli and Sekhar (2006), Guzman et al. (2005), and Cuddington
and Zellou (2013). Verhoef et al. (2004) provides an intuitive explanation of the complex and dynamic
metal system:

A change to any of the metallurgical infrastructure’s components can shift the relations between
the processes elsewhere, resulting in different demands for intermediates and secondary and
primary materials but also in changes in the environmental profile or the metals recovery capacity
of the system...As a consequence, the associated metal production and recovery systems typically
do not operate at steady state...Each stage in the life cycle of metals affects the other, and
specifications change over time.

72



FIGURE 4.1 — CONVERGENT AND DIVERGENT COBWEB CASES OF COMMODITY PRICE AND
QUANTITY

P D P
Convergence D Divergence

S

Q Note: Subscriptt denote time period. P* and Q" denote price (P) and Quantity Q
(Q) equilibria. Allfigures are strictly notional for illustrative purposes only.

Source: Modified from Ezekiel (1938)

In addition to theoretical mineral economics, we can also expect dysprosium price volatility by looking at
its primary driver for demand growth: next generation wind turbines. Work by Wellmer and Dalheimer
(2012) posits that rare earth applications in wind turbines are in the early “take-off” stage in the hype
cycle framework and can be expected to experience significant market volatility in the coming years. The
hype cycle, originally coined by Jackie Fenn at Gartner Inc., traces the evolutionary stages of a new
technology and contrasts the stages with the expectation or “hype” surrounding the technology from
consumers (Fenn 2008). Hocquard (2010) followed by Wellmer and Dalheimer (2012) adapted the
framework to raw materials. In their modification, expectations are interchangeably used with notional
price (moving in the same direction on the vertical axis) while the hype cycle stages are modified to better
reflect the maturation stages of raw material applications.® If true, the peak and nadir of the wind turbine
sector is yet to come before the sector recovers and self-corrects onto a more sustainable growth path
(Figure 4.2). In short, we can expect even more volatility in the rare earths market, dysprosium included.

% Specifically, Hocquard (2010) and Wellmer and Dalheimer (2012) introduce R&D as an initial phase. Fenn’s “Technology
Trigger” is renamed “Take-off stage,” “Peak of inflation” is renamed “Mass production / Crisis,” “Trough of disillusionment” is
renamed ‘“Market saturation and liquidation,” and the original stages of “Slope of enlightenment” and “Plateau of productivity”
are combined into “Maturity.”
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The endemic rare earth price volatility bears itself out in a very practical manner for financial
stakeholders in the industry sector. According to Tyrer and Sykes (2013), the discount rate for rare earth
mining financial planning ranges from 5 percent to 40 percent. The standard practice is to use 10 percent,
which the authors find too optimistic (i.e., too low) given the high uncertainty surrounding their prices.
While many financial analysts try to “predict” rare earth prices, Tyrer and Sykes find that such work is
often “really no better than guesswork.” They quip a mantra all too familiar to rare earth investors:,
“With all this technical and economic uncertainty, it is perhaps no surprise that rare earth mine projects
are among the most difficult to develop.”

FIGURE 4.2 — CONTEMPORARY RAW MATERIALS HYPE CYCLE
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Source: Modified from Wellmer and Dalheimer (2012)

Compounded Annual Growth Rate (CAGR)

If price is stochastic, then it makes all the more sense to make projections based on as wide a range of
supply and demand inputs as possible. On the basis of this theoretical framework, this chapter’s
projections estimate the various possible annualized growth rate of supply capacity and demand
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requirement each year under different assumptions. Shortfall estimates are then calculated for each based
on the combination of different supply capacity and demand requirement change rates.®’

This study reverts to a simple but useful tool, the compounded annual growth rate (CAGR) equation
which has the subtle but crucial advantage of implicitly accounting for volatility. Applied most
frequently in financial investment planning, CAGR is used to smooth over volatility when calculating
investment returns rates to arrive at a consistent annual investment growth rate figure. The CAGR of
dysprosium § (where § is either supply or demand in tonnes) between two years, y; and yr, is as
follows:*®

1
Oy \YT~V1

CAGR = | 2L -1
63’1

Table 4.1 provides the full list of supply capacity and demand requirement projections, their descriptions,

and key assumptions. Readers may find it useful to refer to the table when reviewing the various

projection combinations in the following sections. Each of these assumptions is discussed in greater

detail in sections labeled “Assumptions” under each section on projections.

TABLE 4.1 — SUPPLY AND DEMAND PROJECTION ASSUMPTIONS

Projection Assumptions

Projection | Category 2010-2020 2021-2030
Demand Requirement - Long Term

A Demand - Low Ewolutionary Growth - Historical Rate: 3.7%

B Demand - Moderate-High Ewolutionary Growth - Industry Estimated Rate: 13%

(¢} Demand - High Rewolutionary Growth: 25%

Supply Capacity - Short Term

Optimistic production schedule: mines coming online as

D Supply Capacity - High announced in latest public estimates and Chinese production
grows at 3% annually.

Pessimistic production schedule: mines coming online a year
E Supply Capacity - Moderate |later than latest public estimates. Chinese production
stagnant (0% growth annually).

Supply Capacity - Long Term

F Supply Capacity - High Optimistic production schedule, as above. Chinese 3% growth. U.S. and ROW grows at 17.2%.
G Supply Capacity - Moderate |Pessimistic production schedule, as above. Chinese 0% growth. U.S. and ROW grows at 5.4%.
H Supply Capacity - Low Pessimistic production schedule, as above. Chinese, U.S., and ROW 0% growth.

Note: % growth in annual terms

Dysprosium Demand Requirement

Applications

Dysprosium is used primarily in the production of NdFeB permanent magnets, an intermediate semi-
manufactured good with wide applications in industrial products, ranging from motors in computer hard

87 Shortfall refers to the difference between projected supply capacity and demand requirement at a moment in time.
* Alternatively, 8, = 8y, (1 + CAGR)Yr™>1.
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drives and refrigerators to electrical vehicles and massive wind turbines, (Goonan 2011). Table 4.2 lists
the application of dysprosium-based permanent magnets in 2010. The most common applications were in
industrial and automotive motors and electrical bicycles that comprised 50 percent of dysprosium use by
weight. Permanent magnets are used in high-performance electric motors and generators used to
bilaterally convert mechanical motion to electricity and vice-versa. An estimated 100-200 grams of
dysprosium is used in hybrid vehicles and about 25-30 kilograms per megawatt generating capacity of a
wind turbine (Hatch 2011). Expected future demands in electric vehicles (hybrid, plug-in, all-electrical)
and wind turbines are expected to significantly increase demand for dysprosium applications (Bauer et al.
2011 and Constantinides 2011).

TABLE 4.2 — DYSPROSIUM-BASED PERMANENT MAGNET APPLICATIONS SHARE IN 2010

Dysprosium Permanent Magnet 2010
Applications Application %

Motors, Industrial, General Auto, etc. 37.2%
Electrical Bicycles 13.3%
Misc, Unidentified, Other 13.2%
Generators 6.8%
Torque-Coupled Drivers 5.8%
Magnetic Separation 4.9%
Energy Storage Systems 3.5%
Wind Power Generators 3.1%
Hysteresis Clutch 2.9%
Air Conditioning Compressors and Fans 2.9%
Hybrid & Electric Traction Drive 2.8%
Magnetic Resonance Imaging (MRI) 1.9%
Sensors 1.5%
Total 100%
*Misc. includes gauges, brakes, relays & sw itches, pipe inspection,
levitated transportation, reprographics, refrigeration, etc.

Source: Constantinides (2011)

Dysprosium has a variety of other highly specialized applications, although in much smaller volumes, in
digital storage, laser aimers, sonar, and illuminations. More specifically, dysprosium is used in Terfenol-
D, a magnetic alloy whose shape and dimensions change with magnetization, properties exploited for
acoustic sensors such as naval sonars, vibration cancellation, seismic detection, and machine tooling.
Dysprosium-based semiconductor is also used in lasers and other energy-intensive electronics (DoD
2013a). The paired-electrons in dysprosium also makes it an ideal element for radioactivity detection,
translating to use in nuclear reactor rods to control fission, radiation monitoring, and medical uses
(InvestorIntel 2014).

Global dysprosium consumption was estimated at about 1,600 in 2010 by the USGS and is used as the
base figure for demand projections (Goonan 2011). U.S. consumption was estimated at about 181 tonnes
in 2012 (Ucore 2013). The military demand of dysprosium is significantly smaller. The estimated yearly
DoD demand for REEs used for military applications of permanent magnets is 160 tonnes, 7 tonnes of
which are dysprosium (DoD 2012a, Lifton 2013, and Green 2012).
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Permanent magnets are produced either through the use of samarium and cobalt or more preferably
through neodymium, iron, and boron. The REEs—samarium, neodymium, and praseodymium—are used
to effectively “channel” the magnetic currents of iron and cobalt. For NdFeB magnets, dysprosium is
used to enhance the already substantial magnetic property of these rare-earth permanent magnets. More
specifically, it is used to further strengthen their coercivity, i.e., the ability to resist demagnetization from
high temperatures or competing magnetic fields (Hurst 2010b). Because of the superlative feature of
NdFeB-dysprosium magnets, it is favored over the SmCo alternative.

Projections A, B, and C

Assumptions

Three dysprosium demand projections are made: evolutionary growth (Projection A), semi-evolutionary
growth (B) and aggressive growth (C). The methods are adopted and modified from Alonso et al. (2012)
and Bauer et al. (2011). Parameter estimates are referenced from DoD (2013a), Hatch (2011), Goonan
(2011), and various industry reports. The assumptions below reflect those shared by the DoE and DoD
studies. While Bauer et al. (2011) referenced the International Energy Agency’s (IEA) World Energy
Outlook 2010 report, this study incorporates data from the IEA’s more recent 2013 report. All three
projections preclude stockpiling demand from countries and assume no dysprosium substitutes are
available that would diminish demand.

Projection A

Projection A adopts the evolutionary rate based on the growth observed between 2006 and 2010 by the
Goonan (2011) which is a 3.7 percent CAGR. This is slightly higher than the 3.2 percent demand growth
rate the DoD (2013a) utilizes based on the Council of Economic Advisors’ global economic growth
forecast rate. In contrast, the IEA’s World Energy Outlook 2013 report assumes the base global growth
rate at 3.6 percent (IEA 2013). Because dysprosium applications are in fast-growth industry sectors, a
moderately higher Goonan (2011) estimate can be justified.

Projection B

Projection B adopts a semi-evolutionary approach by applying the industry’s estimate of the 2010-2015
CAGR for dysprosium demand. Roskill (Kingsnorth and Chegwidden 2012) estimates that dysprosium
demand will grow annually at 13 percent during these years. This rate of growth is applied for the years
2016 to 2030. Industry estimates are generally more optimistic than how actual trajectories play out and
can be seen as upper bound estimations. Kingsnorth (2011) estimates range between 10 and 13 percent in
the 2010- 2020 period. THS (2013) estimates growth rates between 7 and 8.3 percent between 2010 and
2017 (IHS 2013). Roskill’s high-end estimate is applied for this projection in order to establish an upper
bound evolutionary estimate.

Projections A and B demand use the following evolutionary growth equation from Alonso et al. (2012) to
calculate a given year’s projected demand, where Dy is dysprosium demand in year y and

Y(historical/expert) is the growth rate:

Dy - e(y—2010)-1n(1+g)+1n(D2010)
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Projection C

Projection C stakes out an aggressive growth scenario using frameworks applied by Bauer et al. (2011)
and Alonso et al. (2012). The two most fast-growing dysprosium applications are anticipated to be in the
clean energy sectors, specifically in their use in next-generation wind turbines and electrical vehicles. In
order to get a sense of the most extreme case of demand projection, these studies incorporate assumptions
from IEA’s 450 Scenario which examines how much clean-energy electrification is required to stabilize
carbon dioxide levels at 450 parts per million (ppm) which could help limit global temperature rise to 2°C.
Using the more recent 2013 IEA report, the 450 Scenario would require total global wind power
generation capacity to grow from 238 gigawatts (GW) in 2011 to 663 GW in 2020, doubling to 1,368 GW
in 2030 (IEA 2013).

The IEA also projects annual sales target volumes for electrical vehicles (EV), with a target of 7 million
global EV sales by 2020 (IEA 2013)®. This translates to a CAGR of nearly 25 percent in annual EV sales
volume between 2012 and 2020. This rate of growth is assumed for the 2020 to 2030 period. Electrical
bicycles (EB), more than 90 percent of which were sold in China in 2013, also use trace amounts of
dysprosium in their motors. Sales are expected to increase from 31 million in 2013 to 38 million units
worldwide by 2020 (Navigant 2013), equivalent to just less than 3 percent CAGR.

These assumptions are detailed in Table 4.3 and Table 4.4, adopted from Bauer et al. (2011) and updated
with more recent data. Dysprosium utilization rate and material intensity figures are upper bound
assumptions from the same study. Wind turbine demand projection and electric vehicle projection data
are from IEA (2013) while the electrical bicycle projections are from Navigant (2013). Each year’s
projected technology (wind turbines, EV, and EB) is multiplied by the share of deployed units that is
expected to use REEs in that technology. Then each unit of REE-utilizing technology is multiplied by the
average kilograms (kg) of REEs. Finally, the expected weight of dysprosium is calculated using the
average percentage of dysprosium used in every kilogram of REEs for that technology.

Formally, let T; be the unit of technology deployed (where i is either wind turbines in gigawatts or
electric vehicle sales), let pp,, be the proportion of T that uses dysprosium, let M1,,; be the REEs material

intensity in kilograms for each unit of T; - pp,,, and let M Iy, be the proportion of dysprosium in each
kilogram of T; - pp,,. If'y is the year, then total demand D for dysprosium for y is simply the sum product:

D, = ZTi,y'pr'let'MI%
i

% However, with global sales estimated at only 100,000 in 2012, it is unlikely that this target nor the 5.9 million advertised in a
separate IEA publication on electrification are likely to be met (IEA, Global EV Outlook 2013).
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TABLE 4.3 — METHOD AND DATA FOR DYSPROSIUM DEMAND REQUIREMENT FROM WIND

TURBINES
Wind Turbines
. . . Dy Demand
0,
Technology Deployed % Using Dy Material Intensity Estimate
Unit Gigawatt (GW) % kg/GW % Tonnes
e . Average weight .
Description |Onshore |Offshore |Total Capacity Onshore |Offshore of REEs per GW. Dy weight share
2020 530 133 663 11,934
2030 1,094 274 1,368 75% 75% 600,000 4% 24,624
2035 1,347 337 1,684 30,312
CAGR 8.5% *Note: CAGR from 2011 to 2035. Total Capacity in 2011 was 238 GW.

Source: Bauer et al. (2011)

TABLE 4.4 — METHOD AND DATA FOR DYSPROSIUM DEMAND REQUIREMENT FROM ELECTRIC

VEHICLES"®
Electric Vehicles
Technology o . . . Dy Demand
Deployed % Using Dy Material Intensity Estimate
Unit Million Vehicles % kg/EV kg/EB % Tonnes
D ioti Electric |Electric Electric |Electric Average weight | Average weight | Dy weight | Dy weight
esCription | /o picies Bicycles Vehicles |Bicycles of REEs per EV |of REEs per EB | share, EV | share, EB
2012 1.2
2013 31
2020 7 38 o 5 o o 1,114
2025 57 9.1 100% 90% 2 0.2 6% 4% 1329
2030 10.9 40.3 1,595
2035 13.6 41.5 1,926
Note: EV values for 2025-2035 based on CAGR estimates for 2012-2020. EB values for 2020-2035
0, 0,
G 24.7% 2.95% based on CAGR for 2013-2020. Source: Bauer et al. (2011), Navigant (2013)
Findings

As expected, the range of projected demands will vary significantly depending on growth assumptions
(Figure 4.3). Projection A, which assumes a slow historical rate of growth, results in 2030 demand just
over double the amount from 2010 at approximately 3,300 tonnes. In contrast, Projection B’s industry
assumptions lead to a much higher demand level of 18,400 tonnes. Finally, the ambitious clean energy
goals embedded in Projection C yields a much larger demand at about 26,200 tonnes by 2030 with a
CAGR of 15 percent. The projections in A, B, and C are largely consistent with projection ranges found
in relevant literature on dysprosium demand projections (Hatch 2011, Kingsnorth and Chegwidden 2010,
Goonan 2011, Kingsnorth 2011, Alonso et al. 2012, and Bauer et al. 2011).

2012 was the latest estimate for the number of electrical vehicles deployed while the latest estimate for electrical bicycles was

from 2013.
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FIGURE 4.3 — DYSPROSIUM OXIDE DEMAND PROJECTIONS UNDER DIFFERING ASSUMPTIONS

Projections A, B, and C
30,000

e\ - Evolutionary growth (USGS 2006-2010 CAGR)
=B - Evolutionary growth (Industry 2010-2015 CAGR)
25,000 - | C - Revolutionary growth - High Wind Turbine and EV Growth

20,000

15,000 -

Dysprosium Oxide Tonnes

10,000

5000 -

Dysprosium Supply Capacity

Non-Chinese Supply Capacity

In recent decades, dysprosium has been produced only in China. But dysprosium-rich deposits are found
elsewhere, most significantly in Greenland and Canada which have about 600,000 to 650,000 tonnes’' of
dysprosium oxide, respectively, claimed by various mining companies. Kenya, Australia, South Africa,
and the U.S. have dysprosium projects as well as several African countries including Kenya, Tanzania,
and Malawi. Compared to Greenland and Canada, Chinese dysprosium oxide reserves of about123,000
tonnes may seem fairly modest (Shen 2012b). As previously noted, however, it is not merely the tonnage
of REOs but also their grades (as percentage of total REOs in the deposits) that determine the value of a
deposit. Higher grade levels mean more of the desired REO(s) are recovered from each mined tonne of
raw ore, translating to higher profit margins. When dysprosium deposit tonnages are compared against
their ore grade ranges, China strikes the best balance (Figure 4.4). For example, although South Africa’s
Steenkampskraal project has a very rich dysprosium grade (14 percent), its dysprosium oxide tonnage is
estimated at a little more than a tenth of China’s reserves (TMR 2014).

In addition to ore grades, a second significant advantage to Chinese dysprosium productions in Jiangxi,
Guangdong, and Fujian' is that the production is much easier, and thus cheaper, because much of the
material is extracted via a straightforward in-situ leaching process from ion adsorption clays. In contrast,

! Global dysprosium oxide demand in 2010 was about 1,600 tonnes (Goonan 2011).
72 Smaller operations in Hunan and Guangxi.
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ores found elsewhere are hard rock formation which requires significantly more energy for drilling and
crushing that cuts into profitability (Hedrick 2010). Thus, because dysprosium and other HREEs
production are more expensive in non-Chinese deposits, producers have had no incentive to produce these
minerals in the past. However, the surge in rare earth prices in 2010 and 2011 provided a strong impetus
for non-Chinese producers to dust off old projects and to initiate new ones. Even in the wake of the 2012
price collapse, dysprosium oxide and other HREO prices have remained above pre-2010 levels (Figure
4.5). The five-year average price of dysprosium oxide (2005-2009) was $83.68 per kilogram”™. After
declining from a high of more than $2,300 per kilogram in mid-late 2011, the first quarter 2014 price was
still more than five times the pre-2010 price average at a hefty $465 per kilogram, reflecting strong
contemporary and anticipated demands in the green technology sector.

Non-Chinese dysprosium projects that are expected to come online in coming years are defined by two
attributes. First, they are generally junior mines’ focused on heavy rare earths. Because of excess
surplus in light rare earths whose market value is much lower, producers are focusing on projects with
higher concentration distributions of heavy rare earths that have strong market value. Secondly,
producers are focused on xenotime deposits which allows for cheaper processing and separation. This is
in order to remain competitive against illegal Chinese exports that make their way through to the
international market at below official export prices (below FOB China prices), undercutting non-Chinese
producers’ competitiveness (Northern Minerals 2014).

FIGURE 4.4 — GLOBAL DYSPROSIUM OXIDE DEPOSITS AND THEIR ORE GRADE RANGES
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Excludes Brazil (Buena Norte), India, (Orissa) and Russia (Karnasurt) due to insufficient data. Chinese grade range from selected sprojects from southern provinces (Jiangxi, Fujian,
Guangxi, and Guangdong).

Data: Inferred from TMR (2014); Shen (2012a), Shen (2012b); and various industry sources.

7 Free on board (FOB) export price from China, 2014 U.S. dollars.

™ Junior mines are venture capital firms that raise capital from investors to finance the prospecting and auditing of reserves in a
deposit. Junior miners do not build, own, or operate mines. Once a deposit has been valued and certified, they either proceed to
production (at which point the ventures become known as mid-tier miners) or are more typically sold to major miners that have
the financial and knowledge wherewithal to construct and operate a mining concern.
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FIGURE 4.5 — DYSPROSIUM OXIDE FOB™ CHINA PRICE ($/KG >99% PURITY) (CONSTANT 2014
USD)
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Projecting a reasonable estimate of dysprosium mining capacity for the short term (2015-2020) is possible.
Potential mining operations regularly publish data on their projects’ REO estimates, scheduled production
start dates, and some indication of projected production levels. Technology Metals Research (TMR)
maintains an active database, the TMR Advanced Rare-Earth Projects Index (AREPI), of non-Chinese
rare earth operations globally that are in the advanced stages. AREPI includes 51 rare earth projects
worldwide outside of China across 16 different countries (Table 4.5). As of February 7, 2014, these
projects have formally been declared a REEs reserve under recognized standards such as NI 43-101, the
JORC Code or the SAMREC Code (TMR 2014). Advanced status projects include those currently in
production as well as though that are certified but undeveloped (meaning production may be many years,
even decades away).

A selection of projects with known dysprosium reserves were identified from AREPI. Initial data were
populated using data from Hatch (2011). The projects’ statuses were updated where possible with open
literature on the most recent production levels and expected years of operation through industry literature
search. Two projects, Browns Range and Hastings, both in Australia, were added to the roster of projects
based on information from literature that suggested that production was probable in the short term.
AREDPI sources its data from non-government owned operations so a separate research was conducted for
REEs projects that are owned or co-owned by state enterprises, namely Dong Pao (Vietnam) and Orissa-
Kerela (India) to verify whether significant dysprosium production is taking place or otherwise planned.

> FOB (Free On Board) prices are unit prices before transportation fees, customs, and other ancillary costs.
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Projections D and E

Assumptions

Supply projections are categorized by geographic sources: Chinese, American, and rest of the world
(ROW). For all supply capacity projections (D through H), total supply capacity is the sum of the
estimates of Chinese production quota and U.S. and ROW capacity. For ROW producers, the focus is on
total capacity rather than actual production amount because capacity sets the upper bound limit on
potential supply. It is also a more reliable estimate since production amounts can vary significantly
depending on market conditions.

For the same reason, Chinese production quota, rather than capacity, is counted. This is a more
reasonable (conservative) upper bound limit on Chinese levels because Chinese production levels are set
lower than their full facility capacities by Beijing’s heavy handed tactics to conserve resources and
throttle down production (as described in Chapter 2). Thus, in order to arrive at a conservative estimate
of China’s supply capacity, sanctioned production quotas, rather than full capacity levels, are used.’®

All projections assume Beijing is successful in clamping down on illegal production. Thus estimates of
illicit trade export volumes are excluded, again to arrive at a conservation supply estimate. USGS (2013)
and Hatch (2011) were used for estimates on Chinese REEs production and quotas levels. Prospective
Chinese dysprosium production levels were inferred from the known ratio of dysprosium oxide to total
Chinese REO production in 2010, which was 0.79 percent. Future dysprosium production level assumes
this ratio will remain static.

A short-term supply projection to the year 2020 is made using the modified AREPI database. The
approach here is to start simple with Projections D and E and start layering it with modest complexity to
arrive at shortfall projections at the end.

Projection D

For Projection D, optimistic assumptions are made. First, it assumes that all mining production begins at
published expected dates of production. Where no announcement on the production start date is made, a
very generous assumption is made that production will begin at the earliest reasonable date which is in
2021. It assumes that Chinese dysprosium supply will increase at a modest 3 percent annual growth rate
(Hatch 2011).

Projection E

For Projection E, pessimistic assumptions are made. We assume that non-Chinese production is delayed
by one year from published dates of expected operations while Chinese dysprosium production remains
flat. Where no announcement on the production date is made, the conservative assumption is made that
the project will remain dormant for the rest of the time period.

For both projections, the assumption is that, delays notwithstanding, dysprosium production will proceed
sooner or later for non-Chinese suppliers. Furthermore, it assumes these projects will remain productive
if they begin operation and will not revert to closures in the projected time period. This is a strong
assumption but is reasonable given that the objective of this exercise is to understand upper bound limits
on supply capacity rather than to forecast point-estimates on production levels.

76 Production quota is necessarily equal to or less than capacity.
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TABLE 4.5 — PROJECTED NON-CHINESE DYSPROSIUM OXIDE SUPPLY CAPACITIES

Projection D - Optimistic

Project Country Owner(s) 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Bear Lodge USA  Rare Element Resources Ltd. 0 0 0 0 0 0 0 0 23 42 60 120 120 120 120 120 120 120 120 120 120
Bokan USA  Ucore Rare Metals Inc. 0 0 0 0 0 0 0 95 95 95 95 95 95 95 95 95 95 95 0 0 0|
Browns Range AUS  Northern Minerals 0 0 0 0 0 0 270 270 270 270 270 270 270 270 270 270 270 270 270 270 270
Buena Norte BRA  Nuclear Industries of Brazil (SOE) 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
Cummins Range AUS  Navigator Resources Limited 0 0 0 0 0 0 0 0 0 0 0 283 283 283 283 283 283 283 283 283 283
Dubbo Zirconia Project AUS  Alkane Resources Ltd. 0 0 0 0 0 0 23 93 93 93 93 93 93 93 93 93 93 93 93 93 93]
Eco Ridge CAN  Pele Mountain Resources Inc. 0 0 0 0 0 0 0 41 41 41 41 41 41 41 41 4 41 41 41 41 41
Eldor CAN  Commerce Resources 0 0 0 0 0 0 0 0 0 0 0 106 106 106 106 106 106 106 106 106 106
Hastings AUS  Hastings Rare Metals Ltd. 0 0 0 0 0 0 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044
Hoidas Lake (JV) CAN  Great Western Minerals Group Ltd. 0 0 0 0 0 0 9 18 18 18 18 18 18 18 18 18 18 18 18 18 18
Kangankunde MWI  Lynas Corporation Ltd. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0|
Kamasurt RUS  Uralkali 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Kutessay I KGZ  Stans Energy Corp. 0 0 0 0 0 0 0 0 0 0 0 92 92 92 92 92 92 92 92 92 92
Kvanefield GRL  Greenland Minerals and Energy Ltd. 0 0 0 0 0 0 0 0 481 481 481 481 481 481 481 481 481 481 481 481 481
Mount Weld* AUS  Lynas Corporation Ltd. 0 0 95 191 191 191 191 191 191 191 191 191 191 191 191 191 191 191 191 191 191
Mountain Pass USA  Molycorp Inc. 1 1 1 10 10 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20|
Nechalacho* CAN  Avalon Rare Metals Inc. 0 0 0 0 0 0 0 51 204 204 204 204 204 204 204 204 204 204 204 204 204
Nolans AUS  Arafura Resources Ltd. 0 0 0 0 0 0 0 16 64 64 64 64 64 64 64 64 64 64 64 64 64/
Norra Karr SWE Tasman Metals Ltd. 0 0 0 0 0 0 0 135 215 295 295 295 295 295 295 295 295 295 295 295 295
Orissa-Kerala IND Indian Rare Earths Ltd (SOE) 0 0 0 2 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Sarfartoq GRL  Hudson Resources Inc. 0 0 0 0 0 0 0 0 0 0 0 933 933 933 933 933 933 933 933 933 933
Steenkampskraal ZAF  Great Western Minerals Group Ltd. 0 0 0 0 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50
Strange Lake* CAN  Quest Rare Minerals Ltd. 0 0 0 0 0 0 0 0 111 445 445 445 445 445 445 445 445 445 445 445 445
Zandkopsdrift (JV) ZAF  Frontier Rare Earths Ltd. 0 0 0 0 0 0 78 156 156 156 156 156 156 156 156 156 156 156 156 156 156
Zeus CAN  Metamec Explorations Inc. 0 0 0 0 0 0 0 106 144 144 144 144 144 144 144 144 144 144 144 144 144
Total 5 5 101 207 258 269 1,693 2,293 3,228 3,661 3,679 5,153 5,153 5,153 5,153 5,153 5,153 5,153 5,058 5,058 5,058
Projection E - Pessimistic

FProject Country Owner(s) 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Bear Lodge USA  Rare Element Resources Ltd. 0 0 0 0 0 0 0 0 0 0 23 42 60 120 120 120 120 120 120 120 120
Bokan USA  Ucore Rare Metals Inc. 0 0 0 0 0 0 0 0 95 95 95 95 95 95 95 95 95 95 95 0 0|
Browns Range AUS  Northern Minerals 0 0 0 0 0 0 0 270 270 270 270 270 270 270 270 270 270 270 270 270 270
Buena Norte BRA  Nuclear Industries of Brazil (SOE) 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
Cummins Range AUS  Navigator Resources Limited 0 0 0 0 0 0 0 0 0 0 0 Unknown. Esimated earliest possible start date.

Dubbo Zirconia Project AUS  Alkane Resources Ltd. 0 0 0 0 0 0 0 23 93 93 93 93 93 93 93 93 93 93 93 93 93|
Eco Ridge CAN  Pele Mountain Resources Inc. 0 0 0 0 0 0 0 0 0 0 0 Unknown. Esimated earliest possible start date.

Eldor CAN  Commerce Resources 0 0 0 0 0 0 0 0 0 0 0 Unknown. Esimated earliest possible start date.

Hastings AUS  Hastings Rare Metals Ltd. 0 0 0 0 0 0 0 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044 1,044
Hoidas Lake (JV) CAN  Great Western Minerals Group Ltd. 0 0 0 0 0 9 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
Kangankunde MWI  Lynas Corporation Ltd. 0 0 0 0 0 0 0 0 0 0 0 Unknown. Esimated earliest possible start date.

Karnasurt RUS  Uralkali 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Kutessay Il KGZ  Stans Energy Corp. 0 0 0 0 0 0 0 0 0 0 0 Unknown. Esimated earliest possible start date.

Kvanefield GRL  Greenland Minerals and Energy Ltd. 0 0 0 0 0 0 0 0 0 120 481 481 481 481 481 481 481 481 481 481 481
Mount Weld AUS  Lynas Corporation Ltd. 0 0 95 143 191 191 191 191 191 191 191 191 191 191 191 191 191 191 191 191 191
Mountain Pass USA  Molycorp Inc. 1 1 1 5 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
Nechalacho CAN  Avalon Rare Metals Inc. 0 0 0 0 0 0 0 0 0 51 204 204 204 204 204 204 204 204 204 204 204
Nolans AUS  Arafura Resources Ltd. 0 0 0 0 0 0 0 0 0 2 64 64 64 64 64 64 64 64 64 64 64
Norra Karr SWE  Tasman Metals Ltd. 0 0 0 0 0 0 0 0 135 215 295 295 295 295 295 295 295 295 295 295 295
Orissa-Kerala IND Indian Rare Earths Ltd (SOE) 0 0 0 0 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Sarfartoq GRL  Hudson Resources Inc. 0 0 0 0 0 0 0 0 0 0 0 Unknown. Esimated earliest possible start date.

Steenkampskraal ZAF  Great Western Minerals Group Ltd. 0 0 0 0 0 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50
Strange Lake CAN  Quest Rare Minerals Ltd. 0 0 0 0 0 0 0 0 0 111 445 445 445 445 445 445 445 445 445 445 445
Zandkopsdrift (JV) ZAF  Frontier Rare Earths Ltd. 0 0 0 0 0 0 0 78 156 156 156 156 156 156 156 156 156 156 156 156 156
Zeus CAN  Metamec Explorations Inc. 0 0 0 0 0 0 0 0 106 144 144 144 144 144 144 144 144 144 144 144 144
Total 5 5 101 153 207 265 274 1,689 2,173 2,575 3,588 3,607 3,625 3,684 3,684 3,684 3,684 3,684 3,684 3,589 3,589

Source: Hatch (2011); (TMR 2014); and various industry reports.

Findings

The 2016-2017 time period is crucial because of the expected introduction of non-Chinese dysprosium
supply as projects that have been under development in the past 5-7 years finally come into operation

(Figure 4.6). According to Projection D, global ROW capacity could multiply to more than 4.6 times the
2010 levels. ROW capacity share could grow from less than 1 percent in 2010 to roughly 78 to 80
percent. U.S. production levels could also increase from half a percent to the approximately the 3 to 4.5
percent range by 2020.

In all likelihood, however, Projections D and E are significantly underestimating supply capacity for the

decade after 2020. This is because these projections do not accommodate for the possibility that marginal
projects currently excluded from AREPI may be upgraded to advanced operating status in the future.
Their exclusion (and the aforementioned strong assumption that projects remain operational upon opening
and do not close down) is why the supply capacities generally flatten out after 2021.
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FIGURE 4.6 — GLOBAL DYSPROSIUM SUPPLY CAPACITY PROJECTIONS
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Again, it is very difficult to say what the supply capacity of non-Chinese dysprosium producers will be
beyond those projects that, as of today, are in very advanced stages of development (i.e., those projects
that are currently operating or likely to operate within five years’ time). Mining operations take a
significant amount of time between initial exploration and production, typically as long as fifteen years or
more, as was explained in Chapter 3. Many so-called greenfield projects are on-going to identify
potential new deposits, but the time between discovery and production may take a generation’s length of
time. For example, it takes about ten to fifteen years or more to move from initial discovery to mandated
feasibility studies. Afterwards, it could take another five to ten years to obtain licenses, financing, and
build the mine and infrastructure before initial production starts. In all, a newly discovered deposit can
take decades before it becomes operational. The next three supply capacity projections attempt to
incorporate growth projections past 2021 using a top-down approach rather than the bottom-up method
used in the 2010-2020 time frame.

Projections F, G, and H

Assumptions

A long term projection is made for the years 2021 to 2030 using three different rates of annual growth
rates—Ilow, middling, and aggressive—given the high level of uncertainty discussed above. Supply
projection for the long term (ten-year period between 2021 and 2030) is more challenging because of the
uncertainty of young or dormant AREPI projects and other projects that may be certified and brought
online at some point in the next 15 years. Thus instead of projecting supply for 2021-2030 using a
bottom-up approach, the long term supply trajectory is estimated using a top-down method using two
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historical growth rates (also referred to as evolutionary growth rates) and a third, non-growth projection
as the lowest of upper bound capacity.”’

Projection F

Projection F shares the same optimistic assumptions of Projection D and incorporates its historical short
term estimates (2010 to 2020). 17.2 percent is the CAGR of Projection D’s capacity growth between
2010 and 2020. For Projection F, this rate is applied as the annual growth rate for non-Chinese (aggregate
U.S. and ROW) capacity during the 2021 to 2030 time period. China’s CAGR is a conservative 3 percent.

Projection G

Projection G shares the same assumptions and short term estimates at Projection E. However, the
historical annual REO supply growth of 5.4 percent (Alonso et al. 2012)”® is used to project non-Chinese
capacity growth from 2021 to 2030. China’s growth is set at 0 percent. This is the middling projection.

Projection H

Projection H assumes stagnant, that is, 0 percent annual growth for both Chinese and non-Chinese
production after 2014"°. Projection H is the “worst case” projection where dysprosium prices fall below
marginal costs of production that deter new market entrants while China maintains its strict reign over
production and export quotas.

Findings

While it should be clear that Projections F through H are, at best, informed guesses, it suggests the
possibility that the Chinese monopoly on dysprosium production could be transitory. If Chinese
dysprosium production remains modest in line with its policy focus on industry consolidation and
resource conservation measures, the expected trends in non-Chinese production would rapidly overtake
Chinese production levels in the future. It is worth nothing that the bulk of ROW production is likely to
originate from Australia, Canada, and Greenland in coming years, and possibly South Africa, given
friendly regulatory environments and their second-tier but still highly coveted deposit grades.

As displayed in Figure 4.7, in the most optimistic case, China’s dysprosium output could shrink to just
over 5 percent of total capacity if all projects were sufficiently profitably and pass regulatory hurdles. On
the contrary, the most pessimistic projection would be if Chinese production remained stagnant and non-
Chinese production remained at 2014-2015 levels. In this case, Chinese dominance would perpetuate,
maintaining more than 75 percent of global production with the balance coming largely from Australia
and Canada.

" The advantage of using past growth rate estimates is that it is anchored on precedence. The downside, however, is that
projections are naive at the country level. Beyond comparison of China versus non-China, the proportional share of countries
cannot be deduced since the evolutionary growth rates are applied blindly to the aggregate non-Chinese capacities.

78 1970-2010, annual REE growth averaged 6.5% ranging between -21% and 34% per annum. Overall long-term fit curve annual
growth rate is 5.4% (Alonso et al. 2012).

70 percent growth rate adopted from Hatch (2011).
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FIGURE 4.7 — GLOBAL DYSPROSIUM OXIDE SUPPLY CAPACITY
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Dysprosium Shortfall

Shortfall Projections

Assumptions

Shortfalls are defined as the difference between projected supply capacity and demand requirement at
disequilibrium prices. Per the cobweb and stochastic pricing assumptions from theoretical literature,
dysprosium oxide prices are disequilibrium prices that result in mismatches in demand and supply
quantities that cause shortfalls. Furthermore, exogenous shocks on supply and demand curves, such as
regulatory changes, geopolitics, and technological developments could alter the supply and demand
dynamics of dysprosium in unexpected ways, rendering forecasts on shortfalls difficult if not moot.

Nonetheless, using supply and demand projections to construct a plausible range of magnitudes in
capacity shortfall can assist with policy planning. To re-emphasize, these capacity shortfall projections
are not akin to predictive models, theoretical, empirical, simulation, or otherwise. They do not have any
explanatory or predictive power and no presumption is made to that effect. Additionally, only mining is
considered a source of supply: excluded are other potential sources of supplies or demand mitigation
alternatives, such as substitutes or substitute technologies (work-arounds), or recycling.

Five cases are generated (Table 4.6). The Best Case (upper bound) is a combination of Projections A and
F where supply capacity is high and demand is low. An Average Case is the combination of middling
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Projections B and G. A Worst Case (lower bound) is a combination of Projections C and H where there is
low capacity supply but high demand.* In addition, there are the Low Demand and Low Supply Capacity
Case (LL) and the High Demand and High Supply Capacity (HH).

TABLE 4.6 — SHORTFALL PROJECTION GUIDE

Shortfall Projections Legend

Shortfall Supply Capacity Demand
Best Case F A
Average Case G B
Worst Case H C
LL H A
HH F C

The demand satisfaction ratio, i.e., the supply to demand ratio, for a given year y is denoted as DS,,. It is
the percentage of annual global projected demand D,, that could theoretically be satisfied by a projected
annual global supply capacity SC,, in a given year. It is simply SC,, in proportion to D,

SC,

DS, = D—,Where 0< DS, <1
y

Findings
Figure 4.8 graphs the five cases of the dysprosium demand satisfaction rate. Again, the assumption here
is that there are no Chinese export restrictions. In the Best Case, the combination of stagnant demand and
aggressively high levels of mine openings worldwide could theoretically meet all demand levels
beginning as soon as in 2016. In the Worst Case, demand satisfaction gradually erodes to as low as 4
percent of demand requirement starting in 2029. Figure 4.8 also exhibits the range of shortfall in tonnage.
The Best and Worst Case shortfalls range between zero tonnes (in fact, a surplus capacity) to as high as
approximately 25,000 tonnes, respectively. For the projection in between the upper and lower bounds
from 2015 to 2020, the shortfall ranges consistently between 800 and 1,500 tonnes. In the decade
following, however, the scale diverges greatly, with shortfalls ranging from 2,300 tonnes to greater than
11,600 tonnes by 2030.

As expected, the 2016 to 2020 period is the likely transition period when new dysprosium supply
capacities come online, increasing the demand satisfaction percentage. If demand continues to be strong
past 2020, however, and unless new dysprosium mining capacities open just as aggressively as it did
between 2010 and 2018, demand satisfaction may stagnate or regress. This suggests that even with the
introduction of new capacities, it is entirely possible that not only could shortfalls persist, but the sheer
scale of the shortfall could be in multiples of today’s levels. Instead of shortfalls measured in hundreds of
tonnes, there is the possibility of shortfall measured in tens of thousands of tonnes. While additional
mining is a necessary component to meeting demand, it may not necessarily be a sufficient response,
ceteris paribus.

80 This would be a “worst” case since we are assuming dysprosium demand inelasticity due to the lack of substitutes. If
substitutes were available, however, demand would elastic and the supply capacity constraints would translates to lower levels of
demand.
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FIGURE 4.8 — DYSPROSIUM DEMAND SATISFACTION RATES AND SHORTFALL ESTIMATES
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Chapter Summary

Dysprosium Oxide Tonnes

Dysprosium is a critical rare earth element with important applications in green technology and defense
(Chapters 2 and 3). As a relatively young metal with applications in vanguard technologies, industry
experts see a high rate of potential demand growth in the coming decades. New sources of dysprosium
are due to become operational within the next five years that will help meet some of the demand.

While we cannot know what the actual consumption and mining capacities will be, the range of
possibilities based on projections suggest that demand satisfaction rates could remain low indefinitely if
demand for dysprosium remains strong. This may be the case even if there is an upswing in supply
capacities (e.g., Worst Case, LL, and Average Case projections). Alternatively, low shortfalls (and high
demand satisfaction) is a competing plausible outcome contingent upon rapid supply capacity growth in
China and particularly abroad and slow or stagnant demand growth (Best Case projection).

Because these projections were based on strong assumptions, care was taken to draw inferences without
deviating into speculations. To be sure, the core assumptions regarding the lack of deployable substitutes
work-arounds, and recycling technologies are consistent with contemporary reality (although that may
change in the future). Similarly, the use of historical, expert, and method-based growth estimates are
reasonable and considered standard practices for policy planning.

With these caveats in mind, the projections point to two important points. First, the projections elucidate
the fact that mining alone may not be sufficient to meet strong dysprosium demand, no matter how fast
supply capacity grows in the next fifteen years. The Best Case projection—where there is no shortfall—
is feasible only when demand growth is slow. High supply capacity growth in ROW countries increases
the diversity of suppliers which helps mitigate supply risk by undermining Chinese monopoly. However,
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even such growth rates are insufficient to meet even modest rates of dysprosium demand growth. This
calls attention to the U.S. policy community that while additional mining is necessary, more must be done.
Chapter 6 explores what these other policy options are.

The second point is that the wide range of plausible outcomes points to the inherent uncertainty the policy
maker faces when deciding how to invest in dysprosium criticality reduction policies. Policies must be
pursued so that they are robust against a range of external circumstances, not just one aspired outcome.
To this end, Chapter 5 introduces three scenarios (concocted based on optimistic, sober, and worst case
assumptions) against which policy options will be evaluated in their effectiveness in reducing dysprosium
criticality. More broadly, the chapter introduces the combination of qualitative and quantitative methods
for systematically assessing the costs and effectiveness of the policy options and the mixed-integer linear
programming technique for assembling optimal policy packages in Chapter 7.
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Chapter 5 — Methods for Policy Assessment and Portfolio
Optimization

“Despite the enormous publicity that has recently surrounded the mining
and processing REE, very little quantitative information is available.”
- Xiaoyue Du and T.E. Graedel
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Introduction

The preceding trilogy of Chapters 2, 3, and 4 took a historical, contemporary, and prospective look at
dysprosium and other rare earths—its politics, economics, and geology and how these factors contribute
to dysprosium as a critical element. Through these analyses, we established the unique dysprosium policy
challenge confronting the U.S. decision maker today. Starting with this chapter (Chapter 5) and in the
two that follow (Chapters 6 and 7), we begin assessing potential policy solutions to that challenge.

The technical contents of this chapter establish the necessary methodological foundations which are
applied in Chapters 6 and 7. This chapter is divided into two parts. The first part explains the
methodology that is used to systematically assess the policy impact scores of policy options that can
reduce dysprosium criticality. It also reviews how the policy options’ implementation costs are calculated
for the fifteen fiscal years covered in this study (FY 2015 to FY 2029). The contents covered in this first
half of the chapter are applied in Chapter 6 where the policy options’ costs and effectiveness are
evaluated.

The second part of this chapter introduces the quantitative method (mixed-integer linear programming
model) that will be used to assemble optimal combinations of policy portfolios (packages) for a range of
policy budgets. The model will ensure that the assembled portfolios can reduce dysprosium criticality
across three different future scenarios. The scenarios depict optimistic, sober, and worst future cases.
This analysis will yield information on how much dysprosium criticality reduction (effectiveness) can be
achieved by optimal portfolios for each budget level. The method described in this bottom half of the
chapter is applied directly in Chapter 7.

Policy Objectives, Costing, and Effectiveness Scoring

This section introduces what the governing premise—the policy objective—of the policy options is. It
then reviews how their implementation costs are assessed and how their effectiveness in meeting the
policy objective is assessed. The methods covered here applied in Chapter 6.

Policy Objective: Fulfilling Statutory Requirements by Criticality Reduction

This research evaluates how the U.S. government can best meet the intent, if not the letters, of American
statutory objectives by investing in policies to decrease the criticality of dysprosium and rare earths writ
large. There are two statutory requirements that bear on dysprosium (and rare earths) strategic planning.

The first statutory requirement is codified in Section 1211 of FY 2006 National Defense Authorization
Act (NDAA) (with amendments in Section 1243 in FY 2012) which prohibits the DoD from
requisitioning supplies or services from Chinese entities. In addition, 10 U.S. Code § 2533a and b
(specialty metal clauses) require that the DoD’s acquisition of metal products like permanent rare earth
magnets to be wholly sourced from and produced within the U.S. (with certain waiver exceptions).

92



The second objective, as empowered by Articles I and II of the U.S. Constitution and implemented by the
Executive branch®, is to “ensure fair trade through rigorous enforcement of [U.S.] trade laws and
agreements” (International Trade Administration 2014). More specifically, the policy planner would seek
to rectify unfair practices such as injurious economic outcomes from Beijing’s rare earths policy. This
study takes a broad view of rectification to include any action that limits the damage from unfair practices
or incentivizes the offending country to lower, if not eliminate, the degree of such practices.

While the planner may expand the scope of objectives, these are considered foundational responsibilities.
In practice, this translates to three parallel policy objectives:

e Addressing China’s export restrictions of rare earths which has distorted global market prices of
the metals,

e Revitalizing U.S. rare earth supply chain or otherwise introducing policies such that DoD
contractors properly source rare earth goods from U.S. and other qualified foreign suppliers
across the value chain,

e Establishing contingency plans that ensure adequate rare earths supplies to meet essential civilian
and defense requirements during a major national emergency.

But how does criticality reduction fulfill these statutory objectives? Let us first begin with a review of the
concept of material criticality. Criticality is the assessment of the vulnerability of a certain material to a
shortfall, defined as the gap between demand requirement and supply capacity. It is a risk assessment
metric designed to gauge whether a material has a high likelihood of supply disruption and shortfall
stemming from economic, geopolitical, and technological trends. Statutory requirements, on the other
hand, require that defense arms procure rare earths from U.S. sources, plan for emergencies, and advocate
on behalf of American stakeholders within free trade regimes.

The two concepts are obviously closely related: lower criticality helps satisfy U.S. legal mandates. The
converse, however, is not always true. For example, a contingency plan (such as a stockpile), satisfies
requisite planning requirements and would help overcome a period of shortfall, but it does not
fundamentally address structural changes—economic, political, and technology—that have caused the
shortfall in the first place. Similarly, seeking monetary compensation or trade concessions from China
through the WTO is one method for securing reparations for economic injuries from China’s rare earth
policies. But doing so would not reduce the criticality of dysprosium or rare earths. In contrast, the
successful development of substitute technologies could theoretically substantially lower criticality,
although the near-term likelihood is low.

The benefit of focusing on reducing criticality reductions rather than simply adhering to specific statutory
requirements is that it allows the policy maker to address the root causes dysprosium supply risk. The
statutes provide an indication of how to mitigate the consequences of the risk, but do not provide
guidance on how to address the cause of the risk. Thus, adopting the criticality reduction framework

81 As explained by the Legal Information Institute (LII), “The Commerce Clause of the U.S. Constitution empowers Congress to
‘regulate commerce with foreign nations,” U.S. Const. Art. I, § 8, cl. 3, while other Article I provisions empower Congress to ‘lay
and collect taxes, duties, imposts, and excises,” id. at Art. I, § 8, cl. 1, and prohibit states from doing the same without
congressional approval, id. at Art. I, § 10, cl. 2. Pursuant to this authority, Congress has enacted numerous federal statutes,
including the Tariff Act of 1930, the Trade Act of 1974, and the Trade Agreements Act of 1979.

Article II of the U.S. Constitution empowers the President, ‘by and with the advice and consent of the Senate, to make treaties,
provided two thirds of Senators present concur.” U.S. Const. Art. II, § 2, cl. 2. Pursuant to this authority, presidents have
negotiated numerous international treaties and trade agreements” (LII n.d.).
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empowers the policy maker to be systematic and robust in working towards enduring solutions to the
dysprosium supply risks.

Policy Implementation Cost
Per the cost-effective framework of this study, the policy cost estimates are calculated in terms of U.S.

government fiscal implementation cost for the duration of the study period FY 2015 to FY 2029. The
sole exception applies to stockpiling costs which are estimated for the period FY 2014 to FY 2029 since
the NDAA of 2014 has already appropriated the funds for FY 2014. For policy options derived from
literature, their implementation costs are calculated using updated data and adjustments to the authors’
methodologies. Alternatively, for policies modeled from proposals introduced in Congress, cost estimates
were elicited from Congressional Budget Office (CBO) literature. The costs for new policies formulated
in this research were estimated using government and industry sources with similar program properties.

The total implementation cost is discounted using the real discount rate § of 4 percent. The 4 percent is
an approximate average between the Office of Management and Budget’s (OMB) required 7 percent
(OMB 2003) and the midway point between the 10- and 20-year real U.S. Treasury note interest rate for
FY 2014, which is 1 percent and 1.6 percent, respectively (OMB 2014).%

Policy Effectiveness

Criticality Matrix

Policy effectiveness is assessed on the basis of their contribution to mitigating material importance and
supply risk as established in the criticality matrix developed by NRC (2008) and further modified by
Bauer et al. (2011). Material importance is a function of current and anticipated technological
applications, their projected increase (or decrease), and technological progress that could increase
efficiency of use, substitution, or work-arounds that affect demand levels. Supply risk is a function of
geological availability, the technical feasibility of extracting them from known reserves, and political-
economic factors such as mining, environmental, labor, and trade regulations that govern the industry.

Both dimensions are scored on an integer scale of 1 (Iow) to 4 (high)*’. Those that score highest on both
axes are deemed most critical. Thus, the purpose of any policy option is to lower the criticality score (i.e.,
make dysprosium less critical). The consequence of lower criticality is that it reduces American
stakeholders’ vulnerability to supply disruptions. Therefore, from a policy planning perspective,
criticality reduction is equivalent to vulnerability reduction.

The NRC (2008) study defines criticality of nonfuel minerals such as rare earths in the following manner:

A mineral can be regarded as critical only if it performs an essential function for which few or no
satisfactory substitutes exist. This dimension of criticality is therefore related to the demand for a
mineral that meets very precise specifications required in certain key applications, but it is not
simply releated to overall demand for all applications. Instead, it reflects economic, social, and
other consequences if essential functions cannot be delivered. In addition, a mineral can be

82 The discount rate could be adjusted to higher or lower than 4 percent. However, while the absolute value of the costs would
differ, the relative cost-effectiveness of the policy options would not be significantly impacted since the cost comparison would
be relative to uniformly discounted values.

8 Strictly speaking, no material can become “non-critical” in the absolute sense. There is always a probability of residual supply
risk—however low the risk may be—and there is always some minimal level of importance. Thus no material falls below the
value of 1 in either axis of the criticality matrix.
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regarded as critical only if an assessment also indicates a high probability that its supply may
become restricted, leading either to physical unavailability or to significantly higher prices for that
mineral in key applications. In turn, the probability of a restriction in the supply of a critical
mineral is more likely to be assessed as high if the aggregate demand for key applications
represents a relatively large proportion of the overall supply of the mineral that meets the required
specifications...Determining a mineral’s criticality, then, is a means by which decision makers can
help alleviate potential impacts of a restriction on the supply of a mineral, or avoid supply
restriction entirely through informed decisions.

As applied to dysprosium criticality, the practical implications for green technology would include less
efficient wind power generation and the inability to meet important commercial or social plans for
increasing the share of electric vehicles and bicycles in major consumer markets in Asia and the West.
Militarily for the U.S., this means trading off supply security for critical military system components for
available permanent magnet supplies from China, potentially at the risk of violating U.S. laws that
prohibit such outcomes. Alternatively, it would mean allocating additional costs to systems procurement
to afford scarce dysprosium supply or to accept trade-offs in performance by relying on inferior magnets.

Revising the NRC (2008), Bauer et al. (2011) describes the material importance dimension as the
weighted average of two sub-dimensions: importance of the material to consumers (with a 75 percent
weight) and substitutability limitation (25 percent). The supply risk dimension is the weighted average of
five sub-dimensions: a material’s availability (40 percent), competing demand (10 percent),
political/regulatory/social factors (20 percent), co-dependence on other markets for material co-
production or by-production (10 percent), and diversity of suppliers (20 percent). The two dimensions
determine the overall criticality of the mineral. Figure 5.1 illustrates the criticality concept in a matrix
framework. The most critical state is in the upper right four quadrants of the matrix. The criticality
decreases as it moves further to the bottom left. Table 5.1 explains Bauer et al.’s (2011) criticality rating
terminology using dysprosium as an example.

FIGURE 5.1 — RAW MATERIAL CRITICALITY MATRIX
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TABLE 5.1 — BAUER ET AL. (2011) CRITICALITY RATING FOR DYSPROSIUM

Short Term e
Short Term Medium Term
Di i Sub-Di i Weight D ipti Weighted
u elg escription Score Slgnte Term Score | Weighted
Score
Score
c Clean Energy o, Captures the importance of the material in magnets, batteries, photowltaic (PV)
® 75% . . 4 3 4 3
o Importance films and phosphors used in clean energy technologies.
S ‘: - Addresses constraints on practically substituting for the material and technology
8% g within clean energy technologies. Substitution could occur at any level of the supply
:3'. é u=1 Substitutability 25% chain. This may include using different raw materials, components or even end-use 3 0.75 3 0.75
5- + Limitations technologies. This includes substitution by element, such as mischmetal for . .
2 lanthanum in batteries, and also component technology-based substitutions, such
E as induction motors for permanent magnet motors.
Criticality Critcality
Score 375 Score 315

The extent to which global supply will be able to meet demand. Short term basic
availability examines mine and other production relative to demand. Medium-term
basic availability examines the potential for other mines to begin producing the
Basic Availability 40% material relative to anticipated increases in demand. The qualitative score is 4 1.6 4 1.6
informed by the projections in Chapter 4, but may also take into account other
factors such as global reserves, mines projected to start up after 2015 and
additional supplies from recycling.

Competing Whether non-energy-sector demand is expected to grow rapidly, thus constraining
10% R .
Technology Demand the supply of the material available for the energy sector.

Risk associated with political, social and regulatory factors within major producer
countries. This includes the risk that political instability in a country will threaten
20% mining and processing projects; that countries will impose export quotas or other 4 0.8 4 0.8
restrictions; or that social pressures, permitting or regulatory processes will delay
the start up of new mines.

Political, Regulatory,
and Social Factors

Dysprosium Supply Risk

Instances where a mineral is a coproduct or byproduct of other minerals found in the
same ore deposit. Codependence can be an advantage or a disadvantage,

Codependence on depending on which mineral is driving production levels. In general, coproducts with

109
Other Markets 0% lower revenue streams (i.e., production rate multiplied by price) will have higher 3 03 3 03

scores because they are less likely to drive production than coproducts with higher

revenue.
Producer Diversity 20% Market risks d\;le to the lack of diversity in producing countries or companies (e.g., 4 0.8 4 0.8

monopoly or oligopoly).

Criticality Critcality
Score 3 Score 3

Source: Bauer et al. (2011)

Modified Criticality Scoring Using New Weights

The sub-dimension weights in Bauer et al. (2011) assume that the demand comes from the energy sector.
In the modified criticality matrix used in this study, the material importance and supply risk dimensions
are expanded to include demand importance of both the defense and clean energy industries. Another
important modification is the assessment of the policy impact across a material’s supply chain. As
reviewed in Chapters 2 and 3, the dysprosium value chain consists of upstream (mining), midstream
(separation and processing), and downstream (manufacturing). To capture the essence of policy impact
on different parts of the value chain, the “Material Availability” and “Producer Diversity” sub-dimensions
are proportionally divided into upstream, midstream, and downstream components.

Each policy option is qualitatively evaluated on its ability to reduce criticality of one or more sub-
dimensions of the criticality matrix by the end of the FY 2029 and interpreted into a four-point integer
scoring scale that approximates the quartile dysprosium shortfall percentage ranges (based on shortfall
projections from Chapter 4). Policies are expected take time to develop, implement, commercialize,
and/or mature. Therefore, the scores reflect dysprosium criticality minimization scores at the end of the
fifteen year planning period (end of third quarter 2030).

Default Criticality Scoring Method

As the default mode of analysis, each policy option is evaluated as to what criticality rating (1 to 4) it will
achieve for a given sub-dimension (as indicated in Table 5.3). For example, if a sub-dimension has a
default criticality score of 4, a policy that is rated 3 means that it will change the incumbent rating of that
sub-dimension from 4 to the value of 3 (recall that policies should decrease scores to decrease criticality
and that the lower is the criticality, the less is the supply shortfall vulnerability).
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The qualitative translation of the 1 to 4 criticality rating scheme is as follows. For the supply risk sub-
dimensions, “low supply risk” is score 1, “medium-low supply risk” is score 2, “medium-high supply risk”
is score 3, and “high supply risk” is score 4. For the material importance sub-dimensions, “low
importance” is score 1, “medium-low importance” is score 2, “medium-high importance” is score 3, and
“high importance” is score 4. Dysprosium criticality is determined by plotting the two dimensions’
respective scores on the criticality matrix. Based on their coordinates, dysprosium would be “non-critical,”
“low critical,” “medium critical,” or “critical” (Figure 5.1). Despite the qualitative veneer, the metric is
fundamentally based on quantitative (percentage) range estimates on dysprosium shortfalls, as explained

in the final section of this chapter in discussing the ordinal and cardinal properties of the metric.**

Lastly, all policies are evaluated specifically on its final and cumulative impact by the end of FY 2029.
The scores do not describe a policy’s impact during the intervening years (FY 2015 to FY 2028), only the
criticality status at the end of the 15 year planning period. For example, a score of 2 for a sub-dimension
means that by the end of September 2029 (the end of the fiscal year), the criticality of dysprosium (or
another metal) for that sub-dimension is expected to be 2 by virtue of the policy’s implementation.

R&D Policy Scoring

Exceptions to this scoring system are research and development (R&D) policies. There are three R&D
projects for the policy planner to consider: substitution technology, recycling technology™, and
separation/processing technology (discussed in detail in Chapter 6). For recycling and substitution
research options, sub-dimensions are first scored on the percentage reduction in the default criticality
score. This value is further modified by a probability of research success in due consideration of the
uncertainty of whether the research will be successful or not. This way, we calculate the expected
criticality scores of R&D programs. To use a hypothetical example, if the default criticality score is 4, the
R&D project’s criticality reduction is 50 percent, and the probability of research success is 50 percent, the
expected criticality score is 3.*

Further explanation of the research probability rate is warranted. Each of the R&D projects are estimated
a base probability of success by the private sector without government research funding. This probability
is based on the concept of R&D® (Research and Development Degree of Difficulty) introduced by
Mankins (1998) at the National Aeronautics and Space Administration (NASA). R&D?’ establishes five
incrementally higher levels of technical difficulty with correspondingly decreasing probabilities of
success summarized in Table 5.2. A full description of the levels is provided in Appendix F. The
assignment of R&D” levels and the corresponding probability is based on literature review.

When government funding is made available for dysprosium R&D research, it is assumed that the base
probability of failure is halved.*” For example, if a technology is at R&D’ Level V, it means the base
success rate for the foreign/private sector is 20 percent and that the base failure rate is 80 percent. With
government R&D funding, however, the failure rate decreases to 40 percent (and success rate rises to 60

8 While the metric is qualitative and ordinal (numbers representing ordered rank) in appearance, they are fundamentally based on
cardinal (numbers representing unique countable values) approximations. This chapter’s section on “Note on Criticality Metric’s
Ordinal and Cardinal Properties” explains this important distinction in detail.

8 Recycling technology research is subsumed under the Comprehensive Recycling Initiative (CRI) policy option and is not a
stand-alone policy option.

4.(1-052)=3

8 Failure reduction by 50 percent is the default estimate. However, this parameter should be updated if better data estimates
become available. In the interim, sensitivity analysis can be applied for robustness checks.
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percent). Thus, if p is the foreign/private sector probability of research failure, XA, is the pre-policy
implementation ex-ante criticality score for a given scenario k (the default scenario score), and CSgep is
the R&D project criticality score (the sub-dimension criticality score a successful research project would
achieve), the expected criticality score for the sub-dimension is:*

R&D Expected CS;, = (1- g) - CSpap + g - XA,
Some of the research falls in between pre-defined R&D” category levels, particularly between Level IV
and V. A fitted probability curve is used to calculate the mid-point probability (between IV and V) which
is approximately 37 percent (Figure 5.2).

TABLE 5.2 — R&D?® LEVEL DESCRIPTIONS AND PROBABILITIES OF SUCCESS

Estimated
3
EEP Description Probability of
Level
Success
| A very low degree of difficulty is anticipated in achieving research and development objectives 99%
for this technology. °
I A moderate degree of difficulty should be anticipated in achieving R&D objectives for this 90%
technology. ?
I} A high degree of difficulty anticipated in achieving R&D objectives for this technology. 80%
v A very high degree of difficulty anticipated in achieving R&D objectives for this technology. 50%
The degree of difficulty anticipated in achieving R&D objectives for this technology is so high
\Y ) . 20%
that a fundamental breakthrough is required.

Source: Mankins (1998)

FIGURE 5.2 — R&D® RESEARCH PROBABILITY OF SUCCESS
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8 Alternatively, if ¢ is the probability of success, R&D Expected CS = h;—q- CSgrep + I_Tq ‘XA
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Government research funding will have to meet technical and commercial feasibility milestones. Past
DoE rare earth projects were designed to demonstrate or prototype technologies at the DoE’s Technology
Readiness Level 3 (TRL 3) (described as “in-lab exploration™), all the way up to TRL 7 (“prototyping™),
depending on the project. Therefore, in the next round of proposed DoE research funding, the TRL
objective is upgraded to Level 9 such that technologies should ultimately operate “in its final form, under
the full range of operating conditions” (Bauer et al. 2011). Appendix D describes the DoE’s definition of
TRLs.

The second basis is whether the end result meets Level 8 of the DoE’s Commercial Readiness Level
(CRL). CRL 8 is achieved when, “Customer qualifications are complete, and initial products are
manufactured and sold. Commercialization readiness continues to mature to support larger scale
production and sales. Assumptions are continually and iteratively validated to accommodate market
dynamics” (DoE 2012)*°. Currently, DoE’s REACT funding does not require meeting any of CRLs other
than a statement by project applicants on the expectation of meeting self-selected CRLs (DoE 2012).
Appendix E describes all the CRLs.

Example of a Policy Portfolio Reducing Dysprosium Criticality and Its Cost

Table 5.3 below depicts how three notional policy choices A, B, and C contribute to different sub-
dimensions under material importance and supply risk. Assume Policy A with an implementation cost of
$30 million can create a substitute for a critical material, achieving a Substitutability Limitations score of
2 (down from a default score of 3). Policy B can decrement the upstream portions of Material
Availability and Producer Diversity criticalities to 2 (down from 4) for $20 million. Policy C can
decrement Political, Regulatory, and Social Factors from 4 to 1 for $5 million. When implemented
together, the three new policies can decrease the material importance criticality from 3.75 to 3.5 and the
supply risk criticality from 3.7 to 2.7 for a total cost $55 million (Figure 5.3).

The overall criticality (“sum criticality”) is simply the sum of scores of the two dimensions of criticality:
material importance and supply risk. The more successful a package is, the greater the reduction in
criticality. In our hypothetical assessment, the ex-ante criticality score was 7.45, which is the sum of
material importance criticality score of 3.75 and the supply risk criticality score of 3.7.° However, with
the implementation of policies A, B, and C, the ex-post criticality score is 6.2, which represents a sum
criticality reduction (effectiveness) of 1.58 points from the default status (Table 5.3) after the policies are
introduced.”’

8 CRL 9 is the highest level where a technology’s “widespread deployment is achieved” (DoE 2012).

% Ex-ante criticality scores in Table 5.3 taken from Bauer et al. (2011).

%! The example exhibits a case where Policies A, B, and C have criticality scores lower than the default scores in their respective
sub-dimensions (e.g., Policy A’s score of 2 is lower than the default score of 3 for substitutability limitations). However, in
actuality there may be cases where a policy score is higher than the default score. In these cases, the criticality reduction results
in a negative value, meaning the policy option may increase criticality relative to the default score.
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FIGURE 5.3 — HYPOTHETICAL EXPECTED CRITICALITY CHANGE FROM NOTIONAL PoLICY
PACKAGE
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TABLE 5.3 — NOTIONAL PoOLICY CONTRIBUTIONS TO SUB-DIMENSIONS OF CRITICALITY MATRIX

Criticali
Dimension Sub-Dimension Weight [ Policy A | Policy B Policy ¢ Dimension | Ex-Ante | Ex-Post Reductigl
Criticality Score | Criticality Score "
(Effectiveness)
Material |Defense and Clean Energy Importance 75% - - - Material 4 4 0
Importance |Substitutability Limitations 25% - Importance 3 1
Criticality Score 3.75 3.5 0.25
Supply Capacity
Upstream| 13.3% - - 4 | 2
Midstream| 13.3% - - - 4 4 0
Downstream| 13.3% 4 4 0
Competing Demand 10% - - - 2 2 0
Supply Risk |Political, Regulatory, and Social Factors 20% - - 1 Supply Risk 4 1 3
Codependence on Other Markets 10% 3 3 0
Producer Diversity
Upstream| 6.7% - - 4 _ 1
Midstream| 6.7% - - - 4 4 4
Downstream| 6.7% - - - 4 4 2
Cost $30M $20M $5M Criticality Score 3.70 2.70 1.33
Sum Criticality 7.45 6.20 1.58

In this fashion, Chapter 6 will review what the policy options are and evaluate their criticality scores and
implementation costs. Chapter 7 will develop an overall U.S. dysprosium policy by assessing how
different polices can be combined to reduce criticality of dysprosium and at what implementation cost to
the U.S. government. The general approach used in Chapter 7 is described in the following section.

Application of Criticality Reduction Planning

For the final analysis in Chapter 7, the various policy options are optimized into packages to maximize
criticality reduction based on budget caps. In particular, the optimization is designed to maximize effect
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across three distinct scenarios which are introduced below. Optimization is accomplished using a mixed-
integer linear programming model.

Three Scenarios
This study devises three scenarios against which the policies are evaluated against. S.I is optimistic in its

assumption whereas S.II is pessimistic. S.III assumes the “worst” possible situation. All three scenarios
cover the full fifteen fiscal years (FY2015 to FY 2029). A description of each scenario is as follows.
Table 5.4 summarizes the criticality scores for the scenarios. Table 5.4 summarizes the baseline
criticality scores for the scenarios which are the ex-ante scores prior to any policy implementation. These
default scores assume base foreign/private sector R&D success probabilities. Thus if a default risk is
medium-low (2), this is the expected criticality score after accounting for the probability of research
failure. The assumption is that incumbent U.S. government R&D funding which are scheduled to expire
at the end of FY 2014 will not automatically be continued in FY 2015 unless they are selected as part of
the optimization analysis.

The following scenarios’ dysprosium criticality scores are heavily predicated on the original dysprosium
scoring by Bauer et al. (2011) which was summarized in Table 5.1. The scoring in that study—which
found dysprosium to be the most critical element—serves as the status quo expert reference values against
which the scenarios’ default values are scored. For example, the “optimistic” scenario S.I sub-dimension
scores are optimistic relative to Bauer et al.’s (2011) scores. Likewise, the “pessimistic” S.II sub-
dimension values are pessimistic relative to how the future might change from Bauer et al.’s (2011)
assessment. S.III’s “worst case” values are all scored 4, reflecting the only worse (and worst) possible
outcome than deemed by Bauer et al. (2011).

S.I (Optimistic) assumes breakthroughs in substitute, recycling, separation and processing technologies
for dysprosium are discovered independent of U.S. government funding. It also assumes that China’s
system of export quotas and tariffs are discontinued. S.Iis a future where the private sector (domestic and
foreign) researchers have successfully commercialized functional dysprosium- and rare earths-free
permanent magnet substitutes, cheaper methods for separating and processing rare earths, and cost-
effective recycling technologies.

For the supply risk dimension, the upstream and midstream capacity risks are low and medium-low (1.5
and 1) respectively due to recycling expansion, and cost-effective midstream processing. Political risk
from China is lowered to medium-low (2) due to Beijing’s open dysprosium trade (although the threat
lingers). Producer diversity upstream and downstream are rated a medium-high risks (3) due to China’s
continued dominance in the market. Midstream diversity risk is medium-low (2), however, because new
midstream technology can make separation and processing cost-effective enough for non-Chinese firms to
compete against Chinese midstream suppliers. The effect on the material importance dimension is that
dysprosium’s importance is medium-low (2) and that substitutability limitations are low (1) thanks to the
introduction of substitute technologies.”

S.II (Pessimistic) assumes that private and foreign funded research efforts only lead to evolutionary
improvement, not breakthroughs, in substitute, recycling, separation and processing technologies. U.S.

92 Scores for the sub-dimensions competing demand and codependence on other markets is fixed at Bauer et al.’s (2011) original
ratings of medium-low (2) and medium-high (3) risks, respectively, since they are not affected by the scenario assumptions.
This is also true for S.II.
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government support would likely be required for breakthroughs. It is assumed that China continues to
restrict the quantity of dysprosium oxide available to foreign consumers either through continuation of
quotas and tariffs or through mass stockpiling. In the case of S.II, the pessimistic assumptions mean that
the material importance sub-dimensions are unchanged from the original Bauer et al. (2011) scoring.
However, China’s restricted exports continue to prop up dysprosium prices outside of China, which
incentivize U.S. and other non-Chinese producers, processors, and manufacturers to rebuild some
capacities. This marginally reduces supply capacity and producer diversity risks to the medium-high risk
range (3 to 3.5).

S.III (Worst Case) is a scenario where material importance and supply risk are both rated highest in
criticality (i.e., they are both high in importance and high in vulnerability to supply disruption). The
criticality sub-dimension scores are all high importance (4 for material importance) or high supply risk (4
for supply risk), meaning the sum scenario criticality score is 8. This scenario serves as a very stringent
robustness test of policy effectiveness.

TABLE 5.4 — EX-ANTE CRITICALITY SCORES FOR S.I, S.1I, AND S.1II

Dimension Sub-Dimension Weight S.I (Optimistic) | S.l1l (Pessimistic) | S.1lIl (Worst Case)
Material Defense and Clean Energy Importance 75% 2 4 4
Importance  |Substitutability Limitations 25% 1 3 4
Y 1.75 3.75 4
Score
Supply Capacity
Upstream| 13.3% 15 3 4
Midstream|  13.3% 1 3.5 4
Downstream|  13.3% 2 3.5 4
Competing Demand 10% 2 2 4
Supply Risk |Political, Regulatory, and Social Factors 20% 2 4 4
Codependence on Other Markets 10% 3 3 4
Producer Diversity
Upstream 6.7% 3 3 4
Midstream 6.7% 2 3 4
Downstream 6.7% 3 3 4
Criticality 2.03 3.23 4.00
Score
Sum
Criticality 3.78 6.98 8.00
Score

Optimization Model
Chapter 6 reviews the policy options available and qualitatively and quantitatively assess their expected

criticality reduction (effectiveness) and their implementation costs covering FY 2015 to FY 2029. The
chapter will culminate in a summary of all the policy options’ costs and effectiveness (as was described in
Table 5.3) when applied in the contexts of scenarios S.I, S.II, and S.III (Table 5.4). The template for the
final summary using the hypothetical policies A, B, and C is depicted in Table 5.5.

102



TABLE 5.5 — PoLICcY OPTIONS COST AND EFFECTIVENESS SUMMARY TEMPLATE

S. S. S.ll
Optimistic Pessimistic Worst Case

Policy Implementation Cost ($M) Criticality Reduction Criticality Reduction Criticality Reduction
Option FY2015-FY 2029 (Effectiveness) (Effectiveness) (Effectiveness)
Policy A $30 -1 1 2

Policy B $20 0.5 2 4

Policy C $5 1 3 3

etc.

In Chapter 7, the mixed-integer linear programming model selects policies under a given budget
constraint such that it maximizes the sum of criticality reduction (i.e., the sum effectiveness). Formally,
let x; be a binary value 0 or 1, depending on whether a policy is selected or not, respectively, while i
refers to a unique policy. Let E; , be the effectiveness of policy i for a given scenario k where k =
{S.1,S.11,5.111}. Let C; be the implementation cost of policy i and B; be the budget level j. Finally, XA
is the sum ex-ante criticality score for scenario k before any policies are implemented (Table 5.4). Ty is
the threshold sum ex-post criticality score for scenario k which serves to set a minimum level of required
effectiveness that any selected policy package must meet.

The optimization model is then expressed as:

maxz X" Ejs;+ Z X" Eisy+ Z Xi " Eisin
7 7

i

S.t.

in'CiSBj

4

XAg; — Z Xi"Eijs1 < Tgy

i

XAgy — Z Xi"Eisi < Tsy

i

XAs i — Z Xi Eisir < Ty

i

The first expression is the objective function which ensures selection of policies with maximum sum
effectiveness. The first constraint ensures that the total implementation cost of any combination of policy
selected is equal to or less than the assigned budget level. The next three inequalities ensure that any
selected policy package achieves a threshold value of sum ex-post criticality score for each scenario.
Note that an additional constraint is added if policies are mutually exclusive. For example, if policies i
and m are unique and cannot be implemented together, a constraint is added such that x; + x,,, < 1.

As an example, say policies A, B, and C from Table 5.3 are the three policy options available with their
notional effectiveness and cost values shown in the table. The budget is $50 million (Bgsgp) and Ty, the
minimum threshold sum ex-post criticality score, is set at or below 3, 4, and 5, for S.I, S.II, and S.III,
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respectively. We know that XAy, the ex-ante criticality score, is 3.78, 6.98, and 8, for XAg;, XAg,;, and
XAg 1, respectively, from Table 5.4.

Using these notional values, the optimization model would be:
1
max (—xA . +Ex3 + xc> + (x4 + 2x5 + 3x¢) + (2x4 + 4xp + 3x¢)

S.t.

$30Mx, + $20Mxg + $5Mx, < $50M

1
3.78 - (_XA " +5x3 + xc) S 3

6.98 — (x4 + 2x5 + 3x.) < 4
8 —(2x, +4x5 +3x;) <5

The solution in this case would be to choose policies B and C whose combined $25M cost meet the
budget requirement while also ensuring the ex-post criticality score for all three scenarios fall under their
threshold minimum values of Ts; = 3, Ts;; = 4, and Tg ;;; = 5.

The optimization model gives the best policy package or portfolio to provide the highest sum
effectiveness for a given budget. It also provides information that helps the policy planner understand the
trade-off between funding and the sum effectiveness that can be achieved at that funding level. In
particular, the analysis will assist in identifying policy packages that offer the most cost-effective
solutions for decreasing dysprosium criticality along different funding levels. Some budget ranges will
experience sharp increases in effectiveness while other ranges will yield little or no changes at all (as will
be discussed in Chapter 7). This analysis can help understand just how much less critical dysprosium can
become and at what cost to the American government.

Note on Criticality Metric’s Ordinal and Cardinal Properties
Ordinal numbers indicate a rank such as first, second, and third in preference. Cardinal numbers indicate

quantity or counts, such as one, two, or three widgets (Jacob and Nieder 2007). The difference between
cardinality and ordinality can be further elucidated by what analysis can be done with one but not the
other. For example, consider the ordinal concept of utility—the consumer’s rank order of preferences for
goods—from microeconomic theory and why utility is not cardinal.

It makes no sense to ask ‘how much more is 4 preferred than B?” since that question has no unique
answer. Surveys that ask people to rank their ‘happiness’ on a scale of 1 to 10 could just as well
use a scale of 7 to 1,000,000. About all that can be hoped for is that a person who reports he or
she is a ‘6’ on the scale one day and a ‘7’ on the next day is indeed happier on the second day.
Utility rankings are therefore like the ordinal rankings of restaurants or movies using one, two,
three, or four stars. They simply record the relative desirability of commodity bundles (Nicholson
2005).

While it is true that the 1 to 4 criticality metric adopted in this research framework is ordinal, it does not
preclude the fact that the metrics can and are based on cardinal values of dysprosium shortfall percentages.
In other words, the criticality metric is ordinal because lower scores are preferred over higher scores.
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However, the metric retains cardinal properties, because the values represent cardinal ranges of
dysprosium shortfall percentages (rather than vague notions of preferences).

Consider this. The reason that Nicholson’s (2005) restaurant and film review stars cannot be cardinal is
because they are meant to reflect inherently subjective preferences of wants that differ from individual to
individual. However, if each star represented a different range of revenue projections for the restaurant or
movie, then the quantity of stars exhibit cardinal properties. More specifically, say that the stars
represent quartiles of restaurant or movie revenue projections from a business owner or investor’s
perspective, i.e., one star equals revenue for $1 to $25 million, two stars for $26 million to $50 million,
three stars for $51 million to $75 million, and four stars for $76 million to $100 million. Then no longer
are the stars merely ordinal: they also attain cardinal properties. With cardinality, it is now valid to say
that a one star restaurant/film’s revenue potential is half the revenue potential of a two star
restaurant/film—an analytic claim that could not be said if the stars merely represented orders of
preferences.

Formally speaking, the four star scale is approximately linear from 1 to 4, not, for example, logarithmic.
Say that we take the median value of each of the revenue ranges, which would be $13 million (one star),
$38 million (two stars), $63 million (three stars), and $88 million (four stars). The difference between
each of these medians is constant and equal to each other (i.e., linear) at $25 million.”

Analogously, the four point integer criticality reduction matrix assumes the linear representation of
inherently cardinal values. More specifically, the 1 to 4 point integer scale act as proxies for the linear
quartile ranges of probabilities and proportions. To take one concrete example, consider the “material
availability” sub-dimension under supply risk. For this sub-dimension, criticality assessments such as
“high” (4), “medium-high” (3), “medium-low” (2), and “low” (1) are mandated upon the associated risk
of dysprosium falling into 100-76 percent dysprosium shortfall (4), 51-75 percent shortfall (3), 26-50
percent shortfall (2), and 0-25 percent shortfall (1), respectively. As in the revamped cardinal infusion of
the restaurant/film star metric, the objective dysprosium shortfall ranges—while imprecise and subject to
uncertainty—nonetheless establishes cardinal traction to the 4 point criticality metric. Table 5.6 explains
this study’s cardinal interpretation of the 1-to-4 criticality metric scores into quartile percentage ranges for
the other sub-dimensions from the Bauer et al. (2011) framework. The policy effectiveness assessments
in Chapter 6 are premised on these cardinal quartile equivalencies.

% The same would be the case if comparing the difference between each range’s minimum or maximum values.
paring g
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TABLE 5.6 — QUARTILE PERCENTAGE RANGE EQUIVALENCE OF CRITICALITY METRIC SCORES

Dimension Sub-Dimension Weight Description Cardinal Description
Defense and Clean Energy o Importance of the material in clean energy and defense P.r°p°”'°" of appll.catlons that can be substituted
g 3 Importance 75% technologies without trade-offs in performance (green technology and
= § military). 1=(76%~100%), 4=(<1%~25%).
o
2
a 2 Addresses constraints on practically substituting for the  |Probability of successfully implementing substitution
&E Substitutability Limitations 25% |material and technology within defense or clean energy both technologically and commercially.
technologies. 1=(76%~100%), 4=(<1%~25%).
. o The extent to which global supply will be able to meet Shortfall, the ratio of supply capacity and demand
Material Availabilit 409
aterial Availabllity 0% | demand. requirement. 1=(76%~100%), 4=(<1%~25%).
. Whether non-energy or non-defense sector demand is The probability new competing technologies demanding
Competing Technology 10% |expected to grow rapidly, thus constraining the supply of [dysprosium will emerge. 1=(<1%~25%)
Demand ! g 3
the material available for the energy sector. 4=(76%~100%).
Risk associated with political, social and regulatory
E factors within major producer countries. This includes the
'-: Political. Regulatory. and risk that political instability in a country will threaten The probability that political, social, or regulatory
= Social Fyactogrs . 20% |mining and processing projects; that countries will impose |factors that lead to supply restrictions will occur.
3 export quotas or other restrictions; or that social 1=(<1%~25%), 4=(76%~100%).
‘g pressures, permitting or regulatory processes will delay
E the start up of new mines.
§ Instances where a mineral is a coproduct or byproduct of
i other minerals found in the same ore deposit.
a Codependence can be an advantage or a disadvantage, . .
f X . P . The proportion of heawy rare earth mines that are co-
Codependence on Other o depending on which mineral is driving production lewels. In .
10% . X dependent on minerals that are even more valuable.
Markets general, coproducts with lower revenue streams (i.e., 40 o _
: . . . B 1=(<1%~25%), 4=(76%~100%).
production rate multiplied by price) will have higher scores
because they are less likely to drive production than
coproducts with higher revenue.
. . Market risks due to the lack of diversity in producing China's global share of heawy rare earths production.
Prod Di t 20Y
roducer Diversity g countries or companies (e.g., monopoly or oligopoly). 1=(<1%~25%), 4=(76%~100%).

Chapter Summary

This methods chapter introduced the combined qualitative and quantitative methodology that is applied in
Chapters 6 and 7. The technical methods and terminology introduced in this chapter lay the groundwork
for a systematic analysis of U.S policy options’ costs and criticality reduction effectiveness in Chapter 6
and for assembling optimal policy portfolios under budget constraints in Chapter 7. The criticality
framework relies heavily on work by Bauer et al. (2011) and NRC (2008).

This chapter established that the policy maker’s primary objective should be to seek reduction in
dysprosium’s criticality level. It explained that active pursuit of criticality reduction necessarily fulfills
U.S. statutory requirements (primarily relating to DoD acquisition and stockpiling and the pursuit of fair
treatment and redress for American firms in commercial relations with trading partners). This criticality
reduction framework forms the common basis for scoring policies’ effectiveness in Chapter 6.

Specifically, each policy option is evaluated on their ability to reduce criticality of one or more sub-
dimensions of the criticality matrix by the end of the FY 2029 and interpreted as a 1 to 4 integer scale
representing potential quartile percentage ranges of dysprosium shortfall based. Policies are by default
scored on what level of criticality is achieved through policy implementation. R&D policies, however,
impact criticality reduction differently. These policies increase the private sector’s research success
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probability by halving the default probability of failure. The implementation costs are estimated for the
fifteen fiscal year planning period (FY 2015 to FY 2029).

The second portion of the chapter introduced the three scenarios: S.I (optimistic), S.1I (sober), and S.I11
(worst case). The uncertainty of future dysprosium shortfalls highlighted in Chapter 4 necessitates that
any dysprosium criticality reduction planning must account for the fact that policies be reasonably robust
against various future states. The policy portfolio optimization is designed such that the portfolios meet
minimally acceptable criticality levels after their implementation, regardless of the allocated budget size.
The portfolio optimization method is a mixed integer linear programming model which maximizes the
sum dysprosium criticality reduction values for a given level of allocated budget. The portfolio
optimization and analysis of its result are completed in Chapter 7.

This chapter has reviewed the methodology for analyzing an optimal portfolio solution to the dysprosium
challenge. Chapter 6 begins assessing the costs and effectiveness of the roster of policy options.
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Chapter 6 — U.S. Policy Options

“Relying on the WTO alone to fight back against Chinese protectionism is

i3]

a losing strategy. The United States should employ an array of tools.
—Mark Wu
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Introduction

This chapter conducts an overview of U.S. policy activities implemented and deliberated by the White
House and Congress with regards to dysprosium and rare earth magnet supply chain vulnerabilities in
recent years. It then presents ten policy options organized along four “policy areas” which the U.S. may
wish to pursue. The options include actual policies that have been passed into law (e.g., appropriation for
DoD stockpiling), modifications of past proposals (e.g., reforms to U.S. mining regulations), continuation
of current policy programs with modifications (e.g., DoE research and development programs), or
altogether new policy options (e.g., U.S. trade restrictions). The four policy areas are:

Supply Chain Development
Substitute Technology
Trade Restrictions
Contingency Planning

The Supply Chain Development area includes four policy options. The first reforms U.S. domestic
mining regulations to speed up mining licensing. The second option provides continued scientific
research funds to improve rare earth separation and processing technology. The third option is meant to
assure midstream and downstream NdFeB magnet supply capacities that meet DoD acquisition
requirements.” The last policy option calls for research into cost-effective recycling technology and the
start of a national recycling infrastructure.

The Substitute Technology policy area comprises a single option, which is research and development of
substitute technologies for NdFeB magnets. The Trade Restriction policy area includes the U.S. option of
imposing export restrictions on China’s own critical materials to cajole and deter Beijing from instituting
dysprosium and other rare earths export barriers. Alternatively, the U.S. could impose import restrictions
of Chinese dysprosium to support American mining, separation/processing, and manufacturing capacity
growth. Contingency Planning includes the DoD policies designed to meet dysprosium demand during
emergencies through stockpiles and buffer inventory.

The policy options would be implemented in the FY 2015 to FY 2029 time frame, which is the chosen
planning horizon for this study. Each policy is assessed on its effectiveness in reducing the criticality
sub-dimensions’” adopted from the DoE criticality matrix (Bauer et al. 2011). Implementation costs are
then estimated for the policies’ funding timeframe. In departure from the NRC (2008) and Bauer et al.
(2011) methods which only considered criticality of raw materials, this study takes into account the
supply security across the entire value chain of dysprosium: the supply capacities of mining (upstream),
separation/processing (midstream), and manufacturing capacities (downstream).

The inclusion of mid- and downstream capacity assessment is crucial for government and commercial
U.S. national security stakeholders that are bound by U.S. regulations that require domestic or “qualified
country” sourcing of metals while prohibiting integration of Chinese-sourced materials. Unlike its

% As discussed in Chapters 3 and 4, NdFeB magnets are superior permanent magnets that achieve superlative performance
through the use of dysprosium. NdFeB magnets are used in an array of clean energy and military technology systems.

% Sub-dimensions are those weighted criteria that fall under the two primary dimensions of criticality, supply risk and material
importance.

109



commercial counterparts whose clientele are non-defense related, defense firms must walk a tightrope
balancing cost-effectiveness and reliability of supply source.

U.S. Government Actions

The Cost of Inaction
Before proceeding further, it is worthwhile to consider what the alternative 