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Foreword
The transition to a clean energy economy is underway -- a transition that will create jobs, enhance our

security and cut pollution.

As part of the U.S. Department of Energy (DOE)’s work to position the United States to lead in the
production of clean energy technologies, we are releasing our 2011 Critical Materials Strategy. The
report builds on DOE’s previous work in this area and provides updated analyses on a range of topics.
The report finds that many clean energy technologies depend on raw materials with potential supply
risks. The report identifies strategies for addressing these risks and provides background that may be
helpful for stakeholders working in this area.

DOE’s 2011 Critical Materials Strategy is the product of extensive data collection and analysis. It reflects
DOE’s role as an integrator, bringing together experts in multidisciplinary teams to help find solutions to
complex and pressing challenges. We are grateful to all who have contributed their time and efforts,
including interagency colleagues, leading experts and other stakeholders.

We don’t know for certain what the world’s energy future will look like. Changes in technologies will
reshape markets and alter assumptions. As this process unfolds, DOE will continue to examine
implications for our nation and help the United States to lead in the clean energy future.

G G

Steven Chu
Secretary of Energy
December 2011
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Executive Summary

This report examines the role of rare earth metals and other materials in the clean energy economy. It is
an update of the 2010 Critical Materials Strategy, which highlighted the importance of certain materials
to wind turbines, electric vehicles (EVs), photovoltaic (PV) thin films and energy-efficient lighting. The
2011 Critical Materials Strategy includes updated criticality assessments, market analyses and
technology analyses to address critical materials challenges. It was prepared by the U.S. Department of
Energy (DOE) based on data collected and research performed during 2011.

The report’s highlights include:

e Several clean energy technologies—including wind turbines, EVs, PV thin films and fluorescent
lighting—use materials at risk of supply disruptions in the short term. Those risks will generally
decrease in the medium and long terms.

e Supply challenges for five rare earth metals (dysprosium, neodymium, terbium, europium and
yttrium) may affect clean energy technology deployment in the years ahead.

e Inthe past year, DOE and other stakeholders have scaled up work to address these challenges.
This includes new funding for priority research, development of DOE’s first critical materials
research plan, international workshops bringing together leading experts and substantial new
coordination among federal agencies working on these topics.

e Building workforce capabilities through education and training will help address vulnerabilities
and realize opportunities related to critical materials.

e  Much more work is required in the years ahead.

This report focuses on several clean energy technologies expected to experience high growth in coming
years. The scenarios presented are not predictions of the future. Future supply and demand for
materials may differ from these scenarios due to breakthrough technologies, market response to
material scarcity and other factors. This analysis is intended to help inform policymakers and the public.

Criticality Assessment

Sixteen elements were assessed for criticality in wind turbines, EVs, PV cells and fluorescent lighting. The
methodology used was adapted from one developed by the National Academy of Sciences. The
criticality assessment was framed in two dimensions: importance to clean energy and supply risk. Five
rare earth elements (REEs)—dysprosium, terbium, europium, neodymium and yttrium—were found to
be critical in the short term (present—2015). These five REEs are used in magnets for wind turbines and
electric vehicles or phosphors in energy-efficient lighting. Other elements—cerium, indium, lanthanum
and tellurium—were found to be near-critical. Between the short term and the medium term (2015-
2025), the importance to clean energy and supply risk shift for some materials (Figures ES-1 and ES-2).
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Market Dynamics

In the past year, the prices of many of the elements assessed in this report have been highly volatile, in
some cases increasing tenfold. This Strategy includes a chapter exploring market dynamics related to
rare earth metals and other materials. Among the points in this chapter are the following:

e Inrecent years, demand for almost all of the materials examined has grown more rapidly than
demand for commodity metals such as steel. The growing demand for the materials studied
comes from clean energy technologies as well as consumer products such as cell phones,
computers and flat panel televisions.



e In general, global material supply has been slow to respond to the rise in demand over the past
decade due to a lack of available capital, long lead times, trade policies and other factors. For
many key materials, market response is further complicated by the complexities of coproduction
and byproduction. In addition, for some key materials, the market’s lack of transparency and
small size can affect its ability to function efficiently.

e Some universities and other institutions are preparing the future science and engineering
workforce through courses, research opportunities and internships. Important topics for
research include material characterization, instrumentation, green chemistry, manufacturing
engineering, materials recycling technology, modeling, market assessment and product design.

e Businesses at various stages of the supply chain are adapting to market dynamics. Some are
taking defensive measures to protect themselves from price volatility and material scarcity while
others are proactively responding to market opportunities by offering additional sources of
supply or potential substitutes.

e Many governments recognize the growing importance of raw materials to economic
competitiveness and are taking an active role in mitigating supply risks.

Technology Analyses
Building on the 2010 Critical Materials Strategy, this report features three in-depth technology analyses,
with the following conclusions:

Rare earth elements play an important role in petroleum refining, but the sector’s vulnerability to rare
earth supply disruptions is limited. Lanthanum is used in fluid catalytic cracking (FCC), an important part
of petroleum refining. However lanthanum supplies are less critical than some other rare earths and
refineries have some ability to adjust input amounts. Recent lanthanum price increases have likely
added less than a penny to the price of gasoline.

Manufacturers of wind power and electric vehicle technologies are pursuing strategies to respond to
possible rare earth shortages. Permanent magnets (PMs) containing neodymium and dysprosium are
used in wind turbine generators and electric vehicle (EV) motors. These REEs have highly valued
magnetic and thermal properties. Manufacturers of both technologies are currently making decisions on
future system design, trading off the performance benefits of neodymium and dysprosium against
vulnerability to potential supply shortages. For example, wind turbine manufacturers are deciding
among gear-driven, hybrid and direct-drive systems, with varying levels of rare earth content. Some EV
manufacturers are pursuing rare-earth-free induction motors or switched reluctance motors as
alternatives to PM motors.

As lighting energy efficiency standards are implemented globally, heavy rare earths used in lighting
phosphors may be in short supply. In the United States, two sets of lighting energy efficiency standards
that come into effect in 2012 will likely increase demand for fluorescent lamps containing phosphors
made with europium, terbium and yttrium. The first set of standards applies to general service bulbs.
The second set of standards applies to linear fluorescent lamps (LFLs). The projected increase in U.S.
demand for CFLs and efficient LFLs corresponds to a projected increase in global CFL demand, suggesting



upward price pressures for rare earth phosphors in the 2012—2014 timeframe, when europium, terbium
and yttrium will be in short supply. In the future, light-emitting diodes (which are highly efficient and
have much lower rare earth content) are expected to play a growing role in the market, reducing the
pressure on rare earth supplies.

The DOE Strategy

DOE’s strategy for addressing critical materials challenges rests on three pillars. First, diversified global
supply chains are essential. To manage supply risk, multiple sources of materials are required. This
means taking steps to facilitate extraction, processing and manufacturing here in the United States, as
well as encouraging other nations to expedite alternative supplies. In all cases, extraction, separation
and processing should be done in an environmentally sound manner. Second, substitutes must be
developed. Research leading to material and technology substitutes will improve flexibility and help
meet the material needs of the clean energy economy. Third, recycling, reuse and more efficient use
could significantly lower world demand for newly extracted materials. Research into recycling processes
coupled with well-designed policies will help make recycling economically viable over time.

DOE’s critical materials research and development (R&D) plan is aligned with the three pillars of the DOE
strategy: diversifying supply, developing substitutes and improving recycling. The plan draws on five
technical workshops convened by DOE between November 2010 and October 2011. While R&D is not
the primary mechanism for encouraging supply diversification, research into more efficient and
environmentally friendly separation and processing technologies have the potential to boost supply
from new and existing sources throughout the world, lowering costs while reducing the environmental
impact of mining and processing.

R&D plays a more central role in developing substitutes, which represents a large share of the current
DOE critical materials R&D portfolio. DOE has historically focused significant R&D efforts on diverse
battery chemistries and PV materials. In the past year, DOE increased its investment in magnet, motor
and generator substitutes. Recycling R&D presents another opportunity to improve the robustness of
supply. Across the three pillars, there is also the need for fundamental research to develop the
modeling, measurement and characterization capability that is the basis for future innovations. Systems-
level engineering approaches, which can help inform R&D priorities, apply throughout the supply chain.
In the coming year, DOE’s R&D plan will inform the development of a larger interagency R&D roadmap.

Issues surrounding critical materials touch on the missions of many federal agencies. DOE consults and
collaborates with other agencies in charting the direction of its own activities. DOE is also working with
other departments to develop a coordinated, cross-government critical materials agenda. Since March
2010, an interagency working group on critical materials and their supply chains convened by the White
House Office of Science and Technology Policy has been examining issues including market risk, critical
materials in emerging high-growth industries and opportunities for long-term benefit through
innovation.

International cooperation on critical materials can help all countries achieve their clean energy goals.
Since November 2010, DOE has organized several workshops with the European Union, Japan, Australia
and Canada to identify possible R&D collaboration topics. Topics of interest include separation,



processing, substitutes recycling and resource mapping. DOE is also pursuing international information
sharing to help improve transparency in critical materials markets. DOE will continue to engage
international partners through dialogues and collaborative institutions.

DOE welcomes comments on this report and supplemental information that will enable it to refine its
strategy over time. Comments and additional information can be sent to materialstrategy@hg.doe.gov.
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Chapter 1. Introduction

This report examines the role of rare earth metals and other key materials in the clean energy
economy. The report focuses in particular on the role of key materials in renewable energy and energy-
efficient technologies. Deployment of these technologies is expected to grow substantially in the years
ahead. Many of these technologies—including wind turbines, electric vehicles (EVs), solar cells and
energy-efficient lighting—depend on components often manufactured with rare earth metals and other
key materials.

This is the second U.S. Department of Energy (DOE) Critical Materials Strategy. The 2010 Critical
Materials Strategy found that five rare earth metals (dysprosium, neodymium, terbium, europium and
yttrium) and indium are most critical in the short term for clean energy technologies. The fundamental
factors described in the 2010 Critical Materials Strategy still shape the role of rare earth metals and
other materials in the energy economy, although there have been changes in materials markets,
technologies, research and development (R&D) investments and the geopolitical climate.

This report was developed for the following purposes:

e Analyze risks and opportunities
e Continue the public dialogue
e Identify programmatic directions

1.1 Scope

This report addresses the short- and medium-term® deployment of wind turbines, EVs, solar cells and
energy-efficient lighting. These technologies were selected for two reasons. First, they are expected to
be deployed substantially over the next 15 years. Second, they use materials that are less common and
could, through their deployment, substantially increase global demand for those materials. Reference-
and policy-based scenarios are used to develop low and high plausible estimates for materials
consumption over the short and medium terms. International scenarios are used, with some attention
to the U.S. dimension. The sources for these scenarios are the International Energy Agency World
Energy Outlook 2010 and Energy Technology Perspectives 2010. This framing is the same as used for the
2010 Critical Materials Strategy.

The scope of this report is limited. It does not address the material needs of the entire economy, the
entire energy sector or even all clean energy technologies. Additional technologies of interest, including
fluid catalytic cracking (FCC) catalysts, are discussed in Chapter 2. This report focuses on a small number
of illustrative scenarios; time and resource limitations precluded a more comprehensive set. The
scenarios presented are not predictions of the future. They likely underestimate both the role of
breakthrough technologies and the ability of the market to respond to material scarcity and high prices.
The analysis is most useful to illuminate market risks and opportunities.

Sixteen elements and related materials were selected for this year’s criticality assessment (Figure 1-1).
These include elements and materials cited in the 2010 Critical Materials Strategy as well as two
elements used in batteries (nickel and manganese). Eight of the elements are rare earth metals, which

Yn this report, the short term covers the present through 2015; the medium term, 2015-2025.



are valued for their unique magnetic, optical and catalyst properties. The materials are used in clean
energy technologies as follows:

e EV batteries: lanthanum, cerium, praseodymium, neodymium, nickel, manganese, cobalt and
lithium

e Magnets for EVs and wind turbines: neodymium, praseodymium and dysprosium, with
samarium and cobalt as potential substitutes

e Phosphors for energy-efficient lighting: lanthanum, cerium, europium, terbium and yttrium

e Thin films for solar cells: Indium, gallium and tellurium

The materials were selected for study based on factors contributing to the risk of supply disruption,
including a small global market, lack of supply diversity, market complexities caused by coproduction
and geopolitical risks.
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Figure 1-1. Key Materials within the Periodic Table of the Elements

While these materials are generally used in low volumes relative to other resources, the anticipated
deployment of clean energy technologies could substantially increase worldwide demand. In some
cases, clean energy technology demand could compete with a rising demand for these materials from
other technology sectors. In some cases, these key materials have production that is currently
concentrated in one country. Some key materials have production that is currently concentrated in one
country. For example, more than 95% of rare earth elements are currently produced in China.

These key materials and their use in the above clean energy technologies are featured in the supply and
demand projections in Chapter 4, as well as the criticality assessment in Chapter 5. Not all of the
materials examined in the report are critical. Until the criticality assessment is presented, the materials
of interest examined in the report will be referred to as “key materials.”



Maintaining the availability of materials for clean energy is not simply a mining issue. Manufacturing
processes across the full supply chain must also be considered. The industrial supply chain in Figure 1-2
illustrates the steps by which materials are extracted from mines, processed and transformed into useful
components or utilized in end-use applications. The supply chain provides a useful context in which to
explore the technical, geopolitical, economic, environmental and intellectual property factors that
impact the supply of these materials and the technologies that use them. In addition, a supply chain
framework can inform where to target potential policy tools.

UPSTREAM DOWNSTREAM

End Use

Extraction Processing Components Applications

Recycling and Reuse

Figure 1-2. The Basic Materials Supply Chain

Elemental materials are extracted from the earth via mining. Next, they are processed via separation
and refining to obtain the desired composition or purity. Materials may be extracted either as major
products, where key materials are directly extracted from the ore, or they may be coproducts or
byproducts of other mining operations. Coproduction and byproduction processes complicate the
calculation of extraction costs. Thus, supply curves and market prices for coproducts and byproducts
may vary in ways not captured by simple supply-and-demand relationships.

Processed materials are used to manufacture component parts that are ultimately assembled into end-
use technologies. The generic supply chain also shows the potential for recycling and reusing materials
from finished applications, although materials can be reclaimed at any stage of the supply chain.

1.2 In-Depth Technology Focus

Chapter 2 features an in-depth look at three technologies of particular interest. FCC units, used in
petroleum refining, are the largest domestic use of rare earth elements. Although several catalyst
manufacturers introduced a rare earth surcharge in the past year due to the high price of lanthanum,
constraints on lanthanum supply are anticipated to be short lived. Thus, the FCC analysis was not folded
in to the rest of the supply-demand analysis presented in Chapter 4.

Magnets, used in wind turbine generators and EV motors, are also covered in Chapter 2. In this case,
there is an opportunity to develop a competitive U.S. manufacturing capability in next-generation
magnets. To this end, in the past year DOE has invested in R&D on new magnet formulations, motor
designs and generator technologies that would reduce the need for neodymium and dysprosium. These
were identified as critical materials in the 2010 Critical Materials Strategy.

Fluorescent lighting phosphors contain terbium, yttrium and europium, which were also identified as
critical in the 2010 Critical Materials Strategy. These REEs have also experienced recent elevated prices.
In addition, an anticipated immediate increase in demand is expected, precipitated by domestic lighting
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efficiency standards for compact fluorescent lamps and linear fluorescent lamps coming into effect in
2012. In coming years, there will likely be additional lighting technology transitions, such as the
transition to light-emitting diodes, which reduce the need for rare earth elements.

1.3 Other Reports
A selection of reports on critical materials in energy technologies released in 2011 is discussed below.
While focusing on different aspects of the topic, these reports offer similar recommendations.

In January 2011, the American Physical Society (APS) and the Materials Research Society (MRS) issued a
report entitled Energy Critical Elements. The APS/MRS report highlights possible “energy-critical
elements” that face potential short-term supply disruptions caused by increases in demand combined
with the inability of the relatively small global market to respond to these increases. The constraints on
the availability of the materials featured in this report include crustal concentration, geopolitical risk,
joint production (byproduction or coproduction) with other materials, environmental concerns and
production response times. The APS/MRS report states that, with respect to these materials, “delays in
both production and utilization undermine the ability to plan for deployment of new energy
technologies.” The APS/MRS report’s recommendations for governments include coordination,
dissemination of information, establishment of an R&D effort and increased recycling.

In May 2011, The Center for a New American Security offered a different focus in its Elements of
Security: Mitigating the Risks of U.S. Dependence on Critical Minerals. This report emphasizes
geopolitical aspects of critical materials. The report argues that “countries that consider assured access
to minerals as far more strategically important are increasingly setting the rules for trade” globally, and
that some market disruptions are caused by political leaders in resource-producing countries who are
leveraging their positions of strength. As governments and industries across the world simultaneously
invest in new technologies for a common purpose (such as clean energy or defense), the deployment of
these technologies can amplify global demand for particular materials. In addition, dominant producers
can exploit vulnerabilities in today’s highly efficient, just-in-time supply chains. The report recommends
that administration officials and Congress identify the minerals most important to energy innovation
and build tailored strategies to mitigate potential supply disruptions. It emphasizes that Congress should
protect the government’s role in analyzing critical mineral vulnerabilities and producing its own data
(Parthemore 2011).

In August 2011, the Resnick Institute for Sustainable Energy Science at the California Institute of
Technology issued Critical Materials for Sustainable Energy Applications. This report finds that clean
energy technologies will demand increasing quantities of specialty metals and even commodity metals,
such as copper. The report highlights research needed to address both reductions in demand and
enhancements of supply. Demand-side R&D includes research on substitutes for materials, components
and systems. Supply-side R&D includes research on fundamental properties and processing innovations.
The report argues that an energy R&D agenda needs to be developed based on a holistic evaluation of
materials use. It presents an “option space” to reduce material criticality from both supply and demand
perspectives that looks at risk reduction versus technical effort. The report’s recommendations for the
government include international collaborations, data collection, stockpiling, financial measures to
offset capital risks and R&D funding.
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In October 2011, the European Commission Joint Research Centre Institute for Energy and Transport
issued Critical Metals in Strategic Energy Technologies. This study examines the use of metals in nuclear,
solar, wind, bioenergy, carbon capture and storage, and electricity grids. The report focuses on five
metals—neodymium, dysprosium, indium, tellurium and gallium—that are anticipated to have both a
significant share of their demand coming from these technologies and also a significant risk of supply
chain bottlenecks in the next two decades. The report also stresses the importance of market dynamics
as they relate to supply chain bottlenecks. It offers recommendations relating to the public sharing of
data and information, development of supply, international collaboration, R&D investment, recycling
and byproduct production (Moss 2011).

Reflecting both the market and geopolitical perspectives highlighted in these reports, this Strategy
explores market dynamics across the supply chain as well as various government policies that affect the
market. This discussion appears in Chapter 3, which also features a discussion of human capital, business
and government strategies to anticipate and respond to market conditions.

1.4 DOE’s 2011 Critical Materials Work
The approach to proactively address material supply risks and prevent supply chain disruptions while
building a robust clean energy economy has three pillars:

e Achieve globally diverse supplies
e |dentify appropriate substitutes
e Improve capacity for recycling, reuse and more efficient use of critical materials

In the past year, DOE has gathered information and made research investments to address critical
materials challenges within each of these pillars. In March, DOE issued its second Request for
Information, addressing technology material content, supply chain structure, financing, research,
education, technology transitions, recycling and permitting. DOE pursued research, education and policy
opportunities in collaboration with partners, including other federal agencies and other nations. Chapter
6 highlights an R&D plan that integrates recent critical materials R&D investments across DOE, new work
by the interagency working group on critical material supply chains and international critical materials
collaborations in 2011.

Strengthening the U.S. position across the supply chain requires a capable workforce. Education and
training are fundamental to building workforce capabilities to address vulnerabilities and pursue
opportunities. Expertise across the physical sciences and engineering, as well as in other disciplines such
as geosciences, will be important to holistically address critical materials issues. Chapter 3 addresses
opportunities to strengthen workforce capabilities.

12
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Chapter 2. Use of Key Materials in Clean Energy Technologies

2.1 Introduction
This chapter focuses on three special topics:

o  Fluid Cracking Catalysts in Oil Refining
o Technology Transitions in High-Efficiency Lighting
e Permanent Magnets in Wind Turbines and Electric Vehicles

These topics were selected because of interest expressed by stakeholders following the release of the
U.S. Department of Energy’s (DOE’s) 2010 Critical Materials Strategy.

In addition, this chapter briefly explores the use of rare earths and other materials in nine technologies:
photovoltaic (PV) films, vehicle batteries, electric bicycles, grid storage batteries, magnetic refrigeration,
automatic catalytic converters, gas turbine blades, fuel cells and vehicle lightweighting. Table 2-1
provides an overview of the key materials used in leading clean energy technologies. *

Table 2-1. Materials in Clean Energy Technologies and Components

MATERIAL Coatings Magnets Magnets Batteries Phosphors
[ ]
@
Tellurium o

Dysprosium
Praesodymium
Neodymium [ ] e

Cobalt
Manganese

Lithium
Cerium
Terbium

Yttrium

2.2 Fluid Catalytic Cracking Catalysts

Rare earth elements (REEs) play an important role in petroleum refining. Lanthanum and cerium are
used in catalysts and additives for fluid catalytic cracking (FCC), a key process in gasoline production.
These REEs increase gasoline yield and reduce air emissions from the oil refining process. A modest

% Table 2-1 includes only materials incorporated in analyses in Chapter 4.
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reduction of rare earth supply would not likely have a large impact on gasoline supplies or prices. The
unprecedented increases in rare earth oxide (REO) costs during the past year have likely added less than
a penny to the price of gasoline. However, current high REO prices are providing incentives for catalyst
manufacturers to develop catalysts with low or near-zero rare earth content. Under more extreme
conditions, with a sudden loss of significant rare earth supply, gasoline production per barrel of oil
would decline, but with weak gasoline demand in the Atlantic Basin expected for several years, overall
refinery capacity should still be adequate to meet demand.

Background

The main use of rare earths in petroleum refining is in the FCC unit. This unit produces gasoline and
feedstock for the alkylation unit, which in turn produces a gasoline component called alkylate. Together,
these two units account for about 45%—50% of refinery gasoline production. Some distillate fuel oil is
also produced from the FCC unit.

In a refinery, crude oil is distilled into different streams. Lighter molecular weight streams include
gasoline, kerosene and diesel. Heavier molecular weight streams are processed further, and can be
broken down into lighter products by several conversion processes. 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, sometimes called heavy gas oil or
vacuum gas oil, is heated to about 1,000°F, at which it becomes a gas and flows up a specially designed
pipe (called a riser) along with a catalyst that helps to break apart the heavy molecules. The term “fluid”
refers to the fact that the hot gas flowing up the pipe suspends the catalyst, which looks like powder
floating in the upward flowing gas.

FCC catalysts are manufactured to have structural shapes and compositions to increase the speed of the
cracking process and to produce a mix of products that are most valuable—in this case, light olefins
(propylene and butylenes), gasoline and diesel. One of the materials used in FCC catalysts is the REO
lanthanum oxide. The addition of REOs helps the FCC catalysts to produce desired products and to
remain effective longer. (See “Rare Earth Benefits in Fluid Catalytic Cracking Catalysts” sidebar.)
Reducing the amount of REO in catalysts could reduce the amount of gasoline and distillate produced in
the FCC units.

The use of REOs in FCC catalysts increased from an average of 1.2% (by weight) REO in the FCC catalyst
in 1994 to about 2.9% in 2010. Higher REO content results in higher gasoline yield, but it also lowers
octane content in the FCC gasoline. In recent years, octane loss has been less of a concern because the
need for higher-octane FCC gasoline fell with increased blending of high-octane ethanol into gasoline.

Rare earths, mainly cerium, are also used in some FCC additives to reduce sulfur oxide (SOx) emissions.
These additives contain between 4% and 15% cerium oxide by weight. However, because the majority of
FCC units do not use SOx reduction additives, this rare earth application is less significant than rare earth
use in FCC catalysts. In addition, with increasing cerium prices, some catalyst manufacturers’ literature
indicates that zero or low rare earth content SOx additives will be available soon (Albemarle Catalyst
Courier 2011a).
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Market for Rare Earth Oxides Used in Petroleum
Refining

The petroleum refining industry uses the lighter rare
earths, mainly lanthanum and cerium. As discussed in
Section 3.2, China supplies 95% of the world’s REEs.
While Chinese quotas cover the full range of rare
earths, the supply-demand balance for the lighter rare
earths has not been as tight as for other REEs, due in
part to some limited production outside of China.
Production external to China is projected to increase in
the next several years mainly as a result of the
anticipated expansion at Molycorp’s Mountain Pass,
California mine and the development of the Lynas
Mount Weld Australian mine and processing plant in
Malaysia. Catalyst producers indicated that they have
been able to obtain sufficient supplies of lanthanum
and cerium for catalyst and additive production,
despite the Chinese quotas. Still, prices have risen
sharply. For example, the price of lanthanum oxide
rose from S5 per kilogram (kg) in early 2010 to $35/kg
by mid-year, $60/kg by the beginning of 2011 and
about $140/kg in June 2011. This price rise
approximately doubled the cost of FCC catalysts. While
prices fell in August with a summer slowdown in
demand, some analysts expect a rebound in the fourth
quarter due to continued declines in quotas and to
some processing plant shutdowns in China (Watts
2011).

Refinery Economics of Lower Rare Earth Use
Refiners have several choices when faced with higher
FCC catalyst costs, and different refineries will likely
choose different options. Refineries have different
operating constraints and vary in the types and quality
of feedstocks for their FCC units. Consequently,
catalyst producers and FCC consultants work with
individual refiners to evaluate possible changes that

will optimize operations given increasing catalyst costs.

In all cases, the economics derive from changes in
revenue that occur when different REO catalysts
produce different product slates from the FCC unit, as
well as changes in catalyst costs. FCC unit revenue

products. Increases in the weight
percent of rare earth oxides in fluid

catalytic cracking catalysts increases
yields of gasoline and decreases yields
of less valuable products such as slurry
oil. Higher rare earth oxide content
catalysts also create more heavy gas oil
and coke, which are lower-valued
products, but the total value of the
products produced from a barrel of
crude oil increases.

Stability refers to the ability of the
catalyst to maintain activity over time.
REOs retard catalyst deactivation. Fluid
catalytic cracking catalysts are
deactivated in the high-temperature
and steam environment of the fluid
catalytic cracking regenerator by a
process called dealumination. Rare
earth oxide content slows that process,
which reduces the amount of fresh
makeup that the refinery needs to add
to the FCC unit, thereby reducing
operating cost.
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derives from prices and volumes of the products produced. The primary product target is gasoline, but
other higher-valued products include a distillate stream called light cycle oil (LCO), a valuable
petrochemical called propylene and butylenes, the feedstock for the alkylation unit, which produces
another gasoline stream called alkylate. However, the unit also produces a low-valued product called
slurry oil. The yields of these products shift with REO content in the catalyst. If the same amount of
catalyst is used, and the REO content declines, gasoline yield declines. At the same time, yields of some
of the other high-valued products increase; however, low-valued slurry oil yield also increases, which
counters some of the revenue improvements from the increases in products such as LCO.

Increasing REO prices push up FCC catalyst costs. The price of lanthanum oxide used in FCC catalysts has
risen from $5 per kilogram in early 2010 to $140 per kilogram in June 2011. That translates to catalyst
costs doubling per barrel of feedstock into the FCC unit.

A detailed example in Appendix F illustrates the revenue and cost changes for a refinery using a good
quality FCC feedstock and paying for a catalyst containing REO that costs $140 per kilogram. In one
scenario, the refiner cuts the expensive REO content of the catalyst in half, but uses the same amount of
catalyst. In this case, revenues drop much more than cost savings from the catalyst. The net loss of
revenue is mainly due to the shift from high-valued gasoline to lower-valued slurry oil. A second
scenario is shown in which the refiner uses more catalyst containing the lower REO content in order to
boost the gasoline yield and reduce LCO and slurry oil yields. In this second scenario, revenues are
returned to their original levels, but the costs increase slightly compared to using the high-REO-content
catalyst, illustrating why a refiner in this high REO cost situation would have little incentive to make a
catalyst change.

The example in Appendix F is for refiners with high-quality FCC feedstock, but somewhere between one-
third and one-half of refiners use low-quality FCC feedstock containing residual fuel. These refiners may
use three times as much FCC catalyst as those with high-quality FCC feedstocks. The increased use of
catalysts means increased cost savings when moving to a low-REO catalyst. As a result, low-quality FCC
feedstock refiners might find it economic to move to low-REO catalysts before a high-quality feedstock
refiner.

While these examples provide an overview of some of the major revenue and cost tradeoffs involved in
the economics of changing catalysts, individual refiners have different market and refinery constraints
that also influence the decision. The final economics in all cases will be influenced by how successful the
catalyst manufacturers are at improving low-REO catalyst performance, such as shifting more of the lost
gasoline yield to LCO rather than low-value slurry oil.

Catalyst Producers See Investment Incentive to Reduce REO Use

In contrast to refineries, catalyst makers have a competitive incentive to reduce costs, and are working
on next-generation catalysts to improve performance of reduced REO formulations. Manufacturers are
developing both catalysts with lower-percentage REOs and with zero or near-zero REOs. Two major
catalyst producers have announced new catalysts with very low REO content. Grace Davison is offering a
0.2 weight percent REO catalyst (REMEDY catalyst) (Schiller n.d.), and Albemarle is offering a 0.5 weight
percent REO catalyst (AMBER LRT and UPGRADER LRT) (Albemarle Catalyst Courier 2011b). These new
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catalysts need to gain commercial acceptance, and producers need to expand production capability.
Consequently, these new catalyst options are likely to have limited impact on REO use in FCC catalysts in
2011 or even 2012. Furthermore, new catalysts still will likely result in slightly different yield slates to
achieve the greatest cost savings.

At the same time, catalyst producers are looking for new sources of REOs. REOs are likely to be used in
FCC catalysts at some level for a number of years due to catalyst technology, refinery economics and
increasing supply projections for the light REOs needed for refining catalysts. For example, Molycorp
noted in its Fourth Quarter 2010 Report of Results that it had entered into a contract to supply W.R.
Grace and Co. with a significant amount of REOs, primarily lanthanum concentrate, through mid-2012,
and had also contracted to supply Grace with approximately 75% of its lanthanum production per year
for a 3-year period. BASF, another major catalyst manufacturer, has also signed a contract with Lynas.

Vulnerability to Rare Earth Supply Disruption

In the short term, inventories provide a cushion from disruptions. Interviews with catalyst
manufacturers indicated that current inventories of rare earths for FCC catalysts may range from 3 to 9
months, assuming current rare earth catalyst content, and in some cases, FCC catalyst inventories may
be high enough to provide further cushion. If a disruption occurs, catalyst manufacturers could move to
provide lower-rare-earth-content catalysts quickly, stretching inventories out even further to help fill
the gap before new sources of rare earth supply already in the pipeline can begin production. With new
sources of light rare earths evolving outside of China and with catalyst manufacturers already testing
low and near-zero rare earth catalysts, the petroleum refining industry has less exposure to disruptions
in rare earth supply than many other industries.

If a sudden disruption in REO supply were severe enough, both catalyst vendors and refiners could
experience constraints that would affect the gasoline market. If only low-REO catalysts were available,
refiners would generally want to use more catalyst volume to help make up for the loss of gasoline yield.
However, catalyst suppliers may not be able to provide enough added production for refiners to
compensate. For example, if most refiners wanted to double their catalyst usage, their demand would
require catalyst manufacturers to double production, which would require more capacity. Some refiners
would also face operational constraints. Low-REO catalysts result in more production of gases, such as
propylene and butylenes, the feedstock for the alkylation unit. In both cases, the refinery needs
additional capacity to process the gases and the extra alkylation feedstock. That extra capacity may not
be available immediately. In these cases, refiners would have to reduce FCC input to accommodate the
shift to higher yields of these gases and alkylation feedstock. The result would be lower gasoline
production and lower margins for some refiners. In such a worst case scenario, total gasoline production
from U.S. refiners might be reduced by about 3%, or about 240,000 barrels per day. However, even in
this low-probability extreme case, the lost gasoline volume is small enough to counterbalance in a
number of ways such as through decreased exports. For example, 240,000 barrels per day represents
about half of the gasoline being exported in 2011, and with weak demand in the Atlantic Basin expected
to continue for several years, global refinery capacity should be adequate to compensate. However, as
in the case of most significant supply disruptions, gasoline prices typically would rise for a short time in
response to the loss of supply until the market rebalanced.
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Conclusion

The petroleum refining industry, like many other manufacturing and processing industries, uses rare
earths. Refining rare earth applications use the lighter REEs such as lanthanum and cerium, which are
the most widely available rare earths and are expected to experience less pressure in the marketplace
than heavier rare earths. New supply sources outside of China are under development, with production
expected to begin in 2012 in the United States and Australia. Catalyst manufacturers are also
establishing supply contracts with the producers of new rare earth supplies outside of China.

The refining industry is not critically exposed to disruptions in rare earth supply. Inventories of FCC
catalysts and rare earth materials for FCC catalyst manufacture provide many months of coverage,
which will be stretched out as catalyst manufacturers move to catalysts with lower or near-zero rare
earth content. This exposure will be even less as new sources of supply outside of China are projected to
come online in the next few years.

2.3 Permanent Magnets

Neodymium iron boron rare earth permanent magnets (PMs) are used in wind turbines and traction
(i.e., propulsion) motors for electric vehicles (EVs). While the use of rare earth PMs in these applications
is growing due to the significant performance benefits PMs provide, a number of technical, economic
and policy factors may influence future trends. In fact, manufacturers have a great deal of flexibility in
addressing potential material criticality through component-level design changes. This subsection
describes specific issues associated with rare earth magnets in wind turbines and PMs. It also focuses
specifically on dysprosium, which was identified as the most critical element in the 2010 Critical
Materials Strategy. While dysprosium will likely remain a concern, a great deal of effort has already
gone into reducing its use in future generations of wind turbines and motors.

Wind Turbines

Wind turbine generators convert wind energy into electricity. Several trends have led to increased use
of REEs. One trend is the gradual progression toward larger, more powerful turbines. Figure 2-1
illustrates the global shift in size distribution from just 2009 to 2012 (forecast).

2%

2012 1%

4%

2009 5%

m<15MW m1.5-1.99 MW m2.0-2.49 MW
N 2.5-2.99 MW N 3-4.99 MW m 5.0+ MW

Figure 2-1. Comparison of Turbine Size Distribution (of Global Annual Deployment) from 2009 to 2012 (Forecast)

(Source: Troedson 2011)
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In 2009, turbines smaller than 2.5 megawatts (MW) made up more than 90% of the market. In 2012, this
share is projected to drop to 62% (Troedson 2011). Larger turbines are more likely to use rare earth
PMs, which can dramatically reduce the size and weight of the generator compared to non-PM designs
such as induction or synchronous generators.

A second trend is toward turbines equipped with electricity generators that run at slower speeds,
allowing better coupling with the turbine rotor. This means more electricity generation at lower wind
speeds than traditional high-speed turbines. The slowest electricity generator speeds are achieved
through a direct-drive arrangement. Higher-speed turbines, on the other hand, use one or more gearing
stages between the rotating blades and the generator. In addition to being highly efficient, the lack of
gearing in direct-drive turbines reduces maintenance requirements, providing a life cycle cost advantage
in remote or offshore locations. Despite their advantages, slow-speed turbines require larger PMs for a
given power rating, translating into greater rare earth content. Arnold Magnetics (Constantinides 2011)
estimates that direct-drive turbines require 600 kg of PM material per megawatt, which translates to
several hundred kilograms of rare earth content per megawatt (GE 2011).

As manufacturers seek to reduce rare earth content in wind turbines, they have turned to a range of
design options. “Hybrid drive” PM turbines, which use a PM generator in conjunction with a geared
drive, have received increasing interest. These turbines operate at higher speeds than direct-drive
turbines and require a more complicated gearing system, but require PMs one-third the weight of
direct-drive turbines, with correspondingly less rare earth content (Constantinides 2011). Hybrid drive
turbines currently represent a small fraction of the wind turbine market, but could represent more than
half of wind power generation over the next decade (Constantinides 2011). Concerns over critical
materials scarcity could also accelerate the development of superconducting generator turbines, which
do not use permanent magnets and show promise for turbines in the 10 MW+ range. American
Superconductor has been developing a 10 MW Sea Titan turbine prototype that uses a direct-drive high-
temperature superconducting generator (AMSC 2011).

There is also evidence that rare earth export quotas and price premiums have led to a disparity between
the use of PM designs inside and outside of China. While PM wind turbines only account for about 5% of
the market outside of China (Constantinides 2011), their market share inside of China is estimated at
25% or higher (Hu 2010).

This discussion illustrates the extent to which the wind turbine design space remains in flux. Individual
manufacturers’ design decisions regarding a single turbine model could dramatically impact medium-
term demand for REEs in wind turbines. Under the high wind turbine deployment scenario described in
Chapter 4, the use of hybrid drive instead of direct drive for all PM turbines would reduce annual
neodymium demand by 7,000 tonnes® in 2025, which would be about one-sixth of all clean energy
demand for neodymium that year.

Electric and Hybrid Vehicles
While rare earth PM designs still make up a small percentage of the market for wind turbines, they are
the dominant technology in EVs. Almost all mass-produced hybrid electric vehicles (HEVs) and EVs

*1 tonne = 1 metric ton (Mt).
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[which include plug-in hybrid electric vehicles (PHEVs) and all-electric vehicles (AEVs)] use rare earth
PMs in the motors that propel them during electric drive operation. As one component in a complex
system, the motors are also constrained in size and weight to fit within existing design parameters,
making substitution difficult. This is particularly true for PHEVs and HEVs, which have to fit both a
gasoline engine (or generator) and an electric motor in a tight engine compartment. AEVs have no
gasoline engine, which alleviates some of the space constraints and makes it easier to cool the motor.
These factors allow more flexibility to change the motor size and operating characteristics.

Manufacturers have explored several options to replace rare earth PM motors in vehicle designs (N.V.
2011). Some manufacturers have reconsidered induction motors, which are larger (for a given power
rating) than PM motors but are easier to cool and potentially more efficient. Several niche EVs, including
the Tesla Roadster and Mini-E, already use induction motors. Toyota announced in early 2011 that it
was also developing an induction motor design that could be used in a range of vehicles with electric
drives.

Switched reluctance motors (SRMs), which operate by electronically switching an electromagnetic stator
field to drive an iron stator, have emerged as another potential substitute for PM motors. SRMs have
traditionally suffered from noise and vibration problems, but advances in electronic control and
precision machining of motor parts have made them more viable. The Advanced Research Projects
Agency-Energy recently awarded General Atomics and the University of Texas at Dallas a $2.8 million
grant under its Rare Earth Alternatives in Critical Technologies (REACT) program to develop a “double
stator” SRM for electric drive vehicle use.

Dysprosium

Another area of increased attention is the use of dysprosium in rare earth PM magnets. Dysprosium is
added to increase the value of intrinsic coercivity, or resistance to demagnetization. This also helps to
improve resistance to magnetization at higher temperatures, which is generally required for all PMs
used in motors or generators.* The required dysprosium content varies by application based on the
operating temperature. Table 2-2 shows estimated average dysprosium content by magnet weight
percentage for various applications.

Even within these applications, there is a range of dysprosium content. Therefore, dysprosium demand
calculations in Chapter 4 of this Strategy assume low and high dysprosium ranges for both average
dysprosium content in wind turbine and vehicle PMs. There may also be a range of operating
temperatures and corresponding dysprosium requirements for different types of vehicles.

Efforts to reduce dysprosium content have focused both on system-level innovations that reduce the
need for dysprosium by lowering operating temperatures of applications and on material science
research to reduce the amount of dysprosium required for a given operating temperature. Boulder
Wind, with support from DOE’s U.S. Wind Power Next Generation Drivetrain Development Program, is
developing a unique wind turbine with an “air core” stator that is capable of operating at temperatures
low enough that dysprosium is not required. The elimination of dysprosium will reduce material costs

* Cobalt can also be added to PM magnets to improve performance at higher temperatures, but was not included in the analysis
in Chapter 4.
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and is part of a suite of innovations that the company expects to dramatically lower production,
installation and operating costs compared to current wind turbines (Boulder Wind 2011). On the
material science front, researchers have initiated a number of projects to reduce dysprosium
requirements. Japanese researchers and initiated a number of research projects on reducing dysprosium
use, in support of national research and development (R&D) policy goals for rare earths. Their efforts
have included experiments on reducing the grain size of magnetic powders, modifying the way in which
dysprosium is introduced into the magnetic structure and diffusing a neodymium-copper (instead of
dysprosium) alloy along the magnet grain boundaries (NIMS 2010). Molycorp, a domestic rare earth
mining company, recently announced a partnership with Daido Steel and the Mitsubishi Corporation to
develop and sell sintered rare earth PMs that deliver greater performance with less reliance on
dysprosium (Molycorp 2011). These two parallel approaches to reducing dysprosium requirements
illustrate the potential to substantially reduce future demand for dysprosium in PMs.

Table 2-2. Comparative Dysprosium Content Estimates by Magnet Application®

Typical Dysprosium Content
Application (share of magnet weight)
Hybrid and Electric Traction Drive 8.7%
Generators (excluding wind turbines)
Wave Guides

Wind Power Generators

Motors (industrial, general automotive)
Electric Bicycles

Torque-Coupled Drives

Energy Storage Systems

Magnetic Braking

Relays and Switches

Pipe Inspection Systems

Magnetically Levitated Transportation
Preprographics

Gauges

Magnetic Separation 2.8%
Hysteresis Clutch

Magnetic Refrigeration

MRIs 1.4%
Sensors

(Source: Constantinides 2011)

6.4%

4.1%

2.3 Technology Transitions in High-Efficiency Lighting

Lighting accounts for approximately 18% of electricity use in U.S. buildings—second only to space
heating (DOE 2009). Modern technologies provide opportunities to significantly reduce energy demand
from lighting. In particular, the traditional incandescent light bulbs in widespread use in the United
States today (employing a technology similar to the one developed by Thomas Edison in 1879) use
considerably more energy than 21st century alternatives including fluorescent lighting, light-emitting
diodes (LEDs), organic light-emitting diodes (OLEDs) and halogen incandescents.

*The percentage ranges used for demand calculations in Chapter 4 are slightly lower than those presented in table 2-2. The
lower range estimates reflect inputs from a number of additional sources and reflect the potential for reduced dysprosium use
over time.

22



The transition to new lighting technologies is underway in the United States and around the world.
Many countries now limit or prohibit the use of traditional incandescent light bulbs. In the United States,
lighting efficiency standards have been a feature of energy legislation over the past two decades,
including the Energy Policy Act of 1992 and the Energy Independence and Security Act of 2007 (EISA
2007). Standards under these statutes are accelerating the transition from traditional incandescents.
The first substitutes will likely be fluorescent light bulbs (both compact and linear). Demand for
fluorescent lighting is expected to grow sharply in the next few years in the United States and around
the world. Within several years, demand for LEDs and halogen incandescents is expected to grow, in
many cases replacing demand for fluorescent lighting. Fluorescent light bulbs depend on phosphors
made from terbium, europium and yttrium. Shortages of those elements in the next several years may
affect the availability of fluorescent lighting. LEDs use much less rare earth content than fluorescent
light bulbs®, while OLEDs and halogen incandescents use no rare earths. As markets shift to these
alternatives, lighting-related demand for terbium, europium and yttrium will likely decline. In the
medium- to long-term, rare earth phosphor demand may also be offset by phosphor recycling. Recycling
issues are discussed in Chapter 3.

Upcoming U.S. Standards, Technology Deployment and Rare Earth Phosphor Demand
In the United States, two sets of lighting energy efficiency standards could lead to an increase in
production and sales of fluorescent lamps containing rare earth phosphors.

First, EISA 2007 prescribes maximum wattage requirements for general service light bulbs. As required
by the statute, these standards will be phased-in starting in 2012 and continuing through 2014. Compact
fluorescent lamps (CFLs) meet these standards, whereas the most common incandescent lamps do not
(DOE 2011a). DOE is also required under EISA 2007 to initiate a rulemaking in 2020 to determine
whether the standards in effect for general service incandescent lighting at that time should be
amended.

Second, under the Energy Policy and Conservation Act of 1975, as amended, DOE published proposed
standards for incandescent reflector lamps and fluorescent lamps, including linear fluorescent lamps
(LFLs), in July 2009. Final standards take effect in July 2012 (DOE 2011b). In most cases, the energy
efficiency requirements under these standards necessitate a move from traditional halophosphors to
triband phosphors, which contain rare earths.

Two DOE models were used to estimate the impact of the standards on U.S. CFL and LFL demand and, in
turn, demand for REEs used in phosphors. For CFL demand, an Energy Information Administration model
from the Annual Energy Outlook 2011 Residential Database was used.’ This model assumes CFLs will
meet the bulk of mandated energy-efficient residential lighting demand. Thus, according to the model,
CFL demand will peak in 2014, after the final stage of the first phase of the EISA 2007 standards take

® Total rare earth content in LEDs is estimated at one to two orders of magnitude lower than fluorescent lights of equivalent
light output (GE 2010).

’ The National Energy Modeling System residential sector model used in the Annual Energy Outlook 2011 is calibrated to 2005
lighting demand and assumptions about relative price and performance of different lighting options (i.e., CFL, incandescent and
LED) going forward (EIA 2010). Price and performance assumptions were updated in 2008 (EIA 2010). Actual CFL shipments
have dropped slightly since 2007, but are expected to increase again ahead of the implementation of EISA 2007 standards in
2012-2014 (DOE 2010).

23



effect. After that point, demand for CFLs will decline somewhat as these efficient bulbs last longer than
the incandescent bulbs they are replacing. According to the model, the demand for CFLs will decline
further in the next 5 to 10 years, when a larger number of halogen-type incandescent bulbs will be able
to meet the standard. Projected CFL demand under this model is shown in Figure 2-2. (The total rare
earth phosphor for each bulb is about 1.5 grams, of which 60% is REO.)
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Figure 2-2. Projected Domestic CFL Shipments under EISA 2007 Standards

Note that Figure 2-2 is illustrating one possible transition scenario under the standard. The transition
could also slow or be partially reversed by higher efficiency halogen incandescent bulbs capable of
meeting the standards. A 2010 DOE assessment of the CFL market postulates several alternate demand
trajectories for CFLs from 2010 to 2020 depending on consumers’ behavioral response to the standards
and price and availability trends in high-efficiency incandescent bulbs (DOE 2010). Manufacturers have
already introduced halogen incandescent bulbs that meet the 2012-2014 general service lighting
standards at a price point between standard incandescents and CFLs. However, CFLs are still about three
times more efficient than the new halogen incandescent and designed to last much longer (DOE 2010).

In addition to the transition from incandescent to fluorescent or halogen incandescent lighting, there
may also be a subsequent transition to other promising technologies, including LEDs and OLEDs. The
magnitude and pace of these transitions will be dictated by a number of factors, including the
availability, price and performance of each technology compared to other lighting options and the ability
to retrofit bulbs into existing sockets and fixtures. LED bulbs for residential use are already available on
the consumer market, but at very high unit prices compared to incandescent or CFL bulbs (although the
longevity and efficiency of LEDs makes them more competitive on a total life cycle cost basis). LEDs are
expected to become increasingly competitive as unit prices drop.

Halogen incandescents, LED and OLEDs each use little or no rare earths, and have the potential to be
manufactured in the United States. For example, Sylvania is producing halogen incandescent lighting at
a converted incandescent bulb manufacturing facility in Pennsylvania (Whoriskey 2010). Philips was
recently awarded DOE’s “L” prize for developing the best LED replacement for a standard 60 watt
incandescent bulb. The company has stated its intentions to begin domestic manufacturing of bulbs
based on the winning design by 2012 (LEDs Magazine 2011).
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For LFLs, the current picture is a bit more complicated, as there are several different sizes and series of

LFLs, each with different rare earth content. A summary of the various sizes of lamps is shown in Table
2-3. The designation as T12, T8 or T5 refers to the diameter of the lamp in millimeters. The table also
shows REO content for super efficiency lamps, which use 100% triband phosphor. The phosphor is
applied as a coating to the inside surface of the lamp, so phosphor content is directly proportional to

lamp surface area. High efficiency lamps (700 series), which use a mix of halogen and triband phosphors,

are assumed to require 30% of the total rare earth content required for the high-efficiency lamp.% The
details of these calculations are given in Appendix B.

Table 2-3. Total Phosphor Loading for Super Efficiency (800 and 800P) LFL Lamp size’

Lamp Length Lamp Type Diameter (in) Surface Area (cm’) REO content (g)
T12 1.500 1,459 43
4' T8 1.000 972 29
T5 0.625 608 1.8
. T12 1.500 2,919 8.7
8 T8 1.000 1,946 5.8

LFL demand projections are based on the DOE Office of Energy Efficiency and Renewable Energy lamp
shipments analysis model developed for the 2009 National Impact Analysis (NIA) of U.S. lighting
standards. The results are shown in Figure 2-3.
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Figure 2-3. Projected Domestic Demand for LFLs by Type under Updated Energy Policy and Conservation Act
Standards

® Personal communication between U.S. Department of Energy staff and lighting manufacturing officials, June 10, 2011.

° Based on 4 grams/square centimeter phosphor with 60% REE content (adjusted to REO equivalent weight). Estimates derived

from personal communications with lighting officials.
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Initially, T12s have the largest market share with commodity-level, and high-efficiency T8s have an
almost equal share of the rest of the market. However, after the onset of the DOE-promulgated lighting
standards in 2012, high-efficiency and super T8s gain market share while the demand for T12s and
commodity-level T8s are completely phased out. By 2030, high-efficiency and super T8s have most of
the market for LFLs and T5s have gained a notable share as well.

The results combining the projected phosphor rare earth content demand for CFLs and LFLs are shown
in Figure 2-4. According to the models, the combined domestic demand for rare earths in CFLs nearly
doubles in the immediate term and peaks before 2015. The domestic LFL rare earth demand more than
doubles in this timeframe. This corresponds to a short- to medium-term tight supply situation for the
heavy rare earths used in these phosphors—europium, terbium and yttrium. U.S. lighting demand
accounts for a significant share of the global market, so this U.S. demand peak would cause a noticeable
peak in global phosphor demand.™ Furthermore, the projected peak in U.S. CFL demand corresponds to
a projected rapid increase in global CFL demand (as other countries phase in energy efficient lighting
standards)(IEA 2010b), suggesting a rapidly tightening global market for rare earth phosphors. There has
already been some indication of tightening demand leading to higher prices. Several lighting
manufacturers have introduced rare earth surcharges this year (GE 2011; Sylvania, 2011). Note that the
corresponding element-by-element demand will depend on the proprietary phosphor formulations,
which vary, to some extent, among manufacturers. Further element-by-element phosphors discussion is
in Chapter 4.
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Figure 2-4. Projected Rare Earth Oxide Content in Domestic Shipments of CFLs and LFLs "

While consumer LED bulbs are being designed to fit directly into existing light sockets, retrofits into LFL
lighting fixtures are complicated by differences in bulb dimensions, fixture design and lighting
characteristics. It is likely that LEDs will be used for new commercial construction at a much higher rate
than in retrofitting existing buildings unless LED technologies are developed that can be easily retrofit

10 Lighting industry representatives have indicated that the U.S. share of lighting demand is historically about 20%. The extent
to which this relationship holds for rare earths in phosphors depends on the efficiency levels of CFLs and LFLs sold in other
countries, and is discussed further in Chapter 4 and Appendix B.

" Based on assumptions described in Chapter 4 and Appendix B.
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into existing LFL fixtures. New buildings could be designed with the unique characteristics of LED lighting
in mind.

Despite the barriers to transitioning from LFLs to LEDs, even a limited transition could still have an
impact on rare earth demand. This potential is illustrated by the emerging technology scenario within
the lamp shipments analysis model used for the 2009 NIA of U.S. lighting standards. The model can be
run with and without accelerated adoption and deployment of emerging technologies (such as LEDs),
which use much lower levels of rare earth phosphors.’ Under the emerging technologies scenario,
some of the demand for LFLs is offset by LEDs, which results in lower rare earth phosphor demand. A
comparison of domestic demand for rare earths in LFL phosphors under the two scenarios is shown in
Figure 2-5. The demand under the two scenarios is almost identical in the short term, but by 2025 the
rare earth demand under the emerging technologies scenarios is about 13.5% less than the original
projection. ** This difference highlights the impact of technology transitions on material demand over

time.
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Figure 2-5. Comparison of Domestic Rare Earth Oxide Demand from LFL Phosphors under Different Assumptions
for Emerging Technology Market Penetration

Material Supply Chain and Implications

Figure 2-6 shows the supply chain for phosphors in CFLs and LFLs. China currently consumes 80% of the
world’s lighting phosphor supply to produce components for major lighting manufacturers, although it
subsequently exports the majority of these components for sale worldwide. The location of the lamp
manufacturing process (which includes the production of glass tubes, coating with phosphors and
assembly of bulb components) is driven by the labor and transportation costs of different types of bulbs,
as well as by local government manufacturing incentives.

2 Eor a detailed description of the model, see
http://www1.eere.energy.gov/buildings/appliance_standards/residential/incandescent_lamps_standards_final_rule_tsd.html.
B LED bulbs may still use varying amounts of critical materials, though in much smaller quantities than fluorescent bulbs.
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Figure 2-6. Phosphor Supply Chain

At present, CFLs are manufactured almost exclusively in China and distributed by major lighting
manufacturers for sale worldwide. LFLs are primarily assembled in plants in North America and Europe
that are closer to the ultimate points of sale. This arrangement exists because it is much cheaper to ship
the raw materials than the LFL bulbs, whose volume consists mostly of air inside the fragile lighting
tubes. This means that in a tight supply situation with increasing demand for the heavy rare earths
contained in phosphors, domestic LFL manufacturers may have difficulty obtaining rare earth
phosphors.

Regardless of manufacturing and assembly location, major U.S. lighting manufacturers continue to hold
the intellectual property rights to formulas for the fluorescent lighting phosphors and invest significantly
in R&D related to lighting manufacturing. This allows U.S. firms to retain control of the value chain,
despite the large role of Chinese firms in the manufacturing process.

While phosphors and component REEs are not currently recovered from fluorescent bulbs, the current
relatively tight supply of terbium, europium and yttrium provides particular incentive to scale-up
recycling capabilities. For example, Rhodia has announced an intention to begin recycling phosphors
using hydrometallurgic and pyrometallurgic processes (Walter 2011).

2.4 Other Technologies Analyzed

The following sections briefly describe the use of key materials in three other technologies likely to see
wide-scale commercialization and deployment in the short to medium term—photovoltaic cells, vehicle
batteries and electric bicycles. Key material usage considerations in these technologies are incorporated
into the global supply projections in Chapter 4.

Photovoltaic Cells
Thin-film PV cells use the key materials gallium, indium and tellurium. While conventional crystalline
silicon-based cells remain the dominant PV technology, accounting for nearly 90% of the total global PV
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market in 2011 (NREL 2011), thin-film market share has grown due to several advantages relative to
traditional crystalline silicon “thick films.” Thin films require less functional material, they can be
manufactured in continuous rolls or sheets and they can be deposited on flexible substrates. The two
thin-film technologies considered in this Strategy are cadmium telluride (CdTe) and copper-indium
gallium diselenide (CIGS). As of 2011, CdTe accounted for roughly 10% of the total solar PV market,
while CIGS market share was still closer to 1% of the market.'* While CdTe is currently the more
established technology, CIGS technologies show promise of high conversion efficiency and flexibility in
application on different surfaces. A German research initiative achieved a record 20.3% efficiency for its
CIGS thin-film solar cell (Stuart 2010).

Increased material efficiency in thin films is likely to be achieved through reductions in film thickness,
cutting down on manufacturing processing loss and increasing cell efficiency in generating power.
Additionally, future CIGS configurations may use a significantly lower weight percentage of indium (the
most expensive of the three key PV materials considered), although this reduction may come at the
expense of higher gallium content.” Material content assumptions for PV have been updated to reflect
recent advances in material efficiency and more optimistic assumptions for future improvements.

While PV designs and manufacturing processes continue to improve, rapidly falling prices for silicon in
the past year have also lowered manufacturing costs for traditional silicon PV systems, making them
more competitive with CIGS and CdTe thin films. Silicon spot prices fell from $75/kg in early 2011 to
$45/kg by mid-October, with projections of prices falling even lower in 2012 (Stuart 2011). Price drops
have been due in part to lower global demand for PV installations, so prices may recover in the future if
demand improves. The impact of cheaper silicon systems on the longer-term prospects for CIGS and
CdTe remains to be seen. To account for this uncertainty, demand projections for thin-film PVs in
Chapter 4 allow for a wide variance over time in the potential for thin-films’ share of the total PV
market.

Vehicle Batteries

Batteries are a key component in vehicle applications—HEVs, PHEVs and AEVs'® all require batteries to
store energy for vehicle propulsion. Current-generation HEVs primarily use nickel metal hydride (NiMH)
batteries while lithium-ion (Li-ion) batteries are generally used for PHEVs and AEVs to meet
requirements for greater storage capacity and higher power ratings (National Research Council 2010).
The demand for lithium, cobalt, nickel and other materials associated with Li-ion battery chemistries will
likely grow substantially with the wide-scale deployment of AEVs and PHEVs. HEV manufacturers are
also expected to transition to Li-ion batteries as the technology becomes cheaper and more mature. For
example, Hyundai has already incorporated lithium polymer batteries into its Hyundai Sonata Hybrid.

 personal communication between the U.S. Department of Energy and National Renewable Energy Laboratory staff, August
2011.

 Ibid.

® HEVs rely on an internal combustion engine as the primary power source, but use a battery to help collect energy captured
during vehicle braking and deceleration. PHEVs generally incorporate a higher-capacity battery than HEVs, which can be
recharged externally and used as the primary power source for longer durations and at higher speeds than is required for an
HEV. AEVs use the battery as the sole power source.
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The most common NiMH chemistries use a cathode material designated as ABs. “A” is typically rare
earth mischmetal containing lanthanum, cerium, neodymium and praseodymium; while “B” is a
combination of nickel, cobalt, manganese and/or aluminum (Kopera 2004). A current-generation hybrid
vehicle battery is estimated to contain several kilograms of REE material.

Li-ion batteries do not use rare earths, but they may use key materials such cobalt, nickel or manganese
in addition to lithium. Li-ion batteries that show promise for electric drive vehicle applications typically
use graphite as the anode and some form of lithium salt in both the cathode and electrolyte solution.
Key material content per vehicle battery varies widely depending on manufacturer design choices.
Researchers from Argonne National Laboratory have estimated that a battery capable of providing 100
miles of range for an AEV would contain between 3.4 and 12.7 kg of lithium, depending on the battery
formulation and storage capacity required (Gaines and Nelson 2010). Detailed calculations on material
content are given in Appendix B.

Electric Two-Wheeled Vehicles

Electric bicycles and other electric two-wheeled vehicles use PM motors and batteries in a manner
similar to AEVs and PHEVs. While not a clean energy technology, per se, these vehicles have emerged as
an important part of the transportation picture, particularly in developing countries such as China. The
motor size, battery size and key material content per bicycle are very small compared to electric drive
automobiles, but electric bicycle sales are sold in much greater numbers. The motor size in a typical
electric bicycle is less than 1 kilowatt (kW), compared to a 55 kW traction motor in a Toyota Prius. The
International Energy Agency (IEA) projects a global electric two-wheeled vehicle stock of 44 million in
2010, growing to 76 million by 2015 and 101 million by 2020 (IEA 2010a). IEA’s numbers also include
larger electric two-wheeled vehicles that serve as alternatives to scooters and motorcycles, but these
vehicles represent a tiny fraction of the marketplace. Although high-end designs are rapidly
incorporating Li-ion batteries, the vast majority of electric bicycles still use lead-acid batteries. Demand
for neodymium-iron-boron magnet electric bicycle motors is included in the demand projections for
neodymium and dysprosium (electric bicycles were not included in the clean energy demand projections
in the 2010 Critical Materials Strategy).

2.5 Emerging and Notable Technologies

Several other clean energy technologies may contribute significantly to key material demand in the
longer term. These technologies are described below and may be considered for further analysis in
future revisions to this report.

Grid Storage Batteries

Grid storage batteries may play an essential role in clean energy generation and distribution by storing
energy that is generated in excess of current demand for later use. This grid storage capability is
particularly important for wind and solar power electricity generation, where generation capacity
fluctuates with the available resource. These applications could employ battery technologies that are
more easily scaled-up in size for large capacity storage requirements than Li-ion or NiMH. The DOE
Office of Electricity Delivery and Energy Reliability is investing in large-scale, battery-based grid storage
demonstrations, including Li-ion, sodium-sulfur, lead-carbon and iron-chromium technologies.
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Vanadium redox batteries, which operate via the flow of vanadium electrolyte through a battery stack,
have also been cited as a promising grid storage technology. Although limited in temperature range,
these batteries are highly efficient, have low self-discharge and can have their storage capacity scaled-
up indefinitely by increasing the amount of vanadium in external storage tanks (Science Daily 2011).

Fuel Cells

Fuel cells are a promising clean energy technology for vehicle propulsion, auxiliary power and
distributed power generation. REEs are used in several different fuel cell chemistries. In particular, solid
oxide fuel cells (SOFCs) for distributed power generation commonly use yttrium in their electrolyte, and
may also use lanthanum, cerium nickel and cobalt in other components. The National Energy
Technology Laboratory (NETL) estimates that commonly used SOFC designs may require 21 grams of
yttria (i.e., yttrium oxide) per kilowatt of fuel call capacity, translating into less than 0.5% of current
yttrium production at 4 gigawatts per year of new capacity (J. Thijssen, LLC 2011). Other stationary
distributed power fuel cell systems, such as molten carbonate and phosphoric acid, are commercially
established but do not require REEs in their designs. Fuel cell vehicles typically use polymer electrolyte
membrane fuel cells, which rely on non-REE materials such as platinum.

Nuclear Power

Nuclear power technologies use some of the key materials analyzed. Gadolinium, an REE, is used in
nuclear fuel bundles. Reactor control rods incorporate cobalt, indium and several heavy rare earths.
However, the nuclear industry’s share of total rare earth demand is currently small, and is not projected
to grow significantly in the short- to medium-term, in part because of uncertain demand for nuclear
power in some countries. Germany, for example, has announced a complete phaseout of nuclear power.
Japan has significantly scaled back plans for nuclear power in the wake of the Fukushima tragedy.
Nevertheless, many other countries—including, in particular, China—have continued plans for increased
use of nuclear power. The United States is strongly committed to nuclear power, which currently
provides roughly 20% of domestic electricity (Elliot 2011).

Magnetic Refrigeration

Magnetic refrigeration shows great promise for improving the energy efficiency of the refrigeration
process using rare earth PMs. Some experts believe this technology could capture a significant share of
the refrigeration market in the medium term if commercialized. However, magnetic refrigeration was
not included in the clean energy material demand projections (see Chapter 4) due to uncertainties about
the timeline for commercialization, projected demand and material intensity of the commercial
products.

Catalytic Converters

Automotive catalytic converters use cerium to facilitate the oxidation of carbon monoxide (CO), helping
to significantly reduce vehicle CO emissions. While the amount of cerium required per vehicle is very
small, catalytic converters are used in practically every passenger vehicle and accounted for
approximately 9% of total U.S. rare earth use in 2008. The demand for cerium in catalytic converters will
continue to grow with increasing global automobile deployment and the continuing need for
replacement vehicles. IEA projects that vehicle stock increases will level off in the medium term, with
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average stock addition rates falling from more than 5% per year from 2000-2010 to less than 2% per
year by 2025 (IEA 2010a), although demand for replacement vehicles will remain strong.'” Fortunately,
cerium is the most abundant rare earth, with significantly increased supplies anticipated in both the
short and medium terms (see Chapter 4).

Gas Turbines

Gas turbines for stationary power generation use yttrium for thermal barrier coatings of turbine blades.
Yttrium is also used in lesser amounts in bond coatings, high-temperature overlay coatings, substrates
and structural supports. These coatings are applied during initial manufacture then reapplied
periodically during an average 30-year turbine life. The National Energy Technology Laboratory (NETL)
conducted a study to estimate yttrium requirements for the existing U.S. fleet of 4,291 turbines and for
an estimated 450 new turbines that will be required from 2012—-2035 to meet U.S. Energy Information
Administration forecasts for new generation capacity. The study concluded that the existing turbine
fleet required approximately 150 tons of yttrium for initial installation and another 3,350 tons for
refurbishments over the life of the fleet. The new turbines would require an additional 1.3—1.7 tons for
initial installation and 30—40 tons for additional refurbishments, depending on the mix of turbine sizes
used to meet forecast generation capacity requirements. Averaged out over a 30-year life, this
translates into about 118 tons (107 tonnes) per year—about 1% of 2010 global production. Based on
this analysis, the U.S. demand for yttrium in gas turbines is not expected to be a significant driver of
global demand. However, expansions in global power generation capacity could have a greater impact
on demand in future years.

Vehicle Lightweighting

Reducing vehicle weight can provide significant fuel economy gains. For an average vehicle, reducing
weight by 22.5 kg is estimated to improve fuel economy by about 1% (Pollock 2010). Manufacturers are
expected to increasingly use lighter-weight materials such as magnesium, aluminum or plastic in place of
steel in automobile components, provided these materials do not sacrifice vehicle safety. This may lead
to increased demand for magnesium, which is the lightest of all engineering metals (Kulekci 2008). It is
already used by various manufacturers in a variety of automotive applications, including engine blocks,
cylinders, steering systems, wheel rims, clutches and transmission cases. However, additional research
will be required to overcome challenges associated with magnesium’s relatively low melting point and
high reactivity with air and water (Kulekci 2008).

Table 2-4 illustrates the use of some key materials and other potentially new critical materials described
in the emerging technologies sections above. These potentially new critical materials are referred to as
“materials to watch,” and are discussed briefly in Chapter 4.

v Underlying data from the International Energy Agency (IEA) (2010a) provided via personal communication between U.S.
Department of Energy staff and IEA staff on August 31, 2011.
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Table 2-4. Additional Technologies and Materials to Watch
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Chapter 3. Market Dynamics and Characterization

This chapter describes dynamics that affect the markets for key materials. Global demand and supply
shifts are altering the dynamics within these markets while presenting both challenges and
opportunities to stakeholders. A number of institutions are preparing a future materials workforce to
