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Strategic Pillars

o Diversify global supply chains
e Develop substitutes
 Reduce, reuse and recycle

< UPSTREAM DOWNSTREAM >

End-Use
Technologies

Extraction Processing Components

Recycling and Reuse

Material supply chain with environmentally-sound processes



2011 Critical Materials Strategy

2011 Critical Materials Strategy:

Provides an updated criticality
analysis

Sets forth several case studies,
including oil refining catalysts

Discusses critical materials
market dynamics

Presents DOE’s Critical Materials
R&D Plan
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! DOE’s 2011 Critical Materials Strategy - Main Messages

1. Critical supply challenges for five rare
earths (dysprosium, neodymium, terbium,
europium, yttrium) may affect energy
technologies in years ahead

2. In past year, DOE and other stakeholders
have scaled up work to address these
challenges

3. Building workforce capabilities through
education and training will help realize
opportunities

4. Much more work required in years ahead



Current and Projected Rare Earth Oxide Supply by
Element — 2011 Critical Materials Strategy

Potential Sources of Additional Production between 2010 and 2015
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(1) Molycorp, (2) Lynas, (3) Indian Rare Earths/Toyota Tsusho/Shin-Etsu, (4) Kazatomprom/Sumitomo, (5) Great Western Minerals, (6) Vietnamese
Govt/Toyota Tsusho/Sojitz, (7) Stans Energy, (8) Alkane Resources, (9) Arafura Resources, (10) Greenland Minerals and Energy, (11) Great Western
Minerals, (12) Avalon Rare Metals, (13) Rare Element Resources, (14) Pele Mountain Resources, (15) Quest Rare Minerals, (16) Ucore Uranium, (17) US Rare
Earths, (18) Matamec Explorations, (19) Tasman Metals, (20) Montero Mining/Korea Resources, (21) Namibia Rare Earths, (22) Frontier Resources/Korea
Resources, (23) Hudson Resources, (24) AMR Resources, (25) Neo Material Technologies

Source: Watts 2011

Rare earth metals are not rare —
found in many countries including the United States



Demand Projections: Four Trajectories

Material Demand Factors

Market Material
Penetration Intensity

Trajectory D High High
Trajectory C High Low
Trajectory B Low High
Trajectory A Low Low

s
*

* Market Penetration = Deployment (total annual units of a clean energy
technology) X Market Share (% of units using materials analyzed)

° Material Intensity = Material demand per unit of the clean energy technology



| "'i_- Neodymium - Supply and Demand Projections
%7 Critical Materials Strategy 2011
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: | Lithium — Supply and Demand Projections
%7 Critical Materials Strategy 2011
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Criticality Assessments

e Methodology adapted from National Academy of
Sciences
* Criticality is a measure that combines
e I[mportance to clean energy technologies
e Clean Energy Demand; Substitutability Limitations
e Risk of supply disruption
e Basic Availability; Competing Technology Demand;
Political, Regulatory and Social Factors; Co-
Dependence on Other Markets; Producer Diversity
 Time frames:
e Short-term (Present - 2015)
* Medium-term (2015 - 2025)
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R&D Workshops & International Meetings
e Japan-US Workshop ( Lawrence Livermore

National Lab — Nov 18-19, 2010)

e Transatlantic Workshop (MIT — Dec 3,
2010)

* ARPA-E Workshop (Ballston, VA — Dec 6, - .
2010) 9 [ PLIOYC

e US- Australia Joint Commission Meeting
(DC - Feb 14, 2011)

* Trilateral R&D Workshops withJapanand | e E
EU (DC — Oct 4_5’ 2011’ TOkyO — MarCh 28- EU-JAPAN-US TRILATERAL CRITICAL MATERIALS INITIATIVE

209 IN19)
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72l R&D Plan

DOE R&D aligns with the 3 strategic pillars

 Diversification of Supply: Separation and
processing
e Substitutes
e Magnets, motors, generators
e PV
e Batteries
e Phosphors

 Recycling

18



PV and Batteries

DOE invests in a broad technology portfolio with

diverse materials:

FY 2011 R&D Investments - PV

S22
million

EERE Solar Energy
Technologies Program

* Iron Pyrite

* Copper-Nitride

» Copper-Zinc-
Tin-Sulfide

e Cadmium-
Telluride

* CIGS
* Silicon

R&D Investments - Batteries

EERE Vehicle FY11 S24
Technologies Program million
ARPA-E Batteries for FY10 S35
Electrical Energy million

Storage in
Transportation

Next-
generation:

Li-sulfur

Mg-ion

Zn-air

19



y Substitutes for Rare Earth Permanent Magnets for Motors and Wind
’ Generators

FY 2011 R&D Investments

ARPA-E REACT EERE Vehicle  EERE Wind
Technologies  Program
Program

S30 million S6 million S7.5 million
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i2 Novel High-Energy Permanent Magnets without Critical Elements
Y PI: R. William McCallum, Ames Laboratory, Ames, IA

50% of oxide in ore is Larger-Field Motor via
Magnet Shape Design

Designer Ce-TM Magnet Usable Drive Motors

NovaTorque General Motors

John Petro Fred Pinkerton

Molycorp Minerals Ames Laboratory
Stan Trout
R. W. McCallum, D. Johnson,

Molycorp Bastnasite V. Antropov, K. Gschneidner,
4x (12x) more Ce than Nd M. Kramer, V. Pecharsky
(Pr)
=> 4x more Ce-based magnets

Suitable Ce-based magnets are undeveloped. Via integrated
computational engineering and advanced synthesis and

than Nd-Pr-based magnets processing, Ames Laboratory will:
Control and manipulate the intrinsic and extrinsic magnetic
Key Milestones & Deliverables properties of Ce-Transition-Metal permanent magnets

for automotive traction motors.
« Jointly characterize Ce-TM baseline alloys Develop a Ce-TM based magnet for motors having Tc > 300
* Develop/assess Ce-(Fe, TM)-X alloys (X=H,N). C, a remnant magnetization >1 Tesla, and a coercivity
>10 KOe, needed for technology.

» Evaluate and down-select interstitially and/or
substitutionally modified Ce-TM magnets

Courtesy of \il Jl.)\i'ﬂ-ﬂ
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:'__- Next R&D Challenges and Opportunities

Efficient & . Substitutes
, Separation
environmentally 2 for

friendly processes . Lighting
Processing Phosphors

Recycling Substitute critical
New separation REEs with abundant
processes could apply materials

to recycling

Related DOE R&D Initiatives

 Critical Materials Energy Innovation Hub — identifying more efficient use of critical
materials in energy technologies and improving the efficiency, and reducing the
production costs, for supplies of critical materials

* Innovative Manufacturing Initiative — transformational manufacturing process and
materials technologies

e Small Business Innovation Research (FY12 FOA)- lanthanide separation & processing topics
22



Recycling

Availability of
Material

Technology,
infrastructure and

Viability of
logistics Recycling

Economics

Recycling Opportunities

End of Product Life Recycling 30% of fluorescent bulbs are already
= recycled for mercury removal, but phosphors
‘ end up in landfills
Reducing/Reusing 30% loss of magnetic material during

Manufacturing Loss machining, but could be reduced
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Disciplines

Bioengineering
Chemical Engineering
Chemistry

Civil Engineering
Electrical Engineering
Economics
Environmental Engineering
Environmental Science
Geosciences

Hydrology

Industrial Ecology
Materials Science
Mechanical Engineering
Physics

ducation and Training:
kills Required Across the Rare Earth Supply Chain

Concentrations Trans-disciplinary Skills

Characterization/Instrumentation
Green Chemistry/Engineering
Manufacturing Engineering
Materials recycling technology

Process Operations
Separations
Lanthanide chemistry
Solid-state chemistry

Ecology Modeling

Economic Geology Product design

Geology Rational design

Mineralogy

Mining sciences B S - T
Ceramics [ | 5!
Magnetic materials | é’ e e 6| 28
Metallurgy | B . )

Optical sciences
Solid-state physics
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! & Next Steps

 Implement DOE’s integrated research plan.
e Strengthen information-gathering capacity.

e Continue to work closely with:
* Interagency colleagues
* International partners
* Congress
e Public

e Update the Strategy periodically.
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Interagency Coordination

Office of Science and Technology Policy
(OSTP) convened four work groups:

e C(Critical Material Criteria and
Prioritization

e Federal R&D Prioritization
e Globalization of Supply Chains

e Depth and Transparency
of Information
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