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About the Supply Chain Review for the
Energy Sector Industrial Base

The report “America’s Strategy to Secure the Supply Chain for a Robust Clean Energy Transition” lays out the
challenges and opportunities faced by the United States in the energy supply chain aswell as the federal
government plans to address these challenges and opportunities. It is accompanied by severalissue-specific
deep dive assessments, including this one, in response to Executive Order 14017 “America’s Supply Chains,”
which directs the Secretary of Energy to submit a report on supply chains forthe energy sectorindustrial base.
The Executive Order is helping the federal government to build more secure and diverse U.S. supply chains,
including energy supply chains.

To combat the climate crisis and avoid the most severe impacts of climate change, the United States is
committed to achievinga 50 to 52 percent reduction from 2005 levels in economy-wide net greenhouse gas
pollution by 2030, creatinga carbon pollution-free powersector by 2035,and achievingnet zero emissions
economy-wide by no later than 2050. The U.S. Department of Energy (DOE) recognizes that a secure, resilient
supply chain will be critical in harnessingemissions outcomes and capturingthe economic opportunity
inherent in the energy sector transition. Potential vulnerabilities and risks to the energy sector industrial base
must be addressed throughout every stage of this transition.

The DOE energy supply chain strategy report summarizes the key elements of the energy supply chain as well
asthe strategies the U.S. government is starting to employ to address them. Additionally, it describes
recommendations for Congressionalaction. DOE has identified technologies and crosscuttingtopics for
analysisin the one-yeartime frame set by the Executive Order. Along with the policy strategy report, DOE is
releasing 11 deep dive assessment documents, including this one, covering the following technology sectors:

e carbon capture materials,

e clectric grid including transformers and high voltage direct current (HVDC),

e energy storage,

o fuelcells and electrolyzers,

e hydropowerincluding pumped storage hydropower (PSH),

e neodymium magnets,

e nuclearenergy,

e platinum group metalsand othercatalysts,

e semiconductors,

e solarphotovoltaics (PV), and

e wind.
DOE is also releasing two deep dive assessments on the following crosscutting topics:

e commercialization and competitiveness, and

e cybersecurity and digital components.

More information canbe found at www.energy.gov/policy/supplychains.
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Executive Summary

In February 2021, President Biden signed the “Executive Order on America’s Supply Chains” (EO 14017),
directing executive agencies to evaluate the resilience and security of the nation’s critical supply chainsand to
craft strategies for the industrial bases that underpin America’s economic and national security. Sec. 3(b) of
EO 14017. As part of the one-yearresponse to EO 14017,the U.S. Department of Energy (DOE), through the
DOE nationallaboratories, conducted evaluations of the supply chains that encompass the Energy Sector
Industrial Base, with a particular focus on technologies required to decarbonize the U.S. by 2050.

This report focuses on the supply chain forrare earth permanent magnets, specifically sintered neodymium-
iron-boron (NdFeB) magnets, used in clean energy technologies. Sintered NdFeB magnets are the strongest
magnets commercially available and provide a host of benefits to wide-ranging applications in consumerand
industrial electronics, especially in advancedmotorand drive systems. Within the Energy Sector Industrial
Base,and clean energy in particular, NdFeB magnets are key intermediate components of permanent magnet
synchronous (direct drive) generators in wind turbines (especially for offshore turbines)and electric
synchronous traction motors for propulsion systems in battery and hybrid electric vehicles.

Under aggressive decarbonization scenarios, such asthose striving toward net-zero carbon emissions by 2050,
demand forrare earth magnets is expected to grow rapidly, both domestically and globally. This demand poses
a significant and undeniable challenge to U.S. decarbonization goals because rare earth magnets (and the rare
earth materials they contain) are characterized by substantialmarket volatility and geopolitical sensitivity.
Markets forrare earths are opaque asthey are produced as byproducts and oftensold via contractual
relationships. Nearly all supply chain stages are concentrated in China and the chemistry associated with
processing rare earthsis challenging, expensive,and hazardous. Furthermore, substitution is difficult
throughout the supply chain due to the unique characteristics and technical advantages of rare earth magnets.

The U.S. government hasbeen actively engaged in promoting U.S. production and buildinga more resilient
supply chain.In 2021, the U.S. Secretary of Commerce launched aninvestigation of the effects of imports of
NdFeB magnets on National Security to evaluate whether Section 232 of the Trade Expansion Actof 1962 is
applicable foraddressingthe issues in the supply chain. The federal government is also executing projects
under Title 11T of the Defense Production Act (DPA), which hasbeen authorized foruse to support rare earth
and sintered NdFeB magnet production. DOE has also directed research fundingand provided industry support
torare earth and NdFeB magnet projects. However, significant challenges still exist to develop and sustain a
resilient rare earth magnet supply chain.

This report characterizes the sintered NdFeB supply chain ashaving fourprimary stages. These include:

1. Rawmaterials production, including mining and concentration from primary sources, recycling from
secondary sources,and processing from unconventional sources, such as mine tailings and coal
byproducts.

2. Processed materials production, which includes rare earth oxide separation and metalrefining.
3. Alloy-making and magnet manufacturing.

4. Use of magnetsin downstream end-products.

viii
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Figure ES1 shows how the supply chain for magnetsis highly concentrated in China, especially asit moves
further down the supply chain from mining, to separation, to metalrefining, and to magnet manufacturing. !

Geographical concentration of supply chain stages for sintered NdFeB magnets
From center:rare earth mining, oxide separation, metal refining, and magnet manufacturing

B China

B U.S.A.
OBurma
B Australia
Malaysia
@ Japan

m Other countries

Figure ES1. Geographical concentration of supply chain stages for sintered NdFeB magnets, 2019

Several factors determine U.S. resilience and competitiveness in the rare earth magnet supply chain, including
geographicalconcentration, geopolitical sensitivity of trade partners, net import reliance, price volatility,
substitutability throughout the supply chain,and other factors. While improving in recent yearsdueto a
numberof domestic and international projects that increase domestic production capacity and the diversity
of foreign supply sources, the supply chain of rare earth (RE) elements and magnetsis still not resilient.

U.S. manufacturers continue to struggle to be competitive, particularly in the midstream stages of the supply
chain. The United States currently has limited domestic production capacity forthe sintered neodymium
magnetsused in wind turbines and electric vehicles, while China dominates each ofthe majorstagesin the
supply chain. Even more significantly, this concentration of production in China increases at every
downstream stage, rising from a 58% share of annualglobalrare earth mining in 2020 to a 92% share of
annual globalmagnet production, the stage with the highest added value. Therefore, establishinga resilient
domestic magnet manufacturing industry will require restoring U.S. competitiveness in multiple stages of the
supply chain. This report discusses these issues in detailand describes severalongoing efforts by U.S. and
foreign firms that may improve the resilience of the U.S. supply chain,as well as lessons learned from past
efforts.

! Note the figure includes stages 1 through 3 from raw materials production through magnet manufacturing, but does not include stage 4, the use of
magnets in downstream products; the middle two concentric circles together encompass the processed materials stage.
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This discussion leadsto a numberof vulnerabilities facing U.S. effortsto decarbonize the Energy Sector
Industrial Base. These include:

e The instability of the global market for RE elements.

e Reliance on China forraw materialand magnet production (in particular, reliance on Chinese firms that
can influence global markets through production decisions and that can be influenced by the Chinese
government them through policy decisions).

e Reliance on scarce materials from mines and processes that rely on environmentally hazardous extractive

techniques (including carbon-intensive practices).

e Aggressive pursuit of intellectual property by foreign firms for common magnet manufacturing practices
that restricts U.S. firms from competing.

e Large, expected increasesin demand due to the increased deployment of offshore wind turbines and
battery and hybrid electric vehicles.

These vulnerabilities lead to some opportunities forthe United States. In particular:

e The United States possesses significant sources of rare earths, both conventionaland unconventional,
and is already one of the leading producers outside of China of concentrate from mines; projects are
currently underway to add a similaramount of domestic separation capacity.

e Technologicalimprovements in processing unconventional sources and process intensification and scale-
up in RE separation and metalrefining may create opportunities formore competitive domestic metal
refining and expanded separation beyond the existing projects.

e Research,development,demonstration,and deployment (RDD&D) in magnet recycling techniques and
support forrecycling companies could allow U.S. suppliers to establish technologicaladvantages and
help fill a key supply chain gap.

e New investmentsin RDD&D along the supply chain to allow substitution away from vulnerable
materials and products can make producers that use those technologies less vulnerable to supply chain
disruptions.

Find the policy strategies to address the vulnerabilities and
opportunities covered in this deep dive assessment, as well as
assessments on other energy topics, in the Department of Energy 1-
year supply chain report: “America’s Strategy to Secure the Supply
Chain for a Robust Clean Energy Transition.”

For more information, visit www.enerqgy.qov/policy/supplychains.
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1 Introduction

Decarbonizing the economy by 2050 will require radicaltransformations to the U.S. Energy SectorIndustrial
Base (ESIB), including in the manufacture of renewable electricity generation technologies and zero-emissions
vehicles. While the technologies to achieve these goals are available, they currently rely on raw materials
characterized by opaque and volatile global markets and theirsupply chains are often concentrated in
geopolitically sensitive areas. Furthermore, midstream stages of supply chains, such as material processingand
the manufacturingof components, are also concentrated in foreign countries with complicated geopolitical
relationships with the United States. This report focusses on the supply chain forrare earth permanent
magnets.

Rare earth (RE) permanent magnets — specifically, neodymium-iron-boron (NdFeB) magnets—are the
strongest magnets commercially available and provide a host of benefits to existing and emerging
technologies, including clean energy and defense technologies, consumer electronics, power tools, sensors,
machines,and many othertechnologies. [-3l In particular, RE magnets enable the use of technologies that
improve the efficiency and simplicity of electrical machines. ¥ Within the energy sector, they are necessary
components of direct drive and hybrid generators in wind turbines and of traction motors in electric and
hybrid-electric vehicles. These technologies enable the construction of higher-capacity, more efficient wind
turbines with reduced maintenance costs and the manufacturing of more efficient, more powerful, and lighter-
weight motors in electric vehicles (EVs).

Given the importance of NdFeB magnets to clean energy, nationalsecurity, and economic prosperity, the

U.S. government hasbeen actively engaged in encouragingand incentivizing U.S. production and improving
theresilience ofthe NdFeB magnet supply chain.In2021,the U.S. Secretary of Commerce launched an
investigation of the effects of imports of NdFeB magnets on National Security to evaluate whether Section 232
of'the Trade Expansion Act of 1962 is applicable foraddressingthe issues in the supply chain. The federal
government is also executing projects under Title 111 of the Defense Production Act (DPA), which is dedicated
to ensuring the timely availability of essential domestic industrial resources to support national defense and
homeland security requirements, and which has been authorized foruse to support the production of rare earth
elements and sintered NdFeB magnets. As of publication of thisreport, the DPA Title I1I program hasactive
agreements with industry to re-establish domestic production capacity forrare earth element separation and
production of NdFeB magnets, with additionalactions possible in the future. DOE hasalso directed RDD&D
fundingto help secure the domestic supply chain of critical materials that are used to build clean energy
technologies, including $30 million announced in 2021 for 13 nationallab and university-led research projects.
The National Science and Technology Council (NSTC) committee on Homeland and National Security works
across multiple agencies to implement the Federal Strategy to Ensure Secure and Reliable Supplies of Critical
Minerals published by the Department of Commerce (DOC) in 2019.

This report provides an overview of the NdFeB magnet supply chain, its vulnerabilities, and opportunities to
improve the resilience of the supply chain in the United States. It provides a complete mappingofthe NdFeB
magnet supply chain from the extraction of rawmaterials to the production of sintered magnets and discussion
of each step in the supply chain. Italso discusses the current supply chain risk facingthe United States, the
current competitiveness of the U.S. supply chain, and potential opportunities forenhancing supply chain
resilience. This analysisserves asa basis for highlighting severalvulnerabilities (and their causes)in the RE
magnet supply chain associated with decarbonizingthe ESIB.
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The reportis organized as follows. First, it discusses the mappingofthe RE magnet supply chain from raw
materials production through majorend uses and recycling. It then discusses risk and resilience factorsand
provides information on the current status of developments within the supply chain in the United States. The
report then discusses key vulnerabilities affectingthe supply chain asidentified by the analysis and notes some
potential opportunities.

2 Supply Chain Mapping

This section discusses the supply chain forproducing rare earth permanentmagnets and the various production
and manufacturing steps required. It also discusses their use in components and final products within the
Energy Sector Industrial Base (i.e., wind turbines and EVs) and various approaches to magnet recyclingand
productrecovery.

2.1 Supply Chain Overview

The intended use of a permanent magnet in a final product dictates the optimization of three key magnet
properties thathave aninfluence on which elements are needed and in what quantities. These properties are the
coercivity (or resistance to demagnetization); the maximum energy product (a measure of the magnetic energy
thatcanbe stored in the materialdependent upon its coercivity and magnetization); and the maximum
operatingtemperature. In most applications, a trade-offis made between these desired properties, the final
weight of the product, and the cost.

Two types of rare earth magnets exist: NdFeB magnets (the focus of this report) and samarium cobalt (SmCo)
magnets. SmCo magnets are more resistant to demagnetization at higher temperatures than NdFeB magnets
and are thus more suitable for high-temperature applications where weight is nota concem. The higher
maximum energy product of NdFeB at temperatures up to about 180 degrees Celsius allows manufacturers to
reduce the size and weight of components (orachieve higher efficiency out of components of the same size). [,
51 Further, NdFeB magnetsare produced as both bonded and sintered magnets. Both bondedand sintered
magnetsrely on the light REs neodymium (Nd)and praseodymium (Pr), while heavy REs such asdysprosium
(Dy) and terbium (Tb) are used primarily in sintered magnets to improve their resistance to demagnetization at
temperaturesabove 120 degrees C. [ll Because bonded magnets generally have lower-energy products and tend
to be brittle, both direct-drive generators and traction motors have relied on sintered NdFeB magnets. [6-8]
Approximately 93% of the current market for NdFeB magnets is for sintered magnets. %)

In the context of permanent magnets, a number of existing bottlenecks and challenges may inhibit U.S.
decarbonization goals. The overwhelming majority of global RE mine production, separation capacity, metal
and alloy manufacturing, and magnet manufacturingare dominated by China, andallexisting domestic RE
mine production (by companies such as MP Materials and Chemours) requires separation and furtherrefining
overseas dueto a lack of existing domestic separation,alloy making, ormetalrefining for RE materials. [10 11]
While Nd, Pr, and didymium (unseparated NdPr)are now being produced outside China,accessto heavy REs
(HRESs) is still constrained. And with the exception of some emergent sintered magnet capacity from Urban
Mining Company (which produces magnets from recycled feedstock), existing RE magnet manufacturing in
the United Statesis mostly limited to SmCo magnets. Projects areunderdevelopment at severalstages of the
supply chain to address many of these bottlenecks, but challenges remain to develop the supply chain further
and to ensure that these projects are successful.
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2.1.1  Overview of Supply Chain Segments

Magnetsare an intermediate product used in various subcomponents fora range of finished products (end
uses); accordingly, the supply chain forNdFeB magnetsincludes segments both upstream of magnet
manufacturing, such as raw materials production, and downstream, such as manufacturing of direct drive
generators for wind turbines.

Materialsused in NdFeB magnets include the light RE metals neodymium (Nd)and praseodymium (Pr), the
heavy REs dysprosium (Dy) and sometimes terbium (Tb), as well asiron (Fe) and boron (B). Additional
elements are sometimes included as well, including copper, cobalt,niobium,and cerium. 2 According to
rough calculation based on standard magnet composition and current material prices, the RE metalinputsare
estimated to account forover 90 percent of material costs and are more likely to be subject to supply
disruptions than othermaterial inputs to NdFeB magnet production. Therefore, forraw materials, this report
focuseson RE element supply chains and also considers equipment andlaborcosts.

The main supply chain segments for NdFeB magnets, including downstream segments as well asrecovery for
therecycling of magnets and embedded materials, are

1. Rawmaterials production, which includes the mining and processing of RE elements and othermaterials
aswell asproduction of materials from secondary and unconventional sources.

2. Processed materials production, which includes the separation of individual REs into oxides and RE
metalrefining,

3. Sintered magnet manufacturing, which includes both metalalloying and magnet making processes.
4. Manufacturingof components for finaluses and final products.

5. End-of-life product recovery and magnet remanufacturing.

Figure 1 illustrates the production steps associated with each supply chain stage. The remaining sub-sections of
Section 3 discuss each stage in greaterdetail.
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Raw Materials Production
Rawmaterials production includes the production of materials from primary sources (mining), secondary

Figure 1. Supply chain stages for rare earth element magnets

sources (recycled material),and unconventional sources as well asthe concentration and beneficiation of mine
products into a mixed rare earth concentrate. Figure 2 shows the portion of Figure 1 covered in this section of
the report, including the different types of resources and production stages covered. Due to the significance of
RE metals in NdFeB manufacturing, this section focuses more intently upon the mining and concentration of
these materials, but also discusses production of high-purity iron, boron,and materialsused in magnet

coatings. Sintered NdFeB magnets are composedof roughly 30% RE material, 69% iron, and 1% boron by

weight.
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2.2.1.1 Rare Earth Elements

2.2.1.1.1 Primary Sources of Rare Earth Elements — Mining and Processing

RE elements include the lanthanide elements (which comprise the chemical elements with atomic numbers
from 57 to 71), scandium, and yttrium. REs are chemically similar and are often present in the same mineral
deposits. They are divided into two groups based on their atomic weights, which also determines their
occurrence in nature. Light REs (LREs) include the elements cerium (Ce), lanthanum (La), praseodymium
(Pr), neodymium (Nd),and samarium (Sm). Heavy REs (HRE)s include the elements europium (Eu),
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (YD),
and lutetium (Lt). NdFeB magnets require a combination of LREsand HREs,namely Nd, Pr, and either Dy
or Tb.

Most rare earths are currently produced through the mining of primary ores. As REs are found in the same
deposits, they are produced as co-products, with some deposits containing primarily LREs and other
containingmore HREs. Ores are mined and then beneficiated usingsome combination of gravity, magnetic,
electrostatic, and flotation separation to remove excess materialand increase the concentration of rare earth
metals. [13]

2.2.1.1.2 Current and Planned Mining

Figure 3 shows global RE mining production by country in 2020, based on United States Geological Survey
(USGS) data.['"*1The majority of the world’s RE production occursin China, followed by the United States,
Burma,and Australia, with smaller amounts coming from Madagascar, Russia, India,and Brazil. The largest
single source of REs in the world is the BayanObo mine in the Inner Mongolia autonomous region in China. It
is a combined rare earth, iron, and niobium mine with rare earths contained both in independent minerals such
asbastnésite (a LRE fluorocarbonate) and monazite (a mixed rare earth phosphate)as well asin iron oxide
minerals, which are mined primarily forthe iron with rare earthsasa byproduct.[!31China also produces LREs
from severalothersources, primarily in Sichuan province. The majority of HREs come from a variety of small
mines in South China and Burma that produce REs from ionic clays. Concentrates from the mines in Burma
are sent to China for furtherprocessing. Outside of China and the United States, the largest producerof LREs
is Lynas’s Mount Weld mine in Australia, a carbonatite deposit containingmultiple rare earth-containing
minerals. [16]
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Figure 3. Geographic concentration of rare earth mine production, 2020 14

The two RE-containingmineralores currently extracted in the United States are bastnésite and monazite. The
highest-grade bastnésite ore deposit in the world is located at Mountain Pass, California,and hasbeen
exploited since the 1950s. The mine and mill have been operated by a numberof oil and mining companies
and are currently operated by MP Materials who bought the property out of bankruptcy proceedings for former
owner Molycorp. [0 This ore body haslarge amountsof Ce,La, Nd, and Prand smallamounts of Sm, but does
not contain a significant amount of HREs. The ratio Ce/La/Nd/Pris about 52/30/12/4.07 The Ce and La are in
excess supply worldwide, which keeps these prices low and makesithard to sell all the Ce and La produced.
As aresult, the cost of the mining and milling operation must be borne primarily by the sale of Nd and Pr.
USGS estimates that totalrare earth oxide production from Mountain Pass mine was 26,000 tonnes/year in
2019,!4land MP materials reported producing 38,500 tonnes/yearin 2020, 1% enough to produce about 13%
of current world Nd+Pr, butjust 0.6% of the world’s Dy.

Monazite is found in heavy mineralsandsin the southeastern United States, which historically have been
mined for titanium and zirconium with monazite largely treated as a waste product untilrecently due to the
presence of radioactive materials such asthorium in the monazite. Through a recent dealbetween Chemours
and Energy Fuels, Chemours now separates rutile, zircon, and monazite sands in Georgia and sendsthe
byproduct monarzite to a plant in Utah owned by Energy Fuels to produce a mixed rare earth carbonate. [18,19]
Energy Fuels is primarily a uranium producerand is able to handle the radioactive thorium and uranium from
the monazite. 29I Monazites are generally rich in Ce and La with some Nd and Prand smalleramounts of
HRESs. The monazite produced in the southeast United States is typically about 55% rare earth content, with
about 22% of that NdProxide. ['8l Planned shipments from Chemours to Energy Fuels of 2500 tonnes monazite
per yearwould be enough to generate about 0.7% of world Nd/Pr oxide production. 2!l Energy Fuels aims to
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increase production to 15,000 tonnes monazite/year with additional monazite from otherlocations, which
could increase Nd/Pr production to about 4% of current world production. [11]

A wide range of projectsat various stages of development aim to add rare earth mining capacity throughoutthe
world. Technology Metals Research identified 58 resource deposits with a formally characterized rare earth
resource asof November2015. 22 Deposits from this list in the United States include Round Top, Bear Lodge,
Bokan Mountain,and La Paz, though thisis nota comprehensive list of all potentialore bodies in the

United States. Other advanced projects outside the United States include Nechalacho in Canada, Browns
Rangein Australia, Araxa in Brazil, and Penco in Chile. Many projects have found it challenging to acquire
the necessary fundingto develop these resources, but some have reached advancedstages of development.

Of particularinterest are projects with high concentrations of HREs, since HRE mining and processing is
currently limited to the ionic clays in China and Burma. Ionic claysalso are being developed in Chile;
however, current plans do not include separation facilities and at planned production rates, they would still
make up only about 2% of world Dy production. 23l Potential sources for HREs exist in other types of deposits
throughout the world, such asa rhyolite ore at Round Top in Texas, Browns Range in Australia, and Bokan
Mountain in Alaska. However, extracting REs from these ores is more difficult than from ionic clays,and has
thus farnot been established ata commercialscale.

USA Rare Earthshopesto develop Round Top in Texas, which could produce about 8% of current world Dy
oxide supply if developed at the scale proposed in its 2019 preliminary economic assessment. 24 If successful,
this could fill a gap in the U.S. supply chain, as existing bastnisite and monazite deposits have smaller shares
of heavy rare earths. The domestic companies and projects mentioned in this section do not necessarily
represent an exhaustive list, asnew players in the industry are constantly emerging.

2.2.1.1.3 Secondary Sources of Rare Earth Elements

Secondary sources are made up of scrap from end-of-life productsthat contain RE elements. Currently little
production of REs from secondary sources occurs worldwide, but REs could potentially be extracted from a
variety of end-of-life products. Historical (and near-future) end-use demands determine the availability of REs
from secondary sources. Current and potential secondary sources of REs span a number of end-use categories
(such asalloys in batteries and scrap metal, catalysts, phosphors, ceramics, glass, and permanent magnets);
however, many of these applications contain lower-value rare earths (such as Ce and La)that are unlikely to be
economicalto recover.[>1 By end-use category, permanent magnets and catalysts dominate demand at33%
and 32%, respectively. [261 As Nd and Pr are the primary elements of interest foruse in magnets, [23-26Ispent
magnets are by farthe largest potential source of materialsneeded for NdFeB magnets. Magnet recycling is
discussed furtherin Section 2.2.5

2.2.1.14 Unconventional Sources of Rare Earth Elements

In addition to mining and secondary production, REs can be extracted from unconventional sources, such as
byproducts of miningor otherupstream processes. Unconventional sources under consideration for RE
recovery include coaland the claysand shalesabove andbelowthe coalseams, coalash from coal-fired power
plants, [27-281 geothermal fluids used forenergy production, 2’ mine tailings, % acid mine drainage,3'’and
red mud (bauxite residue) generated from the production of alumina. 321 One advantage of unconventional
sources is that they could potentially be developed more quickly than mining projects, though REs occurin
vastly smaller concentrations in these sources.

One of the more promising unconventional sources of REs is coalash, a combustion byproduct collected from
coalbumed at coal-fired power plants. Because coalash contains small concentrations of toxic metalsthat can
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impose significant negative environmental and health impacts if not contained, most industrialized nations
regulate its collection and storage. Coalash hasbeen reclaimed forbeneficialuses in concrete and cement,
asphaltand pavement, and other construction and industrial products.In 2010, an estimated 42 percent of the
totalcoalash produced in the United States was reclaimed foruse, with the remainderstored in on-site
repositories. 331 A recent study evaluating the potential of U.S. coalmines as domestic rare earth sources found
thatbituminous coal from the Appalachian region has the highest potential foreconomic RE recovery, with the
most promising samples in the eastern Kentucky area. *%

Inrecent years, published research has focused on evaluatingthe RE content of coalash from powerplants
around the world, and several processes for extracting REs as an intermediate step between coal-fired power
plantsand cement plants have been developed and evaluated. Some of these processes show potentialto
improve the quality of coalash for its use in cement, asin the case of Battelle’s acid digestion process. [27]
Other potential coalash processes include the use of biosorption, B% supercritical carbon dioxide, B3 novel
membrane separation, 3% and sequential extraction followed by hydrothermaltreatment. 371 The DOE has
recently funded development of fourpilot-scale projects forthe recovery of rare earths and critical materials
from coaland coalbyproducts.

While currently no industrial scale production of rare earths takes place from unconventional sources, a
numberof domestic projects are underdevelopment. MP Materials has received DOE funding with the
University of Kentucky fora feasibility study to produce rare earths oxides and metals from coalbyproducts.
1381 Phoenix Tailings aims to produce rare earths from mine tailings such as bauxite residue, or red mud. 3%
These companies and projects do not comprise an exhaustive list, asnew projects are announced regularly with
varyingdegrees of readiness.

2.2.1.2 Iron

NdFeB magnets consist of about 69% iron, 1% boron, and 30% rare earth metals (Nd, Pr, Dy) with small
additions of Co, Al, Tb, and Ho. The iron used is an American [ron and Steel Institute (AIST) 1001 steel, which
Induction Iron used to provide to magnet producers in the United States when magnets were being
manufactured domestically. Currently there is very little domestic production of this very low carbon steel;
rather, it is now imported from Germany and sometimes from Braziland otherlocations. However, there are
U.S. companies that could produce the material if domestic demand were greater. Electrolytic iron, produced
by electrorefining low carbon steelin an aqueous solution, could also be used. Electrolytic iron is more
expensive than 1001 steel, since remelt consolidation must be used in magnet production. Electrolytic iron is
being produced in the United States,as well as in China, India,and the United Kingdom.

2.2.1.3 Boron

The boron in NdFeB magnets is supplied in the form of ferroboron, a reagent thatis easy to obtain and has
been produced in the United States. [t occurs asborate mineral, such asborax. The ore is converted to boric
acid, then reduced in an electric arc furnace with carbon steel, aluminum, and iron ore to produce ferroboron.
While the United Stateshasactive boron mining, it doesnot currently produce ferroboron (accordingto 2017
data)and mustrely on imports. #%1 The domestic production of boric acid reached about 250,000 tonnes in
2020. Supply of ferroboron could potentially be produced from these materials. Ferroboron is produced in
China, India, and Turkey.

Ferroboron is typically composed of roughly 17 to 20% boron, with iron accounting forthe remaining 80 to
83%. Totalferroboron used in 2017 in the United States wasabout 665 tonnes. [40]
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2.2.1.4 Other Raw Materials

Magnets are sensitive to water vapor,and if left unprotected with a coatingthe magnet will corrode. Water
vaporand oxygen in the air will convert the rare earth metalfraction to an oxide. Various coatingsare applied
to the surface of NdFeB magnets to prevent corrosion. The most common coatingis a nickel-copper-nickel tri-
layer, applied in three separate layers through electrolytic processes. The solutionsused in the plating process
contain phosphorous, some of which may end up in the coating. Non-magnetized preforms are used, with
magnetization occurring afterthe plating is complete. Table 1 shows various coatings used and their
thicknesses. There appearto be no restrictions on the domestic industry to apply these coatings.

Table 1. Coatings used on NdFeB permanent magnets [4']

Coating type

Ni-Cu-Ni

Gold-coating, Ni-Cu-Ni-Au

Chrome, Ni-Cu-Ni-Cr
Copper, Ni-Cu

Epoxy resin, Ni-Cu-Ni
Zinc
Teflon
Silver, Ni-Cu-Ni-Ag
ABS (plastic)
Xylan
Parylene

Nickel
Al

Thickness

12 micron

12 micron of Ni-Cu-Ni, 0.5 micron

Au
15 micron

10 micron
10 micron

4 micron

25 -250 micron
12 micron, silver 0.5 micron

800 micron

15-30 micron
30 micron

10 micron

4-10 micron

2.2.2 Processed Materials Production
Processed materials production includes RE separation to separate individualrare earths from concentrates,
generally in oxide form, and metalrefining to convert rare earth oxides to metals. These steps, illustrated in
Figure 4, are often associated with the midstream portion of the NdFeB magnet supply chain.

Comment

Most common coating, may
contain phosphorous

Gold coating wears rapidly

Can easily wear, small scratches
will lead to corrosion of magnet

Leads black marks when handled

Can easily be damaged

Silver added to improve
appearance

Applied by chemical vapor
deposition (CVD)

May contain phosphorous

CVD application
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Figure 4. Processed material supply chain for NdFeB magnets

2.2.2.1 Rare Earth Element Separation

While a variety of rare earth deposits exists, in all of them many different rare earths are combined,as well as
with otherminerals. Because of the chemicalsimilarity of different rare earth elements, separatingthem from
each otheris particularly challenging. NdFeB magnets require a combination of rare earths, especially Nd, Pr,
and Dy, with the proportions of each rare earth influencingmagnet properties. Nd and Pr are particularly
difficult to separate,due to similar chemicalproperties. As a result, they are often used in magnets unseparated
asdidymium (NdPr alloy), sometimes combined with separated Nd to get the desired Nd to Pr ratio in a
magnet. Mixed rare earth oxides and mischmetals, an alloy containingmultiple unseparated rare earths, are
also used in applications such asnickel-metalhydride (NiMH) batteries, alloys, and ceramics, but are not
suitable for most NdFeB magnets.

The primary process currently used for separation is solvent extraction. The extraction process is engineered
for each type of concentrate as the ratios of Ce/La/Nd/Prin each ore body is different. The concentrates of
bastnésite require high-temperature cracking with sulfuric acid or otherreagents to renderthe mineralamiable
to dissolution. Similar processing on monazite is necessary. Before entering the solvent extraction trains, Ce is
generally removed from brines through oxidation. Solvent extraction trains potentially use hundreds of
mixer/settlers, each of which consists of a mixing chamber where a solvent is mixed with the feed solution,
and a settling chamberwhere lighter and heaviermaterials are separated by gravity. The process initially
separates light rare earths such as Nd and Pr from heavy rare earths such as Dy and Tb before performing
additionalseparations. The process consumes large amounts of acid, caustic,and water. Treating wastewater
and purchases of solvents are key drivers of costs, so technologies to recycle solvents from the wastewatercan
play an importantrole in cost reduction and improved environmental performance. [#21Ongoingresearch is
being conducted to develop extractingreagents that do not require as much acid and caustic to use in the
mixer/settler/stripping units. During ore processing, small amounts of uranium and thorium also must be
separated from the rare earth streams, which leads to additionalchallenges dealing with radioactive materials.
Additionaldetails on the solvent extraction process are described in Appendix A.

2.2.2.1.1 Current and Planned Separation

Figure 5 shows global RE separation by country based on authorestimates of known industry partnerships. For
example, since most of the product of Mount Weld mine in Australia goes to Malaysia forseparation, we
assume that Malaysia’s share of separation isthe same as Australia’s share of mine production. Similarly, mine

10
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production from the United States, Burma,and Madagascarisassumed to be separated in China. Despite just
under 60 percent of total RE mine production occurring in China, the country controlsalmost 90 percent of RE
separation.

Estonia

Qo

Malaysia

Separation
1%
7%
89%

o 2,500 5,000 Miles
L ]

Figure 5. Geographic concentration of rare earth oxide separation, 2020

China’sshare of heavy rare earth separation is even higher, near 100%. Most of these separated HREscome
from ionic clay minerals found in China and Burma. Of the rare earth ores mined in the United States, the
bastnisite found in Mountain Pass mine is notrich in Dy, while monazite sands may have some Dy.
Improvements can be made in the current practice to recover Dy from mineral sands. When the fraction of
HREs is much smallerthan the fraction of LREs, it may not be economicalto separate small quantities of
HREs into individual rare earths. None of the Dy mined in the United Statesis currently separated
domestically,and the rare earth products from Lynas’s separation facility in Malaysia do not include separated
heavy rare earths. [*3] Light and heavy rare earth separation capacity also existsata Solvay facility in France
(though it is not clear whetherit is currently producing) as well as some idle capacity to separate heavy rare
earthsin Japan.[44]

MP Materials produces primarily light RE elements, such as Nd and Pr, from the Mountain Pass mine in
California. They currently send the concentrate to China forseparation of rare earth oxides, but have raised
funding (including through an award underthe DPA Title 111 program)to finish rebuilding their domestic
separation processing facilities, originally built by Molycorp, with the goal to begin production in 2022, [10,45]
Ifit processes all of'its current production of concentrates, this could represent about 12% of current global
rare earth production. *3IMP Materials has also stated its intentions to establish a complete domestic supply
chain from mining through magnet production. 9]

11
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Energy Fuels recently began producing a mixed rare earth carbonate from monazite separated by Chemours.
Energy Fuels hasan agreement with Neo Performance Materials,a company headquartered in Canada, to
exportrare earth carbonate to Estonia forseparation in its Silmet facility. [2!1 While this doesn’tincrease U.S.
RE separation, it does improve global diversity. The company hasalso studied costs of separatingrare earth
oxides and refining them into metalsand has announced plans to develop separation operations in the
future. [11]

Lynasis planning a separation facility in Texas through its subsidiary Lynas USA LLC, with support from the
DPA Title 111 program, which would be able to separate both light and heavy REs. [*6-471 The scale of the
planned heavyrare earth separating facility is not yet clear, but if it processes all of the heavy REs currently
produced from Lynas’ Mount Weld mine, this would generate about 2% of current world Dy oxide production,
and would be the most significant source of separatedheavy REs outside of China. With the addition of the
light rare earth processing facility, it was estimated that, between its plantsin Texasand Malaysia, Lynas
would be able to produce about 25% of the world’s separatedrare earth oxide. [4¢]

USA Rare Earths, which owns the Round Top depositin Texas, hasreportedly made progressin developinga
separation facility in Colorado. 24 811f successful, this facility could provide an additional source of separated
heavy REssuch as Dy, sourced from a domestic resource with high concentrations of heavy REs.

General Atomics hasreceived DOE funding for a demonstration facility to process and separate light REs from
stockpiles of mined material from the Bear Lodge mine in Wyoming. [**1Roughly 90 tonnes of RE oxides,
including 20 tonnes of Nd/Pr oxides, would be produced from this demonstration plant overthe course of a
year, which would be about0.1% of current world production. #°11fboth Bear Lodge mining and General
Atomics separation were expanded to the level planned in a 2014 pre-feasibility study for Bear Lodge,
production could increase to about 4% of current world Nd/Pr production. [22:38] The companies and projects
mentioned in this section do not necessarily represent an exhaustive list, asnew projectsand dealsare
constantly announced with varyingdegrees of readiness.

2.2.2.2 Rare Earth Element Metal Refining

Rare earth oxides or chlorides separated fromrare earth ores must be refined into metals in order to beused in
magnets. The metals most commonly used in magnet production are didymium (NdPr), a mix of Nd and Pr,
pure Nd, and ferrodysprosium (DyFe), with Tb metalused less frequently. The most commonly used processes
for refining metals are electrowinning and sodium reduction.

Electrowinning convertsrare earth oxidesto metals or alloys using an electrowinning cell, which consists of a
set numberofanodesandcathodes. Each metaloralloy produced requires a specific electrolyte composition.
All ofthe electrolytes are composed of solutions of lithium fluoride and the rare earth fluoride of the metalof
interest. The electrolytes are typically 80-90% rare earth fluoride, with the balance lithium fluoride. The
electrolyte can makeup nearly half of the initial capitalcosts of metalrefining. Details of the electrowinning
process and key challenges in its design are described in Appendix A.

Rare earths can also be refined into metals using sodium reduction, in which sodium metalis used to reduce
anhydrousrare earth chloride salts. This process is a metallothermic reduction similarto the Hunter process for
production of titanium. Challenges include the production of anhydrous chloride, as rare earth chlorides are
deliquescent, acquiring the sodium metal, which is imported, and the separation of the byproduct sodium
chloride from therare earth metal.
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2.2.2.2.1 Current and Planned Refining

Rare earth metalrefining currently occurs largely in China and a handful of Southeast Asian countries, with
smaller amounts in Estonia and the United Kingdom, with no current metalrefining in the United States.
Vietnam Rare Earths JSC operates a plant in Vietnam; B% metalrefining likely is occurring in Thailand; and
the state-owned rare earth company in Laos may be in production. Silmet in Estonia (owned by Canada-based
Neo Performance Materials)and Less Common Metals in the United Kingdom also have limited metal
refining capability.3!-321 While no reliable information isavailable on the amount of metalrefiningthat occurs
in different locations, our estimates of the geographic concentration of global RE metalrefining in 2020, based
on consultation with experts, are shown in Figure 6.

While no metalrefining is currently occurring in the United States, potentialremains formetalto be refined
domestically if the economics improved. Likely some idle metalrefining capacity exists, including in old
Mitsubishi furnaces in Ohio. MP materials has announced plans to build out its supply chain from mining
through magnet manufacturing, including metalrefining. 1'% Energy Fuels, which is currently processing
monazite in its Utah facility, hasalso studied fully separatingand refiningrare earth metals.['!] As with the
othersections, these companies and projects do not necessarily represent an exhaustive list.

& e
Estonia
UK

Metal Refining
<1%
2-3%
90%

o 2,500 5,000 Miles
]

Figure 6. Geographic concentration of rare earth metal refining, 2020

2.2.3 Magnet Alloy and Magnet Manufacturing

Magnetsare produced from alloys or powders that combine rare earth metals such as Nd and Pr with iron and
boron. The alloys used in the production of NdFeB magnets are grouped into two classes—those used for
bonded magnets where plastic resins are used to bind the magnetic particles together, and those used in
sintered magnets. Bonded magnets are typically favored in applications that require complex shapes, while
sintered magnets are typically used in harsher, higher-temperature conditions. ! Sintered NdFeB magnets can
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have smalladditions (0.5 to 11 percent) of Dy or Tb that improve the high-temperature resistance to
demagnetization, but adds cost to the magnet as dysprosium has consistently been one of the most expensive
rare earth elements overthe pastdecade. The magnets can also have additions of cobalt,aluminum, andother
transition metals. The total RE fraction is about 30 percent, with the balance iron and boron. Figure 7 shows
the magnet manufacturing portion of the supply chain diagram from Figure 1.

3) Magnet Manufacturing

Sintered NdFeB Magnet Manufacturing
> Sintered
——— NdFeB
Combination of rare Mon-rare HIL:_II::_:I'I_._'_: -
garth metal powders zarth materials e
equipment
L .
‘e Eonded
MdFeB
Bonded NdFeB Magnet Manufacturing
L Furmnaces and Other
pow ' equipment (non-NdFeB)
L .

Figure 7. The magnet manufacturing stage of NdFeB magnet supply chain

Sintered magnets tend to follow a powder metallurgy route. [!] Magnet alloys can be produced by induction
melting the metals, followed by strip casting, where molten metals are poured on the outersurface of a cooled
metalcylinder while the cylinder is rotated to produce a directionally solidified microstructure of the alloy
with a smallgrains size. This may be followed by hydrogen decrepitation to reduce the grain size further,
producinga strip thatis then jet milled using autogenous milling of the alloy into a powder with small grains
thatcan be used formagnet production. [!] These powders are pyrophoric, or prone to igniting when exposed to
air, makingthem difficult to ship. The alloys could be produced by a separate melt step in a different location
than the castingstep; however, this increases the cost of the materialas more energy is necessary to melt it a
second time before casting. The formation of the powderin the jet-milling step is important asthe shape of the
grains controls the microstructure of the magnet thatdefines its key performance parameters. The powder is
then aligned and pressed in a magnetic field, followed by sintering at 1,000-1,100°C. !

Once formed, the sintered magnets are machined to the desired shape and coated with a metal film of nickel
(5-10 microns) to protect the magnet from corrosion. After plating, the magnet is magnetized in a high
magnetic field to align the magnetization of the grains in the magnet. Figure 8§ summarizes the magnet
manufacturing steps, with typical first-time process yield by mass. This figure provides more detailabout the
“Sintered NdFeB Magnet Manufacturing” box in Figure 7. The largest materiallosses occurin the machining
step, dependingon the final size and shape of the magnet.
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Figure 8. Sintered magnet manufacturing process steps and typical process yields [5]

Sintered NdFeB grades typically range between 35 and 52 mega-gauss-oersteds (MGOe), a measure of their
maximum energy product. They are typically referred to as their energy product proceeded by an “N”

(e.g., “N35,” “N42,” etc.) followed by a suffix that denotes theirmaximum recommended operating
temperature. To operate at higher temperatures, some of the Nd/Pr is replaced with HRE (either Dy or Tb).
Table 2 shows NdFeB suffix grades with their maximum operating temperature and estimated Dy and Nd/Pr
contents. For example,a “N42 AH” magnet (or “42 AH,” for short) would have an energy product of 42 MGOe
and a max operatingtemperature of 220 °C, while an “N52” magnet would have energy product of 52 MGOe
and max operating temperature of 80 °C.

Table 2. Maximum operating temperature and associated Dy content of NdFeB magnet grades

Suffix No suffix | M | H
'\t";ég_p(?rca)tfg? 80 100 120 150 180 200 220
Appr(‘x‘t-_ %ggntent <0.5% | 14% | 2.8% @ 42% | 65%  85%-11% | 8.5%-11%
Approx. Nd+Pr 29.5% | 28.6%  27.2% @ 25.8% 24.5% @ 19%-215% | 19%-21.5%

content (wt. %)?

Manufacturers have made widespread efforts to economize on HREs in NdFeB through bettermanufacturing
processes such as grain boundary diffusion (GBD) and the dualalloy process, which combines NdPr metal
with ferro-dysprosium (DyFe). Through these processes, Dy contents fora given grade can bereduced below
the levels shown in Table 2.

2 Author calculation based on assumption of 30% total RE content.
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Toyota developed a magnet that did not require HREs, while also reducing the Nd content 561 though it is not
currently being used in their HEVs due to lower performance. Otherefforts have included strategies such as
altering machines to use different grades of magnets with lower HRE content and improvingmanufacturing
efficiency via methods such as near-net-shape manufacturingand waste reduction. Bl However, barriers exist
to widespread implementation of efficient manufacturingmethods that economize on HREs due to existing
patents and intellectual property.

2.2.3.1 Current and Planned Magnet Manufacturing

The majorproducers of NdFeB magnets, alloys,and powders are China (92%), Japan (7%), Vietnam (1%),
Germany (<1%) and a few other countries with relatively limited capacity.[?IOutside of China, major
manufacturers of alloys and powders include HitachiMetals (a Japanese company being purchased by U.S.
investment company Bain Capital), Shin-Etsu Chemical(Japan), TDK (Japan), Vacuumschmelze (a German
companyowned by U.S. private equity firm Apollo) and its subsidiary Neorem (Finland), Neo Performance
Materials (Canada), Less Common Metals (UK), and possibly Magneti(Slovenia). [12:37]Many of these
companies manufacture magnets in facilities in other countries. For example, Hitachi, [°®1 Shin Etsu, 591 TDK,
[601and Vacuumschmelze [*!1 produce some magnets in China; Shin Etsu produces magnets in Vietnam via
Shin Etsu Magnetic Materials Vietnam; and Neo Performance Materials (formerly Magnequench) produces
powders forbonded magnets in China and Thailand. Figure 9 shows the geographic concentration of global
sintered NdFeB manufacturingin 2020, based on estimates from Adamas Intelligence. [12]
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Figure 9. Geographic concentration of sintered NdFeB magnet manufacturing, 2020

The lone domestic producer, Urban Mining Company, manufactures sintered NdFeB magnets from recycled
materialand hasreceived funding from the DPA Title I1I program. [*3] While their current and planned
production level is not publicly available,an article from 2019 states that they were initially targeting
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250 tonnes/yearat the time, with a plant with capacity of 1000-2000 tonnes/year, and plans to expand
production. [®2] A companyrepresentative stated in 2020 that they handle about 2000 tons/year of
NdFeB magnets. (03]

MP Materials recently announced plans to construct a magnet production facility in Fort Worth, Texas, to
supply NdFeB magnets to General Motors (GM) for use in its vehicles. The facility would produce

1000 tonnes of NdFeB magnets per year, or about 1% of current worldwide production, with initial production
starting in 2023. 4] Vacuumschmelze also announced plans to produce magnets for GM vehicles in the
United States, though the planned size of the plantis not yet clear. [03]Quadrantalso recently announced plans
to begin producingmagnetsin the U.S., with initial target production capacity of 1,500-2,000 tonnes/year in
2024.1661USA Rare Earths hasalso purchased magnet production equipment from a facility in North Carolina
originally owned by Hitachi.[®7] As with othersections, the companies and projects mentioned in this section
do notnecessarily represent an exhaustive list.

2.2.4 Major Uses of NdFeB Magnets
2.2.4.1 General Uses

Rare earth magnets have many uses across a broad spectrum of applications, including wind turbines, electric
vehicle drives, hard disk drives, cell phones, loudspeakers, industrial motors, non-drivetrain motors in
vehicles, power tools, and electric bikes. Many of these productsuse permanent magnet motors and drives,
which are low maintenance and powerdense,and have been found to use about 2% less energy than an
efficient induction motorin a variable speed application. [%!

As shown in Table 3, consumerelectronics and industrialmotors make up the largest share of current NdFeB
magnet demand, but wind turbine and vehicle demand represent significant and growing segments of the
market. Each application requires different magnet grades, shown in Table 4. Vehicle drives operate at high
temperatures and therefore require high coercivity magnets, while hard disk drives and loudspeakers require
magnets with very little if any Dy as they do notoperate at high temperatures. [08]

Table 3. 2020 share of magnets contained in demand for selected NdFeB magnet applications [

Abblicati Percent share of U.S. Percent share of global
ppiication demand, 2020 demand, 2020
Offshore wind turbines 0 14
Electric vehicles 11 6

Consumer electronics (hard disk
drives, cell phones, 45 29
loudspeakers, other)

Industrial motors 30 30
Non-drivetrain motors in vehicles 9 8
Other sintered magnets (includes ’ 5

electric bikes)

Bonded magnets 4 7
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Table 4. Maximum operating temperature, associated Dy content, and example applications of NdFeB magnet
grades

Approx.
Nd+Pr
content (wt.
%)?

No suffix 80 <0.5% 29.5% Toys, games, advertising, etc.

Hard disk drives, CD/DVD, MRI
machines, sensors, refrigeration, etc.

Max Approx. Dy
operating content (wt.

Grade

suffix Example spplications

temp. (°C) 54 %) 15%1

M 100 1.4% 28.6%

Gauges, hysteresis clutch, magnetic
[0) [0)
H 120 2.8% 27.2% separation, etc.

Wind power generators, electric

SH 150 4.29% 25 8Y% bicycles, energy storage systems,
e e magnetic braking, industrial motors,
general automotive applications, etc.

Commercial and industrial
UH 180 6.5% 24.5% generators, wave guides, undulators,
etc.

Hybrid and electric traction drives,
EHz/AH 200/220 8.5% -11% 19% -21.5% high temp. motors and generators,
etc.

This report focuses on the two types of demand that are part of the Energy Sector Industrial Base: wind turbine
and electric vehicle manufacturing. Figure 10 shows the key steps in the wind turbine and electric vehicle
manufacturing stages of the supply chain.

4) Component and Final Product Manufacturing

S
Wind Turbine Manufacturin
Other uses Other uses m[;m:;.t + g
as oxides | | as metals ene -
Wind Turbine
Direct drive Induction Other compenents
generator generator and materials
Synchronous Generator/ T
Motor Assembly
I A

Rotor Electric Vehicle Manufacturing N
Stator ¢
Electric Vehicle

Sintered Cither sub- Other components
. Other motor
Magnet [ components ] Traction motor types and materizls
L S L

Figure 10. The component and final product manufacturing stage of NdFeB magnet supply chain

3 Author calculation based on assumption of 30% total RE content.

18



RARE EARTH PERMANENT MAGNETS: SUPPLY CHAIN DEEP DIVE ASSESSMENT

2.2.4.2 Wind Turbines

Within wind turbines, NdFeB magnets are used in permanent magnet synchronous generators (PMSG), also
referred to as direct drive generators. Not all wind turbine systems require rare earth magnets. In fact, the most
common generator system, the doubly-fed induction generator (DFIG), is an asynchronous generator with
gears that contains no rare earth magnets. Other permanent magnet-free generators include externally excited
synchronous generators, squirrel-cage induction generators, and other asynchronous generators. (0]

PMSGs are preferred foroffshore wind applications fora variety of reasons, including reduced maintenance
costs, overall generatorefficiency, and overall generator weight (which allows for the construction of larger,
higher-capacity wind turbines). The size of the permanent magnet is typically 2.7-3.2 tonnes per MW of wind
turbine capacity. 7% They typically rely on SH grade magnets, though there is some potential to substitute
grades depending on the generator design. [8-55]

2.2.4.3 Electric Vehicles

Within EVs, NdFeB magnets are used in electric synchronous traction motors for propulsion systems in battery
and hybrid electric vehicles. As with wind turbines, a variety of otherelectric propulsion systemsare availabl;
however, synchronous motors are preferred as they allow for a lighter and more compact design, higher
efficiency (due to the lack of an external power system to produce a magnetic field), and higher torque. [ Itis
estimated that between 90% and 100% of battery and hybrid electric vehicles will have synchronous traction
motors with NdFeB magnets by 2025. 71 Each electric vehicle motortypically requires 1-2 kg of permanent
magnetmaterial. [721In general, traction drive motors operate at high temperatures and require EH and AH
grade magnets. 55!

NdFeB magnets also have other generaluses in automotive applications outside of EVmotorsin uses such as
audio speakers, electronic sensors, transmissions, and power steering. These applications require relatively
small amounts of magnets, however, and demand is negligible compared to use in traction motors. [7]

2.2.5 Recycling

The majority of the rare earth recycling that occurs today is of swarf, the residue from cuttingmagnets during
magnet manufacturing, ['2IRecycling of end-of-life magnets into new magnets orseparated rare earth elements
currently is done only ata small scale, but a variety of different methods have been developed that show
promise forexpanded use in the future. The type and complexity of recycling process for rare earth magnets
will depend on the composition, the target products, whetherit is sintered or resin bonded, and the type of
protective coating. In general, the recycling process for magnet-containing end-of-life products occurs in two
steps: the magnet recovery step (where magnets are separated from the products they are inside of) and the rare
earth recovery step (where rare earth elements are separated from the rest of the magnet). The supply chain
steps are shown in Figure 11.
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Figure 11. Magnet recycling stage of NdFeB magnet supply chain

2.2.5.1 Magnet Recovery

Figure 12 illustrates a typicalapproach forrecoveringmagnets from end-of-life products. The primary steps
include dismantling, [73-73]sorting (which can be manualorautomated [7® to separate the magnet component
from the rest of the materials), demagnetization,andrecovery forthe magnet scrap,accompanied by a parallel
physico-mechanical process to recover and separate othermaterials and components. Alternatively, the product
canbe crushed or shredded, followed by a combination of separation steps, such as magnetic and electrostatic
separation, screening, surface abrasion,and chemical etchingto remove protective film. The downside of this
approachis the potential forentrainmentand chemical corrosion of the underlying magnet. [77-7%
Hydrogenation processes use hydrogen at atmospheric pressure to split the NdFeB magnet into a demagnetized
powdered alloy form that can be re-formed into a magnet via sintering or resin bonding aftereliminatingthe
hydrogen. 8% Direct plasma heatingcan also recoverthe magnet material. [811 This approach is flexible and can
easily handlingcoatings and adhesives, makingit suitable for both sintered and bonded magnets, although the
recycled product has lower magnetic properties.

2.2.5.2 Rare Earth Recovery

Once the magnet materialis liberated, the individual rare earths and metals can be recovered via three primary
routes: hydrometallurgical, pyrometallurgical, and direct electrochemical. In practice, the recovery process
generally involves some combination of the different pathways. These pathways are similarto what obtains in
the primary extraction and recovery, except thatrecyclingis generally less complex because of fewer species
and orderof magnitude higher starting concentrations.

Hydrometallurgy is widely used in primary processing of REs and is suitable forrecycling. As shown in
Figure 12,the first step in hydrometallurgy is acid leaching to dissolve the magnet orfeed materials into an
aqueous solution, followed by separation via direct selective (fractional) precipitation, or via solvent-based
techniques like liquid-liquid extraction and ion-exchange, followed by selective precipitation. [82-8411n general,
the hydrometallurgicalprocess yields RE salts or oxides, which can be delivered asis, or electrowon to create
RE alloys. Some processes use a sulfuric acid bakingprocess to convert the RE to a sulfate form.

Pyrometallurgy is a core pathway for primary RE processing, and is equally suitable formagnet material
recycling. This basic working mechanism isto use elevated temperatures to selectively transition and
concentrate the REsin the magnet into a different phase foreasy separation from non-rare earth components.
[781 Pyrometallurgical routes for RE recovery can be broadly classified into roasting and melt processing. [78-80.
85]Roasting creates a product that facilitates selective downstream separation. 781 In melt processing, the rare

earths are selectively extracted from the magnet scrap usingeither molten metal, molten salt, or molten oxide
slag, [86-88]
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The electrochemical recovery route is an emerging technology for materialrecovery from magnetic scrap.
Explored options include molten salt electrolysis process, [8:80selective electrochemicalleaching, [8%-201and
in situ electrochemicaloxidation combined with precipitation. [8%-°1]
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Figure 12. Representative magnet recycling pathways
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2.2.5.3 Swarf Recycling

As shown in Figure 8, materiallosses are associated with the magnet manufacturing process. This materialis
usually recycled at the point of generation. [78 Magnet cuttings or swarf are generated at the point of
production, where the machiningused to shape the magnet generates solid wastes. These can contain some
machine cutting fluids and magnetic powder (the cuttingis performed before magnetization). They can be
recycled internally by acid digestion and separation of the iron and boron from the REs. There are several
chemicalcompositions used in magnet production and chemicalseparation canbe used. This reports as a yield
loss in magnet production.

The volume of the swarfrecycling stream in 2020 is estimated as 9% of the NdFeB magnets produced
globally. ['2] Swarfrecycling is generally performed nearthe magnet production facilities where it is generated,
so the geographic distribution of magnet swarfrecycling is similar to the geographic distribution of magnet
production. [12]

2.2.5.4 Current and Planned End-of-life Magnet Recycling

Limited information isavailable about the geographic distribution of end-of-life magnetrecycling, asit is a
nascent market that hasnot been well studied. Only small quantities of end-of-life magnets are recycled
anywhere in the world, including in China.One of the few companiesactively recycling end-of-life magnets is
Urban Mining Company in San Marcos, Texas, which uses a hydrogenation process to directly manufacture
new magnets from recycled products. The company hasreceived $28 million from the DPA Title III program.
1631 As discussed in section 2.2.3.1, while current production from the companyis not publicly available,an
article from 2019 stated that they were initially targeting 250 tonnes/yearat the time, with a plant with capaciy
0f 1000-2000 tonnes/yearand plans to expand production. [621 A company representative stated in 2020 that
they handle about 2000 tons/year of NdFeB magnets. [©3]HyProMagin the UK hasalso developed a recycling
process using a similar method. [®21 The advantage of this method is that it can break up magnets while still in
place,and it doesnotuse acidsto dissolve the magnet. Rare Resource RecyclingInc. received small business
innovation research (SBIR)phasesI and Il fundingin2015 and 2017, totalingabout $900,000 to scale their
magnet recycling process based on metal-organic frameworks, but discontinued operationsin 2021.°311n 2016
Momentum Technologies licensed a technology forautomated dismantling, sorting, and magnet recovery from
end-of-life products developed at Oak Ridge National Laboratory and are currently now applyingtheir
technology to lithium- ion battery recycling. [**?31DOE’s Advanced Manufacturing Office also announced
Phase II SBIR fundingto Pioneer Astronautics,a Colorado-based company using green chemistry to recycle
Dy from magnets,and SmallBusiness Technology Transfer (STTR) Phase Il fundingto TdVib, L.L.C., an
Iowa-based company developingnon-toxic rare earth element recycling techniques. [°¢]

American Resources Corporation (U.S.) plansto separate rare earths from recycled magnets. [°7] Established
magnet production companies such as Hitachihave also developed recycling capabilities, [731but it is not clear
if they are conductingrecycling operations. DOE’s Critical Materials Institute (CMI) also performs research on
magnetrecycling, including the recovery of magnet materials from used hard drives. [°8] As with othersections
of'this report, the companies and processes in this section do not necessarily provide an exhaustive list of
current efforts.
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3 Supply Chain Risk Assessment

This section reviews several supply risk and resilience factorsin order to identify and assess current
vulnerabilities in the rare earth magnet supply chain in the United States. [t begins with an overview of some
important factors, assesses each supply chain stage forits domestic resilience and competitiveness within the
United States,and highlights potential opportunities forimproving supply chain resilience. The principal
observations from this assessment include Chinese dominance, limited production capacity among U.S.
economic allies, and a correspondinglack of domestic U.S. capacity in each of the key supply chain stages.
The United States currently has limited domestic production capacity forthe sintered neodymium magnets
used in many criticaltechnologies including wind turbines and electric vehicles, while China dominatesallof
themajorstagesin the supply chain. This includes rare earth mining, separation and processing of individual
rare earth oxides, metalrefining, and magnet production. Even more significantly, this concentration of
production in China increases at every downstream stage, rising from a 58% share of annualglobalrare earth
mining in 2020 to a 92% share of annual globalmagnet production, the stage with the highest added value.
Therefore, establishing a resilient domestic magnet manufacturing industry will require restoring U.S.
competitiveness in multiple stages of the supply chain.

3.1 Risk Factors

Supply chainrisk is one of the key components of material criticality. °°! While focusing primarily on the
riskiness of raw materials supply chains, these metrics can also be extended to downstream stages of supply
chains. Common metrics cited by material criticality in assessments of supply risk include [72100,101]

e Marketand geographicalconcentration of production.

e Geopolitical sensitivity of supply.

e Net import reliance.

e Numberof domestic suppliers and capacity.

e Demand growthrate.

e Price/market volatility.

e Substitutability of materials and technologies.

e Competingdemand.

e Environmentaland workplace safety compliance/conditions.

Market concentration refers to the extent to which an industry or supply chain segmentis controlled by a
small numberof firms or countries. Highly concentrated industries are those where a single (or a few) actor(s)
may directly affect market outcomes, such as by restricting supply to raise prices, or by oversupplyingthe
market to lower prices below a profitable level for competitors. Such markets are not competitive. Market
concentration can be measured both at the firm and country levelby metrics such asthe concentration ratio
(CR), a measure of the share of production of the top firmsin an industry, or the Herfindahl-Hirschman Index
(HHI), the sum of sharesraised to the second power of all firms in an industry.

Geopolitical sensitivity of supply refers to the strength of a producingnation’s relationship with the

United States, political stability, strength of institutions, laborrights issues, and other factors that may
determine the stability of supply coming from a given country. Countries with geopolitical sensitivities may be
those with an acrimonious relationship with the United States, political rivals, or simply nations with unsafe or
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unstable working conditions for laborers. Geopolitical sensitivity increases the risk of a potentialsupply
disruption, particularly when coupled with high market concentration.

Net import reliance refers the dependence of a country on imports of a good to meet domestic consumption.
110210311t is measured by the share of totalapparent consumption that is provided by imports, with higher
values indicating more dependence on imported goods. While a high net import reliance doesnot in itself
imply a higher supply chain risk, it may imply morerisk if trade partnersare also associated with high market
concentration and geopolitical sensitivity.

Similarly, the number of domestic suppliers and domestic capacity is correlated with the risk from the risk
factorsmentioned above. A larger number of domestic suppliers could make the domestic industry more
resilient to disruptions and firms less susceptible to downturns in the business cycle. Similarly, more domestic
capacity implies a lower net import reliance, and a lower chance thata supply chain is concentrated in
geopolitically sensitive regions. Conversely, if a large share of domestic capacity is controlled by a single firm,
then that firm can impose barriers to entry fornew firms. It may also mean the domestic supply chain is less
resilient in the case of a market downturn where the firm must cease operations.

Demand growth rate refers to therate at which global demand fora good is expected to grow overtime.
Demand growth for materials and intermediate products depends not only on the demand for finalproducts,
butalso on the substitution choices of suppliers further downstream on the supply chain. Rapid demand growth
may imply additionalsupply chain risk, as production capacity may fallbehind demand if the growth is not
fully anticipated soon enough fornew capacity to be built.

Price and market volatility describes fluctuationsin the price and supply/demand balance of a commodity.
High volatility increases the cost and riskiness of doing business, as low prices may disincentivize new
investments ormake production unprofitable for producers, while high prices may make producers operating
on the margin unprofitable. Forexample, if the costs of raw materials make up a significant share of the total
cost of a product, significant increases in the cost of raw materials could make production of the product
unprofitable. Price volatility is highly correlated with the measures discussed above.

Substitutability refers to the ability of firms and individuals to alter their production and consumption pattems
in response to price changes orother market shocks. %41 With regard to supply chains, substitution

possibilities apply broadly throughout different stages in the supply chain. For example, substitutions can
occurbetween raw materials, components, oreven end uses. [3: 1051 A lack of substitutability is detrimentalto
resilience, whereasa material or technology with many available substitutes is likely to be more resilient.

Competing demand refers to demand from othersources fora necessary intermediate product that inhibits the
ability of a sector to procure the desired amount of the product at a cost-effective price, if it is availableatall
Ifthere is greater competingdemand fora commodity orproduct, then there is more supply risk associated
with its use in the manufacturingofa specific good. In theory, the use with the higher willingness (or ability)
to pay (based on a variety of economic factors) would crowd out the ability of uses with a lower willingness to
pay to procure the product. Similarly, uses that represent a small portion of demand may face greaterrisk from
competingdemand.

Environmental compliance and workplace safety conditions refer to potential environmental damage and
occupational safety and health practices that could result in unsteady supply. Forexample, producersthathave
a poorrecord of adherence to environmental policies have a greaterlikelihood of being shut down or penalized
with fees (increasing costs), and those with poorsafety records may face laborshortages orboycotts.
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Each of'these factors,aswell as severalothers, play a role in determining the supply risk ateachstageofa
supply chain. The information andindicators discussed in this section were used to qualitatively assess the
NdFeB supply chain for various questions related to developing a domestic supply chain. See Table Al in
Appendix B for a summary of key these key factors across the stages of the supply chain.

3.2 CurrentU.S.Risk Factors and Resilience

3.2.1 Assessment of risk factors
3.2.1.1 Market Concentration

The current U.S. supply chain for NdFeB magnets foruse in wind turbines and electric vehicles is improving
butis not sufficiently robust to supply chain disruptions. China accounted fornearly 60 percent of total RE
mining production in 2020, representing a significant decrease compared to 2012, when it controlled over

90 percent of global production. [14-1991 While the mine production of RE elements has diversified since 2012,
China still accounts foran estimated 89 percent of total RE separation capacity, an estimated 90 percent of
totalmetalrefining capacity,andapproximately 92 percent of globalsintered NdFeB magnet manufacturing.
The United States, by comparison, accounted forabout 16 percent of total RE mine production in 2020

(up from less than 1 percentin 2012),but still is not separatingrare earths or refining them into metals,and
producesless than 1% of the world’s NdFeB magnets, although there are plansto add domestic capacity in
each of these areas. Table 5 and Figure 13 show the geographicalmarket concentration of the main supply
chain steps for sintered NdFeB magnets by country.

One way of measuringthe level of geographic concentration of production is the Herfindahl-Hirschman index
(HHI), which ranges from a value nearzero if there are a large number of countries producingequalamounts
of a product,to 10,000 if all production is done in the same country. Table 6 shows the HHI at each stage of
the supply chain using the shares from Table 5. The value increases from 3826 to 8514 asthe supply chain
stage progresses from mining to magnet production.

In addition to the amount of concentration, it is also useful to assess the geopolitical sensitivity of the countries
where production takes place. Table 6 shows the weighted average of the World Bank’s Regulatory Quality
Indicatorranking forproducing countries at different stages of the supply chain, weighted by the amount of
production. [1971 The index rankingranges from 1 for the lowest regulatory quality to 99 forthe highest. The
weighted average value is the highest formining and the lowest formetalrefining. Index rankingranges from
1 forthe lowest regulatory quality to 99 for the highest. The weighted average value is the highest for mining
and the lowest for metalrefining.

In addition to the geographic concentration of production, a relatively smallnumber of individual firms operate
atmost stages of the supply chain. Even atthe mining stage, where there is the least geographic concentration,
two firms, Lynasand MP Materials make up a large share of production outside of China and Burma. This
concentration may make the supply chain less resilient to disruptions should one of them cease to exist.
Meanwhile, China haspursued a policy of consolidating production into a small numberof state-owned
companies, which may serve to furtherincrease pricing power. Three of the six companies currently holding
rare earth production quotas in the process of being consolidated, [19%]leavingjust fourrare earth producers in
China, with possible plansto eventually consolidate into two large companies, one in the north and one in the
south. 19 The southern company would likely control nearly all production of HREs in the country. An
unknown amount of Chinese production isalso done illegally, so thatit is not subject to Chinese production
quotasorefforts to consolidate. [110]
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Table 5. Geographical concentration of production for various supply chain steps for sintered NdFeB
magnets, 2020

Mining* Separation> Metal refining® m“:ﬁﬂ?:;i‘:&&
China 58% 89% 90% 92%
U.S.A. 16% - - <1%
Burma 12% - - -
Australia 7% - - -
Madagascar 3% - -
India 1% 1% - -
Russia 1% - - -
Thailand 1% - ~3% -8
Malaysia - 7% - -
Estonia - 1% ~2% -
Japan - - - 7%
Vietnam - - ~3% 1%
Laos - - ~2% -
Germany - - - <1%
Slovenia - - - <1%
Finland - - - <1%
U.K. - - <1% -
Other countries 1% 2% <1% <1%

4See Gambogi (2021) for estimated 2020 rare earth mine output by country '

® Calculated based on current understanding of where concentrate from specific producers is separated (for example, output from Lynas” Mount Weld mine
in Australia is separated at its LAMP facility in Malaysia and HREs mined in Burma are transported to China for further processing).

® Current hypothesis based on expert consultation.

7 Adamas Intelligence 12l

8 For 2019, Thailand accounted for ~8% of bonded NdFeB powders. " Neo Magnequench (subsidiary of Neo Performance Materials) manufactures
bonded magnetic powders at their facility in Korat, Thailand.
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Geographical concentration of supply chain stages for sintered NdFeB magnets
Fromcenter:rare earth mining, oxide separation, metal refining, and magnet manufacturing

B China
mU.S.A.

O Burma
B Australia
Malaysia
@ Japan

W Other countries

Figure 13. Geographical concentration of supply chain stages for sintered NdFeB magnets, 2019

Table 6. Market concentration and geopolitical sensitivity

Mining Separation Metal Refining Magnet Mfg.

HHI — country concentration of

operating mining or
manufacturing facilities 3826 7976 8200 8514

(Monopoly = 10,000)

Geopolitical sensitivity (based on
weighted avg. World Bank
Regulatory Quality index; highest
=99.0, lowest=1.0)

64.04 51.12 45.00 47.58

14

3.2.1.1.1 Vertical Integration

Vertical integration across stages of a supply chain may be able to help with a firm’s competitiveness by
makingit less reliant on other companies fordemandand material supply. On the otherhand,a market
dominated by vertically integrated companies may be less flexible than separate companies at each stage of the
supply chain,and it may be more difficult for new entrantsto be able to acquire intermediate products.

China hasa significantamount of verticalintegration: rare earths from the Bayan Obo mine in Inner Mongolia
are separated, refined, and used to manufacture automotive magnets not far from the mine. Shenghe Resources
mines, separates rare earth oxides,and producesrare earth metalsand alloys. 1]

Outside of China, mining and initial processing facilities are normally co-located and -owned, though the level
of processing done at that stage may vary. Separation facilities can be vertically integrated with mines or
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independent separation facilities can exist, though the processing needed to separate rare earths may vary
dependingon the source material. For example, Lynas owns the Mount Weld mine and processing facility in
Australia and the Lynas Advanced Materials Plant in Malaysia forseparatingthe concentrates into Nd/Pr
oxides and otherseparated REs.[!12IMP Materials owns the Mountain Pass mine, but currently sends a rare
earth concentrate to China to be separated. MP Materials has plans to become more vertically integrated with
their expected re-opening of separation facilities and planned expansion into metalrefining and magnet
production. [10]

3.2.1.2 Domestic Suppliers and Capacity

As discussed in Section 2, the United States currently has limited manufacturingcapability throughout the
supply chain. Recently some improvements in diversity of supply have taken place, particularly at the mining
stage, and new projectsunder development could furtherimprove this diversity. Several U.S. companies have
limited current production, but have expertise and potentialto expand. In addition,a number of projects are
underdevelopment that could improve U.S. resilience. However, there is no guarantee that these new projects
will reach completion without further support. This is one of the reasons that the DOC hasevoked a

Section 232 Trade Investigation on NdFeB magnets.

Table 7 lists majorongoing domestic projects, which vary in their size and level of advancement. Projects that
have fundingsecured or have a specific agreement with the U.S. government or with a buyer are listed as
“planned”, while potential projects that have not yet demonstrated publicly that they haverisen to this level are
listed as “reported”.
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Table 7. Current and prospective U.S. domestic projects related to NdFeB magnets

Company/ HQ Concen| Sepa- | Metal Magnet

Location

Project -tration | ration refining mfg.

MP Materials

(MOl[J1r(1)t2i8n6|Zass) '\élg::tgz Lasr\\llslgas, Current Current | Planned | Reported | Planned

Southern lonic
Offerman, | Wilmington,

Minerals Current - - - _
(Chemours) "8 GA DE
Rare Element
Resources (Bear LodBe:rWY Van(é(z:uver, Planned - - = =
Lodge) [49] ge,
USA Rare Earths S
(Round Top) BlanligaTX Tampa, FL | Reported | Reported | Reported - Reported
[24, 48, 67] ’
Energy Fuels White Lakewood,

11, 18] Mesa, UT co - Current | Reported | Reported -
Genera[LQtomlcs wy San gla\ego, - Planned | Planned - -
Phoenix Tailings

[39] 9 Unclear Wol\?xrn, - Reported | Reported  Reported -
Lynas USA / Blue San
Line 46 471 Hondo, TX Antonio, TX - - Planned - -
Urban Mining Co. San San c t
[63] Marcos, TX | Marcos, TX . ) . . urren
Vacuumschmelze Hanau,
5 Unclear - - - - Planned
[65] Germany
Quadrant (5] Louisville, | San Diego, - - - - Reported

KY CA

Recycling/
Unconven-
tional

Reported

Reported

Reported

Current

Taken together, these projects could help fill some important gapsin U.S. supply chains forrare earth magnets
and magnet materials. At the rare earth mining and separation stage, projects underway could increase the U.S.
role in world markets and help fill some (butnotall) ofthe gap in world supply needed to meet projected
demand growth. The production of HREs is being pursued,butatless advancedstages of development. Less
progress hasbeen made on the metalrefiningand alloy and magnet production stages of the supply chain, with

most projectsunderway either small-scale or in earlier stages of development.

3.2.1.3 Demand Growth Rate

Rapid demandgrowth in EV and offshore wind turbine demand could lead to additionalchallenges, as
shortages could be faced if supply doesn’t increase fast enough to meet this demand. This report assesses
potentialrare earth magnet demand growth underscenariosaimed at achievingnet zero carbon emissions

by 2050.

This analysisassumes that the majoruses of RE magnets in the ESIB primarily consists of use by direct drive
wind turbines and traction motorsin EVs and that otheruses grow atratesthat follow expected GDP growth.
Direct-drive generatorsthatuse NdFeB magnetsare assumed to be primarily used in offshore wind turbines,
and all offshore wind turbines are assumed to use direct-drive generators, and thus demand formagnets in
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turbines is driven by demand for offshore wind turbines. Further, this analysis assumes that demand growth for
offshore wind energy is consistent with the projections estimated by Lantz et al.[7% that conceptualize a path
forward forwind energy through 2050 underthe assumption that the United Stateshas 30GW of installed
offshore wind power capacity by 2030. Lantz et. al. estimate that offshore wind capacity in the United States
could vary between 77GW and 255GW by 2050 if the 2030 target is reached, with approximately 1 10GW
available if continued growth is consistent with the 30GW by 2030 scenario. This scenario represents an
increase in cumulative demand forpermanentmagnets to nearly 81,000 tonnesby 2030 and 337,000 tonnes by
2050. Global offshore wind turbine demand is estimated to be consistent with International Energy Agency’s
(IEA) Net Zero by 2050 report. [ 131Magnet use permegawatt (MW) of wind turbine production of

2.7 tonnes/MWin 2030 and 3.2 tonnes/MW in 2050 from Lantz etal.l7%lis used to estimate permanent magnet
requirements.

The portion of new U.S. vehicle sales thatare EVs, including battery and fuelcell EVs, are assumed to follow
Larson etal.’s E+ scenario with rapid electrification of transportation, 114 while global EV shares of new sales
areassumed to follow IEA’s Net Zero by 2050 report. The projected totalnumber of sales of different sizes of
vehicles is taken from Argonne National Laboratory’s VISION model, and total globalvehicle sales are
estimated based on the U.S. Energy Information Administration (EIA)’s projections of the size of the global
vehicle fleet. 13- 1161 Approximately 90% of battery and fuelcell EVs are assumed to use traction drive motors
that require permanent magnets, ' 1and this analysis assumes that they will continue to do so through 2050.
Average magnet weight per vehicle is assumed to be in the middle of the range from DOE’s 2011 Critical
Materials Strategy. [72]

Projected demands through 2030 formagnets in products that are not part of the Energy Sector Industrial Base
(ESIB) are taken from Argonne National Laboratory’s Global Critical Materials (GCMat) model, which
compiles data from a variety of sources (see Riddle et al. [° for documentation of these sources). Demand
growth from 2030 through 2050 forthese productsis assumed to follow projected GDP growth. The key
sources forthese demand growth assumptions are summarized in Table 8.

Table 8. 2020 sources for demand growth estimates for selected NdFeB magnet applications

Part of
Energy U.S.demand | U.S. demand Globaldemand Globaldemand
Application Sector growth, 2020-| growth, 2030- growth,2020- growth, 2030-

Industrial 2030 2050 2030 2050
Base?

Offshore wind 7] [70] 3] [113]
turbines Yes Lantz et al. Lantz et al. IEA IEA
Electric [114] [114] [113] [113)
vehicles Yes Larson et al. Larson et al. IEA IEA

Sources Sources
All other uses No documented in GDP growth documentedin GDP growth
Riddle et al.[® Riddle et al.[®

Table 9 and Figure 14 show the results for global growth; Table 10 and Figure 15 show anticipated domestic
growth. Totalglobal demand growth formagnets could be rapid in the net zero by 2050 scenarios, with
average annual growth rates calculated to be 12.5 percent through 2030 and 6.3 percent through 2050.
Domestic demand forproducts containingpermanent magnets is estimated to grow somewhat less rapidly,
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with 8.7 percent average annual growth rate through 2030 and 5.0 percent through 2050. Significant growth in
magnet manufacturing would be needed to meet this demand. Since the majority of Nd, Pr, and Dy areused in
permanent magnets, significant growth in production of those rare earth materials would also be needed.

Table 9. Expected magnets contained in global demand for selected NdFeB magnet applications, thousands
of tonnes (kt)

Part of Projected Projected
Energy | Demandin 2020 | Demandin 2030 | demand in 2050
Indusg!:ll Amount Amount Amount
Base?? (kt) (kt) (kt)
Offshore wind turbines Yes 16.9 14.2% 139.2 36.0% 273.7 36.3%
Electric vehicles Yes 7.3 6.1% 114.1 29.5% 266 35.3%
Consumer elgctronics
(hard disk drives, cell No 351 | 29.4% @ 41 10.6% @ 654 | 8.7%
phones, loudspeakers,
other)
Industrial motors No 36.0 30.2% 53.7 13.9% 85.7 11.4%
Non-drivetrain motors in
vehicles No 9.4 7.9% 18.3 4.7% 29.3 3.9%
Other sintered magnets
(power tools, electric No 6.5 5.5% 9.6 2.5% 15.3 2.0%
bikes)
Bonded magnets No 8.0 6.7% 111 2.9% 17.7 2.3%
Total - 119.2 100.0% 387 100.0% 753.2 100.0%

Projected global NdFeB demand by application under aggressive
decarbonization scenarios
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Figure 15. Projected global NdFeB demand by application under aggressive decarbonization scenarios
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Table 10. Expected magnets contained in U.S. demand for selected NdFeB magnet applications, thousands
of tonnes (kt)

Part of Projected Projected
Demand in 2020 | Demand in 2030 | demand in 2050
(high growth) (high growth)

'"dUSt[jal Amount | Share Amount Amount Share

Base (kt) (kt) )
Offshore wind turbines Yes 0 0.0% 10.1 27.3% 19 27.7%
Electric vehicles Yes 1.8 11.2% 10.2 27.6% 23.1 33.7%

Energy
Application Sector

Consumer electronics
(hard disk drives, cell

No 7.2 44.7% 7.4 20.0% 11.8 17.2%
phones, loudspeakers,
other)
Industrial motors No 4.9 30.4% 5.9 15.9% 9.5 13.8%
NoeliEUEn eIl | oy 15 | 93% | 24 | 65% 3.9 5.7%
vehicles
Other sintered magnets
(power tools, electric No 0.1 0.6% 0.1 0.3% 0.2 0.3%
bikes)
Bonded magnets No 0.6 3.7% 0.8 2.2% 1.3 1.9%
Total - 16.1 100.0% 37 100.0% 68.6 100.0%

Projected U.5. domestic NdFeB demand by application under
aggressive decarbonization scenarios
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Figure 16. Projected U.S. domestic NdFeB demand by application under aggressive
decarbonization scenarios
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Based on the typicalmagnet grades by end use and their associated material contents (as shown in Table 2 in
Section 2), demand for Dy is expected to grow more rapidly in these aggressive decarbonization scenarios than
demand forNd and Pr. Domestic embedded Nd and Prdemand (that is,the Nd and Pr needed to meet domestic
demand formagnet-containing products)is estimated to grow by 114 percent by 2030 and 293 percent by 2050
(relative to 2020 demand), while domestic embedded Dy demand is estimated to grow by 243 percent and

594 percent, respectively. This represents domestic embedded demand of 9.2kt forNd and Pr by 2030 (up
from 4.3kt in 2020)and of 1.9kt for Dy (up from 0.6kt). Figure 16 shows the estimated relative growth in
global demand forthe materialsbetween 2020 and 2050 underthe high growth scenario. Note that thisanalysis
is based on simple calculation assuming current technology with no substitution, and does not considerthe
impact of prices or availability on technology deployment.

Based on the same calculations, the United States will also demanda relatively smallershare of global
embedded demand forNd, Pr, and Dy in both 2030 and 2050relative to 2020. While U.S. and global demand
are expected to grow, because U.S. demand formagnets is expected to grow at a slightly slower rate,the
United Statesis expected to account forapproximately 9.5 percent of global demand for Nd, Pr, and Dy by
2030, relativeto 13.5 percentin 2020. Figure 17 shows how U.S. embedded demand is expected to grow
relative to global demand.

Projected global Nd, Pr, and Dy demand under aggressive
decarbonization scenarios
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Figure 17. Projected global embedded Nd, Pr, and Dy in magnet demand under aggressive
decarbonization scenarios
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Projected U.S. and global Nd, Pr, and Dy demand under aggressive
decarbonization scenarios
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Figure 18. Projected U.S. and global embedded Nd, Pr, and Dy in magnet demand under aggressive
decarbonization scenarios

3.2.1.4 Price and Market Volatility

Rare earth oxide and metalprices showed high volatility from 2010 through 2012, as NdPr oxide prices rose to
more than 11 timesJanuary 2010 levels,and Dy oxide prices increased to more than 18 times January 2010
levels and then fell back down significantly. Since the beginning 0o£2020, NdPr oxide prices have again risen
by 243%, and Dy oxide prices by 88%. However, between those periods, prices were relatively stable, without
large month-to-month swings in price. Table 11 shows price volatility measures for Nd, Pr, Dy and Tb oxides,
calculated by using prices from Argus MetalPages. [!18] Price volatility is calculated as the standard deviation
of changes in the naturallog of monthly average prices between January 2010 to June 2020, following the
same approach as Redlinger and Eggert. ['1°1Month-to-month volatility was found to be lower than the average
of 30 materials studied in Redlinger and Eggert; however, the potential forlarge price swings still exists for
rare earth metals.

Table 11. Volatility measures for rare earth oxides

Neodymium Praseodymium Dysprosium

Indicator Terbium oxide

oxide oxide oxide

Price volatility 0.10 0.09 0.13 0.14

3.2.1.5 Substitutes

The availability of substitutes across the supply chain is anotherimportant consideration forthe current
resilience ofthe U.S. NdFeB magnets supply chain. Supply chains with readily available substitutes are more
resilient than those without. Substitution in magnets can occuratthe elementallevel by replacing certain
elements with others or through improvements in technological processes, at the grade (or magnet)level by
redesigning system architectures, oratthe system level by meeting an end use in an entirely different way. 8!
For example, Dy and Tb can be substituted as HREs within a specific magnet grade; total HRE content can be
halved by the use of processes such asthe grain boundary diffusion (GBD) process; direct-drive generatorsin
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wind turbines can be designed such thatthey operate at lowertemperatures, requiring magnets with a reduced
HRE content; oralternate technologies that do not use magnets can be used to generate renewable electricity
(such assolar panels or wind turbines that use induction generators in place of magnets).

Reducing the HRE content of a given NdFeB magnet grade is difficult, but technologies such as GBD allow
manufacturers to reduce HRE content while maintainingenhanced stability at higher temperatures. This
process is more pertinent to smaller magnets, ’*however, and is subject to intellectual property constraints.
Still, some companies, such as Toyota, have developed NdFeB-based magnets with high coercivity with low or
no Dy content. [5¢]Grade substitution is one possible strategy for wind turbine and EV manufacturers to
economize on HREs in the medium term and hasbeen performed in the past; however, substitution between
different magnet types (i.e., using an alternative to NdFeB)is difficult and unlikely with current technology as
no other magnets are available with energy product similar to NdFeB. [8] Weakermagnets are not suitable for
use in wind turbines or EVs due to the need to minimize weight in vehicles for greater efficiency,and
significant engineering challenges exist to including heaviermagnets at the top of direct-drive wind turbines.
At the system level, wind turbines with induction generators and gearboxes are commonly used, but are not
ideal forlarge offshore wind turbines due to higher maintenance costs and lower capacity. Despite these
challenges, evidence suggests that magnet manufacturers could continue to reduce the HRE content of magnets
used in clean energy applications in the medium term underelevated HRE prices. ['2%1 Forexample, if prices
were to double due to a persistent supply disruption, experts estimate that the HRE content of certain NdFeB
magnets could bereduced by about 43 percent. 120]

In addition to the development of GBD and other efforts to reduce the HRE content of NdFeB, current R&D
effortsby CMI and similar groups have focused on developing substitutes for NdFeB magnets. Much of this
research has focused on developingso-called “gap” magnets with an energy product between approximately
10 and 25 MGOe that fill a commercial gap between ferrite magnets and existing NdFeB magnets, potentially
reducing demand for NdFeB magnets in some end uses. ['21- 1221 Such research has involved, forexample,
substituting a portion of the Nd/Pr in the NdFeB system with Ce or La, which are more abundant andless
expensive to obtain. ['123] Efforts are taking place to improve and further develop othermagnet systems that
target the gap magnet space, such as samarium-cobalt (SmCo), iron-nickel (FeNi), samarium-iron-nitride
(SmFeN), and iron-nitride (FeN) magnets. Furthermore, improvements in techniques to manufacture magnets
closer to their final shape (forexample, through improvements in near-net-shape manufacturingand additive
manufacturing forbonded magnets) can reduce the waste generated from cuttingand machiningmagnets from
blocks to their final dimensions. [124]

3.2.1.6 Competing Demand

As discussed in Section 3.2.1.3,NdFeB magnets have a variety of downstream uses other than wind turbines
and electric vehicles. These other uses include consumerelectronics (hard disk drives, cell phones,
loudspeakers, etc.), industrial motors, non-drivetrain motors in vehicles, power tools, electric bikes, and certain
defense technologies. Users with a higher willingness to pay could potentially crowd out users that operate
closer to their margin. Thatis, at high materialprices, magnets may make up a larger portion of the total
manufacturing costs for certain downstream uses where alternate technologies exist. For wind turbines
manufacturers, forexample, the existence of technologies that do notrely on magnets limits their ability to
passincreased costs through to end users. Growth in demand for consumer electronics and industrial motors
could provide challenges to wind turbine and electric vehicle manufacturers whose demand is expected to
grow farmorerapidly underaggressive decarbonization scenarios. The continued development of gap
magnets, as discussed in Section 3.2.1.5, could alleviate this risk.

35



RARE EARTH PERMANENT MAGNETS: SUPPLY CHAIN DEEP DIVE ASSESSMENT

3.2.1.7 Environmental Issues and lllegal Supply

A notable portion of RE mining in China is performed illegally atartisanalmines. Becauseillegal mining is
not tracked, however, estimates vary widely. Some researchers estimate thatillegal mining accounts forup to
25 percent of China’stotal RE mineral output, which could translate to 16 percent of LRE supply and up to
65 percent of HRE supply. '>31Tllegal miners pay little attention to environmental standards and cause
environmental damage through theirmining and processing actions (in-situ leaching, for example), allowing
them to maintain low internal prices due to their market power. 26 While lower prices may benefit
downstream users of REs globally, they also make it more difficult for mining projects in countries with
stricter environmentalregulations to compete. Increased environmental standards in China may actually
encourage increased supply from illegal mining, which some researchers argue may improve supply chain
resilience. 127-1281 China has attempted to crack down on illegal mining in the past. [!1%91 Successfully stopping
illegal production could cause prices to rise, making globalprojects potentially more profitable while also
improving local environmental conditions; however, endingillegal production could lead to furthersupply
restrictions in a market thatisalready subject to considerable disruptions.

3.2.2 Resilience

A resilient supply chain forclean energy technologies minimizes disruptive impacts arising from market
disturbances and externalevents and is free from undue influence from any single actor. Itis competitive, not
concentrated in ownership or location in any specific geographic region, and hasredundancies. As such,a
resilient supply chain forthe intermediate componentsused in clean energy technologies is also required,
particularly forones that are difficult to substitute.

Markets can experience a variety of disruptions, ranging from national emergencies to loss of production
capacity to newtechnology developments. A resilient supply chain will be able to adaptin the face of these
disruptions and continue to supply needed goods to consumers.

Resilience can be supported by an innovation ecosystem that is responsive to change. Betteravailability of
market dataand information can allow market participants to recognize potential challenges early and adapt
their behaviorin response. Redundant production capacity with a diversity of ownership and geographic
location of production can reduce impacts if one company or production facility is shut down. Diversity of
feedstocks and production techniques can provide the flexibility to adapt to the current market conditions. For
example, the capability to produce using substitutes can allow a shift to the use of new materials if one
materialbecomesunavailable. A skilled workforce that innovates quickly can reduce the time needed to
respond to changing conditions. Material stockpiles or inventories held by private companies can also provide
continued supply of needed products while the supply chain adjusts.

The U.S. government is takingaction through multiple agencies to improve the resilience oftherare earth
magnet supply chain. The Strategic and Critical Materials Stock Piling Act (50 U.S.C. 98 et seq.) requires that
the Secretary of Defense biennially assess strategic and critical material requirements formilitary, industrial,
and essentialcivilian applicationsunderthe context of a National Emergency scenario. The Defense Logistics
Agency (DLA) Strategic Materials office performs the assessment with significant input from the military, the
United States Geological Survey, the Department of Commerce, the Department of Energy, and industry. The
analyses have generally led to the same conclusion formany strategic and critical materials, such asrare earth
elements: the essentialcivilian sectors of the U.S. economy bearthe brunt of risk and vulnerability related to
potential supply disruptions of strategic and critical materials. Severalreasons exist for this general finding,
including thatrequirements foressential civilian applications (such as production of automobiles and energy)

36



RARE EARTH PERMANENT MAGNETS: SUPPLY CHAIN DEEP DIVE ASSESSMENT

dwarf military requirements and that military production will be prioritized during times of shortagesunder the
authorities of Title I of the Defense Production Act (50 U.S.C. §4531-4534,asamended).

NdFeB requirements were assessed in the 2021 Report on Stockpile Requirements. The quantified findings of
the assessment are restricted, but Figure 18 helps shed some light on key facts for NdFeB magnets required for
essentialcivilian and military applications. First, annualmilitary and essential civilian requirements are shown
asthe dark blueand gray bars, respectively. Essential civilian requirements are significantly greaterthan
military requirements. Second, the dashed lines show the capacity of modern large-and moderate-scale NdFeB
production facilities. Military requirements are significantly less than capacity of even a moderate-scale
NdFeB magnet plant. Third, the essentialcivilian shortfallis shown asa red line. The scale of this shortfall
significantly exceeds annualmilitary requirements and the capacity of a moderate-scale NdFeB plant. Last,
U.S. essentialcivilian demand is on the order of scale of a large, modern NdFeB plant. No such plant currently
exists in the United States.

Itshould be noted that these results do not capture the projected future growth of the market overthe next
decade. Othercaveatsand assumptionsare in play,including the ability of U.S. industry to utilize substitutes
and source materials from friendly nations.

Several conclusions on options for mitigating the essential civilian shortfall can also be derived from

Figure 18.First, military requirements are insufficient to sustain the level of production that the country will
require in the event of a nationalemergency. Sustaining sufficient domestic production would require that the
essentialcivilian sector, such as the automotive industry, purchase from new and emergingdomestic sources.
Given that China is considered the lowest-cost producer, the essentialcivilian sector will need to be willing to
pay a premium to ensure the resiliency of their supply chain by helping sustain these facilities. Second, the
magnitude of the shortfallis significant in scale compared to the total U.S. market, so stockpiling is likely not
the best solution. The stockpile would need to coverall grades and requirements of the civilian sector and be at
the scale of roughly half'a year’s production of a large-scale NdFeB facility. This is both technically and
monetarily challenging. The idealsolution is a more diverse commercialindustrialbase supported by
procurement from the largest NdFeB consumers, such as the automotive sector.
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Figure 18. Relative Scale of Essential Civilian Shortfall for NdFeB magnets identified in the
2021 Report on Stockpile Requirements

The U.S. government has engaged with researchers and industry through a variety of methods to build supply
chain capabilities and the innovation environment to support a more resilient supply chain. MP Materials,
Lynas, Urban Mining Company,and TDA Magneticshaveallreceived government fundingunder the Defense
Production Act, Title I11,as part of a strategy to strengthen the domestic rare earth supply chain, with
additionalfunding possible in the future. [4346]

DOE also supports RDD&D to expand the technicalknowledge and research capabilities needed to support
supply chain resilience. In2021,DOE announced $30 million to help secure the domestic supply chain of
critical materials that are used to build clean energy technologies through 13 nationallab and university-led
research projects. DOE is also standingup new programs that address criticalmaterials availability in response
to the Infrastructure Investment and Jobs Act (IIJA) of 2021. For example, the [1JA establishes a new rare
earth elements demonstration program. DOE also works with other agencies in addressingsupply chain risks
related to materials. For example, DOE playsa leadership role in the National Science and Technology
Council (NSTC) committee on Homelandand National Security tasked with implementingthe Federal
Strategy to Ensure Secure and Reliable Supplies of Critical Minerals published by DOC in 2019. DOE
collaborates and coordinates with other executive branch agencies, including the Departments of Defense,
Commerce, Interior, Homeland Security, Education, State, Justice, Agriculture, and Transportation;
Environmental Protection Agency (EPA); National Aeronautics and Space Administration (NASA);
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International Trade Commission; and National Science Foundation (NSF). DOE playsa key role in
United States’ bilateralcritical minerals partnerships with Canada and Australia and continues to work with
otheragencies developing partnerships with the European Union to diversify supply chains.

3.3 U.S. Competitiveness

Chinese companies occupy a dominant position throughout the globalrare earth magnet supply chain, while
Japanese, European, Australian, and Canadiancompanies play more minorroles. Several U.S. companies also
participate in the supply chain,and manyare attemptingto increase their production or expand to new areas.
However, these companies face a number of challenges to be competitive with established global producers,
especially those in China.

Some key factorsthat can influence the competitiveness of U.S. companies across the supply chain include
laborcosts, material costs and availability, equipment costs, transportation costs, subsidies, and other
government support received by competitors, permitting and environmental regulations, possession of
intellectual property, and technicalchallenges.

Laborcosts are significantly lower in many countries than in the United States: an important consideration,
given the value of maintainingrobust laborstandards and competitive wa ges for American workers. Labor
costs in China range from 18%to 50% of U.S. laborcosts, dependingon the skill level required for the work,
with lower disparities for more skilled work. 2] In the magnet supply chain, processes are not particularly
laborintensive and labor cost differences are likely to be on the higher end of this range, so higher laborcosts
donotpreclude U.S. producers from being competitive; however, labor costs can contribute to higher domestic
costs atupstream and midstream stages of the supply chain. Laborcosts may be higher for metalrefining than
for othersupply chain stages due to the need to use relatively small cells to avoid majorloss of materialif a
batch does not meet specifications.

Material costsand availability may also vary by region and may depend on where materials are produced.
Because most of the supply chain is located in China, materialavailability and prices may be more stable for
Chinese producers. Rare earth oxide and metalprices were significantly lower in China from 2010 to 2015, [118]
and while reported price differences have since equalized, these prices do notaccount fortransportation costs
or tariffs. In addition, the potential exists forsignificantly higher prices outside of China in the future in the
event of disruptions to supply. [130]

Large, vertically integrated companies may have competitive advantages over smaller companies. Vertical
integration can help reduce reliance on othercompanies fordemand and material supply and can allow the
companyto capture the value added from multiple parts of the value chain. Large-scale producers can also
benefit from economies of scale that mayreduce costs perunit of product.

Transportation maybe a deterrent to the development of one stage of the supply chain if domestic production
capability at otherstages of the supply chain does not exist. On the other hand, if domestic demandand
suppliers do exist, high transportation costs could help domestic suppliers be competitive at meetingdomestic
demand.

Government support or subsidies to key industries in other countries can present a challenge fordomestic
producers to be competitive if they do not receive similar support. Permitting processes and environmental
regulations also pose a challenge to producers, especially if they are stricter or more difficult to navigate than
in other countries.
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In particular, China has historically engaged in policies that support the competitiveness of its mining and
manufacturing sectors relative to other countries, especially for RE mining and downstream industries. This
hasincluded restrictive export policies such as export quotas, 19 production quotas, and forced consolidation
of production, "% stockpiling of rare earths when demand is low, [13Jsupport forhandlingof radioactive
thorium byproducts from the state-owned China National Nuclear Corporation, [132] capital for project
expansions, [133]and direct subsidies and awards for projects to develop new products. [134]

Initially, Chinese policies promoted economic growth and capitalized on China’srich endowment of RE
resources by encouragingthe development of downstream activities (such as magnet manufacturing) that
would create more value added than mining. ['1%7 Under tightened export policies, manufacturers in China
benefited more than foreign producers from lower raw materials costs. These tight RE export policies have
also been motivated by balancing the objectives of economic growth and sustainable development. ['1% Shen
et al. [11% provide an overview of RE policy in China from 1975 to the present, which includes periods of
promotingupstream raw material production forexport, restrictions on production and foreign investment,
restrictions on exports coupled with promotion of downstream industries, and more recent consolidation of the
RE industry.

Patents held by foreign companies can also pose a barrier to new entrants to a market, as discussed in

Section 3.3.3.1t can be challenging for a new producerto gain the needed technicalknowledge and experience
to compete with an existing producer. On the otherhand, technologicalcapability could also be an area of
competitive advantage for U.S. producers if they can overcome initial hurdles, especially if newly developed
techniques improve methods currently in use.

3.3.1 Raw Materials

3.3.1.1 Rare Earth Mining and Processing

Rare earth mining is driven by the quality of mineraldeposits and othersources of rare earth materials, the
costs of developingand mining the resource and meetingpermitting requirements, and the location of
processing facilities or the costs of building new facilities. Rare earth resources exist throughout the world
with large proven reserves in such countries as China, Vietnam, Brazil, and Russia. 4l Resources differ in the
ore grade, the composition of different rare earths in the ore, the type of mineral, and the difficulty of
processing it.

The United States hasseveralhigh-quality ore deposits, which hashelped it become the largest miner of rare
earths outside of China. Mountain Pass mine has one of the highest ratios of rare earths to totalore body, but
the quantities of high-value rare earths such asNd, Pr, and Dy are relatively low. Quantities of radioactive
materials such asthorium in the ore can also be a challenge formines to handle safely, particularly in monazite
deposits. Deposits such as Round Top and Bokan Mountain contain large proportions of valuable heavy rare
earths, but extracting REs from these ores is more difficult than from ionic clays.

A key factorlimiting the development of mines outside China is the location of processing facilities. Shipping
mine concentrates overseas forseparation increases costs. Adding more downstream production facilities (such
asthe planned openingof MP Materials’ separation facility, along with refining and magnet production
facilities to provide a market forseparated products) could help improve the economics of domestic mining.
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3.3.2 Processed Materials

3.3.2.1 Rare Earth Oxide Separation

While about 58% of globalmine production comes from China, itis estimated thatabout 89% ofrare earth
separation occurs in China and no separation is currently done in the United States. Separation costs depend on
the ore being processed, so proximity to a good source of ore is important. Otherkey operatingcosts include
the purchase of reagents used in the solvent extraction process and the costs of disposal of unused materials
and wastewater. Separatingheavy rare earths domestically comes with particularchallenges due to the small
quantities of heavy rare earths currently produced in the United States, asrare earth separation maynotbe
economicalatsmallscales.

Technologicaldevelopments mayinfluence costs and environmental performance as well. A separation facility
constructed by Molycorp to process material from Mountain Pass mine attempted to reduce costs of both
wastewatertreatment and new purchases of reagents through a chlor-alkalifacility to recycle the reagents
hydrochloric acid (HCI), sodium hydroxide (NaOH), and bleach from wastewater streams. “ However, the
chlor-alkali facility ran into operational difficulties delaying full ramp-up of production, and processingwas
shut down when Molycorp went bankrupt. [135] Current owners MP Materials claims to have overcome any
operational challenges faced by the previous owners and aims to restart U.S. separation of rare earths by

2022. 10

Since treatment of wastewaterand disposalof mine tailings are key cost drivers, environmental regulations and
their level of enforcement play an important role in determining separation costs and the risks of being shut
down if regulations change or are found to have been violated. Lynas’s processing facility in Malaysia, for
example,hasattimesbeen atthreat of beingshut down due to government concerns with their onsite storage
of low-level radioactive waste.[!3%1 The Chinese government has made efforts to increase environmental
standards forrare earth processing facilities, but the standards are likely still lower than those in the United
Statesand may notbe as strictly enforced, helping to reduce processing costsin China. [128]

Anotherkey factorthat can influence a company’s ability to compete with producers from China is its ability
to establish offtake agreements with buyers offering a guaranteed source of demand. Forexample, Lynashas
anagreement to sell its didymium oxide to be used by Japanese magnet makers, with support from the
Japanese government, which has an interest in diversifying its supply of rare earth outside of China. [137]

3.3.2.2 Rare Earth Metal Refining

While the exactsharesarenotclear,the majority of metalrefining occursin China, with smaller amounts
likely being done in Vietnam, Thailand,and Laosalongwith some in Estonia and in the United Kingdom.

With DOE funding, Argonne National Laboratory conducted an analysis fora corporate sponsorto understand
the costs of producing didymium (NdPr) using electrowinning. From the work a 3000 Amp cell was designed.
The cell costis shown in Table 12.

This design uses 275 kg of electrolyte, with 87% didymium fluoride/13% lithium fluoride composition. At
average 2105-2018 prices, the estimated cost of the electrolyte fora cell is $50,000. This costs more than the
wear itemsin the cell, the furnace,cathode,and turn dish. Errors in the operation of the cell when starting,
such as bath composition swings or oxyfluoride formation, are expensive to fix if the bath is changed outand
the company doesnot have a process to recondition the electrolyte. The totalup-front cost of a cell line
designed to produce 1000 tons per year of NdPr is estimated to be about $8.6 million, including the cost of

25 cells, electrolytes foreach cell and additional equipment and engineering costs. This doesnot include costs
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of'the building, which were not estimated but could increase capitalcosts significantly. At a cost of capitalof
5%, yearly capitalpayments would be $.0.43 per kg of metalrefined on top of the costs of the building.
Operating costs include the cost of the rare earth oxide feed, graphite, equipment repairand maintenance,
power and analytical costs. Graphite used is estimated to cost $4.20 perkg of metalrefined. Repairand
maintenance costsare estimated at $0.53/kgand power costsare estimated at $0.39/kg. Numericalestimates
for analytical costs needed to ensure the product meets specifications are not available but are also significant.
These costs can be reduced by melting the metals in an induction furnace, but this could more than triple

the costs.

Table 12. Cell cost for Argonne NdPr production analysis

Item Count | Unit cost
Graphite crucible 1 2,380
Tungsten turn dish 1 6,100
Tungsten cathode 1 4,650
Safety can 1 5,107
Feeder 1 4,058
Lid 1 1,200
Furnace 1 40,000
Power supply (AC to DC) 1 58,580
Total 122,000
Delivery 5% 6100
Tax, use tax 7% 8540
Installation 20% 24,400
Total $161,400

The price of NdPr metalfrom China averaged $4/kgmore than the cost of the 1.18 kg of NdPr oxide needed to
produce 1 kg of NdPr metalin 2019.1181 Adding the cost of graphite on its own raises the cost of producing
metalsusing published prices above the published price of the metal, while capitaland otheroperatingcosts
raise costs furtherabove market prices.

Based on this analysis,a domestic company isunlikely to be able to operate successfully buying oxides and
selling metals on the open market. However, it may still be cost-effective fora company to produce its own
metalif it also producesits own oxides and magnets, orhaslocal suppliers and buyers for each. While
transportation costs are notreadily available, it is likely thatit could cost less to refine metals domestically
ratherthan pay to transport oxides to an overseas metalrefinerand transport the metals back to the

United States.

3.3.3 Magnet Alloys and Magnets

China’sdominance in the upstream portion of the supply chain hasalso contributed to its dominance in magnet
manufacturing. NdFeB alloys and powders are commonly produced close to where magnets are produced due
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to challenges transportingmagnet powders. The particle size used in magnet production is less than

10 microns. The powders are reactive with water and airand liable to spontaneously ignite, makingthem
difficult to handle and transport (they must be shipped overland). Using a larger particle size would mitigate
some of the handlingissues, but the powder would then have to be further ground for magnet use, requiring
some processing at the manufacturingsite.

Magnet production in China is made up of a large numberof smallproducers, but the numberof large magnet
producers has grown in recent years. Adamas estimates that there were 160 different Chinese magnet
producersin 2019, with ten companies that produced 5000 tonnes of magnets ormore, up from fourcompanies
in 2015.1121Several companies have produced NdFeB magnets in the United Statesin the past,buthave since
shut down U.S. operations due to challenges competingwith China. These challenges extend back to the
1990s,when a 1996 USITC case from 1996 determined that Chinese companies skirted IP rights when
exporting magnets to the U.S. market. [138]

The advantages of producingin China hasalso been made evident by the fact that established magnet
producers, such as Hitachi, 581 Shin Etsu, TDK,[®] and Vacuumschmelze, [!Thave recently established
production facilities in China. The availability and stability of supply of rare earth metalsin China hasbeena
key driver of this shift. Reduced export quotas and a temporary cut-offof shipments of rare earths from China
to Japan,aswell asthe resulting price differentials between REs for Chinese and non-Chinese buyers, led
producers from outside China to be concerned aboutthe stability of RE metalsupplies. China also
manufactures equipment to manufacture magnets that is about one-third to one-half the cost of Western
equipment.’

Japan’sposition asthe second-largest magnet manufacturer stems from its significant expertise in magnet
production,asshown in their U.S. and foreign patent applications. U.S. and foreign patents owned by Japanese
companies such as Hitachihave helped to keep Chinese magnet producers from floodingthe Japanese
domestic markets. A totalof 1,413 published patent applications filed between 2001 and 2021 arerelated to
NdFeB magnets. Figure 19 shows the country in which the earliest application was filed for each technology:
60.5 percent of original filings were in Japan,9.7 percent of original filings were in China,and only 5.7
percent of original filings were in the United States.

9 Conversation with industry experts.
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Figure 19. NdFeB Patent Applications Origin by Jurisdiction

The leading assignees for patent applications related to NdFeB magnets are shown in Figure 20. A totalof
1,413 published patent applications were evaluated. Shin-Etsu Chemicals Company has the most patent
applicationsin this area.

Top Applicants for NdFeB Magnet Patents

SHIN-ETSUCHEM CO LTD
HITACHI METALSLTD
NITTO DENKO CORP
TDKCORP
MECMAX
KIAMEMN TUNGSTEN
INTER METALLICS KK
TOYOTAJIDOSHA KK
FUJIAN CHANGIIAMNG GOLDEN DRAGON RARE..
ULVAC INC

Figure 20. Top applicants for NdFeB magnet patents (firms)

Patentshave also provided a significant barrier to entry for new magnet producers. Hitachiholds patents
covering the standard techniques for producing sintered magnets, makingit difficult fornew magnet producers
without a Hitachilicense. ['3%] Four Hitachipatents were the subject of a 2012 complaint to the International
Trade Commission (ITC); those were set to expire in 2021 and 2022, which may make it easier for new
magnet companies in the future, although otherrelevant patents mayhave longer expiration dates. [140]
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3.3.4 Recycling

To be competitive, recycling must compete with existing producers. Costs can be high to collect end-of-life
products containingmagnets andto separate magnets from those products.

One way to reduce costs relative to conventional techniques is to reproduce magnets without separating into
individual elements. However, this approach leads to additional challenges, such as collecting enough end-of-
life magnets of uniform composition orinnovatinga method that deals with different compositions. Magnet
compositionsare not known in advance as they are not labeled. The resulting magnet may have different
properties than standard magnets, and markets need to be established with buyers willing to buy recycled
magnets.

3.4 Key Vulnerabilities and Causes

Various issues describe the current resilience and competitiveness of the NdFeB magnet supply chain. Several
vulnerabilities associated with the supply chain present weaknesses that, if left unresolved, could hinder the
success of certain technology pathways, the ability of the United Statesto meetits climate and decarbonization
goals, and potentially future U.S. prosperity and economic growth. Based on the factors discussed in this
section, U.S. vulnerabilities in the NdFeB magnet supply chain to achieve decarbonization and climate goals
include

e Rareearth element market instability.

e Reliance on China forraw materialand magnets.

e Reliance on potentially environmentally hazardous processes.
e Relianceon a smallpool of knowledgeable workers.

o Intellectual property constraints.

e Vulnerabilities faced by new domestic suppliers.

e Large expected increasesin demand.

Of these vulnerabilities, the most crucial for the United Statesto addressis thereliance on China forraw
materialsand magnets due to a lack of midstream capabilities forrare earth metalrefining and sintered magnet
manufacturing. Because refining and magnet manufacturing operations are still highly concentrated in foreign
countries, current efforts to diversify raw material production domestically may not improve the resilience of
the overall supply chain if those raw materials must be exported for further processing.

These vulnerabilities and their root causes are discussed in more detail below.

3.4.1 Rare Earth Element Market Instability

The global market forrare earth elements has historically been plagued by excessive price volatility and
market uncertainty. Market volatility makes investments in technology and manufacturingless attractive as
firms may have difficulty operating profitably. This volatility is a symptom of the smalland highly
concentrated market forREs and magnets (as compared with major commodities like iron or copper), for
which nearly all upstream andmidstream supply chain stages are concentrated in countries in geopolitical
competition with the United States (namely China). A lack of easily substitutable materials and technologies
also inhibits the ability of materialand magnet users to respond quickly to high price environments, while
technologicalsubstitutions that eventually occurunder sufficiently high prices canlead to swings in demand
and reduced performance. Many wind turbines do not use rare earth magnets, but the maintenance and
efficiency benefits of permanentmagnet generators for offshore wind turbines is substantial. EVs can use
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alternative drivetrains that do not rely on magnets, but trade-offs are involved with other components (such as
batteries)that may require additional critical materials. [141]

3.4.2 Reliance on China for Raw Materials and Magnets

As discussed, there is limited (though increasing) production of raw materials (both from primary and
secondary sources) required formagnet production outside of China, particularly for HREs required for
sintered magnets foruse in higher-temperature applications. Chinese companies have also acquired ownership
stakesin a numberof companies that operate outside China. [141]

As shown in Figure 13, little rare earth separation and metalrefining capacity exists outside of China, with
very limited to no current U.S. domestic capability. Despite some emerging capacity from some recycled
magnets from companies such as Urban Mining Company, there is also relatively little domestic sintered
NdFeB magnet manufacturing capacity. At the same time, however, there is currently limited domestic
manufacturing of intermediate components that use magnets directly.

Due to this geographical concentration of nearly allupstream and midstream NdFeB supply chain stages in
China, U.S. decarbonization goals are reliant on both Chinese firms and the Chinese government. Firms can
exert controlover internationaland U.S. domestic markets forrawmaterials, metals, magnets,and components
through market manipulations like restricting output to increase prices and price dumpingto lower prices to
discourage investment ormake competing firms outside of China less profitable. The Chinese government
influences markets through various policies and regulations, such as economic and trade policy (e.g., export
quotas, subsidies, tariffs, exchange rate targeting, etc.), economic and trade regulation (e.g., trade embargoes,
price controls, etc.), and environmentalregulations (e.g., permitting, emission standards, clean water standards,
etc.).

3.4.3 Reliance on Potentially Environmentally Hazardous Processes

In addition to the vulnerabilities discussed above, the reliance on scarce materials from mines and processes
thatrely on environmentally hazardous extractive techniques could potentially work against environmental
stewardship goals (both domestic and abroad) if not properly handled. Rare earth mininghasled to
environmental damage in the past (forexample, Mountain Pass mine was closed in 2002 afterbeing fined for
allowing lead from mine tailings to enter storm water). Solvent extraction used to separate rare earths creates
wastewaterthat must be treated before it can be released into the environment. Rare earth mining practices
have improved since Mountain Pass was shut down, but additional process improvements may be able to
furtherreduce environmentalimpacts. Extraction of rare earths, iron,and othermagnet materials is also
carbon-intensive relative to magnet-to-magnet recycling. [1421Recycling of magnets, technologies that require
smaller magnets oruse fewer materials,and process improvements may allbe able to reduce these
environmental impacts.

3.4.4 Reliance on a Small Pool of Knowledgeable Workers

The United Statesalso facesa potentialtraining gap in workforce skills and educationalrequirementsrelative
to the extractive and metallurgicalindustries, due to the recent lack of domestic production thathasledto a

limited pool of experienced workers. A related issue is the learning required by firms to successfully separate
and refine RE products and manufacture magnets at scale, which can be expensive, time intensive, and costly.

3.4.5 Intellectual Property Constraints
Aggressive pursuit of intellectual property by foreign firms for common magnet manufacturing practices
restricts U.S. firms from competing. Existing intellectual property in the United States and abroad to
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manufacture magnets by companies such as Hitachiand Shin Etsu serves as a barrier to entry forunlicensed
firms wishing to use existing magnet manufacturingtechnologies that reduce reliance on HREs.

3.4.6 Vulnerabilities Faced by New Domestic Suppliers

As new domestic production is established, these producers will face challenges to remain competitive.
Magnet producersmay face a lack of demand formagnets directly from intermediate component and original
equipment manufacturers (OEMs). Rare earth producersmay face a lack of demand for co-produced REs such
ascerium and lanthanum, reducing profitability. [f producers failto address environmental challenges with the
production process, negative environmental impacts may result. Price dumpingby foreign producers may also
lower product prices, makingit harderto compete.

3.4.7 Large Expected Increases in Demand

Expected increasesin deployment of offshore wind turbines and battery and hybrid electric vehicles is likely to
drive rapid demand growth for NdFeB magnets. This will strain existing supply chains formagnetsandrare
earth products, potentially exacerbatingany existing vulnerabilities.
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4 Key U.S. Opportunities and Challenges

Given the vulnerabilities discussed in the previous section, the United States hasa numberof timely
opportunities available. This section discusses these opportunities and the challenges they face.

4.1 Opportunities

Potential opportunities exist throughout the RE magnet supply chain foradditional domestic manufacturing.
Growing the RE magnet supply chain in the United Statesis an opportunity to promote well-paying
manufacturingand technology jobs in the United States as well as an opportunity to stabilize supply fora key
component of wind turbine and electric vehicle manufacturing, thereby encouragingmore domestic
downstream production.

Increase demand for offshore wind turbines and electric vehicles. Increasingdemand fordownstream clean
energy applications could lead to significant increases in demand throughout the magnet supply chain. To best
support domestic industries and minimize risks to disruptions to supply, a complete domestic supply chain is
optimal, from rare earth mining and processing, to separation, metalrefining, magnet manufacturing, and
through production of direct drive offshore wind turbines and electric vehicle traction motors.

Fill gaps in the supply chain at the metal refining, magnet alloy, and magnet manufacturing stages by
incentivizing domestic production across the supply chain. This opportunity pertains especially to HRE
oxide mining and separation. The United States has an opportunity to fill these gaps as demand grows.
Currently, no metalrefining takes place in the United States,and most refiningoutside of China is done by a
few companies operatingin southeast Asia. The only NdFeB magnet production that occurs in the United
Statesis performed on a smallscale that doesnot match demand. Leveragingmechanisms within DOE and
coordinatingwith DOD and DOC on actions stemming from the DPA TIII and 232 investigation could lead to
mutually beneficialresilience enhancementsin defense,commercial, and clean energy supply chains.

Improve existing technologies for process intensification and scale-up in RE separation and metal
refining. Such technologicalimprovements may also create opportunities for more competitive domestic
production in these areas. Progress on the mining and separation stages of the domestic supply chain will also
enable domestic metalrefinersto have a morereadily available source of materials without relying on Chinese
suppliers. The combination of increasingdemand and increasingdomestic supply creates a more conducive
environment for U.S. metalrefining and magnet manufacturing industries to be successful. Rapid demand
growth is also likely to create opportunities fornew producers to meet any demand that is in excess of Chinese
production levels.

Capitalize on the United States’ world-class rare earth resources. The United States possesses significant
sources of rare earths,and already produces a significant amount of concentrate from mines. Projects are
currently underway to add domestic separation capacity as well. These projects would make the United States
one of the largest miners and separators of rare earth minerals outside China.

Foster a diverse global supply chain with strong trade relationships. A more diverse global supply chain
with good trade relationships with suppliers would also help reduce supply risks by filling in gaps where
domestic supply is notavailable and by providingmore diversity of stable supply. This can also be
accomplished through encouraginginvestments by American firmsin operations in countries outside of China
through the U.S. International Development Finance Corporation, forexample.
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Improve existing magnet recycling technologies and processes. Magnet recycling technologies are less
mature than conventional processes, creatingan opportunity for U.S. producers to take the lead in developing
new technologies. Increased magnet recyclingwould also reduce the reliance on environmentally hazardous
extraction techniques. The United States has existing magnet recycling capacity through firms such as Urban
Mining Company, and opportunities may exist to expand this capability using technologies that separate REs
outofrecycled magnets aswell astechnologies that generate new magnets from the recycling process more
directly. Proper labeling of manufactured magnets would also facilitate direct magnet to magnet recycling
capabilities by reducing the burden on would-be recyclers. Given expected increases in demand formagnets,
however, recycling is unlikely sufficient to produce magnetsatthe magnitude needed to support clean energy
supply chains.

Develop and improve technologies that facilitate substitutions away from (or reductions in) vulnerable
materials and products. For example, the development and manufacturingof technologies that allow the use
of NdFeB magnets without HREs such as Dy, which are less available outside China, could be used in
conjunction with new domestic separation and refiningof LREs to allow wind turbinesand EVs to be
produced with domestically sourced rare earths. New substitution methods, such as the continued development
and commercialization of gap magnets ortechnologies that use fewer magnets, can also allow companies to
avoid intellectual property (IP) constraints associated with conventional production methods. Yield loss can be
avoided through such technologies asadditive manufacturing. Material discovery and optimization can play a
role in reducing U.S. reliance on HREs. Reduced materialuse would also reduce environmental degradation
associated with rare earth miningand processing.

Develop and foster a workforce with required skills in mining, mineral processing, and metal and
magnet manufacturing. A training gap exists, particularly in the mineral processing and magnet
manufacturing sectors, and may be due, in part,to a lack of interest relating to a negative perception of the
extractive industries. Promotinga vision fora workforce to support sustainable mining, coupled with strong
environmental stewardship practices across the supply chain, could begin to alleviate this challenge.

The development of a domestic supply chain could provide additionalstability in a risky market. Havingrare
earth supplies shut down could lead to production delays, or worse, an inability to build technologies to
decarbonize the U.S. economy. Having contracts between domestic companies could benefit both — provide a
stable source of materials forthe buyer, perhapsata somewhat higherprice, and a stable source of revenues
for the seller.

4.2 Challenges to Realizing Opportunities

Current efforts are underway to help realize these opportunities. The geographic concentration of nearly all
upstream supply chain stages in China is being partially addressed by new U.S. production capabilities thatare
planned orunderdevelopment, many with the support of the U.S. government, including through the DPA
Title I11,as well asnew production in other countries that could help reduce geographic concentration. The
lack of reliable substitute materials and technologies is being addressed through RDD&D on material
substitution in magnets supported by DOE’s CMI, some improvements in wind turbine design, and
improvements in magnet manufacturing processes. [8 The Department of Commerce investigation into the
effects of imports of NdFeB magnets on National Security may also lead to additionalactions to correct market
imbalances. However, it will not be easy to establish a domestic supply chain, as significant challenges exist to
competing with existing producers, especially those in China.
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Chinese producers have advantages in the level of environmentalregulation, the scale of their operations, labor
costs, and integrated supply chains. They also have sustained support from the Chinese government, which has
used a variety of methods to support their industry. Chinese dominance in the upstream stages of the supply
chain (i.e., rare earth mining, separation,and processing) hasalso contributed to their even greater dominance
in magnet manufacturing. China also has significant excess capacity, allowing existing producers to ramp up
production and drive down prices, undercuttingnew competitors.

Some of these advantages could be reduced as China increases its levels of environmentalregulations and
additionalsupply chain development in the United Stateshelpsimprove domestic availability of materials, but
it is likely that ongoingefforts by the U.S. government will be needed to offset the advantages enjoyed by
Chinese producers.

Complex production processes such as those in the magnet supply chain require some trial and error to perfect.
New firms entering the market will need to have sufficient fundingto navigate this phase. Magnet producers
will need to learn how to control the microstructure of the magnets, metalrefiners may face challenges
controlling the electrolyte composition, and oxide separators mayneed to masterrecyclingof reagents to keep
costs low. If a new company has sufficient fundingto navigate this initial stage, there is still no guarantee that
U.S. producers would still be competitive with Chinese producers.

There are additionalchallenges for domestic magnet recyclers. The recycling processes for NdFeB are still
underdevelopment. It doesnot appearthat recycling will close the gap between the demand formagnets and
RE metalsavailable until about 2050 when half the supply might be produced from recycled magnets 78], The
cost of retrieving the small magnetsused in some applications is too high compared with the value of the
magnet, orthe REs in the magnet. Much of the REs in the magnets enters the steelmakingprocess when
articles arerecycled. This makes it difficult to acquire sufficient supplies of recycled magnetsthat can be
recycled cost-effectively.

Companies that recycle magnets directly without separatingout individualREs, also face a distinct set of
challenges. Not all magnets have the same chemistry, even forthe same grade of magnet,and it is difficult to
know the composition of a magnet acquired at end-of-life, makingit difficult to predict the magnet properties
that result from blending different recycled magnets and produce a uniform productforbuyers. As a result,
finding end users interested in recycled magnetic materials can be a challenge. It would be easier to follow the
direct magnet recycling modelif the composition of existing magnets were known. Labeling to help recyclers
knowthe composition of magnets, or product stewardship with magnet producers recycling their own magnets,
could help with this.

A challenge for policy makers is that efforts to reduce dependence on NdFeB magnets oron RE metalsmay
discourage investments in the manufacturing supply chain. For example, research and development (R&D)
efforts focused on developing substitute magnets could make the supply chain more resilient; however, if
successful, those efforts decrease the demand for NdFeB magnets, thus increasing investment risks for NdFeB
magnet manufacturingand rawmaterials production.
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5 Conclusions

Rare earth magnets, particularly NdFeB magnets, play a key role in the U.S. economy, including key energy
technologies such as wind turbines and electric vehicle motors. Due to their high energy density, these
powerful permanent magnets are used in highly efficient and low-weight electrical motors and generators,
providing key advantages compared to alternative technologies. However, these magnets—as well as the rare
earth compounds, metals,and alloys used to produce them—come largely from China, with limited production
in the United States.

Due to the significance of the rare earth magnet supply chain, effortshave been made by various government
agencies to support the development of a more resilient supply chain and encourage additionaldomestic
production. Domestic rare earth mining hasincreased in recent years, and new domestic separation of rare
earth concentrated into individualrare earths is expected in the near future. Potentialnew domestic metal
refining and magnet production are also beingplanned, though thisnew production is a little fartheraway.

While these developments are promising, they may not be sufficient to eliminate vulnerabilities and build a
resilient supply chain, especially given expected growth in demand. Resilience can continue to be improved
with additional diversity of supply through expanded domestic production at allsupply chain stages by a
variety of producers using multiple material sources and production techniques, and through partnerships with
international suppliers. It can also be supported by a knowledgeable workforce with the technological
capability to allow rapid responses to changingenvironments. In addition, new domestic suppliers may need
sustained support to compete with foreign producers, especially those from China. The successfuldevelopment
of a more resilient supply chain for rare earth magnets could help enable sustained expansion of efficient clean
technology deployment.

Recommended policy actions to address the vulnerabilities and opportunities covered in this report may be
found in the Department of Energy 1-yearsupply chain review policy strategies report, “America’s Strategy to
Secure the Supply Chain fora Robust Clean Energy Transition.” For more information, visit
www.energy.gov/policy/supplychains.
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Appendix A: Additional Technical Information

Separation (Solvent extraction)

The primary process currently used for separation is solvent extraction. The exact process is engineered for
each type of concentrate being processed, but common steps include high-temperature cracking with sulfuric
acid or other reagents, removalof Ce from brines through oxidation, followed by the solvent extraction trains
themselves. These trains consist of potentially hundreds of mixer/settlers, each of which consists of a mixing
chamberwhere a solvent is mixed with the feed solution, and a settling chamberwhere lighter and heavier
materials are separated by gravity. They initially separate light rare earths such asNd and Pr from heavy rare
earthssuch as Dy and Tb before performingadditional separations.

The organic phase of the solvent extraction system that is widely used is based on a mixture of kerosene and
Di-2-ethylhexyl phosphoric acid or 2-ethylhexylphosphonic acid mono-ethylhexylester. Oxalic acid is used to
separate the RE chloride salts from the solution. These processes consume large amounts of acid, caustic, and
water. Ongoing research is underway to develop extractingreagentsthat do notrequire asmuch acid and
caustic in the mixer/settler/stripping units.

In processing the ore, the smallamounts of uranium and thorium must be separated from the rare earth
streams. The solvent extraction trains have longresistance times with potentially hundreds of mixer/settlers.
The separation of Nd from Pr can take 30 mixersettlers. In some applications, the cost of Nd-Pr separation is
not justified for a small gain in magnet performance, and didymium (NdPr) metalis used in magnet
fabrication. Forapplications that require a Nd:Pr ratio different from the typical3:1 of didymium, separated
Nd or Proxide can be used to increase or decrease the Pr content.

The solvent extraction trains used in the separation process are designed to take advantage of the fact that Ce
canberemoved from the brines by oxidation to produce an insoluble ceric oxide. This removes a significant
fraction of the REs process stream, reducing the size of the equipment if solvent extraction alone wasused for
separation. Promethium isnotnaturally occurring, and as a result the hydrometallurgicalprocess hasa natural
gap between the light and heavy rare earths where they can be separated.

Metal refining (electrowinning)

The first rare earth metalrefining was done in Germany in the 1940s and then in the U.K. and the United
States. (1431 This early metalrefining produced mischmetal, an alloy containingan unseparated mixture of REs,
which was used largely for lighters and forinoculants forductile iron production. Historically, mischmetalwas
produced in large amounts in the United Statesby Ronson and REMACOR. 1441431 The U.S. Bureau of Mines
developed the oxide feed/fluoride electrolyte process, also known as electrowinning, demonstratingsmall-scale
production of Nd and Pr and larger-scale production of mischmetaland Ce using the same method. [146, 147]
This process then was scaled to larger cells in China.['481Some cells have reached 10kA in size. [14°]

Electrowinning is done using an electrowinning cell, which consists of a set numberofanodes and cathodes,
and an electrolyte, which varies dependingon the metalor alloy being produced. Typically, a graphite anode
and tungsten cathode are used. All of the electrolytes are composed of solutions of lithium fluoride and the rare
earth fluoride of the metalof interest. The electrolytes are typically 80-90% rare earth fluoride, with the
balance lithium fluoride. Electrowinning cells operate on a similar principle asa Hall-Héroult cell. The rare
earth oxide feed is added to the electrolyte.
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The cost of the electrolyte is high: spot prices of didymium fluoride (NdPrF3) in September2021 were found at
$735/kg. The density of the electrolyte is about 4.7 g/cm?, so an estimated 3kA cell would require about

260 kg of didymium fluoride (ata cost of $190,000)to start the cell, with bath replacementestimated asabout
2% per month. Such a cell could produce about 38 tonnes peryearof metal, requiring about 44.7 tonnes of
oxide. The cost of the cell is about $110,000. Given these costs, without an internalsupply of rare earth
fluoride, a smelter would have difficulty operating cost-effectively.

To produce ferrodysprosium (DyFe), which is used asinputinto NdFeB magnet production, a consumable iron
cathode isused. The dysprosium alloys with the iron from the cathode to form a eutectic atabout 80/20%
Dy/Fe. Dysprosium fluoride is used asthe electrolyte. The cost of the electrolyte is much higher as dysprosium
fluoride is about three times the cost of didymium fluoride. Cell size is similar to the didymium cell. This
process uses consumable cathodes produced from low carbon steel.

The solubility of the oxide varies with the RE metalproduced, with highest solubility of about4% in Nd oxide
electrolysis. [150]

The composition potential for the oxide is lower than the fluoride. As a result, the cell reactions can be written
asshown below. This process uses a graphite (C) anode, and produces carbon monoxide (CO) and carbon
dioxide (COz) atthe anode.

RE,O; +3C=2RE +2COy,

RE,O; +1.5C=2RE+ 1 .5C02(g)

The electrolytic process consumes graphite, the theoreticalminimum 0f 0.09to 0.12 kg C/kg Nd. The actual
wear ratesare about 0.2 to 0.4 kg C/kg Nd. ['511 This shows that cost of production outside the cost of the oxide
is governed by this expense. Typicalcost of graphite is about $20/kg, which results in a cost of $4-$8/kgNd.
The supply of graphite also hasto be available, sometimes thismaterialhasa longlead time (estimate from
SGL Graphite suggests a nine-month lead time)and only certain grades will notadd contamination from the
ash in the graphite when used in the cell. The CO produced from these reactionshasto be treated before
release, and thisaddsa capitalcost to the process. The CO canbe converted to CO2 by thermaloxidation.

The limiting current density of about 1 A/cm?, and the solubility of the oxide helps describe the size of the cell
[152] The electrolyte volume is defined by how fast the operatoris comfortable in the depilation of oxide of
the bath.

A key challenge in rare earth metalrefiningis thatin some conditions, the anode effect can lead to a reaction,
shown below, which consumes valuable electrolyte and generates tetrafluoromethane, a greenhouse gas with
6200 times the potency of COz,and otherperfluorocarbons (PFCs). The limited solubility of the oxide in the
electrolyte canresult in the anode effect if the current density on the anode is too high or the supply of oxide in
the bath is depleted. The anode effect in the Hall-Héroult cell results in rapid rise in cell voltage and archingin
the cell. Anodesand cathodesin the Hall-Heroult cell are operated on current control,and the anodesare
horizontal. In the anode effect the gas trapped carries an electrical arc causing a large increase in cell voltage
drop.

4REF; +3C = 3RE + 3CFy
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The emissions of tetrafluoromethane (CF4) from electrolysis has been estimated overa range, from 26.6 g/ton
NdPr t0 29.5 g/ton with 3.1 g/t of C2Fs. 113313 Emissions in the production of DyFe are reported much higher,
in the 111 g/tonrange.

To avoid the anode effect and emissions of PFCs, a dedicated powersupply under voltage control (fixed
voltage, not current) operates each electrowinningcell. The cell voltage or applied voltage is controlled to
operate belowthe formation of tetrafluoromethane. This is not the most cost-effective methodof supply of DC
power; however, it is necessary. Using one power source to operate severalcells and not produce
tetrafluoromethane hasnot been demonstrated, Permitting the emission of PFC from cell electrolysis, or the
development of a dry scrubbingmethod (a thermaloxidizer) to convert the CF4 before emission might be
necessary. Commercial thermal oxidizers (TO) developed forthe plasma etchingindustry are designed to
destroy CFs. [155]
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Appendix B: Assessment Table

Table B1. Assessment Table

Cost ) Is there Is there mg(zesseir:se
Significant| Significant polecier Significant polecier o8t c?)r:t‘\:f;::\w Is foreign su sel;::;;“ir: sel;::;;“ir: Gobuldle
Component SC fgge";:“tl Sub-;egt:\:ntl domestic | domestic S"jgor::;i:lt global 5|gr;gt|)caalnt (:;:2?1"“3‘: us supply N address | address ::";g;:t'c
P p suppliers | demand market g 9 suppliers |diversified? environ- | human pabllity
demand demand | suppliers | /"o 0o trad e rights for this
- 9 I partners?, o) 9 - product/
suppliers concerns?| concems? . 100 nent?
Rare earth ore Yes No Maybe Maybe Yes Maybe Maybe No No Maybe Maybe Maybe
Mining ?"d Iron ore Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No
processing
Borate ore Yes Yes Maybe Maybe Maybe Maybe Yes Yes Yes Maybe Maybe No
. . Rare earth
Raw materials Processing concentrate Yes No Maybe No Maybe N/A Maybe No Maybe Maybe Maybe Maybe
Nd oxide No No Maybe Maybe Yes N/A No No Maybe Maybe Maybe Maybe
Separation
(rare earths | NdPr oxide No No Maybe Maybe Yes N/A No No Maybe Maybe Maybe Maybe
only)
Dy oxide No No Maybe No Maybe N/A No No No Maybe Maybe Maybe
Nd metal No No Maybe Maybe Maybe N/A No No No Maybe Maybe Maybe
NdPr metal No No Maybe Maybe Maybe N/A No No No Maybe Maybe Maybe
Metal refining DyFe alloy No No Maybe No Maybe N/A No No No Maybe Maybe Maybe
o , and alloying '\ 4FeB alloy No No Maybe | Maybe | Maybe | Maybe No No No Maybe | Maybe | Maybe
rocesse
materials Boron Yes Maybe Maybe Yes Maybe Maybe Maybe Yes Yes Maybe Maybe Maybe
High purity Fe No No Maybe Yes Yes Yes Yes Yes Yes Maybe Maybe Maybe
Secondary Ma? ".etl
materials :;?gé?esd from No No Yes Maybe Yes Maybe Maybe Maybe Maybe Maybe Maybe Maybe
recovery scrap
Mag net Sintered NaFeB No Yes Yes Maybe Yes Maybe No No No Maybe Maybe Maybe
manufacturing magnet
Direct drive
Component generator No No Yes Maybe Yes Maybe Maybe Maybe Yes Maybe Maybe Maybe
manufacturing
Traction motor Maybe Yes Yes Yes Yes Maybe Maybe Maybe Yes Maybe Maybe Maybe
Direct drive/
&ﬁ?ﬁ ée wind No Maybe Yes Maybe Yes No Maybe Maybe Yes Maybe Maybe Yes
End product manufacturing
EV
manufacturing Yes Maybe Yes Yes Yes Yes Yes Maybe Yes Maybe Maybe Maybe
Scrap containirg
Endof-life NdFeB material Maybe Maybe Yes Maybe Yes Maybe No Maybe Maybe Maybe Maybe Yes
product NdFeB material
collection recovered for re-|  Maybe Maybe Yes Maybe Yes Maybe Maybe Maybe Maybe | Maybe Maybe Yes
use
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