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Annual Global Rare Earth Market
« ~$5B in 2015 (~149,000 tonnes/yr)

U.S. Consumes
* 11% ($550M) or(~16,000 tonnes/yr
(~4.4 tonnes/day)-20

Approximately 750M Tons of Coal

Burned in U.S. Annually
 ~75M tons of coal ash generated

* Average-€ xtteq of ~470 ppm REE+Y,

yields ~31,980 tonnes o REE+Y annually

S. DEPARTMENT OF

Lynas Advanced Materials Plant, Malaysia
« Capacity: 22,000 tonnes/yr REO (Nd/Pr, Ce, La..)
« Capital Cost: $546M (2011)

Magnet Industry — International

Consumption (2015)
« 21,727 tonnes/yr Nd,Oq
* 5,542 tonnes/yr PrsO,;

Dual Use Materials
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Feasibility of Recovering Rare Earth Elements
(REES)

FY14 to perform an assessment and analysis of the feasibility of economically
recovering rare earth elements from coal and coal by-product streams, such as fly ash,
coal refuse, and aqueous effluents

FY15 to continue activities to economically recover rare earth elements from coal and
coal by-product streams, such as refuse, and aqueous effluents

FY16-FY18 to expand its external agency activities to develop and test commercially
viable advanced separation technologies at proof-of-concept or pilot scale that can be
deployed near term for the extraction and recovery of rare earth elements and minerals
from U.S. coal and coal by-product source showing the highest potential for success

FY19-FY20 to continue its external agency activities to develop and test advanced
separation technologies and accelerate the advancement of commercially viable
technologies for the extraction and recovery of rare earth elements and minerals from
U.S. coal and coal by-product sources
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Mission

Development of an economically competitive and sustainable domestic supply of
rare earth elements (REEs) and critical materials (CMs) to assist in maintaining our
Nation’s economic growth and National Security

Objectives

U.S. DEPARTMENT OF

* Recovery of REEs from coal and coal by-product streams, such as coal refuse, clay/shale
over/under-burden materials, aqueous effluents, power generation ash

« Advance existing and/or develop new, second-generation or transformational technologies to
improve process systems economics, and reduce the environmental impact of a coal-based REE

value chain

Goals

« Validate the technical and economic feasibility of small, domestic, pilot-scale, prototype facilities to
generate, in an environmentally benign manner, high purity 90-99 wt% (900,000-990,000 ppm),
salable, rare earth element oxides (REOs) from 300 ppm coal-based resources.
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Feedstock Materials

Run-of-Mine Coal
Overburden & Underlying Clays/Shales/Sediments
Coal Prep Plant Refuse
Power Generation Ash
Acid Mine Drainage Sludge

U.S. DEPARTMENT OF
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Exploration

Processing

Resource:
>300 ppm

U.S. DEPARTMENT OF

ENERGY

Separation and
Purification

Metals Processing/

Alloying

Manufacturing

Ore

Mining

Crushing
tu separate monazite
and/or bastnasite

Milling
to grind into fine
particles less than
1mm in size

Floatation
) separate and obtain
viabla concentrations of
REE

REE Concentrate

Product:
~4,000 ppm

Leaching

Impurity Removal

Separation
Through ion-exchange
or solvent extraction

REO (Rare Earth
Oxide)

Product:
90-99%w1t%

Electrolysis

Metallothermic
Reduction

End Use Alloy
Making

WISELS

“Super
Alloys” or
Permanent

Magnet

Alloys

Renewable Energy, Consumer and National Defense

Products
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Prospecting Processing
:  Fundamental & * Design, Construction &
’ ES?dO% Domlest:; Advanced Separations Operation of Bench &
clr? ";‘m.p ef Research Small-Pilot High Purity
. p Slr'a(I; e:za_llobnl « Conventional REE Separations
ublicly Avaliable &Transformational Facilities

(EDX)

Stakeholders — 25-30 Active Projects (FY18-FY19)

« NETL Research & Innovation Center (RIC)
« Geospatial Modeling, Sensors, Separations, Techno-

Program Direction
« Economic & Process Efficiency

Economic Analyses, REE Embedded Database Improvement
- National Labs: LANL, LLNL, INL, PNNL * Addressing Technology Gaps
» Field Sensors, Technology Transfer * Metalization
* Universities * Accelerating Development
« Separations Processing « REE-CM Co-Production

* Industry — Small Business
« Sensors (2017), Separation (2018), Metalization (2019)

U.S. DEPARTMENT OF FWP' FOA, RFP' SB’R' TCF
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e Northern Appalachia
o Northern Appalachia WVU AMD Solids
o Cenftral Appalachia
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B Northern Appalachia AMD Sludge + Central Appalachia AMD Sludge A Northern Appalachia
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West Virginia University
Acid Mine Drainage (AMD) sf:"jioz iy i

July 2018 Commissioned Facility
~100% REE Recovery from Feedstocks
Production of ~96% REO

Residue
Solids Raffinate

il 7%

Solvent
Stripping

Small AMD sludge drying cell recitation
0.5 ac, 10 ft deep, 80% moisture Precipitate )
Sludge DW 1,300t Filtration

S$190/ton of sludge DW
In sit REEvalae=5247,000

Final
Concentrate
>2% REE

\
; _-;7! Il’/j,\:\—w\
h O ST /227, = .'f\'- :

E“ RARE EARTH EXTRACTION F/

Courtesy of Paul Ziemkiewicz, WVU

) U.S. DEPARTMENT OF
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University of North Dakota
Low-Rank Coals — Lignite
High Organic REE Association
One-Step Selective Mineral Acid Leaching Process
~43% REE Recovery vt | G L[ e
Production of “65% REQ ~ ‘emieces S -
LlLfitA;al 7 Base T;::e Base Base
T } L l
52::;1 »  Leaching |—» Dewatering [—» BaseAdd'n: |—» Dewatering —» REEPrecip |—» Dewatering | NB‘;:::::::" > h;e;m:m
Stage 1 Recycle Stage‘Ld — { giif;";, i !
e Wish m Roasting Al-Rich Product
Upgraded REE-Ca-
Lignite Coal Oxides 1!
Ackichio » Ca Dissolution
v
AkanEH0 Dewatering
y
Mixed REE
Oxide Product

U.S. DEPARTMENT OF
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University of Kentucky

/ 1 - PREPARATION \ / 4 — SX/PRECIPITATION \

Coal Refuse — Central Appalachian & lllinois Coal Basins Seteceive
o, . . . Precipitation
Initiated Operation in June 2018 N
Production of REE in October/November 2018 - e p,:i’:;sf;’;;ongg,vzgg%ﬁw
80-90% REE Concentrate Produced Qualified I : piREE | <1, ] -
eedstoc ” Micronizer F@ﬁ'E =
] / ] Hter ﬂr/
(" = @l—» o )
Rare Earth Mineral/
=] Alkaline Mineral L v
T Locne, . —
JOff- Two-Stage ' ater -

Site)

Leaching Treatment E

REM I

Filter * ------- - P: =
Thicke E
erener P‘Loctess Prlcz:E:I::ct a i,
ater
Rﬁ;‘;gfe I—> Waste
2 — SEPARATION
S > ~_ 3 - LEACHING 7

Courtesy of Rick Honaker, University
of Kentucky, Roe-Hoan Yoon,
Virginia Tech

Youtube video link: :
https://www.youtube.com/watch2v=jR70j-MzWNE BT e




REE Program — Pilot-Scale Processing N=|ManoNaL
T L R5SRRToRY
Physical Sciences Inc. (PSl)
Center for Applied Energy Research (CAER)
Winner Water Service (WWS)
Coal Ash from Eastern Kentucky Coal
Physical Processing Pilot: 0.4 tpd Operational — CAER
Micro-Pilot Plant: 0.5 kgpd Operational — PSI
Chemical Processing Pilot: 0.5 tpd Operational November 2019 — WWS
High Performance
Geopolymer Cement
Fe+ed Composite Filler
OnCoa;se ; Cenospheres cF-'nr'?:dUCti ?a .
e BN S
Coal * Ash * ? Sefscrtled m + T
Combustion_b AshaSnlépply Feed- Physical Fraction R Chenical
P{g‘élg?)ts Conditioning - Separation Plant v Separation Plant

v v

Bvpr: Byproduct Product 1
REY-rich Nitrate
l Mixture
REE = Rare Earth Elements

; o v
REY = REE + Yttrium Carbon Mag Ash Fine Beneficiated -
= Ash Original
1| REYSc =REY + Sc
| v v v DOE Program
Secondary Magnetite Cement DelwerabIP: -
Courtesy of Prakash Joshi & Fuel Substitute Market )

David Gamliel, PSI

U.S. DEPARTMENT OF
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Prospecting Processing
Technology Development Pathway >
v’ Technical Process Economic

s P T e o Production Demand Market Impact
Feasibility § Scale-Up Viability P

Where We Are Today

v Technical Feasibility of Extracting REE from Coal-Based Resources
Demonstrated

v' Three Domestic, First-of-a-Kind, Extraction/ Separation Test Facilities,
Producing Small Quantities of REEs from Coal-Based Materials,

v Fully Integrated REE Program
v' Spanning Basic/Fundamental Technology Development (TRL 1-3)
through to Small Pilot-Scale Facility Validation (TRL 5-7)
v' Maintaining Broad Feedstock Base — Coal Refuse/Tailings,
Clays/Shales, Power Generation Ash, Acid Mine Drainage
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AN APPLIED SPECTRA
Transforming the way the world does chemistry
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Mary Anne Alvin

Rare Earth Elements Technology Manager
412.386.5498 |
maryanne.Alvin@netl.doe.gov |

National Energy Technology Laboratory

http://www.netl.doe.gov/research/coal/rare-
earth-elements/
https://edx.netl.doe.gov/ree/
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