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The OpporTUﬂiTyI Coal Ash TL [EcHnooey

LABORATORY

« Combustion Process Increases REE & CM Concentrations

 Abundant waste material available across the U.S.
« Landfills around the U.S. contain 1.5 billion tons of impounded ash
« Geographically distribufed, including by coal type
* Review, closure, and/or re-impoundment in progress by statute

« Opportunities exist for regional facility

« 100 million tons are impounded in the Upper Mountain Region (WY, MT, CO, & ND)
Approximately 1.25 million tons of ash are generated annually in the region

« Could support a 5 fon per day REE facility for over 20 years
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NETL Data Analytics: Understanding the Resources NATIONAL
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Fundamentally Understanding the Resource NATIONAL

TECHNOLOGY
Ash & AMD Characterization to Recovery o L IleORATORY

| AMD solids Fly ash

Utilize characterization of major REE-hosting solid
fractions in different CCBs to innovate targeted
exiractions for efficient and economical REE recovery.

Stuckman, M.Y., Lopanc
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Targeted Rare Earth Extraction (TREE)* N=[NaTona:
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2022 Weak

R[ ) ' Acid 3

Targeting Calcium-Rich Ashes & AMD solids

TREE Advantages over REE mining:

Scandium
extraction

Less waste management cost removal extraction
Additional value streams such as cobalt,
nickel or scandium

1. Domestic/ local waste feedstocks ‘

2. No-pretreatment ]('('

3. Up to 0% acid reduction

4. No heating/ no pressure Step 1 Step 2 Step 3
5. Reduced solvent use Calcium REE colerll o
6.

/.

Calcium-rich == Cobalt or Scandium
leachate leachate leachate

Purify and precipitate
== Cobalt or Scandium

products products

REE leachate
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Bridging the “Valley of Death” N= [ MTERNA

TL TECHNOLOGY
LABORATORY

Fly Ash Extraction

From Bench to Pilot: S1.6 million TCF Project

Wyoming partners committed to technology maturation:
« University of Wyoming School of Energy Resources

« Campbell County TN T
. . ate, Campbell County pursue
City of Gillette rare earth opportunities

STep—leOChing (]T O rnbien-l- CondiTionS By Greg Johnson, Gillette News Record | Via Wyoming News Exchange Jul 5, 2020 Comments | ¢
Targeted Rare Earth Extraction (TREE)

U.S. Patent Pending Serial No.: 63/053,925 Rare Earth Elements Project Receives Federal Funding [§

NEWS DIRECTOR | Article Updated: June 23,2020 | ¢ COMMENTS OFF ;;5 o v

e.g. 26wit%
Pure Rare
Earth Oxide
(REQ)




Bridging the “Valley of Death” N=|MAToNAL

TL TECHNOLOGY
LABORATORY

» Designed to increase the number of | From Bench to Pilot: $1.6 million TCF Project
energy technologies developed at

DOE’s national labs that graduate to
commercial development and

NETL works with Wyoming partners committed to
technology maturation:

achieve commercial success. * University of Wyoming School of Energy Resources

« Enhances DOE's technology * Campbell County State, Campbell County pursue
fransitions system with an enterprising | * City of Gillette rare earth opportunities
Gnd Compe-l-i-l-ive GpprOGCh .I.O Iab_ By Greg Johnson, Gillette News Record | Via Wyoming News Exchange Jul 5, 2020 Commen ts

indusiry partnerships. Rare Earth Elements Project Receives Federal Fundmg
b App”ed progrcm Ofﬁces Ond NEWS DIRECTOR | Article Updated: June 23,2020 | ¢ COMMENTS OFF

national laboratories can pursue a

strategic approach to | ’”‘ﬂﬂ'ﬂ”ﬂﬂﬂ.

commercializing technologies PR TOVIR T | AR

(requires provisional patent)

« 50% Cost share between DOE and
partners

#=9%.  U.S. DEPARTMENT OF

3 Year Project, Ste@
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TCF-20-21358 Team — |NATIONAL

Tl: TECHNOLOGY
CRADA Agreement 1037 (NETL, UWy, ECED)
NETL (Pgh, Alb)

LABORATORY
« Pls: Christina Lopano, Thomas Tarka
« RIC PM: Christy Pecyna

« Research Team: Mengling Stuckman, Ward Burgess, Alison Fritz, Jon Yang, Patricia Saint-
Vincent, Circe Verba, Brian Kail

University of Wyoming - School of Energy Resources

« PM =Scott Quillinan

« Research Team: Davin Bagdonas, Erin Phillips, Charles Nye, J. Fred McLaughlin
Energy Capital Economic Development (ECED)

« PM-Jim Ford

« City of Gillette, & Campbell County, Wy

Industry Support:

« Western Fuels, Wyoming, Inc. (Dry Fork Mine)

« Basin Electric Power Cooperative (Laramie River Station, Dry Fork Station)

=% U.S. DEPARTMENT OF




Project Goals and Objectives N=|NATONAL
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The project will create a small pilot-scale production facility that demonstrates the
environmentally benign and economically viable production of REE from coal-related
feedstocks. This will be achieved by working with academic and industrial partners to:

1. Identify the most promising feedstock(s) in the Powder River Basin (PRB) for the extraction
of rare earth elements (REE) and critical metals (CM),

2. Perform extraction experiments to demonstrate the efficacy of extracting REE and CM in
an economic manner, and

3. Up-scale NETL extraction technologies to a pilot scale in the PRB.

pH titration curve for step leaching \

o y s
Leaching for REY PLS

/

"Acid added (mmol/g)

e
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Task Breakdown N=|MAToNaL
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Task 1: Feedstock Screening, Testing and Optimization (~ 12 months) (UWy, NETL), Pl - Lopano

« |dentify promising ash materials for extraction and upscaling. Down-select to 1 to 2 candidate ashes for
larger scale extraction tests and process optimization.

Task 2: Chemistry & Reaction Optimization (~ 24 months) (NETL), Pl - Lopano

 NETL has developed a patent-pending step leaching process (TREE) for extraction of REE from PRB ash
that reduces acid consumption by 90% over other processes for PRB ash and effectively eliminates the

E)Fgfss)ence of major cations (e.g., Ca and Fe) to increase the purity of REEs in the pregnant leach solution

Task 3: Systems Analysis and Resource Assessment (~ 36 months) (NETL) Pl - Tarka

« NETL SEA will initfiate a screening study to evaluate the economic performance of the sequential
extraction process and subsequent product enrichment to higher purity concentrates. This work both
builds the foundation for TEA work to be performed during the duration of the project and will inform
research performed under Tasks 2 & 4.

Task 4: Pilot-Scale Process Operation (~ 30 months) (NETL, UWy, ECED), PI - Tarka

« Maturation of a pathway to extract and enrich REE from coal byproducts that technical risk is reduced,
enabling the technology to be licensed and financed for deployment at a large scale. To achieve this,
the project will culminate in the start-up and operation of a pilot-scale facility that demonstrates the
performance and economic feasibility of the process. Produce 25 grams of 60% REO concentrate

D NN
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Major Project Goals

« Evaluate Coal Byproducts Available

 Down-select to 2-3 Candidate Ashes

« Optimize TREE extraction method for candidate ashes (L:S rafio, T&P, leach fime,
# of leaches)

« [Initial systems design and cost estimate

« Initiate site preparations, permitting, and local outreach

« Perform larger scale (~40 gallon) extraction tests to validate performance
« Complete more rigorous process design for pilot plant
Year2 <+ Go/No-Go on using purification techniques (NETL-RIC IP)
« Optimize parameters for purification
« Finalize site prep and equipment needs list

» Finalize purification method to utilize
* Procure and install equipment
« Equipment shakedown

» Pilot test campaign

7%, U.S. DEPARTMENT OF

{9} ENERGY

Year 1

Year 3




Task 1: Evaluation of Regional Feedstock VE

Ti ImECHNoLoGY
Fly Ash' Bo-l--l-om Ash' Landfi"ed Ash Powder River Basin Coal By-Products RATORY

REEs normalized to UCC

Survey of Potential Feedstocks and Resource Characterization of 10.00
Powder River Basin Derived Coal Byproducts

— Powder River Basin Average

Prepared by the Center for Economic Geology Research
University of Wyoming School of Energy Resources

In Support of the National Energy Technelogy Laboratory

Under Agreement AGMT-1037
Comributing Authors
Davin Bagdonas
Fred McLaughlin
Charles Nye
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Task 1: Evaluation of Regional Feedstock

Fly Ash, Bottom Ash, Landfilled Ash

Survey of Potential Feedstocks and Resource Characterization of
Powder River Basin Derived Coal Byproducts

Prepared by the Center for Economic Geology Research
University of Wyvoming School of Energy Resources

In Support of the Natwonal Energy Technology Laboratory
Under Agreement AGMT-1037

Contnbuting Authors
Davin Bagdonas
Fred Mcl aughlin
Charles Nye
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represents that its use would nof mfninge privately ovwned nghis. Reference therain 10 any specific
commmercial product, process, of seride by rade name, trademaric, manulictorer, of othennise doss not
necessanly constitute o mmply i endorsement, recommendation, or fvonng by the Unuted States
Government of any agency thereof. The viens and opmaons of authors expressad theren do pot DECELLnN
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Table 3.4-1
EEY Averages (ppm) FA Average BA Average BA Landfill FA Landfill
Dry Fork Station Legacy Data 3202 393.0 N/A 268.7*
Dry Fork Station Modern Data 255.6 307.8 N/A 262.7*
Wryodak Station Legacy Data 3231 405.0 4477 2757
Wryodak Station Modern Data 2977 297.6 No Data 300.2
Dave Johnston Station Legacy 3033 No Data No Data 3253
Data
Dave Johnston Station 3929 3083 No Data 309.7*
Modern Data
Laramie River Station Legacy 328.6 No Data 2083 2632
Data
Laramie River Station Modern 263.6 3073 2022 206.7
Data

*Dry Fork and Dave Johnston Station landfills are a combined landfill of both FA and BA




Task 1/2 - Sampling & Lab Testing TE ymows

Provided by UWy & pariners

Abbreviati # Qi . |
on Samples | A

\ &Y/

Dave Johnston DJ 4 i et
Dry Fork DF 3 jf'
Laramie River LRS 4 é
Wyodak WD 2 #oRe & ) %

* 13 ash samples from 4 stations in G"Ea-;_ Wyoming e
Wyoming Viyoming Power Flants

» Full analysis (synchrotron, extraction WA ﬂm
method dyelopmen’r) on 4+ samples 250 L

BT A0 T TN S 2 : e A PSS L I

1,000 i ’l

1 ? =0 “I]} ! EI}D km = MRGC, Esri, MERE, Garrin, FAD, MOAA, USGS, EP, Esri, CGIAR, USGS
[ [ S




Task 2 - Targeted Rare Earth Extraction (TREE) —|NaTIONAL
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Ca-rich Powder River Basin (PRB) Ashes - Reduce Exiraction Steps & Conditions

Findings to-date _ _ _

. 3—$Tep proceSS Weal; Acid Weal;Amd Weal;Amd
(A) Ca, (B) then REY and (C) Sc

« Up to 83% REY achieved in Step 2; up to

61% Sc removal in step 3 Step Step 2 Step3
. . o . . O or oSC
« TEA Analyses aid optimization by fine- caremova extraction extraction

tuning reaction time, L:S, acid addition in
each step. Ca & Sulfate
« Acid concenftrations optimized for FA; Cawrich REE Coor Sc removed
leachate leachate leachate from ASh

should also work for LA, BA samples

i ( )” e -Dr C‘I‘S ( 1 h 1 Purify and precipitat
e CO p OdU 2 a-ric blllle, y ecipitate
||e(]|e A || R Coor Sc
d S - B _ EE products : :

RD
100



https://netl.doe.gov/node/10318

Task Timeline (Tasks 1 & 2) Dec 2020

CRADA signed
(AGMT-1037) 12/2020

Samples from
Wyoming:
Characteristics of
Wastes available

Survey of Potential Feedstocks and Resource Characterization of
Powder River Basin Derived Coal Byproducts

Characterization
& Step leaching
(2021-2022)

Prepared by the Center for Economic Geology Research
University of Wyoming School of Energy Resources

In Support of the National Energy Technology Laboratory
Under Agreement AGMT-1037

Contributing Authors
Davin Bagdonas
Fred McLaughlin
Charles Nye
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TL TECHNOLOGY WAOMING | Energy Resources
LABORATORY

Diisclaimer. This ws

k was prepared in part as an account of work speasored by an agency of the United
States Government her the United States Government ner any agency thereof, nor any of their
empleyees, make: arranty, express of implied, or assumes any legal liability o respensibility for the
accuracy, completeness, or usefulness of. ormation, apparatus, product, or process disclosed, o
represents that its use would not infringe privately ovned rights. Reference therain to any specific
commercial product, process, or sarvice by trade name, trademark, manufacturer, or otherwise does not
necessanly constitute or imply its endors nt, recommendation, or favoring by the United States
Government or any agency thersof. The views and opimions of authors expressed therein do not necessanily
state or reflect those of the United States Government of any agency thereof

Acknowledgment: Parts of this technical effort were performed i support of the National Energy
Technology Laboratory's ongoing research in rare earth element extraction under DOE Award TCF-20-
21358
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Task 3: Systems Analysis & Design =Ry
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In Progress

Completed:

 [nitial Systems Design, Equipment list, =
high-level TEA and cost estimates

* Procured big ticket items

(membranes, IC Unit)

- Ouftlined Environmental Health and  ___ | | |
Safety Considerations B .

Underway:

« Facility design and EH&S Plans

« Additional equipment purchases
 Updated TEA

U.S. DEPARTMENT OF




Task 4: Developing a process flowsheet =|narioNaL
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Developing a final product

Ash Leaching Stages Purification

Chemical Extraction

Leaching

Acid baking o
: : 60% TREO B Precipitation and calcination 2
! Acid cracking : Product

Impurity Removal
v

Conventional Comparison

1

I

> 1
[®)) 1
— 1
= I
© Solvent Extraction :
(0] 1
= * !
o) 1
[ 1
© 1
> 1
I 1
1

1

Precipitation
v

Calcination

.S. DEPARTMENT OF




Task Timeline (Tasks 3 & 4) Dec 2020 — present = |NATIONAL

Project awarded July 2020; CRADA signed Dec 2020 (Start of project)

Initial systems design and
high-level cost estimate
(2021)

Task 3 O O

7| Pilot Plant Mass and

|| Energy Balance (Fall
2022)

Identify
environmental
health and safety
needs (2021)

Task 4 O O

Complete equipment
specification and
procurement (Winter
2022)

.S. DEPARTMENT OF

TL TECHNOLOGY
LABORATORY

Final Systems Design and High-
Level Cost Estimate (Fall 2022)

Techno-Economic Evaluation of
Process Performance and
Economics (Winter 2023)

Equipment layout and

environmental health

and safety plan (Spring
2023)

Initiate pilot plant
operation (Summer
2023)

Produce 25 grams of
60% REO concentrate
(Winter 2023)




Task 3 & 4: Pilot design (In Progress)

Update plant mass
and energy balance
with optimized
extraction and
purification
conditions

(from task 2)

U.S. DEPARTMENT OF

Complete
equipment
specifications and
purchasing

Finalize
environmental
health and safety
plans

Initialize pilot plant
operations

- |NATIONAL
== |[ENERGY
TL TECHNOLOGY
LABORATORY

Complete techno-
economic
assessment for
validated pilot-scale
process




Task 4: Wyoming Innovation Center N=|arona
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Ribbon cutting — June 14, 2022 B il “ - _ s .

SER Participates in Wyoming
Innovation Center Ribbon
Cutting Ceremony and Meets

i Recydled Organic Phase 1§

Agueous Extract

with Key Stakeholders in
Gillette (uwyo.edu)

Example Draft Process
Flow Diagram
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https://www.uwyo.edu/ser/news/2022/06/wyic-opening.html

Summary: REE Extraction from Powder River  [N=]ranona.
Basin Coal Byproducts TL R8RS

« CRADA (AGMT-1037) between NETL-RIC, University of Wyoming, Wyoming Energy Capital
Economic Development (ECED) - Signed 12/2020

« Materials obtained from Wyoming Power Plants (4 power plants, 13 types of ashes: Fly ash
(FA), Bottom ash (BA), Landfill Ash (LA). Characterization and initial leaching tests
completed. (2021-2022)

« Team completed a survey of available materials & logistical factors
« Determined the best 1-2 PRB ash targets for pilot plant testing
 NEIL's patent pending TREE Technology was validated for use on these materials (2021-

2022). Final optimization and upscaling shake-down is ongoing
Stuckman, M.Y., Lopano, C.L. and Tarka, T. (2021) U.S. Patent Pending, Serial No.: 63/053,925 hitps://neifl.doe.gov/node/10318

. %%\égl)oped process flowsheet & completed initial systems design and equipment list
* Procured some big-ticket items (membranes, IC unit)
« Health and Safety assessment is underway

. Wyomin%nnovoﬂon Center construction comfle’red and is a blank slate for our pilot —
Building 022

e pilot is Task 4 and began summer

;-"" % U.S. DEPARTMENT OF
(@) ENERGY
i I



https://netl.doe.gov/node/10318

REE Recovery from
PRB Coal Wastes:
Pilot at WIC

= |NATIONAL
= [ENERGY

I [EchNolocy RS S
LABORATORY [

VISIT US AT:

@NETL_DOE

@NETL_DOE

@NationalEnergyTechnologylLaboratory

ntertainment Lifestyles Jobs Wildfires -:(.f):- 97° Sunny
ALERT TOP STORY TOPICAL

Could Wyomi ly the US with
CONTACT: ould Wyoming supply the US with rare

Christina Lopano & Tom Tarka
Christina.Lopano@netl.doe.gov

Thomas.Tarka@netl.doe.gov

earth elements?

Nicole Pollack Jul 10, 2022 Updated Jul 11, 2022 8% 2
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