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Abstract

Fly ash stored in landfills and ponds across the United States is an attractive, abundant domestic resource
for the cost-effective recovery of rare earth elements (REE) and other critical minerals (CM). Physical
Sciences Inc. (PSI) and its team members, Winner Water Services (WWS) and University of
Kentucky/Center for Applied Energy Research (UK/CAER) successfully executed a multiphase program
that developed technologies and their implementation in a pilot plant. We demonstrated plant operations
for cost-effective and environmentally-friendly production of rare earth element oxide (REO)
concentrates, and the critical minerals scandium and aluminum (in the forms of salts or oxide products),
from coal ash. We also constructed and demonstrated a research-scale (0.5 kg/day) micropilot facility to
validate the key physical and chemical processing operations, predict yields, and troubleshoot process
bottlenecks. The project team then designed, constructed and operated two decoupled pilot plants: (1) an
operational pilot plant for physical separation processes with capacity of 0.4 metric tons per day (tpd),
where we optimized processes to produce selected ash fractions as the feedstock for chemical processing
and as valuable byproducts such as cenospheres, magnetic ash, and secondary fuel carbon, and (2) an
operational pilot plant for chemical ash processing with a capacity of 0.5 tpd that developed optimized
processes for the production of: (a) REO concentrates, (b) critical minerals (Sc, Al), and (c) beneficiated
ash as a valuable byproduct suitable for cement applications.

In Phase I, the project team (with Equinox Chemicals in place of WWS) developed and demonstrated the
feasibility of the physical and chemical separation processes, developed the design of a pilot plant, and
began the development of a preliminary techno-economic model.

In the baseline (initial) Phase Il program, the project team developed and demonstrated the above pilot
scale plant, producing salable REE concentrates, including Y and Sc (REYSc), plus commercially viable
byproducts, using environmentally safe and high-yield physical and chemical enrichment processes. The
team successfully demonstrated chemical pilot design, construction, shakedown, and operations of the
plant. We produced the Phase Il deliverable REY Sc concentrate ((50 g of >60 wt.% purity REY Sc salts
on elemental basis), generated the feed for the Phase Il follow-on program, identified processing
challenges for future optimizations, and refined the techno-economic model.

In the Phase Il follow-on program, the project team: (1) developed and demonstrated processes to
increase the REE amount by 3X (content basis) and convert the Phase Il REE salt mixture to an oxide
mixture, (2) produced/delivered >38 g of REO mixture with >85 wt.% purity (elemental basis);

(3) developed processes to recover critical minerals scandium and aluminum from intermediate streams;
(4) produced/delivered > 1 g of scandium salt mixture with >85 wt. % purity (elemental basis);

(5) produced/delivered > 100 g of aluminum oxide type material with >70% wt. purity (elemental basis);
and (6) updated the techno-economic model from the baseline Phase Il program to assess CAPEX and
OPEX of a commercial operation.

This program has developed extensive databases on process chemistry, unit operations, plant engineering,
and techno-economics that will enable further scale-up toward commercial plant design. Specific future
developments will be focused on achieving dramatic savings in energy, reagent usage, and operating
costs. The combined results will contribute significantly for maturing the technologies of REE recovery
from coal byproducts and promote the establishment of domestic REE and CM supply chains.
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1. Executive Summary

This report summarizes the results of work performed by the Physical Sciences Inc. (PSI) team
(collaborators outlined for each Phase below) during the multiphase program DE FE0027167. The work
performed on the program and the corresponding results/achievements include:

e Phase | (Team: Physical Sciences Inc. (PSI), University of Kentucky/Center for Applied Energy
Research (UK/CAER), and Equinox Chemicals, LLC (ECL))

o Developed and demonstrated the feasibility for physical and chemical separation
processes.

o Developed a preliminary design of pilot plant built and operated in Phase II.

e Phase Il (Team: Physical Sciences Inc. (PSI), University of Kentucky/Center for Applied Energy
Research (UK/CAER), and Winner Water Services, LLC (WWS)

o Completed detailed design, developed and demonstrated a pilot scale plant to produce
salable REE concentrates, including Y and Sc (REYSc), and commercially viable co-
products, using environmentally safe, and high-yield physical and chemical enrichment
processes.

Demonstrated chemical pilot design, construction, and shakedown

Produced the Phase Il deliverable REYSc concentrate ((50 g of >60 wt.% purity REYSc
salts).

Generated the LLX feed for the Phase Il follow-on program.

Identified processing challenges for future optimization and refined the techno-economic
model.

e Phase Il follow-on (Team: Physical Sciences Inc. (PSI) and Winner Water Services, LLC
(WWS))
o Developed and demonstrated processes to increase the REE production by 3X and
convert the Phase Il REE salt mixture to REO mixture.
Produced/delivered >38 g of REOs with >85% purity (elemental basis).

Developed processes to recover critical minerals scandium and aluminum from
intermediate streams.

o Produced/delivered > 1 g of scandium salt mixture with >85 wt.% purity (elemental
basis).

o Produced/delivered > 100 g of aluminum oxide type material with >70 wt.% purity
(elemental basis).

o Updated the techno-economic model from baseline Phase Il program to assess CAPEX
and OPEX of a commercial operation.

This program also developed extensive knowledge on process chemistry, unit operations, plant
engineering, and techno-economics that will enable further scale-up and commercial plant design.
Specific developments will contribute to significant savings in energy, reagent usage, and operating costs.
The combined results will contribute significantly for maturing the technologies of REE recovery from
coal ash.

Table 1 summarizes the key performance/process parameters we achieved. Details are provided below in
the sections of individual phases of the program and in the supporting information section.
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Table 1. Key Findings and Process Parameters

Key Parameter(s) Selected Value(s)
o Weight% (wt%) of REY in deliverable concentrate 40-60 wt. % Elemental basis (Phase 1)
85-90% wt. Elemental basis (Phase II

add-on)
e Products from PSI’s process: coarse non-magnetic ash | Pilot scale process produced all the
used as geopolymer, carbon, magnetite substitute, anticipated products and byproducts at
aqueous REYSC solution, Product 1 (REY-rich Dry high yields and relative content. Selected
Mixture), Product 2 (Sc-rich Dry Mixture) products were analyzed as outlined in

various sections of this report.
Anticipated uses of byproducts: coarse
non-magnetic ash usable as geopolymer,
carbon-rich fraction usable as secondary
fuel and as inexpensive feed for higher
value carbon forms, magnetic magnetite
substitute usable in heavy media
separation, product 1 usable for REY
separation and refining, Product 2 usable
for Sc separation and refining,
beneficiated ash after digestion usable as

cement substitute.
e Plant capacity (1-5 tons (0.5-2.5 cubic meters) of ash | 0.4 tons-per-day — physical processing
processed per day) 0.5 tons-per-day — chemical processing
e Mesh size (<200 mesh), type of laboratory analyses The coal ash fraction with a particle size
(EDS, HRTEM), and analytical results (counts as a of <200 mesh, non-magnetic, with
function of voltage), and images carbon removed was selected for the

chemical processing. Various analyses
(ICP, HRTEM, microscopic imaging)
indicated high REE concentrations

(>500 ppm).

e Site-specific sources of ash feedstock, type of Ash from two sites from Eastern
laboratory analysis (ICP-MS), REYSc concentration, | Kentucky (Phase Il Dale ash and an
tons of ash reserve, tons of REYSc reserve, life of additional feedstock) were used for the
reserve expressed as % of U.S. annual demand for “x” | pilot runs. Table with ash locations was
years provided at the end of Phase |

e Concentration of individual REEs, ppm on a whole A typical analysis indicated good content
sample basis, in selected ash fraction of individual REY Sc, with significant

content of Nd (~170 ppm), Y (~70 ppm),
and Sc (~40 ppm), and reasonable
(>~10 ppm) content of Pr, Gd, Dy, Er,

Th.
e REY yield (%), REY wt% concentration, Sc yield REY and Sc yields of 10-30 wt.% were
(%), Sc wt% concentration recorded in micropilot and chemical pilot

operations. The concentrations of the
samples at the conclusion of the program
were >85% wit. for both the REY and Sc
products.
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Key Parameter(s) Selected Value(s)

e REY and Sc relative content (enrichment wt%) for Phase I indicated significant enrichment
REY, LREE, and HREE+Y through progressive to generate products with relative
processing steps, including Post Process Step 1 and REY Sc content as high as 30 wt.%.
Post Process Step 2 Further developments in Phase Il and

Phase Il add-on showed the capability
for further enrichment to generate
products with the following
concentration on elemental basis: REY
(>85%); Sc (>85%); Al (>68%)

e Ton per day capacity, products, and annual production | A capacity of 1200 tons-per-day physical
for individual REEs, carbon, magnetic, non-mag > processing with a corresponding of ~600
200 mesh, non-mag < 200 mesh) in a commercial tons-per-day chemical processing is the
scale REE processing plant, and number of years to commercial baseline. Number of years
provide Return on Investment; degree of recycling/re- | for the return of investment will depend
use of reagents required on selected plant capacity,

recyclability/reuse of reagents (>90%

threshold/>95% objective), make-vs-
buy/import decisions on highest-use
reagents, byproduct market volumes and
market penetration including effects of
prevailing economic conditions,
economics of critical minerals
production (e.g., aluminum), REYSc
pricing environment including
international aspects, public
infrastructure contributions from the
government for REYSc as
critical/strategic materials, structure and
terms of public/private partnership, and
government subsidies and price supports.

2. Summary of Phase | Work

In Phase I, the project team developed and demonstrated feasibility of the physical and chemical
separation processes, developed a preliminary design of a pilot plant to be built and operated in Phase 11
and began the development of a preliminary techno-economic model. Key findings of this program are
summarized below. Details of the performed work are provided in Appendix A (Phase | Summary
Report).

2.1 Program Goals and Achievements

The broad objective of the Phase | program was to demonstrate the feasibility of developing a pilot scale
plant to economically produce high-yield rare earth element concentrates and commercially viable co-
products from coal ash using environmentally safe physical and chemical enrichment processes. The
project specific metrics and the achieved the values presented in Table 2. All major requirements of the
proposed Phase | threshold/objective goals were met or exceeded.
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Table 2. Phase 1 Performance Metrics and Results Achieved

Performance Parameter Threshold Value Phase | Results
Feedstock REE (REE+Yttrium)
Content 300 ppm > 500 ppm
v
i S R ~ 5 it REE 30 with
c (Elemental) (Elemental)
oncentrate

2.2 Key Results
2.2.1 Ash Feedstock Characterization and Selection

The project team considered and screened/landfilled ash at several power plants, Table 3. The table
shows our measured values of REE on ash basis via the ASTM D6357-11-1 standard. Based on the REE
content, size of reserves, and logistics considerations, the Dale ash (#6) was selected as the feedstock for
the physical/chemical separation processes for the initial Phase 1I:

Table 3. Phase | Coal Ash Samples

# Sample Ash Description Location Total REE +Y (ppm)
. Burnside, KY
Coal Ash from Cooper Power Station (Pulaski County) 794

2 Coal Ash from Williams Plant Goose Creek, SC 669
(Berkeley County)
Kentucky State U.

3 Coal Ash from KSU Stoker Plant (Franklin County) 1113

4 Coal Ash from EW Brown Plant Burgin, K (Mercer 622
County)
Northampton, PA

5 Coal Ash from Northampton Power (Northampton 492

Plant

County)

6 Coal Ash from Dale Power Station Ford, K (Clark 528
County)

Approximately 20 samples were collected from several locations (ash pond shown in Figure 1) and a
composite sample was created for analysis and experimental work.

Figure 1.
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A preliminary assessment of the REE content in a Kentucky power plant ash fraction was performed by
High Resolution Transmission Electron Microscopy (HRTEM) analysis (Figure 2). The results indicate
high Nd content and provided confirmation that REEs are tied up with glassy aluminosilicate matrix.

Graham 9-15-16) RESULTS:
75805: <200 mesh: Glassy spheres include
Nd (173) Ce(152) La(70) Y (38) atomic dispersion of REE

Ce/Nd/Sm/Y
ol ol s N, (2T o o2 "
00 02 04 05 08 10 12 14 16 18 20 22
o 5 Jyv

Al-Si-O glassy sphere: REE peaks correspond to
Atomically dispersed Ce/Nd/Sm and Y.

Figure 2. HRTEM analysis.
The ash selection and characterization findings in Phase | are summarized below:

e Ash source analyses and selection completed
o Analyzed four PCC power plant ash sources that use primarily Eastern KY coal & one
FBC power plant ash source that uses anthracite/culm from Central PA
= Cooper, Williams, Brown, and Dale (PCC), plus Northampton (FBC)
o All ash sources analyzed via ICP-MS; REYSc content > 500 ppm

e Ash from Dale power station, Ford, KY was selected as ash source for plant demonstration on
Phase 2 of this program
o REYSc =556 ppm, exceeding 500 ppm objective requirement
o ~2Mt of ash reserve; ~1200 tons REYSc reserve (~10% of US annual demand)
o Adequate for 1200 tpd commercial scale plant (~1.5% annual demand for ~ 7y)
o A vast reserve for an envisioned 1-5 tpd pilot plant

o Feed ash, physically separated ash, and chemically pre-treated ash characterized via various
optical/other techniques
o REE concentrates present in glassy ash particles in feed ash
o REE also present in carbon deposits around glassy particles

2.2.2  Physical Separation Process

The physical separation (Figure 3) entailed standard mineral processing methods that were applied to
coal ash to generate a selected feedstock for the subsequent chemical separations.
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Separation Sc Recovery
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4 Product 2
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Tttt % ______________________________ :
Power for Waste 1 Byproduct 1
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Plant Materia | Recycle D !
I
# Combustion T | Selectqd Y/—\ A : : I
Products | Ash ! b |
REE Rich Coalfired| (cCP) | AshSupply | | Feed | Physical | Fractidh Chemical n Post !
Coal Feed—®| il — and T | Separation ——f= Separation E—— i !
i Conditionig | | Plant Plant Evap| | | Processing | |
| # I l
I Do !
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_— | I
™"} Phase 1 Proposed Process '—----,':‘--ﬁ __________ $__________ LA R S I
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== e B Ash Concentrate  REY-rich Dry
+ Mixture
Secondary Magnetite Cement Subsfitute Criginal Lssma
Fuel Substitute Market DOE Program
Deliverable

Figure 3. Physical separation step outlined in the context of the overall process.

Key Phase | findings of the physical separation are summarized below:

o Each of the five ash sources were separated into five fractions
o +60 mesh (>250 um): Oversize, discarded
Froth product (principally C): Use as supplementary fuel, higher C products
Magnetic: Use as cheap magnetic substitute
Non-magnetic:
» +200 mesh (>75 um): Use as conventional cement substitute
= -200 mesh (<75 um): High REY content fraction for chemical processing

O O O

o Developed flowsheets for physical separation process
o Developed a spreadsheet economic model of the process

e Integrated physical processing with the chemical process model, and used for techno - economic
assessment

Further analysis of the selected fraction indicated good content of individual REYSc, with significant
content of Nd (~170 ppm), Y (~70 ppm), and Sc (~40 ppm), and reasonable (>~10 ppm) content of Pr,
Gd, Dy, Er, Tb (Figure 4).
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Figure 4. Individual elemental REYSc content for the selected ash fraction.
2.2.3 Chemical Separation Process

The chemical process (Figure 5) was optimized and applied to the selecetd ash fraction generated by the
physical processing steps discussed above:

Separation 5S¢ Recovery
Geopalymer and Refining
A Product 2
Coarse Non-Mag Agueocus REYSc {Scich)
Ash Solution Dry Mixture
? A
i ittt Heried i T ] R :
Power for Waste | Byproduct [
Ash Processing Screened } E{:ggl': | I
i 1
Flant Coal Material I - I i |
? Combustion T | Selgeted Y/—\ 4 |1 :
Products 1 Ash g Il 1
REE Rich Coalfired | (CCP) Ash Supply : Feed | Physical | Frajtion Chemical : : Post |
Coal Feed—® | > and T #=| Separation - Separation T s !
i Condtioning| | Plant Plant Evap.| | | Frocessing ||
I 4 1 l
| b !
I Byproducts Buyproduct I |
—_ ! [
T™"1 Phase 1Proposed Process L___F‘__—_t ___________ i__________ L R B I
P Y
! | Phase 1 Value-Added Process Fine Beneficiated Dry REY Product 1
i LTEIT fLTERED Ash Concentrate  RE'Yerich Dry
vy ' y e
Secondary Magnetite Cement Substitute Cnginal Laasd
Fuel Substitute Market D:OE Program
Deliverable

Figure 5. Chemical separation step outlined in the context of the overall process.
Key Phase | findings of the chemical separation are summarized below:

o Determined optimal parameters for each process step to recover REE from selected ash at high
yield consistent with high enrichment

e Developed post-processing steps that yield two higher value product streams:
o REY-rich: REY Yield > 18%, Conc > 30 wt%:; Sc Yield ~ 18%, Conc ~ 0.5 wt%
= REE conc >> objective target (10 wt%)
o Sc-rich: Sc Yield ~ 18%, Conc ~ 1.5 wt%; REE Yield > 4%, Conc ~ 6 wt%
= REE conc >> threshold target (5 wt%)

o Reduced process time for individual steps and avoided elevated temperatures
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e Experimental development of process scale up

e Process implementable on commercial scale; requires different optimization parameters for
project economics
o Tradeoff some of the high REYSc yield/enrichment to achieve better economics

The postprocessing steps were demonstrated to provide additional enrichment (Figure 6). For instance,
post-processing step 1 led to 3X increase in REY enrichment and efficient separation from other
contaminants to generate a product well-suited for additional REY separation.

35

30 REY

LREE

= N N
o O
.

HREE+Y

-
o

Relative Content (%)

o

0
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Figure 6. Analysis of Phase | postprocessing steps.

3. Summary of Phase 11 Work

In the baseline Phase 11, the project team developed and demonstrated a pilot scale plant to produce
salable REE concentrates, including Y and Sc (REYSc), and commercially viable co-products, using
environmentally safe, and high-yield physical and chemical enrichment processes. The project team
successfully demonstrated a chemical pilot design, construction, and shakedown in two stages, produced
the Phase Il deliverable REY Sc concentrate ((50 g of >60 wt.% purity REY Sc salts), generated the feed
for the Phase Il follow-on program, identified processing challenges for future optimization, and refined
the techno-economic model. Key findings of this program period of performance are summarized below.
Details of the performed work are provided in the supporting info section.

3.1 Program Goals and Achievements

The broad objective of the initial Phase Il was to demonstrate REY Sc separation/enrichment technology
in pilot plant(s) with decoupled operating capacities of ~ 0.4 tpd physical processing, and ~ 0.5 tpd
chemical processing (both pilot designs are modular and transportable). The project specific metrics and
the achieved values are presented in Table 4. All major requirements of the proposed Phase Il
threshold/objective goals were met or exceeded.
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Table 4. Phase Il Project Metrics and Achieved Values

Performance Threshold Objective Value Achieved Value
Parameter Value

Feedstock REYSc >300 ppm >500 ppm
Content (Whole Mass)  (Whole Mass Basis) D=L
0,
'_I'otal RETASE b >20 wt.% 56 wt.%
Enrichment in Final (Elemental : :
) (Elemental Basis) (Elemental Basis)
Concentrate Basis)
Return on Investment <12 yr <10 yr CamyaEr 0 PiEse e -
on program
Delivered Concentrate 50 ~05kg 519

Quantity

3.2 Key Results
3.2.1 Pilot Plants and Unit Operations

construct and operate pilot plants for the physical and chemical separation steps. The integrated process
comprised a physical separation stage, followed by a chemical separation stage, followed by a post-
processing stage.

The primary products were REY-rich and Sc-rich concentrates. The key byproducts included beneficiated
ash cement substitute, a magnetic ash product, cenospheres and a carbon product used as a secondary
fuel. The Phase Il process is shown in Figure 7.

High Performance

Geopolymer Cement
Feed Composite Filler
A
Coarse
Cenospheres Product 2
Waste Non-Mag Ash Reagent (Sc-rich mixture)
Screened + + Recycle
Material Byproduct Byproduct Waste
Selected N
Coal 4 ash 4 4 Ash 4
Combustion Ash Stépply Feed‘ Physical Fraction N Chemical
Products — Clus) »|  separation Plant > Separation Plant
(CCP) Conditioning
Byproducts Byproduct Product 1
ﬁ l (REY-rich
REE = Rare Earth Elements Fine Beneficiated mixture)
REY = REE + Yitrium Carbon  MagAsh ine i"‘; clate
REYSc = REY + Sc ‘ ' 5+
Secondary Magnetite Cement
Fuel Substitute Market

Figure 7. Phase Il Process for the REY and Sc recovery from coal ash
Ash from two eastern KY coal fire power plants was recovered and used as process feedstocks. Analysis

of both ash sources (Ash C and D in Figure 8) indicated significant content of Nd (~180 ppm), Y
(~50 ppm), and Sc (~25 ppm) as well as reasonable (~10 ppm) content of Pr, Gd, Dy elements.
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o B Ash C
B Ash D

150 Significant content of Nd
(~180 ppm), Y (~50 ppm),
and Sc (~25 ppm)
100

Reasonable (~10 ppm)
content of Pr, Gd, Dy

REYSc Concentration (ppm)
3

- | | .
Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Element

Figure 8. Ash feedstocks used for the Phase Il program.

The physical separation plant at the UK/CAER location was built and operated at a capacity of 0.4 tpd.
Approximately 20 tons of coal ash were processed with > 50% yield to produce ~ 10 tons of the fraction
suitable for chemical processing (carbon-removed, non-magnetic ash with particle size < 75 microns). An
overview of the physical separation plant showing the equipment for various unit operations is presented
in Figure 9.

Froth
Flotation Cells
‘ Magnetic
Hydraulic Separator
Classifier
Vibrating
Coarse Screen Screen
(+16 Mesh)
Slurry Tank
Final Product
Feed Tank Product Storage
Tank

g’

Figure 9. Physical Separation Pilot Plant (0.4 tpd capacity).

Physical processing created an ash fraction that is a suitable feed to chemical separation. Key properties
are: (1) low carbon content; (2) low magnetics content and (3) small particle size. Processed ash collected
in super sacks, shipped to and processed in the chemical pilot. Figure 10 shows a comparative
photographic analysis of the physical and chemical processing feedstocks. Note that the color changes
from dark black to brown, indicating removal of carbon.

Physical processing created an ash fraction that is a suitable feed to chemical separation. Key properties
are: (1) low carbon content; (2) low magnetics content and (3) small particle size. Processed ash collected

11



Physical Sciences Inc. Phase 11 Final Summary Report Grant No. DE-FE0027167

in super sacks, shipped to and processed in the chemical pilot. Figure 10 shows a comparative
photographic analysis of the physical and chemical processing feedstocks:

o Er Y
i

N
] Feed for

Feed for Physical Processing Chemical

Processing

Figure 10. Photographic analysis of the physical and chemical processing feedstocks.

In order to streamline the chemical pilot plant operations and reduce risk, the project team developed a
micropilot plant (0.5 kg/day capacity). The micropilot facility demonstrated target yield and enrichment
performance requirements and was successfully used for validating and troubleshooting chemical pilot
processes. Key micropilot unit operations include digestion, filtration, pre-concentration, LLX feed
preparation, and liquid-liquid extraction and re-extraction. Figure 11 outlines equipment used for critical
unit operations. Approximately 15 kg of coal ash was processed through the PSI micropilot facility.

A g | Filtration  Digestion
Extraction / Re-Extraction Vessels -~ and Precon

Filtrate Vacuum 3
Collection ® Receiver

Figure 11. Micropilot Plant (0.5 kg/day capacity).

The project team designed, constructed and operated a chemical processing pilot plant (0.5 tpd capacity)
based on the process development from the Phase | and micropilot efforts. The chemical processing pilot
is located at the WWS facility in Sharon, PA. This pilot plant (Figure 12) processed ~ 8 tons of coal ash
and was demonstrated to produce REE concentrates with >15% yield and >50% purity (elemental basis).

12



Physical Sciences Inc. Phase 11 Final Summary Report Grant No. DE-FE0027167

The chemical pilot plant contains all of the equipment necessary to extract REE metals from coal ash, and
purify the REEs to meet the target concentrations. The pilot plant contained to LLX systems, a bench top

system (capacity of ~1 gal/hr), and a commercial system (capacity ~50 gal/hr), denoted LLX1 and LLX2

in the figure, respectively.

Fig
-

. P i / e .
e == ) 3

7 ] — g > > -
A‘ Nt -\ 5 j Filtration Train P2
Chemical [N ' A PSS

Storage —_— E - \ <

Cold Side Operation

Figure 12. Pilot Plant for Chemical Processing: plant overview (left); hot side operation- digestion and
preconcentration steps (center) and Cold Side Operation — LLX units (right).

Plant Overview Hot Side Operation

3.2.2  Qualification of Selected Products and Byproducts

As discussed above, the operation of the Phase |1 pilot plants resulted in the production of significant
amounts of valuable products and byproducts. Selected materials were qualified for their commercial
potential using concentration measurements and functional evaluation.

The main product, REY concentrate was analyzed by ICP-OES and ICP-MS and demonstrated for
adequate purity for subsequent refining and separation. Multiple ash batches were processed and the
materials were sampled at various process stages analyzed via three independent methods:

e ICP-MS Analysis at Environmental Service Lab, Pittsburgh, PA (WWS)
e ICP-OES Analysis at University of Massachusetts Lab, Lowell, MA (PSI)
e ICP-MS Analysis at National Analytical Lab, Londonderry, NH (PSI)

The comparative analyses of the final liquid samples produced upon chemical processing of the ash
feedstocks are shown in Table 5 (sample 3 was used to generate the Phase Il deliverable sample):

Table 5. Analysis of the Final Samples

REYSc Rel Content | Sample 1 Sample 2 Sample 3 | Sample 4
WWS/ESL o 0
ICP-MS n.d. 10.2% 88.4% n.d.
PSI/UML . . . .
ICP.OES 14% 11.9% 66.7% 29.1%
Quantity of
REYSc Salt 597 g ~330 g 66 g ~214 g
Mixture Produced

13
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The REE product contained significant quantities of the valuable Nd, Y, Sc and HREE content as
exemplified in Figure 13:

160k -
_
140k
120K
100k ]
80k

60k —

40k

Concentration (mg/kg

20k ‘ ‘

0 L 1T T |" o |‘ T |I T H I T ||_ T
Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Figure 13. REYSc analysis of a product sample.

The ash cake materials resulting from the digestion step were functionally qualified for the use as cement
substitutes. ASTM C-618 protocol was used to qualify the samples using as criterion the >75% of
strength activity index (SAI) after 28 days metric. As shown in Figure 14, five out of six samples
(originating from both ash feedstocks) passed the ASTM C-618 requirements. These results indicate that
the ash cake is suitable as a cement substitute and the digestion process does not greatly impact cement
suitability.

Strength Activity Index (SAT)

120

100

30

60 » ,/ J 4 - e -OPC Control ASTM C-618

1§ / 924191
N\ Threshold
i 4 ——94192 Ash D
/ 4—93193
———94194

—o— 94195 Ahll C
94196

Strength Activity Index (SAI)

1] 10 20 30 +0 S0 60 70
Curing Time (days)

Figure 14. ASTM C-618 evaluation of ash cake samples resulted upon digestion runs.
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3.2.3 Techno-economic Considerations

In Phase |1 the project team further developed key elements of the techno-economic model. Economics of
the physical and chemical processing steps were modeled using Aspen Plus and spreadsheet analyses. The
plant size used for the analysis was 1200 tpd for the ash physical processing plant and 600 tpd for
chemical processing plant. Key plant attributes are: co-location at ash source to significantly reduce
transportation costs, decoupled operations and modular designs for operational flexibility and
transportability. Ash fractions shipped to local markets used for analysis were: carbon, magnetic ash, and
the >200 mesh non-magnetic ash. Table 6 outlines the annual production of major REE salts, Sc salt, and
byproducts. The analysis indicated that non-REE products significantly offset effects of REYSc
commodity price fluctuations (pricing of non REYSc products varies with general economic conditions):

Table 6. Analysis - Annual Production of Major REE Salts, Sc Salt, and Byproducts

Component Quantity Produced Portion of Revenue (%) Worldwide Market Market Application
tons/year 2018 REE Pricing 2011 REE Pricing tons/year

REEs 38.2 1.0 10.8 170K Batteries. Magnets, Alloys. Catalysts
Scandium 5.8 26.1 35.0 10-15 Alloys. Catalysts
Carbon 96K 6.2 4.6 Low-grade Fuel
Magnetic 20K 5.4 4.0 Magmetite Substitute
Non-Magnetic >200 Mesh 48K 1.0 0.8 Geopolymer Feed
Non-Magnetic <200 Mesh 186K 239 17.8 71.8M Cement Substitute (Pozzolan)
Cenosphere Product 2K 36.4 27.1 ~51K Concrete Additve

Table 6 shows the quantity of each product produced per year at a nominal feed rate of 1200 tpd of coal
ash. The high quantity products are those directly derived from the ash feed material (carbon, magnetic
ash, cenospheres and non-magnetic ash fractions). These materials are important for the economic picture
because they represent consistent revenue sources that are independent from REE markets. It’s also
important to note that these quantities are fare from the Worldwide market quantity, in order to avoid
market saturation. The table also shows the portion of revenue derived from each of the product streams
under 2018 and 2011 REE pricing. At 2018 REE prices, only 27% of the revenue is derived from REYSc
products. This is because the price of REEs was relatively low in that year. However, under 2011 REE
pricing, nearly 45% of the revenue comes from REYSc products, due to the very high prices of selected
elements in that year.

4. Summary of Phase Il Follow-on Work

In the Phase Il follow-on program, the project team: (1) developed and demonstrated processes to
increase the REE production by 3X and convert the Phase Il REE salt mixture to REO mixture,

(2) produced/delivered >38 g of REOs with >85% purity (elemental basis); (3) developed processes to
recover critical minerals such as scandium and aluminum from intermediate streams;

(4) produced/delivered > 1 g of scandium salt mixture with >85 wt.% purity (elemental basis);

(5) produced/delivered > 100 g of aluminum oxide type material with >70 wt.% purity (elemental basis):
(6) updated the techno-economic model from initial Phase 11 program to assess CAPEX and OPEX of a
commercial operation.

4.1 Program Goals and Achievements

The overall goal of The Phase Il follow-on program was to demonstrate the production of REE products
with enhanced purity, recovery of critical minerals (CMs) and development of techno-economic analysis
for further technology maturation and commercial transition. Specific objectives included:

(1) demonstrate a process to convert the salts mixture with >10-20 wt% REY Sc (relative content) from
Phase Il program to >85 wt.% REY-enriched (relative content) oxides mixture; (2) Produce Sc-enriched
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oxide mixture with >85% wt.% REY Sc relative content; (3) Increase total quantity of REY in deliverable
REY-enriched product by >3X; (4) Develop a process to recover the critical material aluminum from
intermediates of the REY Sc extraction process developed under Phase 11 program; (5) demonstrate
production of a >50 wt.% (relative content) aluminum oxide product; (6) update the techno-economic
model developed under the Phase Il program for a commercial scale plant that will provide < 10-12 years
return on investment. The key performance parameters are shown in Table 7 and the target deliverable
samples are shown in Table 8.

Table 7. Key Performance Parameters

Threshold Objective
Performance Parameter
Value Value
Feedstock REY+Sc Content =300 ppm =500 ppm
Return on Investment <12 years < 10 years
Quantity (REY salts) 100 g 300¢g
REY-enriched
Product REY-enriched Oxide Purity o o
(total REY content - elemental basis) AU L
. Quantity (Salt/Oxide) lg 2¢g
Scenriched | riched Oxide/Salt P ity
c-enriched Oxi alt Purity
Product 0 °
(Sc content - elemental basis) e e
Aluminum Quantity (oxide type material) 100 g 300g
Product Purity (Al content elemental basis) =50% >68%
Table 8. Deliverable Samples
Deliverable Relative
Product Type Quantity of Product Content
REY-enriched Product Salt 100 g >85%
Sc-enriched Product Salt lg >85%
Aluminum oxide product Oxide-type 100g >50%

Table 9 and Figure 15 outline the metrics and the appearance of samples deliverables that were
produced/delivered (KPP requirements met or exceeded). The REY delivered samples samples are the
oxide equivalent of the originally proposed salt forms. These samples have the same or higher purity as
the original deliverables and provided the DOE customer with samples positioned further in the supply
chain as the REY refining processes are commercially designed to use oxides as feedstock.
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Table 9. Phase Il Follow-on Sample Deliverables

Item Threshold Objective Delivered
, : 22 g of >85% REY
>85% Purity >90% Purity o
REY Product 100 g REY Salts | 300 g REY Salts ;zgezfgggcinfg\é
—~ 0,
Sc Product >85% purity, 1 g >90% purity, 2 g S;I?(?;:f:nfr:t.z
. 101 g at >70%
0
Al Product >50% Purity, 100 g >68§’0§ UM | Purity Oxide-type
9 Product

REY Product “oa

Figure 15. Sample product deliverables — photographic analysis.

4.2 Key Results

4.2.1 Production of REOs: REY-enriched Product
The REY enriched product was generated using a combination of LLX and post-processing steps.

The LLX process was further optimized based on the initial Phase 1l findings. Multiple runs were
performed and key findings are summarized below.

e Use of specific extractants allows selective extraction of rare earth salts

e Two important measures of performance are:
1. High yield of REE salt from the feed solution
2. Purity of REE salts evaluated by relative content
e Selectivity of REE salts over other components
e Reduces impurities levels
e Achieved purities (relative content) of 40-60% using LLX feed optimization
o Post processing steps were developed to increase REY purity from the LLX to >85%

To produce program deliverables the counter current liquid-liquid extraction (CCLLX) circuit
(Figure 16) was operated in continuous campaigns. These campaigns produced REE solution that were
further refined to meet program relative content goals.
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Figure 16. CCLLX circuit.

The post-processing steps were developed and PSI and scaled-up in the pilot plant operations by WWS.
The REY oxide product was produced in multiple production runs. Figure 17 outlines the results with the
amount of REY oxide produced shown in blue and the corresponding REY relative content shown in red
for each REY oxide production run. As shown in Figure 17, consistent high product purity was obtained
after post processing optimization:

mREY Oxide Mass (g) mREY Relative Content (%)

B

100%

L n_ = l ,
35 o . ...... = L EE LI SnaE _g"E, gg:,?;s!
o —
g 3 . " 70% &
Ezg) 60% 5
2 50% ©
5 2 40% 2
> , ©
15 30% O
& 20% &

A i LT . I
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Figure 17. Analysis of REY oxide production runs.

The LLX optimization resulted in an LLX product with an REY purity consistently in the range of
40-60% relative content. The post-processing processing steps were demonstrated to consistently

generate REY oxide material (~90% relative content) from the LLX products. The scaled-up post

processing steps generated the REY oxide concentrates deliverable materials (22 g of >85% REY

content) and 16 g of >90% REY content — Figure 18. The samples were delivered to DoE.
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REY Oxide Product |
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Figure 18. REY oxide product.
4.2.2  Production of CMs: Scandium Product

Production of the CM scandium product was performed from the dry precipitate resulting from post-
processing steps. The project team validated an LLX process (developed under IRAD funding) for the
selective recovery scandium, a high value critical mineral. In the initial runs, using this LLX process the
project team was able to increase Sc relative content from 3.3 wt.% in the feed to 41 wt.% in the strip
phase which indicated >12X enrichment in scandium content for a single cycle A 51% Sc yield was
achieved using two stripping stages. The analysis of this initial runs is shown in Figure 19:

60%

50%
£ 40%
=
8 - = Feed
R m Raffinate
© m Strip
& 20%

10%

0%

Sc REY Major Elements

Figure 19. Scandium recovery process — initial runs.
Two liquid-liquid extraction (LLX) cycles were used to achieve the required Sc relative content. The

project team generated a total product (three samples) of 1 g with >85% Sc relative content. The samples
(Figure 20) were delivered to DoE:
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Figure 20. Sc product samples.

4.2.3 Production of CMs: Aluminum Product

The project team developed a process to recover the critical mineral aluminum for the feedstock provided
by the LLX waste stream (see Figure 5). This feedstock was enriched in aluminum as analysis of various
samples indicated ~ 45% Al relative elemental content. Recovery of aluminum represents an additional
potential value stream from the LLX waste product. The aluminum recovery process was developed by
PSI and scaled up by WWS. Key results are:

o Developed and demonstrated a bench scale process to selectively recover aluminum from LLX
waste stream

e Optimized, scaled up process and produced 100 g of material with >70% purity (Figure 21)

e SEM analysis indicated similar morphologies of the bench scale and pilot materials (Figure 21)

SEM: Bench Scale AluminumProduct SEM: Pilot Scale Aluminum Product

R
.;t*
e

Aluminum Product

Figure 21. Photographic and SEM analyses of the aluminum product.

WWS produced five batches of aluminum product based on the scaled up aluminum recovery process.
Samples were combined, ground to a powder by mortar and pestle, and elemental analysis was performed
on the powder using ICP-OES, The project team produced 101 g of aluminum oxide type product with
>70% aluminum relative content that was delivered to DoE (Figure 22):
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Combined Aluminum Product Final Aluminum Product After Grinding

Figure 22. Final aluminum product.

4.2.4  Techno-Economic Analysis (TEA)

TEA was performed using the findings of initial Phase 11 and Phase 11 add-on programs. An updated
techno-economic model from initial Phase Il program to assess CAPEX, OPEX and revenues of a
commercial operation was developed as discussed below.

Figure 23 shows the process diagram that was used for the techno-economic model development. The
process comprised a physical separation stage, followed by a chemical separation stage, followed by a
post-processing stage. The primary products are REY-rich and Sc-rich concentrates. The byproducts are
cement substitute, cenospheres, secondary fuel and magnetics. CAPEX and OPEX estimates are based on
REY Sc concentrate.

High Performance

Geopolymer Cement
Feed Composite Filler
\
Coarse
Non-MagAsh Conospheres Fredieis
Reagent (Sc-rich mixture)
Screened A A Recycle
Material Byproduct Byproduct Waste
Selected /\
Coal * Ash * + ASl:I *
Combustion GEllCInRI| Feed Physical Fraction Chemical
Products —% el - Separation Plant - Separation Plant
(CCP) Conditioning
Byproducts Byproduct Product 1
‘i':*' $ (REY-rich
REE = Rare Earth Elements R mixture)
REY = REE + Yttrium Carbon  MagAsh e
REYSc = REY + Sc ‘ ' 9'*
Secondary Magnetite Cement
Fuel Substitute Market

Figure 23. Process diagram for the techno-economic model.
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A commercial plant model (Figure 24) was developed (Hatch Ltd contracted for CAPEX and OPEX
estimates) using the following assumptions: (1) plant located at ash landfill site; (2) onsite physical and
chemical processing; (3) model includes ash feedstock delivery, preparation, and staging operations:

Plant Processing Capacity

. Capacity
Processing Area (metric tons per day)
Physical 1200
Chemical 600

Figure 24. Commercial plant model.

Table 10 outlines the updated annual production (relative to Phase Il base program — see Table 6) of
major REE salts, Sc salt, and byproducts. The analysis indicated that non-REE products significantly
offset effects of REYSc commaodity price fluctuations (pricing of non REY Sc products varies with
general economic conditions):

Table 10. Updated Analysis - Annual Production of Major REE Salts, Sc Salt, and Byproducts

Component Quantity Produced Portion of Revenue (%) Worldwide Market Market Application
tons/year 2020 REE Pricing 2011 REE Pricing tons/vear

REEs 382 2.0 10.8 170K Batteries. Magnets. Alloys. Caralysts
Scandium 5.8 204 35.0 10-15 Alloys. Catalysts
Carbon 96K 6.7 4.6 Low-grade Fuel
Magnetic 20K 7.0 4.0 Magnetite Substitute
Non-Magnetic >200 Mesh 48K 1.1 0.8 Geopolymer Feed
Non-Magnetic <200 Mesh 186K 235 17.8 71.8M Cement Substitute (Pozzolan)
Cenosphere Product 2K 393 27.1 ~51K Cpnerete Additive

The project team updated the techno-economic model from initial Phase Il program to assess CAPEX and
OPEX of a commercial operation. The analysis took into account emerging applications for REEs
projected to boost demand and increase prices. Emerging markets for REEs included wind turbines,
electrified vehicles and appliances. For instance, the use of an REE permanent magnet motor was
estimated to reduce overall vehicle cost by $3,800 USD/vehicle (Lynas Investor Day Presentation, 2019,
Figure 25):
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Figure 25. Emerging markets analysis.

Using these estimates the TEA resulted in the following observations:

e CAPEX was constructed using pricing and sizing of actual equipment necessary

e OPEX is heavily controlled by energy consumption, reagents and recycling efficiency, and labor.
e Byproducts are major sources of revenue adding to the REYSc revenues.

e Projected increases in REYSc prices will result in a faster/earlier positive cash flow.

e Cash flow depends on plant design, public/private partnership agreements, product and byproduct
pricing, financing terms, and conditions including government support.

e Earnings are highly sensitive to inflation on the revenue side and emergence of new product
markets

5. Conclusions and Recommendations for Further Developments

This program demonstrated that selected U.S. fly ash deposits are attractive feedstocks for the cost-
effective recovery of rare earth elements (REE) and other critical minerals (CM). The project team
successfully executed a multiphase program that developed and demonstrated pilot plant operations for
cost-effective and environmentally-friendly production of rare earth elements oxide concentrates (REO)
and critical minerals scandium and aluminum (in the forms of salts or oxide products). The team
designed, constructed and operated two decoupled pilot plants: (1) an operational pilot plant with a
capacity of 0.4 tpd for physical separation that used optimized processes to produce selected ash fractions
as (a) feedstock for subsequent chemical processing and (b) as valuable by-products such as cement
substitute, cenospheres, magnetic ash and secondary fuel carbon, and (2) an operational pilot plant with a
capacity of 0.5 tpd for chemical processing that used optimized processes validated in PSI’s micropilot
plant for the production of: (a) REO concentrates, (b) critical minerals recovery (Sc, Al), and (c)
beneficiated ash as valuable byproduct suitable for cement applications.

This program developed extensive databases on process chemistry, unit operations, plant engineering, and
techno-economics that will enable further scale-up and commercial plant design. Specific developments
will contribute to significant savings in energy, reagent usage, and operating costs. The combined results
will contribute significantly for maturing the technologies of REE recovery from coal ash. The project
team recommends further work to identify technology gaps and approaches to their closures based on the
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program results, and eventual commercial implementation. Table 11 lists the technology gaps that need to
be closed on path to commercialization (identified during performance of Phase | and Phase Il programs.

Table 11. Preliminary List of Technology Gaps Identified in Phase | and Phase Il Programs

Process
Operation

Demonstrated

Pilot Scale

Technology

Alternate

Technologies /
Improvements

Evaluation
Objective

Evaluation
Methods

Comments

Electrostatic Mmlmlze_ fe(_eql Eh Bench scale Use data from
(ST R Precipitation (EB ) I technolo literature & other
from Ash Froth Floatation cip ' (LOI), maximize 1ology
Fluidized Bed . evaluation, pilot PSI/WWS
: decarbonized ash .
Roasting yield scale testing programs
L . Use data from
N . - Minimize acid :
(et (DHgES e Sgglzs?iﬁ?e SSﬁii?itcl)il consumption and Micropilot and Ilteg\;ﬂm%ther
g g energy expenditure | pilot scale testing
programs
Maximize REE
Solid Phase purity and yield, Reproducibly
sz ar?feicEaatﬁ)hn C&“Tﬁ;ﬁ“ﬁ?gt Extraction, and extractant Pilot scale testin demonstrate high
quig-Liq Co-Current LLX, consumption, 9 | ReE purity at pilot
Extraction (LLX) - . .
Post-processing | increase equipment scale
lifetime
SEAIIT Continuous Liquid- M_aX|m|ze Bench scale and .Scandlum 1S
Recovery Batch Process Liquid Extraction scandium product ilot scale testin important for
4 purity and yield P g process economics
Commercial .
. filtration, washing Maximize AT
AT Batch Process and d’r in aluminum product 537 SR E represents an
Recovery equi n¥en? it anc? ield pilot scale testing | abundant critical
quip ' punty y mineral in coal ash
alternate reagents
Acid Recovery / lon Exchange, Thermo-
y To be Conversiontoa | Weight recovery of gravimetric Essential for high
Recycle from . ¢
. demonstrated value —added salt analysis, oven recovery of acid
Raffinate inati
Product calcination

Our team recognizes that key formal design and feasibility studies must be completed in order to retire
technical risks and to seek funding from government as well as private investors for a commercial
venture. Toward this goal, we suggest the roadmap below following the conclusion of the above-
described Phase | and Phase 11 programs and conduct of additional studies to close the technology gaps in
Table 11. A typical chemical plant project development path is outlined in Figure 26 (key stages of the
roadmap are presented below):

Post

Concept Pre-feasibility Feasibility Implementation 2R ENTT
Review
)
& @
N b O @
Y @Q:é’Q

Figure 26: Roadmap - Chemical Plant Development Path
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1. Conceptual Design Study (Indicated Accuracy — 50% to + 50%)
a. Engineering Concept Screening
b. Analysis of Alternatives (AoA)
c. ldentification of Requirements and Cost of Pre-feasibility/Feasibility Studies
d. Outcome: Business Planning, Technology Assessment, Project Options

2. Pre-feasibility Study (Indicated Accuracy — 30% to +30%)
a. Techno-Economic Analysis (TEA)
b. Validity of Business Case
c. Outcome: Select Best Project Option, Set Project Objectives, Target Cost and Schedule,
and GO/NOGO Decision Points

3. Feasibility Study (Indicated Accuracy — 10% to +20%)
a. Project Control Baseline, Monitor Budget Variations
b. Outcome: Detailed Project Basis consistent with Project Objectives and Business Plan,
ROI Projects, and Project Implementation Planning
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6. Supporting Information

1. “High Yield and Economical Production of Rare Earth Elements from Coal Ash” Poster
presentation at: 2016 Crosscutting Research and Rare Earth Elements Portfolio Reviews,
Pittsburgh, PA, 19 April 2016

Project Objective
]SI Physical Sciences Inc 1

* Qverall (Phases | and Il): Develop and Demonstrate a
Pilot Scale Plant to Economically Produce from Coal Ash
High-yield REE Concentrates and Commercially Viable
Co-products using Environmentally Safe Physical /
Chemical Enrichment Processes

¢ Phase 1 performance metrics

Performance Threshold Objective
Parameter Value* Value
Feedstock REE
{REE + Yttrium} 300 ppm > 500 ppm
Content

Total REE (REE +

- 0, Q
Yttrium) Enrichment DL REE ) > [ wle RIES

A (Elemental) (Elemental)
in Final Concentrate
I E ;I Physical Sciences Inc 2
Power for Waste DOE Program
Ash Processing Sereened ;- oo oo oooooo oo oS- oooooooo-oo-oo-oo
Plant Coal Waterial B_;.W 1
s
T Combustion T | ach 4 Sel\esclhed Product ]
REE Products S - Dry REE Nitrates |
Rich . |CoaHfired| (ccP) | Ash Supply | Feed | Physical | Fraction Chemical Concentrate | |REE Separation
- Utility e and T | Separation L Separation ™ nd Refinin
Coal Conditioning | ! Plant Plant I g
Feed | |
I ¥ |
: Byproducts Product : Products
1 1

Beneficiated Ash Individual
I ! REE / REO

+ Permanent Magnet
+ Hybrid Battery

+ Alloys

+ Displays

+ Electronics

* Products and Co-products:

— REE-enriched dry nitrates mixture (concentrate)

— Beneficiated ash, Carbon, Magnetic ash
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[SI Project Team & Budget

Physical Sciences Inc 3

* Physical Sciences Inc. - Develop/Optimize Chemical
Separation Processes, Recycling and Waste Handling
Processes, and Demonstrate REE Extraction/Re-extraction
Processes under Continuous Flow

¢ Center for Applied Energy Research - Ash Selection,
Collection, & Characterization, Physical Separation Process

and Plant Design

¢ Equinox Chemicals LLC. - Techno-economic modeling, pilot
plant design of the complete process including physical and
chemical separation processes

* Budget: $1250 K, inclusive of $250K Cost Share

Project Schedule
I Physical Sciences Inc. 4
GFY 2016 [ GFY 2017
CY 2016 CY 2017
Task MAM JJASONDJFMAMJJ A
asi 1234567 8(9 101112131415161718

1.0 Program Management & Planning

2.0 Feedstock Sampling & Characterization

3.0 Feasibility Study
3.1 Physical Processing of Feedstock
3.2 Chemical Processing of Feedstock
3.3 Reagents Recycling & Waste Disposal
3.4 Continuous Process Evaluation |
3.5 Plant Engineering, Modeling & Techno-Econ Analysis |

— Go / No Go Evaluation ]

4.0 System Design —
4.1 Physical Separation Plant Design —
4.2 Chemical Separation Plant Design ]

5.0 Technology Development Support ]

Milestones, Technical Interchange Meetings & Reviews A A

Report ) Judfcd PMP —fy _‘

P3| = Physical Sciences Inc. Andover, MA
UKICAER = University of Kentucky, Lexington, KY / Center for Applied Energy Research
ECL = Equinox Chemicals LLC, Albany, GA
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];SI Phase | Milestones
Physical Sciences Inc 5

+ Based on start date of 1 March 2016

Pragram Planned Completicn

Milestone Month Date
Kickoff Meeting @ DOE/NETL 1 10 March 2016
Sampling and Characterization Plan 1 29 March 2016
Technical Interchange Mtg. (TIM) #1 @UK/CAER 3 31 May 2016
Interim Review # 1 @PS| 6 31 August 2016

TIM #2 @ ECL 9 30 November 2016
Phase 1 Feasibility Study Results 11 31 January 2016
GOINQGO 12 28 February 2017
Interim Review #2 @ DOE/NETL 12 28 February 2017
Phase 1 Design Package 14 31 May 2017
Phase 1 Summary Report 14 31 May 2017
Phase 2 Praposal 14 31 May 2017
TIM#3 Teleconference 15 31 May 2017
Phase 1 Finzl Briefing @DOE/NETL 18 31 August 2017
Task 1.0
];SI Project Management and Planning
Physical Sciences Inc. 6

* Project (both phases) will be managed by PSI
— Responsible for the overall technical, financial, & schedule performance
— Work performed by the three organizations — PSI, ECL, and CAER

» PSI will create a Project Management Plan
— Updated quarterly based on technical results, specific problems
encountered, financial status, and per redirection of technical goals and
priorities

+ PSI will be responsible for all formal and informal
communications on this project
— With DOE/NETL as well as PSI’s collaborating team members
— Formal reports as called out in the contract
— Reports/Presentations on technical and financial progress/status per contract
— Informal communications via e-mail, phone, and fax
— Keep DOE/NETL apprised of new developments, technical problems,
or contractual issues in a timely manner
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Task 2.0
];SI Sampling and Characterization of Feedstocks - |

Physical Sciences Inc 7

+ Objective: To characterize the selected ash feedstock
materials via photomicrography and via optical and
spectrometric techniques in order to guide the fractionation
and selection of the materials for physical and chemical
separation processes

= Specific feedstock source requirements for this program are:

1. Availability of high REE ash (>300 PPM) sources for pilot
plant demonstration

2. Availability of high REE ash (>300 PPM) sources for
commercial scale plant

» Strategies for extension to ash sources nationwide will be
developed

* Ash morphologies characterized via optical techniques:

— Optical Microscopy, XRD, SEM-EDS, SHIMP, HR-TEM, and SEM-FIB
— Data used to identify REE distribution within ash particles
« |dentify chemical process operations needed for REE extraction

Task 2.0
];SI Sampling and Characterization of Feedstocks - Il

Physical Sciences Inc. 8

¢ All studies, with the exception of SHRIMP, are underway
or will be started soon, on UKY/CAER/KGS campuses

* SHRIMP will be conducted in May 2016 at USGS facility
on Stanford campus (subcontract from CAER to USGS)

Technique Scale Advantages Limitations
: p Lower limit of Micron-scale and large
Optical microscopy afew Microns descriptions Not chemically based
Single to Very low-% minerals can

X-ray diffraction Mineral determination

few percent be lost in background

Chemical analysis of

ICP techniques Whole sample whole samples Bulk analysis
SEM-EDS Sub-micron Chigéﬁf'g’;ﬂrg:;’s o con cale_riw?gﬁgnu;zggr;g:nents
SHRIMP Fewmicron | i o olows measurements n 50 | larger han minoras.
e e I
sturs | teonew | Escdenaiudar | vemalusoe
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Task 3.0
];SI Feasibility Study
Physical Sciences Inc

+ Obijective: Investigate
1. Regional and national feedstocks for their REE contents
quantities for eventual pilot/commercial recovery of REEs,

2. Waste management characterization and proposed
processes to minimize or reduce environmental impacts

. Physical Processing of Feedstock

. Chemical Processing of Feedstock

. Reagent Recycling and Waste Disposal

. Continuous Extraction Process Demonstration on lab scale

. Process Modeling and Techno-Economic Analysis of the
above

a. Mass/water/energy balances
b. Capital, operating, and maintenance costs per unit of input and output

~N oo AW

Task 4.0
];SI System Design - |
Physical Sciences Inc. 10

* Objective: Develop plant design concepts
— Pilot plant design for further development in Phase Il
— Physical and Chemical Separation Plants
— Implement techno-economic model from Task 3.0

+ Physical Separation Plant Design:
Select appropriate processing strategy for selected
substrates
Identify size and capacity of each unit process
— Select most appropriate classification approach
— |dentify size and capacity of each unit process
— Implement flowsheet from Task 3.0 into techno-economic model
— Design physical processing plant to meet Phase 2 objectives
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Task 4.0
];SI System Design -
Physical Sciences Inc 1

+ Chemical Separation Plant Design:

— Integrate physical separation plant design with chemical
separation plant design below

— Develop PFD and preliminary PID for plot plant

— Determine sizing and processing capacity of equipment for
specific unit operations

— Specify equipment for unit operations

— Determine power and utility requirements

— Prepare preliminary layout drawings

— Prepare cost estimates for Phase |1 pilot plant

Task 5.0
];SI Technology Development Support

Physical Sciences Inc. 12

* Objective: Conduct experiments and analyses to
support Tasks 2.0, 3.0, and 4.0 to reduce technical and
programrisks.

¢ This is a team cost share task

« Support to include:
— Ash sampling and characterization
— Physical separation
— Chemical separation
— Bench scale REE recovery experiments
— Continuous flow laboratory testing
— Specialized equipment and analytical testing
— Techno-economic Modeling
— Pilot plant design

31



Physical Sciences Inc. Phase 11 Final Summary Report Grant No. DE-FE0027167

2. “High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to:
2017 Rare Earth Elements Portfolio Review (DOE/NETL), Pittsburgh, PA, 22 March 2017

I E; Physical PO ..
ISciences Inc. OENERGY | .u%'-‘%&“v'
High Yield and Economical Production of
Rare Earth Elements from Coal Ash

Physical Sciences Inc., Andover, MA (Pl — Dr. Prakash Joshi)
Equinox Chemicals LLC, Albany, GA, and
Center for Applied Energy Research, Lexington, KY
DOE Award #: DE-FE0027167
Period of Performance: 3/1/2016 — 8/31/2017

Presentation to:
2017 Rare Earth Elements Portfolio Review (DOE/NETL)
Pittsburgh, PA

22 March 2017

Acknowledgement: This material is based upon work supported by the U.S. Department of Energy under Award DE-FE0027167.

Disclaimer: This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof,
nor any of their employees makes any warranty, express or implied, or assumes any legal liability or for the accuracy, or

of any
apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, , or does not or imply its , or favoring by the United States Government or any

agency thereof. The views and opinions of authors expressed herein do not necessarily state or refiect those of the United States Govermment or any agency thereof

Physical Sciences Inc. 20 New England Business Center Andover, MA 01810

- - - S. DEPARTMENT OF N NATIONAL
];SI Project Goals and Objectives @ ENERGY | it
Physical Sciences Inc.
¢ Overall Project Goal (Phases 1 and 2)
— Develop a pilot scale plant to demonstrate feasibility of economically preducing frem coal ash

+ High-yield REYSc concentrates, and
« Commercially viable byproducts and co-preducts, using
< Environmentally safe physical and chemical enrichment processes

VG-2017-018 -1

e Phase1 Pro]ect Objechves_ Parameter Proposed Performance Range ;::%ZILE;'SU:';
Phase 1 performance metrics: Wi% of REY in dry nitrate ~ 5 Wt%, thrashold > 10 wt%; Prop. Prod
- Threshold Values > 2 wt% requirements of the solicitation | _concentrate final product > 10 wi%, objective > 30 wt%; Product 1
~ Threshold values will be used for the GO/NOGO Ash feedstock REY Content | - 200 PP HB=100 556 ppm
evaluation criteria 5
Milestone Program Planned Completion
Month Date
Kickoff Meeting @ DOE/NETL 1 10 March 2016
Sampling and Characterization Plan 1 29 March 2016
Technical Interchange Mig. (TIM) #1 @UK/CAER 3 31 May 2016
Interim Review # 1 @PSI 6 31 August 2018
TIM #2 @ ECL 9 08 December 2016
Phase 1 Feasibility Study Results " 31 January 2018
GOINOGO 12 21 February 2017
Interim Review #2 @ DOE/NETL 12 21 February 2017
Phase 1 Design Package 14 31 May 2017
Phase 1 Summary Report 14 31 May 2017
Phase 2 Proposal 14 31 May 2017
TIM#3 Teleconference 15 31 May 2017
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ISI Outline @ ENERGY | [tee
Physical Sciences Inc.

WG-2017-018 -2

¢ Process Overview

* Project Specific Objectives

* Ash Source: Selection and Characterization
« Physical Processing

¢ Chemical Processing

¢ Techno-Economic Model

o  Summary

| Process Overview @ ENERGY | [t
Physical Sciences Inc. VG-2017-018 3

¢ Physical separation stage, followed by a chemical separation stage,
followed by a post-processing stage

¢ Proposed Product: REYSc-enriched mixture (dry concentrate)

e Higher Value Products: REY-rich & Scandium-rich concentrates

» By-products: costn T e
Preduct 2
— Conventional/beneficiated Cosrse anr 2 A ton oy hsore
ash as cement substitute, roverir ] — - -3-- :
Ash Precessing ‘Screened ! eagent :
carbon as [ vl Recycle :
t Canaesion 1 . I seectod mm :
supplementary fuel, wecrien  [commmed] ioany’ [ iy | Feet [Pryscar | Frecion [ Gremear | e 1!
. Coal Feed: Utility and - k Separation g |
magnetic ash '|_ Condtioning | 3 et | | R ] 11 :
(magnetite substitute), | meduas B i i
=1 Phass 1 Propossd Process : 1 i !
ge0p0|ymer -I:::‘: ::ase: :au:;x:a:a Process e ¥ Fine ;e-ne«;mmu Dry REY. - Pmducn_-_
T Eez § o Ash Concentale eVt Oy
Secondary Magteme Cement :uhsmule On:\ﬂal
Fuel Substitute Market DOE Program
Deliverable
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5| Project Specific Objectives @ ENERGY | Filiisee

Physical Sciences Inc.

VG-2017-018 -4
¢ Characterize ash feedstocks for total REYSc (REE + Y + Sc) content as
well as distribution of the REE within ash particle morphologies

— Measurement protocol: ASTM D6357-11-1

» Optimize the bench scale processes for REYSc enrichment already
developed by PSI

— REE Enrichment Metric: ~ 5%

* Perform key process experiments to anchor model below
+ Develop a techno-economic process model that includes:

— Ash feedstock and reagent inputs, recycling of reagents, REYSc and by-product
outputs of commercial value, accounting for market forecasts, mass balances and
energy expenditures, and capital and operating expenses

* Use above model to design a pilot scale REE enrichment plant

— Nominal capacity 1-5 tons (0.5-2.5 m?) of ash processed per day

— ldentify parameters for economical operation of plant

WG-2017-018 -5

I E ; Physical us. or
ISciences Inc. ﬁEHER@Y | ETE&MMV

LABORATORY

Ash Source:
Selection and Characterization

Physical Sciences Inc. 20 New England Business Center Andover, MA 01810
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Selected Ash Source: us. seramwenror | (NG
I5I...... Dale Location  @ENERGY |Hilis

VG-2017-018 6

* Plant located near Ford, KY

Selected Ash Source: o W
ISI Dale Ponds and Power Plant ©ENERGY | [T

Physical Sciences Inc.

VG-2017-018 -7

July 2014 sampling trip

»

»

» 20 samples collected from several locations; a composite sample
created for analysis and experimental work
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REE in Selected Ash Fraction: em v .
E]: Physical Sciences Inc. HRTEM AnalySiS mm"3°

VG-2017-018 -8

Graham 9-15-16) RESULTS:
75805: <200 mesh: Glassy spheres include
Nd(173) Ce(152) La(70) Y (38) |l

wnnznlasnelz 14 15 18 220 22 2
gV

Al-Si-O glassy ,phere REE psakscorrespond to

Atomically dispersed Ce/Nd/Sm and Y. Carbon Deposits

Ash Selection u, ——
[SI and Characterization @ENERGY | i .mmn
Physical Sciences Inc

VG-2017-018 -§

» Ash source analyses and selection completed
— Analyzed four PCC power plant ash sources that use primarily Eastern KY coal & one
FBC power plant ash source that uses anthracite/culm from Central PA
« Cooper, Williams, Brown, and Dale (PCC), plus Northampton (FBC)
— All ash sources analyzed via ICP-MS; REYSc content > 500 ppm

« Ash from Dale power station, Ford, KY was selected as ash source for plant
demonstration on Phase 2 of this program
— REYSc = 556 ppm, exceeding 500 ppm objective requirement
— ~ 2Mt of ash reserve; ~1200 tons REYSc reserve (~10% of US annual demand)
— Adequate for 1200 tpd commercial scale plant (~1.5% annual demand for ~ 7 y)
— Avast reserve for an envisioned 1-5 tpd pilot plant
« Feed ash, physically separated ash, and chemically pre-treated ash characterized
via various optical/other techniques
— REE concentrates present in glassy ash particles in feed ash
— REE also present in carbon deposits around glassy particles
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) VG-2017-018-10
I Physical U.5. DEPARTNENT OF N anona
Sciences Inc. aENERGY | “m“‘a’.t?"é’%'

Physical Processing

Separation Sc Recovery
Geopolymer and Refining
4 Product 2
Goarse Non-Mag Aqueous REYSt (Sc-rich)
Ash ‘Solutio Dry Mixture
________ . SNSRI (NN N S J—
Power for Buyproduct
Ash Processing Screene! Reagent
Flant Materia Recycle
Coal
Combustion ash SBE‘“; o 4

T
[ I
1 1
' i
' I
' [
1 '
Products ! |
1 i i ik 1

=t T e e TG L (e A
Utility and | pal P2 B Processing

Gonaltionifla| ! Plant Plant vap. !
1 [
[ I
I [
[ |
| '
| i

i
|
Eyproducts Byoroduct i
- i
7] Phass 1 Proposed Process -_-_.‘zlr* __________ *__________,__l ___________ H
™71 Phase 1 Value-Added Process Fine Beneficiated Dry REY Product 1
b= Estony (R Ash Concentrate ~ REY-rich Dry
v ¥ ' Wixture.
Secondary Magnetite Cement Substitute Original
Fuel Substitute Market DOE Program
Deliverable
Physical Sciences Inc. 20 New England Business Center Andover, MA 01810

=] Summary of Results  @ENERGY | [E5e
Physical Sciences Inc.

VG-2017-018-11

+ Each of the five ash sources were separated into five fractions
— +60 mesh (>250 um): Oversize, discarded
— Froth preduct (principally C): Use as supplementary fuel, higher C products
— Magnetic: Use as cheap magnetic substitute
— Non-magnetic:
* +200 mesh (>75 uym): Use as conventional cement substitute
~ -200 mesh (<75 pym): High REY content fraction for chemical processing

* Developed flowsheets for physical separation process
» Developed a spreadsheet economic model of the process

» Integrated physical processing with the chemical process model,
and used for techno - economic assessment
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Individual Rare Earth Elemental
Content for Selected Ash Fraction

Physical Sciences Inc.

ESI

u s. nEnn’mEm oF | E

TECHNOLOGY
LABORATORY

Dale Ash, Selected Fraction

Y

ppm, whole basis

Nd Sm Eu Gd Tb Dy Ho Er

u
Tm Yb

Lla Ce Pr

Element

Lu

Reasonable (=~10 ppm) content of Pr, Gd, Dy, Er, Tb

Significant content of Nd {(~170 ppm), Y (~70 ppm), and Sc (~40 ppm)

VG-2017-018-12

Physical
Sciences Inc.

IS1 o

Chemical Processing

U.8. DEPARTMENT OF

ENERGY

VG-2017-018-13

'I'EQHQOIDOY
I.I.IOR»“D“

Separation Sc¢ Recovery
Geopolymer and Refining
4 Product 2
Coarse Non-Mag Aqueous REYSc (s:-,mm)
Ash Solution Dry Mixture
[ f' """""""""""""""""""" ]
Power for Waste | Buproduct I
Ash Processing Scieened | Reagent [ i
Plant Material | Recycle 1 !
i seifeted Aizste i
Combustlon [ psh 4 ]
REE Rich mam,,d| (Ccp) | Ash Supply | | Feed | Fhysical Fla mn Chemical | _] Post i
Coal Feed: and [ Processing 1
| conditioning| | Prant Plant | Evap [ Preee !
|
' lv ' ! 1
1 Byproducts Byproduct i ]
—_— I 1
~"1 Phase 1 Proposed Pracess L“"‘:I:* __________ * __________ LR ]
T 77 Phase 1 Value-Added Process Fine Beneficiated Dry REY Product 1
L=== Sl R Ash Concentrate  REYerich Dry
'] Mixture
Secondary Magnetite Cement Substitute Original
Fuel Substitute Market DOE Program
Dellwrable

Physical Sciences Inc.

20 New England Business Center Andover, MA 01810
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1] Summary of Results @ ENERGY | [
Physical Sciences Inc.

VG-2017-018-14
¢ Determined optimal parameters for each process step to recover REE from
Dale ash at high yield consistent with high enrichment
+ Developed post-processing steps that yield two higher value product streams
— REY-rich: REY Yield > 18%, Conc > 30 wt%; Sc Yield ~ 18%, Conc ~ 0.5 wt%
~ REE conc >> objective target (10 wt%)
— Scrich:  ScYield ~ 18%), Conc ~ 1.5 wt%; REE Yield > 4%, Conc ~ 6 wt%
» REE conc >> threshold target (5 wt%)

¢ Reduced process time for individual steps and avoided elevated temperatures

+ Experimental development of process scale up

* Process implementable on commercial scale; requires different optimization
parameters for project economics
— Tradeoff some of the high REYSc yield/enrichment to achieve better economics

REY and Sc Relative Content @ v | E
];S]: Physical Sciences Inc (EnriChment Wt%) ENERGY TGS

WG-2017-01815

¢ Post-processing step 1 leads to:
— 3Xincrease in REY enrichment 35

- Efficient separation from other 30
contaminants i REY
— Product well-suited for REY E 25
separation =
P § 20 LREE
@ 15
E 10 HREE+Y
[-t]
“5 Z
0 "ﬁ

Stgp | =p Slep2 —) Step 3 —  Posiprocess = Post process
Siep 2
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- VYG-2017-018-16
];SI Physical us. or N
Sciences Inc. ﬁENERGY | EE‘E&'&?&'

Techno-Economic Modeling

Physical Sciences Inc. 20 New England Business Center Andover, MA 01810

Techno-Economic
U.S. DEPARTMENT OF N NATIOMAL
5] _ Modeling Approach @ERERGY | i
Physical Sciences Inc.

VG-2017-018-17

¢ Chemical processing and economics modeled in Aspen
— Capital and operating expenses per model
+ Modified per Equinox experience
— Result: Pro forma spreadsheet model

e Physical processing economics modeled
— Capital and operating expenses per CAER experience
— Result: Pro forma spreadsheet model

¢ Integrated process economics modeled
— Added capital expenditures of physical and chemical processes
— Physical process decoupled from chemical
— Physical and chemical processing performed on-site at Dale pond
+ Save transportation costs
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Techno-Economic Modeling Results "
N
ISI Capacity, Products and Annual Production ﬁENERGY | Eﬁ%ﬁﬁ?
Physical Sciences Inc.
* A nominal 1200 tpd physical processing plant and 600 tpd chemical
processing plant needed for
— Return on Investment (ROI) of < 5 years
» Both physical and chemical processing plants
— Collocated at ash source to eliminate transportation costs; Decoupled ops
— Modular designs for operational flexibility and transportability
e Ash fractions shipped to local markets
— Carbon, magnetic ash, > 200 mesh non-magnetic ash
» Annual production of major REE, Sc, and Y nitrate concentrate (kg)

- Lhee ﬂﬂﬂﬂ-m
Eu

Y  Ho, Er, Tm, Yb, Lu

WG-2017-018-18

11K 11K 9K 300 10K 350 2K 300 2K 14K 300-800

» 8¢,0; production worldwide (2013) ~ 10K kg, Our oxide equivalent ~ 3000 kg

* Annual production of et | (e | o <
byproducts (ko) SR

100K 124K

U.S. DEPARTMENT OF
[Sl Summary @ENERGY | e
Physical Sciences Inc

VG-2017-018-19

¢ The PSI team has effectively addressed the technical and economic
aspects of recovery of trace REYSc elements from coal ash for our
proposed physical and chemical separation processes

* Ponded ash from Dale power plant in Ford, KY was selected as the ash
source for demonstration of key process elements on pilot scale as well as
a potential source for a commercial scale plant
— > 500 ppm REYSc

+ Both physical and chemical processing plants are collocated at ash source
for process economy; their modular designs will permit transportability
from one ash source to another

— 1200 tpd (~ 500 m3d) physical processing, 600 tpd (~ 250 m3/d) chemical processing

¢ For our processes with the 600 tpd throughput, reagent costs have the most
significant influence on Return On Investment (ROI)
— High efficiency recycling/re-use of reagents is required
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3. “High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to:
Rare Earth Elements (REE) Program Portfolio. 2018 Annual Review Meeting, Pittsburgh, PA,
10 April 2018

Physical
Sciences Inc. VG-2018-024

High Yield and Economical Production of
Rare Earth Elements from Coal Ash

DOE Contract DE-FE0027167 — Phase 2

Physical Sciences Inc., Andover, MA,
Center for Applied Energy Research, Lexington, KY
Winner Water Services, LLC, Sharon, PA

Presentation to:

Rare Earth Elements (REE) Program Portfolio
2018 Annual Review Meeting
Pittsburgh, PA
10 April 2018
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Physical Sciences Inc. 20 New England Business Center Andover, MA 01810

Presentation Outline
ISI Physical Sciences Inc.

VG-2018-024-1

¢ Phase 2 Programmatics

* Rare Earths Recovery Process Overview

¢ Phase 1 Results Summary

¢ Phase 2 Overview

¢ Phase 2 Objectives

* Phase 2 Tasks, Schedule, Milestones, and Deliverables
¢ Current Status

e Summary
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Phase 2 Programmatics

)
Ik )I Physical Sciences Inc.

¢ Area Of Interest (AOI) 2 program: Pilot Scale Technology

— Existing separation technology previously demonstrated successfully
on bench scale

— Ready or near-ready for design at pilot scale
~ Pilot plant design to be delivered at end of Phase |
— Ready for scale up to commercial scale at completion of Phase ||

VG-2018-024-2

30-month Phase 2 program: 9/29/2017 - 3/31/2020
— Phase 1 ended 8/31/2017

Team:
— Physical Sciences Inc. (PSI), Andover, MA
— Center for Applied Energy Research (CAER), Lexington, KY
— Winner Water Services, LLC (WWS), Sharon, PA

Total Contract Value ~$7.5M = $6M DOE funds + $1.5M Cost Share

Rare Earths Recovery Process Overview

Physical Sciences Inc.

_,1]:
VG-2018-024-3

» Physical separation stage, followed by a chemical separation stage,
followed by a post-processing stage

Proposed Product: REYSc-enriched mixture (dry concentrate)
Higher Value Products: REY-rich & Scandium-rich concentrates
o By-products: Cement substitute, secondary fuel carbon,

Separation Sc Recovery
Geopolymer and Refining 4
4 Product 2
Coarse Non-Mag Aqueous REYSc {Sc-rich)
Ash Solution Dry Mixture
. T ™ Iyuus st ,
ovier for 1 [
Ash Processing Screened : Reagent 1 : :
Plant Material | Recycle 1 I
Coal i Selected Wasta [ i
1‘ Combustion T 1 4 [ ]
Products 1 Ash =t [ i
REE Rich Coalfired | (CCP) Ash Supply | | Feed | Physical | Fraction Chemical N Post |
Coal Feed—| ™ Uity and T Separation Separation T Processing |1
Conditioning | ! Plant Plant Evap b ]
1
; I ' i !
! Byprodudts Byproduct : i !
- 1
:' | Phase 1 Proposed Process l_____‘zlr* ___________ *__________ LI R :
———a
L | Phase 1 Value-Added Process Fine Beneficiated Dry REY Product 1
-== Carbon  Mag Ash Ash Concentrate  REY-rich Dry
+ * + * Mixture
Secondary Magnetite Cement Substitute Original Lraase
Fuel Substitute Market DOE Program

Deliverable
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Phase | Results Summary

Ash Source Selection
]S:[ Physical Sciences Inc.

VG-2018-024-5

e Ash from eastern KY coal
selected for Phase 2
developments

» The average REYSc content
of 556 ppm measured from a
composite of 20 ash samples
> 300 ppm (DOE
requirement)

" da\
LREE/HREE

7.46

Composite 33

59 457 516
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Individual Rare Earth Elemental Content
PSI for Selected Ash Fraction
Physical Sciences Inc

VG-2018-024-8

200
180
160

140

120

80

60

40 I

20 I

0 -l =l = " _

la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Element

ppm, whole basis
8

Significant content of Nd (~170 ppm), Y (~70 ppm), and Sc (~40 ppm)

Reasonable (>~10 ppm) content of Pr, Gd, Dy, Er, Th

Chemical Processing of Selected Ash Fraction

:[S:[ Physical Sciences Inc.
VG-2018-024-7

¢ Developed chemical processes for the selected ash fraction to
recover REYSc with high yield and high enrichment in two final
concentrate products of commercial value.
— Concentration expressed on elemental basis i.e. the content of REY or Sc
relative to that of all elements)
¢ Product 1: REY-rich concentrate:
— REY Yield > 18%, Conc > 30 wt%
— Sc Yield ~ 18%, Conc ~ 0.5 wt%
— REY concentration >> objective target (10 wt%)
¢ Product 2: Sc-rich concentrate:
— ScYield ~ 18%, Conc ~ 1.5 wt%
— REY Yield > 4%, Conc ~ 6 wt%
— REE conc >> threshold target (5 wt%)
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FSI Post-Processing for REY and Sc Relative Content

Physical Sciences Inc.

VG-2018-024-8

e Post-processing step 1

leads to: 35
— 3Xincrease in REY — 30
enrichment °:°, REY
: ' = 25
— Efficient separation 5
from other contaminants = 20
) & LREE
— Product well-suited for o
REY separation o 15
>
E 10 HREE+Y
@
5

Step1 —> Step2 =—> Step3 — Postprocess __ post process
Step 1 Step 2

FI;I Techno-economic Modeling Approach
ke

Physical Sciences Inc.

VG-2018-024-9

e Chemical processing and economics modeled in Aspen
— Capital and operating expenses per model
» Modified per our team’s experience
— Result: Pro forma spreadsheet model

e Physical processing economics modeled
— Capital and operating expenses per CAER experience

— Result; Pro forma spreadsheet model

* Integrated process economics modeled
— Added capital expenditures of physical and chemical processes

¢ Modular, transportable physical and chemical processing plants
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Capacity, Products and Annual Production

]SI Physical Sciences Inc.
VG-2018-024-10

Designed a nominal 1200 tpd physical processing plant and 600 tpd
chemical processing plant
— Return on Investment (ROI) of < 5 years
Both physical and chemical processing plants
— Decoupled operations
— Modular designs for operational flexibility and transportability
Byproduct ash fractions shipped to local markets

*

Annual production of major REE, Sc, and Y concentrate (kg)

SC La Ce Pr Nd Eu Gd Tb Dy Y Ho, Er, Tm, Yb, Lu
11K 1K 9K 300 10K 350 2K 300 2K 14K 300-800

Phase Il Qverview
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E Overall Project Goal
b I Physical Sciences Inc.

VG-2018-024-12

¢ Develop and demonstrate a pilot scale plant to economically
produce salable rare earth element-rich concentrates, including
yttrium, scandium, and commercially viable co-products from coal
ash feedstock; using environmentally safe, and high-yield physical
and chemical enrichment processes.

¢ Phase 2 Project Metrics

Performance Parameter Threshold Value Objective Value

Feedstock REYSc! Content >300 ppm >500 ppm
(Whole Mass Basis) (Whole Mass Basis)
Total REYSc Enrichment in >10 wt% >20 wt%

Final Concentrate (Elemental Basis)  (Elemental Basis)
Return on Investment’ <7y <5y
Delivered Concentrate ~50 g8 ~0.5 kg$s

Quantity®

REYSc = Rare Earth Elements Plus Yttrium and Scandium, *Scale-dependent ~ 600 tpd,
&Ten 5g split samples, 5g split sample required per solicitation.

-~ Phase Il Team
T?’I Physical Sciences Inc.

 The CAER, PSI, WWS team provides a complete integrated science,
technology, engineering, technology transition, and
commercialization solution for DOE/NETL
¢ Key Personnel:
- PSI:
« Dr. Prakash Joshi, PI/PM
« Dr. Dorin Preda, Lead Chemist
< Dr. Matthew Boucher, Lead Chemical Engineer/Process Modeling
— CAER:
< Dr. James Hower, Coal geochemistry, materials characterization
« Dr. John Groppo, Mineral processing, feedstock logistics, site qualification
- WWS:
« Mr. Todd Beers: Chemical Engineering and technology commercialization
« Mr. Michael Schrock, Chemical Engineering; plant design
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Phase 2 Scope - |

INI... Overall Program
h_J L Physical Sciences Inc.

 Demonstrate the Phase 1 REYSc separation/enrichment technology
in pilot plant(s) with decoupled operating capacities of ~ 0.4 tpd
physical processing, and ~ 0.5 tpd chemical processing.
— Both pilot designs will be modular and transportable.

Repair/Refurbish Procure Equipment,
Existing Equipment Chemicals & Assemble
@ CAER Lexington, KY @ Sharon, PA
v v
Eastern KY Physical Processing Pilot Chemical Processing
Sampling & Ash |—————3»| Assy & Demo ~0.4 thd |—————3»] Pilot ~0.5 thbd
Selection Transport @ CAER Selected Ash @ Sharon, PA
to CAER Fraction omn
Transport
by Truck(s)

i Phase 2 Scope - Il
NI Physical Processing Pilot
k_J L Physical Sciences Inc.

VG-2018-024-15

» The physical pilot plant comprises existing equipment at the CAER
facility in Lexington, KY, which is being repaired/refurbished for
use in Phase 2

¢ The physical pilot will be decoupled from the chemical pilot located
at the WWS facility in Sharon, PA.

— ~ 40 tons of selected ash will be transported to CAER facility

» Physical processing pilot, will be operated over < ~ 4 weeks fora
significant demonstration while conserving project funds,
producing 10 to 20 tons of the chemically processable ash fraction

» The selected ash fraction will then be transported to the WWS plant
in Sharon, PA for chemical processing
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) Phase 2 Scope - Il
IS1 Chemical Processing Pilot
b Physical Sciences Inc.

VG-2018-024-16

¢ Chemical processing pilot will utilize WWS’s existing, proven
solvent extraction equipment to the maximum extent possible, and
also procure additional equipment

¢ The chemical pilot will be operated over ~ 2 to 4 weeks fora
significant demonstration while also conserving project funds,
producing ~ 50 to 500 grams of deliverable REYSc-enriched
concentrate

» Pilot will demonstrate the high recovery/ recycling of reagents at
> 95% efficiency.

o Establish processes for environmentally safe disposal of waste
products

Phase 2 Scope - IV
Tﬁﬂ Chemical Micropilot & Techno-Economic Modeling
h

Physical Sciences Inc.

VG-2018-024-17

* A ~1-5 kg/d Micropilot Plant will be developed at PSI, Andover, MA

— Quick turnaround validation of pilot plant processing parameters and to
provide data for chemical pilot plant design

e A critical part of Phase 2 will be to refine, enhance, and validate the
Phase 1 Aspen-based Techno-Economic Model of REYSc recovery
from coal ash using the results from physical and chemical pilot
plant operations

— Fidelity of the resulting Phase 2 model is expected to be AACE Class 2

— Model will be used to develop design of a commercial scale plant for
profitable (ROl < 5 y) REYSc at the conclusion of Phase 2
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Phase Il Objectives

Y Phase 2 Project Objectives - |
I?’I Physical Sciences Inc.

VG-2018-024-19

Phase 2 Objective:

e Demonstrate the REYSc separation/enrichment technology
developed in Phase 1 in a pilot scale plant with operating capacity
of 0.1-1 metric ton per day (tpd)

Specific Objectives:

1. Refine and complete detailed design of the chemical pilot plant(s)
from Phase 1
— Modular, transportable designs

2. Assemble and operate a micropilot (chemical) plant for quick
turnaround validation of pilot plant processing parameters, and
provide data for chemical pilot plant design
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™ Phase 2 Project Objectives - II
}7?)—[ Physical Sciences Inc.

VG-2018-024-20

3. Assemble pilot scale plant at CAER for physical processing of ash

4. Construct a modular pilot scale chemical plant at WWS facilities

5. Demonstrate operation of the physical pilot plant using the power
plant (ash feedstock selected in Phase 1)
— Modular, mobile CAER plant that uses the selected ash feedstock
— Operation at ash source, decoupled from chemical pilot plant

Y Phase 2 Project Objectives - llI
—[%’I Physical Sciences Inc.

6. Demonstrate operation of the chemical pilot plant using the selected
ash fraction produced by the physical pilot plant
— Operation at WWS facility in Sharon, PA
+ Selected ash fraction transported to this facility from Lexington, KY
7. Refine and enhance the Phase 1 techno-economic model using
results of above physical and chemical pilot plant operations
— Produce AACE Class 2 costing fidelity model in Phase 2
+ Current Phase 1 model is AACE Class 3
8. Develop and provide design of a commercial scale plant for
profitable REYSc recovery from coal ash at Phase 2 conclusion
— Use the above refined Phase 2 techno-economic model
— ROI metrics as previously stated
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Phase Il Tasks, Schedule, Program
Milestones, and Deliverables

fell
k_J L Physical Sciences Inc.

Phase 2 Tasks

VG-2018-024-23

Lead/Performing Performance Budget
ask Organizations Period (Months) Period
1.0 | Project Management and Planning PSI 1-18 1
1.0 | Project Management and Planning PSI 19-30 2
2.0 Site Host Agreement PSI 2-6 1
3.0 | Provide Split Samples PSI 26-28 2
4.0 | Physical Processing Demo & Ash Characlerization UK/CAER 2-27 1&2
4.1 | Physical Processing Pilot Implementation UK/CAER 4-18 1

4.1.1 | Physical Processing Plant Preparations UK/CAER 4-12 1
4.1.2 | Physical Processing Plant Operational Demo UK/CAER 12-18 1
4.2 | Ash Fractions Characterization UK/CAER 2-18 1
4.2 | Ash Fractions Characterization UK/CAER 19-27 2
5.0 | Chemical Processing WWS/PSI 2-28 1&2
5.1 Micropilot Plant and Experimental Developments PSI 2-16 1
5.2 Chemical Processing Pilot Development WWS/PSI 4-28 1&2
5.2.1 | Chemical Pilot Plant Design WWS/PSI 4-12 1
5.2.2 | Chemical Pilot Plant Construction WWS/PSI 9-18 1
5.2.3 | Chemical Pilot Plant Shakedown WWS/PSI 16-18 1
5.2.4 | Chemical Pilot Plant Optimization and Demo WWS/PSI 19-27 2
6.0 | Techno-Economic Modeling PSI 4-18 1
6.0 Techno-Economic Modeling PSI 19-27 2
7.0 | Commercial Plant Design WWS/PSI 26-28 2
8.0 | Engineering Development Support PSI 2-18 1
8.0 | Engineering Development Support PSL 19-28 2
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Phase 2 Schedule
:[SI Physical Sciences Inc.

VG-2018-024-24

[ ‘Budget Period 1 [ Buaget Period 2
e 30-month program e
NDJFMAMJ ONDJFMAMJJASONDJFMA
Task Contract Montha-{1 2 3 4 5 6 7 8 8101112131415181718/192021
1.0 Program Management
2.0 Site Host Agreement —
3.0 Provide Split Samples —
4.0 Physical Processing & Ash Characterization I —— |
4.1 Physical Pracessing Pilot Developments ]
4.1.1 Physical Processing Plant Preparations

4.1.2 Physical Processing Plant Demonstration
4.2 Ash Fractions Characterization
5.0 Chemical Processing

5.1 Micropilot Plant Developments
5.2 Chemical Processing Plant Developments
5.21 Chemical Pr ing Plant Design I

5.2.2 Chemical Processing Plant Construction/Installation I
5.2.3 Chermical Processing Plant Shakedown —
5.2.4 Chemical Processing Plant Optimization and Demo. |
6.0_Techno-economic Modeling
7.0 Commercial Plant-Design —
8.0 Engineering Development Support (Cost Share)
sk A A A A A A A A A
@HETL Tare Dsgn M T TR T T T
@ Rewaw eiSte #3506 8 # &7 Enat
Milestones / Reviews AR T Yows T ErYEWNS Rt BT W
@NETL.  Camn
' A A A A A Ad
Deliverables s S oo Samity Do ampi | B fﬁ‘uﬁ? e
oy Man Agrsemert & Aralysr | GAnaiyes | | Tod  SHISAMDR Tupu
Fian " Flan for Plantor | Repart Deiwary. .
LA eneldFu crncaFin PR
Parmits, Wasle Mgt Analye Rpt
Bocs far s
s comyrizton
n
Reports & Brifings LA A A A A A A A a4
1)
TIM = Teshnical Interchange Mesting e

ISI Phase 2 Milestones and Deliverables

Physical Sciences Inc.

Planned Completion VG-2018:024-25

Milestone

Technical Interchange Mecting (TIM) #1 @CAER 15 March 2018

Design Review @ NETL | 6 | 04 May 2018

TIM #2 @WWS (Chem Plant Site Visit) I 10 August 2018

TIM #3 (@ CAER (Physical Pilot Site VisitDemo) 26 Octaber 2018

TIM #4 @ PSI (Micropilot Site Visit) 08 February 2019
TIM #5 @ WWS (Chemical Pilot Shakedown Tests) 26 April 2019

TIM #6 @ NETL (Readiness Review) 04 September 2019

Phase 2 Final Briefing @ NETL 30 April 2020
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Current Status

PSI Modular, Transportable Physical Processing Plant

Physical Sciences Inc.

VG-2018-024-27

e Reconditioned Lamella Classifier
40’ Trailer for Vibrating Screen (3/8 inch) Flotation Cells (in trailer)
Transport & Use e B 1y orauic Classifier SNSRI

. Processed il
o Reconditioned Ash
Thickener

2” Hydrocyclone =

e Reconditioned
4’x4’ Hydraulic
Classifier

e Assembling
2x30 liter
Flotation Cells

Vacuum Hydraulic Classifier ~ Feed Hopper glurry i Slurry Circulating
Filter Feed Pump and Conveyor T;ﬁara 10N and Transfer Pump
¢ Assembling
1'x1.5’ Drum Ash Feedstock site agreement with EKPC
for access, logistics, sampling, and transportation
agnet

has been negotiated in currently in final round of signatures
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FSI Modular, Transportable Chemical Processing Plant

Physical Sciences Inc.

VG-2018-024-28

¢ Winner's facility (formerly
a Westinghouse torpedo
production plant) in
Sharon, PA is currently
being refurbished with
structural, spatial and
electrical/water/ utilities
infrastructure for the plant

¢ Detailed plant design
currently in progress:

— Building upon Phase 1 Final
Design Package, Feasibility
Report, and Aspen Techno-
Economic Model(s)

— Initial discussions to review
requirements and design
approach on 03/27/2018

e Design review ~ 4 May 2018

Micropilot Plant
]SI Physical Sciences Inc.

¢ Plant, hoods, exhausts assemblies done

o Safety Reviews, and Safety Walkthrough completed

e Chemicals monitoring and waster disposal procedures in place
¢ Plant Standard Operating Procedure (SOP) approved by Safety Committee
¢ Plant testing has commenced: Four 5 L reactors plus peripherals

VG-2018-024-29
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Pﬂ Summary
N Physical Sciences Inc.
VG-2018-024-30

¢ The Physical Sciences Inc., Winner Water Services, and Center for Applied
Energy Research Phase 2 program has been initiated and is progressing
per our proposed plan

— Kickoff meeting held at NETL 24 January 2018

» Host site agreement with EKPC for access, logistics, sampling,
facilitates, transportation of selected ash feedstock....has been
negotiated in currently in final round of signatures

¢ Refurbishment, assembly, and construction of Physical Processing
Pilot is well underway at CAER, Lexington Site preparations for the
Chemical Processing Pilot in progress at Winner Water facilities in
Sharon, PA

» Detail design of Chemical Processing Pilot has been initiated

* Micropilot Plant at PSI in Andover, MA is ready for operation with
initial data expected this week
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4. “High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to:
Presentation to: Rare Earth Elements (REE) Program Portfolio, 2019 Annual Review Meeting,
Pittsburgh, PA, 9-11 April 2019

Physical
Sciences Inc. VG-2019-41

High Yield and Economical Production of
Rare Earth Elements from Coal Ash

DOE Contract DE-FE0027167 — Phase 2

Physical Sciences Inc., Andover, MA,
Center for Applied Energy Research, Lexington, KY
Winner Water Services, LLC, Sharon, PA

Presentation to:
Rare Earth Elements (REE) Program Portfolio,
2019 Annual Review Meeting, Pittsburgh, PA,
9-11 April 2019

Acknowledgement
This material is based upon work supp: by the U.S. Dep: it of Energy under Award DE FED027167.
Disclaimer:
This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency meraof nor any of
their employees makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, comp or of any ir

product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or refiect those of the United States Government or any agency thereof.

Physical Sciences Inc. 20 New England Business Center Andover, MA 01810

Presentation Outline
ISI Physical Sciences Inc

VG-2019-411

» Phase 2 Programmatics
* Rare Earths Recovery Process Overview
¢ Phase 2 Tasks, Schedule, Milestones, and Deliverables

« Summary of Phase 2 Results to Date
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FT‘ Phase 2 Programmatics
. I Physical Sciences Inc.

VG-2019-41-2

¢ Area Of Interest (AOI) 2 program: Pilot Scale Technology

— Existing separation technology previously demonstrated successfully
on bench scale

— Ready or near-ready for design at pilot scale
~ Pilot plant design to be delivered at end of Phase |
— Ready for scale up to commercial scale (design) at completion of Phase Il

¢ 30-month Phase 2 program: 9/29/2017 - 9/31/2020
— Phase 1 ended 8/31/2017

e Team:
— Physical Sciences Inc. (PSI), Andover, MA
— Center for Applied Energy Research (CAER), Lexington, KY
— Winner Water Services, LLC (WWS), Sharon, PA

» Total Contract Value ~$7.5M = $6M DOE funds + $1.5M Cost Share

Physical
Sciences Inc. VG-2019-41

Rare Earths Recovery Process Overview

Physical Sciences Inc. 20 New England Business Center Andover, MA 01810
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FS;I Rare Earths Recovery Process Overview
N\

Physical Sciences Inc.

VG-2019-41-4

+ Physical separation stage, followed by a chemical separation stage,
followed by a post-processing stage

+ Proposed Product: REYSc-enriched mixture (dry concentrate)

» Higher Value Products: REY-rich & Scandium-rich concentrates

» By-products: Cement substitute, cenospheres, secondary fuel carbon...

High Performance

Geopolymer Cement
Feed Composite Filler
4
Coarse Product 2
Cenospheres roauc
Waste Non-Mag Ash Reagent (Sc-rich Nitrate
Screened * + Reogc le Mixture)
Material Byproduct Byproduct Waste
Selected m
Coal 1 ash 4 s Ash 4
Combustion Ash Sl:’pply FGEdh Physical Fraction - Chemical
Products —*| anc Separation Plant g Separation Plant
(CCP) Conditioning
‘ Byproduct Product 1
REY-rich Nitrate

l Mixture

REE = Rare Earth Elements HD EEnt e ¥

REY = REE + Yttrium Carbon Mag Ash ine Beneficiate =
REYSc = REY + Sc Ash Original

* * * DOE_Program
Secondary Magnetite Cement (Lrellvstialille
Fuel Substitute Market e

F‘%T Post-Processing for REY and Sc Relative Content
.

Physical Sciences Inc.

V62019415
» Post-processing leads to:

— 3Xincrease in REY enrichment

— Efficient separation from other contaminants

— Product well-suited for REY separation

35

W
o

REY

NN
o O,

LREE

-
n

HREE+Y |

Step 1 —p Post process
Step 2

-
o

Relative Content (%)

an

o
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Physical
Sciences Inc. VG-2019-41

Phase 2 Overview

Physical Sciences Inc. 20 New England Business Center Andover, MA 01810

Overall Project Goal
ISI Physical Sciences Inc.

VG-2019-41-7

¢ Develop and demonstrate a pilot scale plant to economically
produce salable rare earth element-rich concentrates, including
yttrium, scandium, and commercially viable co-products from coal
ash feedstock; using environmentally safe, and high-yield physical
and chemical enrichment processes.

¢ Phase 2 Project Metrics

Performance Parameter Threshold Value Objective Value

Feedstock REYScT Content >300 ppm >500 ppm
(Whole Mass Basis) (Whole Mass Basis)
Total REYSc Enrichment in >10 wt% >20 wt%

Final Concentrate (Elemental Basis)  (Elemental Basis)
Return on Investment” <7y <5y
Delivered Concentrate ~50 g8 ~0.5 kgss

Quantity®

REYSc = Rare Earth Elements Plus Yttrium and Scandium, *Scale-dependent ~ 600 tpd,
&Ten 5g split samples, 59 split sample required per solicitation.
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FT‘ Phase Il Team
. I Physical Sciences Inc.

¢ The CAER, PSI, WWS team provides a complete integrated science,
technology, engineering, technology transition, and
commercialization solution for DOE/NETL

* Key Personnel:
- PSI:
= Dr. Prakash Joshi, PI/PM
» Dr. Dorin Preda, Lead Chemist
» Dr. David Gamliel, Lead Chemical Engineer/Process Modeling/TEA
— CAER:
= Dr. James Hower, Coal geochemistry, materials characterization
= Dr. John Groppo, Mineral processing, feedstock logistics, site qualification
- WWS:
» Mr. Todd Beers: Chemical Engineering and technology commercialization
» Mr. Michael Schrock, Chemical Engineering; Plant Design

Phase 2 Scope -1
y
I L)—[ Physical Sciences Inc. Overa“ Prog ram

» Demonstrate the Phase 1 REYSc separation/enrichment technology
in pilot plant(s) with decoupled operating capacities of ~ 0.4 tpd
physical processing, and ~ 0.5 tpd chemical processing.

— Both pilot designs will be modular and transportable

Repair/Refurbish Procure Equipment,
Existing Equipment Chemicals & Assemble
@ CAER Lexington, KY @ Sharon, PA
Eastern KY Physical Processing Pilot Chemical Processing
Sampling & Ash |———3| Assy & Demo ~0.4thd f————» Pilot ~0.5 tbd
Selection | Transport @ CAER Selected Ash @ Sharon, PA
to CAER Fraction —
Transport
by Truck(s)
 Phase | StartTRL End TRL
1 3 4
2 (Current) 4 5
2 (End) 5 6+
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Phase 2 Scope - Il
FSI e Seoncee e Physical Processing Pilot

VG-2019-41-10

+ The Physical pilot plant comprises existing equipment at CAER
facility in Lexington, KY, which was repaired/refurbished for Phase 2

¢ The physical pilot is decoupled from the chemical pilot located at the
WWS facility in Sharon, PA.
— ~ 20 tons of selected ash transported to CAER facility

+ Physical processing pilot, will be operated over < ~ 4 weeks for a
significant demonstration while conserving project funds, producing
10 to 20 tons of the chemically processable ash fraction

¢ Selected chemical processing operations may be collocated with
physical processing to minimize amount of material to be processed
in the chemical (pilot) plant, and to save transportation costs

¢ Selected ash fraction to be transported to the WWS plant in
Sharon, PA for chemical processing

Phase 2 Scope -l
Fiﬂ - Chemical Processing Pilot
h_ Physical Sciences Inc.

VG-2019-41-11

» Chemical processing pilot utilizes WWS’s existing, proven solvent
extraction equipment to minimize costs, with additional equipment
procured for pre-extraction operations and for reagent compatibility

» The chemical pilot will be operated over ~ 2 to 4 weeks for a
significant demonstration while also conserving project funds,
producing ~ 50 to 500 grams of REYSc-enriched product deliverable

« Environmentally safe disposal of waste products

» Pilot will demonstrate the high recovery/ recycling of reagents; > 95%
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Phase 2 Scope - IV
FS;I Chemical Micropilot & Techno-Economic Modeling
h

Physical Sciences Inc.

VG-2019-41-12

+ A ~1-5 kg/d Micropilot Plant has been developed at PSI, Andover,
MA

— Quick turnaround validation of pilot plant processing parameters and to
provide data for chemical pilot plant design

« A high fidelity Aspen-based Techno-Economic Model of REYSc
recovery from coal ash using the results from physical and
chemical pilot plant operations

— Refine, enhance, and validate the Phase 1 model
— Fidelity of the resulting Phase 2 model to be AACE Class 2

— Model will be used to develop design of a commercial scale plant for
profitable (ROl < 5-7 y) REYSc at the conclusion of Phase 2

Physical
Sciences Inc. VG-2019-41

Phase 2 Tasks, Schedule,
Milestones, and Deliverables

Physical Sciences Inc. 20 New England Business Center Andover, MA 01810
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Phase 2 Schedule
];S:[ Physical Sciences Inc.

VG-2019-41-14

| Phase 2, Budget Period 2 | Phase 2, Budget Period 3
GFY 2018 T GFY 2018 [ GFra0m0
lﬁ\ CY 2018 I CY 2019 | cvamo
DJFMAM, JASONDJFMAMJJASONDJFMAMJ
Task Contract Month{12 3 4 567 8 3101 |z|a|4|e|s11|s|52421 222324252627 262930 31)
1.0 Program ent
2.0 Site Host Agreement — |
3.0 Provide Split Samples | —
4.0 Physical Processing & Ash Characterization *
4.1 Physical Processing Pilot Developments I |
4.1.1 Physical Processing Plant Preparations I |
4.1.2 Physical Processing Plant Demonstration L —
4.2 Ash Fractions Characterization
5.0 Chemical Processing
5.1 Micropilot Plant Developments I — |

5.2 Chemical Processing Plant Developments -
5.2.1 Chemical Processing Plant Design I
5.2.2 Chemical Processing Plant Construction/Installation I
5.2.3 Chemical Processing Plant —
s
—

5.2.4 Chemical Processing Plant Optimization and Demo.
6.0 Techno-economic Modeling

7.0 Commercial Plant-Design | —
8.0 Engineering Development Support (Cost Share) ]
wewon < A A A X
@?En. an*Dm Arw‘ *TIM Titd #ﬂ ATIM Tim ;na"
2. Foaw #2Ste M Gaws Readness @vv\rvs @u‘-‘viws i
Milestones / Reviews QNETL Vit @RSl Roviow | Plant | Coem | | S|
Do, Flant
J Demo.
A A A A
Ipdate Sy Testing, Tesbr Py |
7 o 13 Rl daning opt saman T Ogmes | FnepeE G
Deliverables P pgesmen | Sdashms TR sic RT::-‘n St | S by ToSRE
Physicdl Pt Chemcal Piot Repart DY e chmon Econ
(Construct Analysis Rpt
Derm(sDov(\;e?eMgw
o Tech Dew i
Physical & .
CremenPiots Qemmardickratlcn
i A A A AA A A A A A
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Chemical Pilot Shakedown July 2019

PSI Phase 2 Milestones and Deliverables

Physical Sciences Inc.

Planned Comple VG-2018-41-15

Milestone Date

Kickoff Meeting 24 January 2018
Technical Interchange Meeting (TIM) #1 @ CAER 15 March 2018
Design Review @ NETL | & | 04 May 2018

TIM #2 @WWS (Chem Plant Sitc Visit) R 10 August 2018

TIM #3 @ CAER (Physical Pilot Site VisitDemo)

TIM #4 @ PSI (Micropilot Site Visit) 08 February 2019
TIM #5 @ WWS (Chemical Pilot Shakedown Tests) 26 April 2019

TIM #6 (@ NETL (Readiness Review) 04 September 2019

Phasc 2 Final Bricfing @ NETL 30 April 2020
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Physical
Sciences Inc. VG-2019-41

Summary
of
Phase 2 Results To Date

Physical Sciences Inc. 20 New England Business Center Andover, MA 01810

Phase Il Status
E:[ Physical Sciences Inc.

VG-2019-41-17

Commercial Target
Performance Current Status
Requirements

Performance
Attributes

Total REYSc content >10 wt.% (elemental | REYSc final content of 10 — 20 wt.% has been
in final concentrate basis) recorded at Micropilot scale. Enrichment at chemical
pilot scale TBD.

Delivered Concentrate 0.05 kg Should be readily achievable based on chemical pilot

Quanti mass balance calculations

Cement Substitute >90 wt.% Consistent cement substitute yields of 90-93 wt.%

Yield recorded in the Micropilot. Yield at chemical pilot scale
TBD.

At present, PSI expects that all target performance requirements are achievable.
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Ash Source Selection
]SI Physical Sciences Inc

VG-2019-41-18

e Ash from eastern KY coal
selected for Phase 2
developments

e The average REYSc content
of 556 ppm measured from a
composite of 20 ash samples
> 300 ppm (DOE
requirement)

¢ Example:
Composite 7.46

Individual Rare Earth Elemental Content
PSI for Selected Ash Fraction
Physical Sciences Inc

VG-2019-41-19

P AshC
B Ash D

N

o

o
1

150

100 4

wm
o
|

REYSc Concentration (ppm)

. [ | =
Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Element

o
I

Significant content of Nd (~180 ppm), Y (~50 ppm), and Sc (~25 ppm)

Reasonable (~10 ppm) content of Pr, Gd, Dy
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[ PSI Micropilot Facility

VG-2019-41-20

. Filtration —Digestion
Extraction / Re-Extraction Vessels - and Precon

Filtrate Vacum _
Collection ¥ Receiver =

PSI Micropilot facility is operational and has demonstrated target
yield and enrichment performance requirements

Micropilot Processing of Selected Ash Fraction

:[S:[ Physical Sciences Inc.
VG-2018-41-21

¢ Developed chemical processes for the selected ash fraction to
recover REYSc with high yield and high enrichment in two final
concentrate products of commercial value.
— Concentration expressed on elemental basis i.e. the content of REY or Sc
relative to that of all elements)

e Product 1: REY-rich concentrate:
— REY Concentration > 15 wt%
« REY concentration >> threshold target (10 wt%)
— REY:Sc 100:1
— LREE:HREE ratio = 2.3:1
e Product 2: Sc-rich concentrate:
— REY:Sc6:1

e Process improves LREE:HREE Ratio by 2X in Product 1
— Starting Coal Ash LREE:HREE Ratio = 5:1
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];SI CAER Physical Processing Pilot Plant

Physical Sciences Inc.

VG-2019-41-22
Froth
Flotation Cells
. Magnetic
Hydraulic Separator
Classifier
Vibrating
Coarse Screen Screen
(+16 Mesh)
Slurry Tank
Final Product
Feed Tank Product Storage
Tank

CAER physical pilot plant is operational and ~8 tons of coal ash have
been processed; ~ 50% Yield for ash mass fraction for chem processing

Pozzolanicity Testing -
ISI s Strength Activity Index
Physical Sciences Inc.

e Strength Activity Index or SI:
how the coal ash contributes to the
strength of concrete.

110 + Typically measured as the compressive

100 strength of a standard mortar mix with
~ o fly ash substituting at a defined level for
2 g0 —e Portland cement after a defined period of
PR s < curing (Blue Line).
Z s « Slis then compared as a ratio percent to
i “© a mortar with all Portland cement (Green
Em 30 Line).
% 20 =& Control

" e ASTM Sl criterion is 75% at

0 7 days or 28 days (Red line).
0 10 20 30 10 50 60 The processed fine ash utilized
Curing Time (days) at 20% replacement of OPC achieved a

strength index greater than 75 by 28
days of curing.
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PSI WWS Chemical Processing Pilot Plant
.

Physical Sciences Inc.

VG-2019-41-24

+ Detailed design completed

+ Long lead time equipment has been ordered
 Infrastructure (utilities) installation in progress
+ Plant assembly beginning May 2019

+ Shakedown to begin July 2019

ISI Techno-economic Modeling Approach - Phase 1

Physical Sciences Inc.

VG-2019-41-25

» Chemical processing and economics modeled in Aspen
— Capital and operating expenses per model
« Modified per our team’s experience
— Result: Pro forma spreadsheet model

Physical processing economics modeled
— Capital and operating expenses per CAER experience
— Result: Pro forma spreadsheet model

Integrated process economics modeled
— Added capital expenditures of physical and chemical processes

Modular, transportable physical and chemical processing plants

» Phase | Model: AACE Level 3
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51
h_J A Physical Sciences Inc.

AACE Estimate Classes

VG-2019-41-26
L Secondary Characteristic
Characteristic v
MATURITY LEVEL OF
EXPECTED ACCURACY
ESTIMATE PROJECT DEFINITION E.ND USAGE METHODOLOGY RANGE
DELIVERABLES Typical purpose of ) L . e
CLASS ) Typical estimating method | Typical variation in low and
Express as % of estimate high rangesta)
complete definition 9 g
Capacity factored,
L: -20% to -50%
Cl 5 0% to 2% C t i tri del
ass 0 2% oncept screening Vparame ic models, H-+30% to +100%
Judgment, or analogy
. Equipment factored or L: -15% to -30%
Cl 4 1% to 15% Stud feasibil
ass ? ? udy or feasibility parametric models H: +20% to +50%
Class 3 10% to 40% aumsﬁgfzin or S\:uT :::::Z? T:rteclxl’i:t: L: =10% to -20%
i H: +10% to +30%
control items
Control or Detailed unit cost with L:-5% to -15%
Class 2 30% to 75% bid/tender forced detailed take-off | H:+5% to +20%
Check estimate or Detailed unit cost with L:-3% to -10%
0, 0,
Class1 65% to 100% bid/tender detailed take-off H: +3% to +15%

Notes: [a] The state of process technology, availability of applicable reference cost data, and many other risks affect the range markedly. The +/- value represents
typical percentage variation of actual costs from the cost estimate after application of contingency (typically at a 50% level of confidence) for given scope

el
k_J A Physical

Summary of Phase Il Economic Model Updates

Sciences Inc.

VG-2019-41-27

» Defined waste streams, calculated daily waste yield and
determined handling/disposal costs based on vendor quotes

* Incorporated costs associated with coal ash excavation and
transportation of dry nitrate to a chemical plant

» Refined material acquisition costs at scale based on vendor quotes
» Evaluated product transportation methods and associated
distance-costs (truck, rail, barge)
» Defined standards for use of ash cake as a Portland cement
substitute
» Defined a protocol for screening ash from a given site for PSI
process suitability
» Investigated potential markets and customers for REE-rich
product. Identified REE-oxides as a potential market entry point
~ Phase Il Model: AACE Level 2

PSI TEA is currently between AACE Class 3 and AACE Class 2 model

71




Physical Sciences Inc. Phase 11 Final Summary Report Grant No. DE-FE0027167

PSI Updated Phase 2 Techno-Economic Model

Physical Sciences Inc.

VG-2019-41-28

Representative 1200 tpd ash physical processing
plant and 600 tpd chemical processing plant

175.0M

150.0M
2011 REYSc Pricing
125.0M

100.0M o /

75.0M / /

50.0M -]

25.0M / /13 REYSc Pricing

00 Year
8 10 12 14 16 18 20 22

-25.0M

-50.0M o

-75.0M

Cash Flow (USD)

Payback period <8 years at 2018
REYSc prices.

Physical
Sciences Inc. VG-2019-41

Backups

Physical Sciences Inc.

20 New England Business Center Andover, MA 01810
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PSI Phase 2 Project Objectives - |
Physical Sciences Inc.

Phase 2 Objective:

« Demonstrate the REYSc separation/enrichment technology
developed in Phase 1 in a pilot scale plant with operating capacity
of 0.1-1 metric ton per day (tpd)

Specific Objectives:

1. Refine and complete detailed design of the chemical pilot plant(s)
from Phase 1
— Modular, fransportable designs

2. Assemble and operate a Micropilot (chemical) plant for quick
turnaround validation of pilot plant processing parameters, and
provide data for chemical pilot plant design

ISI Phase 2 Project Objectives - I
Physical Sciences Inc.

VG-2019-41-31

3. Assemble pilot scale plant at CAER for physical processing of ash

4. Construct a modular pilot scale chemical plant at WWS facilities

5. Demonstrate operation of the physical pilot plant using the power
plant (ash feedstock selected in Phase 1)
— Modular, mobile CAER plant that uses the selected ash feedstock
— Operation at ash source, decoupled from chemical pilot plant
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y Phase 2 Project Objectives - Il
:[%:[ Physical Sciences Inc.

6. Demonstrate operation of the chemical pilot plant using the selected
ash fraction produced by the physical pilot plant
— Operation at WWS facility in Sharon, PA
« Selected ash fraction transported to this facility from Lexington, KY
7. Refine and enhance the Phase 1 techno-economic model using
results of above physical and chemical pilot plant operations
— Produce AACE Class 2 costing fidelity model in Phase 2
* Current Phase 1 model is AACE Class 3
8. Develop and provide design of a commercial scale plant for
profitable REYSc recovery from coal ash at Phase 2 conclusion
— Use the above refined Phase 2 techno-economic model
— ROI metrics as previously stated
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5. “High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to:
Presentation to: Rare Earth Elements (REE) Program Portfolio, 2020 Annual Review Meeting
(Virtual), 15 September 2020

High Yield and Economical Production of Rare Earth
lements from Coal Ash

N‘ NATIONAL

TL TECHNOLOGY
LABORATORY

VG-2020-105

DOE Contract DE-FE

Physical Sciences Inc., Andover, MA

g Center for Applied Energy Research, Lexington, KY
. Winner Water Services, LLC, Sharon, PA
Presentation fo:

Rare Earth Elements (REE) Program Portfolio,
1 2020 Annual Review Meeting (Virtual)

__ 15 September 2020

based upon work supported by the U.S. Depariment of Energy under Award DE FEO027167.

an account ed StdtesGavement. Neither the, U

ficgeomnrercial pro:
ring by thé Unite d'St:

#%% U.S. DEPARTMENT OF

@/ ENERGY

Presentation Qutline N=|MAToNAL

TL TECHNOLOGY
LABORATORY

VG-2020-105

+ Phase 2 Project Description and Objectives
» Project Updates

» Next Steps and Concluding Remarks
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Phase Il Team N=|arona
TL TECHNOLOGY
LABORATORY

VG-2020-105

« The PSI, CAER, WWS team provides a complete integrated science, technology, engineering,
technology transition, and commercialization solution for DOE/NETL

Key Personnel:
* Physical Sciences Inc (PSl):
+ Dr. Dorin Preda: PI/PM, Lead Chemist
+ Dr. David Gamiliel: Lead Chemical Engineering/Process Modeling/TEA
+ Dr. Prakash Joshi: Consultant
« University of Kentucky Center for Applied Energy Research (CAER):
» Dr. James Hower: Coal Geochemistry, Ash Source Selection, Materials Characterization
+ Dr. John Groppo: Mineral/Ash Processing, Feedstock Logistics, Site Qualification
«  Winner Water Services (WWS):
*  Mr. Todd Beers: Chemical & Pilot Plant Engineering, and Technology Commercialization
* Mr. Michael Schrock: Plant Design, Pilot Plant Operations

& 8. DEPARTMENT OF

(@) ENERGY

Phase 2 Project Description N=|ranonaL
TLJSSRRISR"
« Area Of Interest (AQOI) 2 program: Pilot Scale Technology vG2020:105

« Phase 1 - Separation technology demonstrated successfully on bench scale

» Phase 2 - Design, construction and operation of physical and chemical pilot plants to
extract rare earth elements (REEs) from coal ash

+ 30-month Phase 2 program: 9/29/2017 - 10/31/2020

« Team: - Physical Sciences Inc. (PSl), Andover, MA
- Center for Applied Energy Research (CAER), Lexington, KY
- Winner Water Services, LLC (WWS), Sharon, PA

+ Total Contract Value ~$7.5M = $6M DOE funds + $1.5M Cost Share
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Phase 2 Project Objectives N=]rows
TLJGsies!

VG-2020-105

Overall Objective: Demonstrate Phase 1 REYSc separation/enrichment
technology at pilot scale in a plant(s) with decoupled operating capacities
of ~ 0.4 tpd physical processing, and ~ 0.5 tpd chemical processing.

» Both pilot designs are modular and fransporfable

Performance Parameter Threshold Value Objective Value

>300 ppm >500 ppm
Feedstock REYSc Content (Whole Mass Basis) (Whole Mass Basis)

S. DEPARTMENT OF

ENERGY

Current Program Status N=|rona

Y
TL TECHNOLOGY
LABORATORY

VG-2020-105

+ Collected ~15 tons of coal ash from two different KY plants for physical
processing
475 - 550 ppm ash REYSc content

+ Physical processing of ash completed 8/2019

» Chemical plant construction, shakedown and start-up completed 11/2019.
Chemical processing operations ongoing:
~5 tons of coal ash processed to date
~0.5 kg of REE concentrate produced
REYSc content of 10-66 wt.% (elemental basis)

»

REY Product

+ Techno-economic analysis indicates payback period of <10 years for
commercial venture

¥4 U.S. DEPARTMENT OF

ENERGY
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Phase Il Status N=[NATONAL
TL TECHNOLOGY
LABORATORY

VG-2020-105

Commercial Target

Performance Attributes :
Performance Requirements

Current Status

Total REYSc content in final A el R REYSc final content of 10 — 20 wt.% has been recorded at
concentrate ) Micropilot scale. Enrichment at chemical pilot scale TBD.

gil::::.ed Concentrate 0.05 kg Achieved ~0.5 kg of concentrate production to date.

| PSI team anticipates that all target performance requirements will be met.

4 U.S. DEPARTMENT OF

'ENERGY

N: NATIONAL

«== |ENERGY

TL TECHNOLOGY
LABORATORY

VG-2020-105

Project Update

U.S. DEPARTMENT OF

9} ENERGY
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Rare Earths Recovery Process Overview N=|ranona
TL TECHNOLOGY
LABORATORY
* Physical separation stage, followed by a chemical separation stage,
followed by a post-processing stage
Proposed Product cecponmer " Coman | REY ZREE
. ropose r'OQUCT: Feed c ite Fill o " +rlum
REYSc-enriched mixture o . T
(dry concentrate) Waste NonMag Ash ~ ~"OSPReres Reacent (siﬁﬁ“ﬁﬁxéxe
Screened 4 4 Recgcle Mixture)
« Higher Value Products: o, "y % e vel|
REY-rich & Scandium-rich  Products f Ash Supply | Feed Physical Fraction Chemical
(CCP)—»| and » ; > -
. Separation Plant Separation Plant
concentrates Condtioning . ; -
. . Product 1
« Commercially Viable By-products: f“_“"iﬁ wl REVa e
Cement substitute, cenospheres, Fine Beneficiated
d f I b 1_ Carbon Mag Ash Ash Original
secondary fuel carbon, etc. ‘ ‘ f Dos Bregtam
Seemriery Mgt Gt PR

&

S
@

U.8. DEPARTMENT OF

ENERGY

&

Feed Ash Materidl N=]|rarona

TL TECHNOLOGY
LABORATORY

VG-2020-105

« Ash from 2 KY coal fire power plants was
recovered and used as process feed

200 P AshC
B Ash D

Significant content of Nd
(~180 ppm), Y (~50 ppm),
and Sc (~25 ppm)

150

100 4

Reasonable (~10 ppm)
content of Pr, Gd, Dy

w
(=}
L

REYSc Concentration (ppm)

. [ | | |
Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Element

.S. DEPARTMENT OF
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Physical Processing Pilot N=]roa
TLJGsaiies!

VG-2020-105

Flotation Cells

) Magnetic
Hydraulic Separator
Classifier
Vibrating
Coarse Screen
Screen
Slur
T:n'l;y Final
Product
Feed Product Storage
Tank Tank

CAER physical pilot plant operational and >15 tons of coal ash processed to
date; >50% yield for ash mass fraction for chemical processing

Output of Physical Processing N=|moa
TLIEsaiies!

» Physical processing creates an ash that is a suitable feed to chemical pilot
* Low carbon content
* Low magnetics content
* Small particle size

* Processed ash collected in super sacks and shipped to chemical pilot in
Sharon, PA

Q Feed for
Feed for Physical Processing Chemical
Processing

%% U.S. DEPARTMENT OF

{&) ENERGY
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Chemical Processing Overview

Physically

Separated =e=p

Coal Ash

(1) Digestion
REYSc present in coal
ash are dissolved.

-

(2) Pre-Concentration
Reagent is recovered
and recycled.

v

(3) Liquid-Liquid
Extraction (LLX)
REYSc are separated
from other elements by

(4) Post-Processing
REY is separated from

v

Sc and concentrated

Product 1
p=pp REY-rich mixture

Product 2

N=[}

TL

NATIONAL
NERGY

TECHNOLOGY

LABORATORY

VG-2020-105

selective extraction. further. »  Scerich mixture

REY-rich material and Sc-rich material are produced from coal ash using simple and
efficient process steps.

(&) ENERGY

PSI Micropilot Facility

N: NATIONAL

«m= |[ENERGY

TL TECHNOLOGY
LABORATORY

VG-2020-105

+ Feed ash was first
processed in PSI micropilot
facility to:

+ Demonstrate target yields
and enrichment
» Determine ash suitability

+ |dentify processing
challenges and
bottlenecks

{& ENERGY
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Micropilot Campaign Demonstrated REE Enrichment [N

= [NATIONAL
wm |[ENERGY
TL TECHNOLOGY
24 LABORATORY
VG-2020-105
120 §
=
o
A 116 O
6]
// g
12 )
; o
/ Program Objective] g @
Range E
S
4 Q
P & o’
— : —o
Step 1 Step 2 Step 3 Step 4

* REYSc concentration sequentially increased as material moves through
chemical processing stages

Total REYSc relative content in final micropilot concentrate is >10 wt.%,
meeting threshold program objective.

eﬂ"a‘, U.S. DEPARTMENT OF

{8/ ENERGY
Chemical Pilot Operations N=|moa
TLJSaNios"

\/G-2020-105

+ Chemical pilot designed to
process 0.5 tons/day of
coal ash

+ Situated on the floor of a
former torpedo factory

+ All unit modules are currently
operational

U.S. DEPARTMENT OF

{&) ENERGY
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Hot and Cold Side Operations N=|anona

TL TECHNOLOGY
LABORATORY

o VG-2020-105

Coal Ash Feed System

Digesters

%)
Knockout
Tank

Hot Side Operation . Cold Side Operation

WWS chemical pilot plant operational and ~5 tons of coal ash processed to date; >20% yield for REYSc
concentrate, >50% purity (elemental basis). Deliverable REYSc concentrate production ongoing

U.S. DEPARTMENT OF

ENERGY

ot Plant Status Update N=|ranona

TL TECHNOLOGY
LABORATORY

VG-2020-105

Chemical Pi

+ Multiple ash batches processed from different sources (Ash C, Ash D)
+ Materials sampled at various process stages analyzed via ICP-OES/MS

- Final product has REE concentration of up to 66.7% (elemental basis) Run 3 Product

+  Further optimization expected to increase final concentrate REE content

Pilot Plant Data Run 1 Run 2 Run 3 Run 4
REYS Elemental 14% 11.9% 66.7% 29.1%

Content
Ash AshD Ash C Ash C Ash C

U.S. DEPARTMENT OF

1@ ENERGY
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i T+ —|NATIONAL
Dried Product Composition N=|anoy
TL TECHNOLOGY
LABORATORY
VG-2020-105
160 4 Run 02 Product Distribution
. |
o 140
i~
=
ghzo -
= Product compositions are above
S 00, & objective key performance
:% 80 parameter (>20 wt.%).
=
S 80 - Significant quantities of Nd, Y, Sc
8 and HREE in product material.
40 -
o
@]
20 A
0 -
Sc Y La Ce Pr Nd Sm EBu Gd Tb Dy Ho Er Tm Yb Lu

U.S. DEPARTMENT OF

Pozzolanicity Testing — Strength Activity Index N=|ranonaL
TLJEREERSR

Strength Activity Index or SAl: how the coal ash ve-2020108
contricutes to the strength of concrete.

Strength Activity Index (SAI)

+ Typically measured as the compressive strength 120
of a standard mortar mix with fly ash substituting N\
for 20 wi% Portland cement; a defined period of | =™ ’“‘“‘
curing. 7

Strength Activity Index (SAI)
a
=

+ SAlis then compared as arafio (percent) to a oo ASTM C-618
mortar with 100% Ordinary Portland Cement e ou% AhD Threshold
OPC). “ —e o403
( ) 20 ——94194

+ ASTM C-618 SAl threshold passing criterion is 75% e
at 7 days or 28 days (Purple line). °, e

Curing Time (days)

» The processed fine ash utilized at 20%
replacement of OPC achieved a strength index
greater than 75 by 28 days of curing in 5/6 cases.

#=% U.S. DEPARTMENT OF

84



Physical Sciences Inc. Phase 11 Final Summary Report Grant No. DE-FE0027167

Techno-economic Modeling Approach — Phase 1 [N=]raroxa
TLJSSRRISR"
+ Chemical processing and economics modeled in Aspen Plus va20204%5
« Capital and operating expenses per model
+ Modified per our team’s experience
* Result: Pro forma spreadsheet model
» Physical processing economics modeled
« Capital and operating expenses per CAER and WWS experience
» Result: Pro forma spreadsheet model
+ Integrated process economics modeled
+ Added capital expenditures of physical and chemical processes
« Modular, transportable physical and chemical processing plants
+ Phase | Model: AACE Level 3

Phase 2 model improves fidelity.
Currently AACE Class 2-3

{&) ENERGY
Capacity, Products and Annual Production N=|MATonaL
TLJREERISR

VG-2020-105

Plant Size: 1200 tpd ash physical processing plant and 400 tpd chemical processing plant
Plant Attributes:
» Co-located at ash source to significantly reduce transpertation costs; Decoupled operations
+ Modular de: designs for operational flexibility and transportability
Ash fractions shipped to local markets
« Carbon, magnetic ash, > 200 mesh non-magnetic ash
Annual production of major REE salts, Sc salt, and byproducts:

Component Quantity Produced® Portion of Revenue (%) Worldwide Market Market Application
tons/year 2020 REE Pricing 2011 REE Pricing tons/year

REEs 382 2.0 10.8 170K Batteries, Magnets, Alloys, Catalysts
Scandium 58 20.4 350 10-15 Alloys, Catalysts
Carbon 96K 6.7 4.6 Low-grade Fuel
Magnetic 20K 7.0 4.0 Magnetite Substitute
Non-Magnetic =200 Mesh 48K 1.1 0.8 Geopolymer Feed
Neon-Magnetic <200 Mesh 186K 235 178 71.8M Cement Substitute (Pozzolan)
Cenosphere Product 2K 393 27.1 ~51K Concrete Additive

« Non-REE products significantly offset effects of REYSc commaodity price fluctuations
« Pricing of non-REYSc products varies with general economic conditions

*Sc,0, market demand expected to reach 25,000 kg by 2023**

DEPARTMENT OF

(&) ENERGY
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Preparing Project for Next Steps YL et

VG-2020-105

« Our process and equipment are designed to be flexible: modular and transportable.

+ Pilot project utilizes standard commercial equipment that lends itself to scaling up via sizing and/or
mulfiple parallel modular units.

« A team experienced in FEED studies, A/E design, and commercial scale plant design and
implementation has been assembled.

« Commercial scale REY and CM preduction from coal ash possible in 2023-2024 timeframe.

Project develops a technology that will provide a domestic supply of REE-rich
concentrate for downstream separation and refinement into individual REE, and for
recovery of other critical elements.

#7¥  U.S. DEPARTMENT OF

() ENERGY

Concluding Remarks N=|arona
TLJSaiioR"

« U.S. fly ash is an attractive feedstock with rare earths content sufficient for economical recovery of
REYSc, particularly, the heavy rare earth elements

+ Demonsirated operational pilot plant (0.4 tpd) for physical separation processes
- Optimized processes to produce selected ash fraction as feedstock for the chemical processing
-~ Valuable by-products: cement substitute, cenospheres, secondary fuel carbon

« Pilot plant for chemical processing (0.5 tpd) now operational
- Optimized processes validated in micropilot plant cperations
- REYSc concentrates as main products (~66% content achieved on elemental basis)
~ Beneficiated ash as valuable by-product

« Commercially viable processes demonstrated by techno-economic analysis
- Curmrently AACE Class 2/3

« Next steps include increase in product purity and production of additional CMs

.8. DEPARTMENT OF

-‘ ’-E u
1@/ ENERGY
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N: NATIONAL

«m |ENERGY

TL TECHNOLOGY
LABORATORY

VG-2020-105

N: NATIONAL

«== |ENERGY

TL TECHNOLOGY
LABORATORY

VG-2020-105

Backups
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AACE Estimate Classes N=|ranonal

TL TECHNOLOGY

LABORATORY
VG-2020-105
Primary Characteristic Secondary Characteristic
MATURITY LEVEL OF PROJECT END USAGE EXPECTED ACCURACY
ESTIMATE DEFINITION DELIVERABLES Typical purpose of METHODOLOGY RANGE
CLASS Express as % of complete s estl:i,mapt‘: Typical estimating method Typical variation in low and
definition high ranges
. Capacity factored, parametric models, L: -20% to -50%

Class 5 0% to 2% Concept screening judgment, or analogy H: +30% to +100%

_ ’ ) L: -15% to -30%
Class 4 1% to 15% Study or feasibility Equipment factored or parametric models H: +20% to +50%

Check estimate or
bid/tender

: -3% 1o -10%
: +3% to +15%

Class 1 65% to 100% Detailed unit cost with detailed take-off

I

Notes: [a] The state of process technology, availability of applicable reference cost data, and many other risks affect the range markedly. The +/- value represents typical
percentage variation of actual costs from the cost estimate after application of contingency (typically at a 50% level of confidence) for given scope.

U.S. DEPARTMENT OF

'ENERG
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6. “High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to:

Presentation to: Rare Earth Elements (REE) Program Portfolio, 2021 Annual Review Meeting
(Virtual), 25 May 2021

Physical
Sciences Inc. VG-2021-081

High Yield and Economical Production of
Rare Earth Elements from Coal Ash

Physical Sciences Inc., Andover, MA
Center for Applied Energy Research, Lexington, KY
Winner Water Services, LLC, Sharon, PA

Presentation to:

Rare Earth Elements (REE) Program Portfolio,
2021 Annual Review Meeting (Virtual)
25 May 2021
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This material is based upon work supported by the U.S. Department of Energy under Award DE FEQ0271867.

Disclaimer:
This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to
any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its

endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

Physical Sciences Inc. 20 New England Business Center Andover, MA 01810

S Presentation Outline
lSl Physical Sciences Inc.

VG-2021-081-1

+ Phase 2 Project Description and Objectives

* Project Updates

* Next Steps and Concluding Remarks
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Ie—‘ Phase Il Team
b l Physical Sciences Inc.
VG-2021-081-2

- The PSI, CAER, WWS team provides a complete integrated science,
technology, engineering, technology transition, and commercialization
solution for DOE/NETL

+  Key Personnel:

Physical Sciences Inc (PSI):

Dr. Dorin Preda: PI/PM, Lead Chemist

Dr. David Gamliel: Lead Chemical Engineer/Process Modeling/TEA

Dr. Bryan Sharkey: Process Development, ICP-OES Analysis

Dr. Prakash Joshi: Consultant

* University of Kentucky Center for Applied Energy Research (CAER):

— Dr. James Hower: Coal Geochemistry, Ash Source Selection, Materials
Characterization
— Dr. John Groppo: Mineral/Ash Processing, Feedstock Logistics, Site Qualification
— Dr. Robert Jewell: Pozzolanicity Testing
*  Winner Water Services (WWS):

— Mr. Todd Beers: Chemical & Pilot Plant Engineering, and Technology
Commercialization

— Mr. Michael Schrock: Plant Design, Pilot Plant Operations

\ Phase 2 Project Description
}Ejl Physical Sciences Inc.

VG-2021-081-3

Area Of Interest (AOI) 2 program: Pilot Scale Technology
— Phase 1 — Separation technology demonstrated successfully on bench scale

— Phase 2 - Design, construction and operation of physical and chemical pilot
plants to extract rare earth elements (REEs) from coal ash and additional CMs
(Sc, Al)

Phase 2 program: 9/29/2017 - 10/31/2021

+ Team:
« Physical Sciences Inc. (PSI), Andover, MA
» Center for Applied Energy Research (CAER), Lexington, KY
»  Winner Water Services, LLC (WWS), Sharon, PA

Total Contract Value ~$8.75M = $7M DOE funds + $1.75M Cost Share
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. Phase 2 Project Objectives
BI Physical Sciences Inc.

VG-2021-081-4

* Overall Objective: Demonstrate Phase 1 REE
separation/enrichment technology at pilot scale in a plant(s)
with decoupled operating capacities of ~ 0.4 tpd physical
processing and ~ 0.5 tpd chemical processing

— Both pilot designs are modular and transportable

— Demonstrate preduction of high purity REY product and of critical
material products (Sc, Al)

Performance Parameter Threshold Objective

Value Value
Feedstock REY+Sc Content >300 ppm =500 ppm
Return on Investment <12 years <10 years
Quantity (REY salts) 100g 300¢g
REY-enriched
Product REY-enriched Oxide Purity >85% >90%

(total REY conftent - elemental basis)

Quantity (Salt/Oxide) 1g lg

Scenriched  TC - riched Oxide/Salt Parity

Product sl e A i >852% >00%
(Sc content - elemental basis)

|Aluminum Quantity (oxide type material) 100g 300g

Product Purity (Al content elemental basis) >50% >68%

-~ Current Program Status
erl Physical Sciences Inc.

» Physical processing — completed:

« Chemical processing operations - initial phase
completed/additional operations ongoing:

VG-2021-081-5

Collected ~15 tons of coal ash from two different KY plants for physical
processing

475 — 550 ppm ash REYSc content

> 10 tons of coal ash processed to date

~1.2 kg of REE concentrate produced

REY product:

« Initial Phase 2 REYSc product: ~10-68 wt.% (elemental basis)

« |dentified and experimentally tested pathways to increase
purity to >85 wt%

Sc-product being produced using a PSl-proprietary LLX process

+ 12X enrichment obtained in a single cycle

« Multiple cycles projected to achieve target purity (>85 wt.%)

Al-product of 68-90 wt.% purity obtained in initial runs
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J:Ej Physical Sciences Inc.

Performance
Attributes

Phase 2 Status

Commercial Target
Performance
Requirements

VG-2021-081-6

Current Status

Feedstock REYSc
Content

>300 ppm (whole mass basis)

Feedstock REY Sc content >500 ppm has been achieved

Total REYSc content in
final concentrate

>10 wt.% (elemental basis)

REYSc final content of 10 — 60 wt.% has been recorded at pilot
scale

Delivered Concentrate

Achieved ~0.5 kg of concentrate production to date.

Grant No. DE-FE0027167

Quantity LhLLY Delivered 519 of concentrate to DOE with >50% REY Sc content
Final REE Yield =10 Wt.% ;E\:Sc yields of 10-30 wt.% recorded in micropilot and chemical
’ Yields of 90-93 wt.% recorded in the micropilot and pilot scale.

(S BT izl S Cement substitute utility confirmed via standardized testing.
Solvent/ Reagent Sobent>008wts% |t e et Soventrecyding sficency confimed st
Recycling Reagent >90 wt.% : pllot. yeing ¥

pilot scale.

Initial Phase 2 REYSc product: ~10-68 wt.% (elemental basis)
REY-product >85 wt.% (elemental basis) Identified pathways to increase purity to > 85 wt.%. Optimization

and scale-up ongoing.

12X enrichment obtained in a single cycle using a PSI-proprietary
Sc-product >85 wt. % (elemental basis) LLX process

Multiple cycles projected to achieve target purity (>85 wt.%)
Al-product >56 wt.% (elemental basis) Al-product of 68-90 wt.% purity obtained on multiple runs

‘ PSI team anticipates that all target performance requirements will be met

il
Physical Sciences Inc.

VG-2021-081-7

Project Update
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ISI Rare Earths Recovery Process Overview

Physical Sciences Inc.

VG-2021-081-8

Physical separation stage, followed by a chemical separation stage, followed by
a post-processing stage

Proposed Products: REY, Sc and Al products with high purity

Commercially Viable By-products: Cement substitute, cenospheres, secondary
fuel carbon, etc.

High Performance
Geopolymer Cement

Feed Composite Filler
A A
Coarse
Cenospheres Product 2 » Sc )
lon-M roduct (>90% puri
Waste N g Ash Reagent (Sc-rich mixture) P ( p ty)
Screened 4 Recycle
Material Byproduct Byproduct Waste
Selected V/—\
Coal 4 ash 4 4 Ash 4
Combustion Ash Supply | Feed Ph Fraction "
ol ysical = Chemical s v
Products —{ and Separation Plant Separation Plant — Al product (>68% purity)
(ccP) Conditioning
I roguct Product 1
l (REY-rich
REE = Rare Earth Elements mixture)
REY = REE + Yttrium Carbon  MagAsh Fine BeAn;ﬂCiaM 1
REYSc = REY + Sc v i 3*
itv)*
Secondary Magnetite Cement REY product (>90% purity)
Fuel Substitute Market

*All purity values expressed as elemental relative content

A Feed Ash Material
]E%I Physical Sciences Inc.

VG-2021-081-9

* Ash from 2 KY coal fired power
plants was recovered and used
as process feed

& 505 B Ash C
a8 I Ash D
c

.g 150 4 Significant content of Nd (~180

g ppm), Y (¥50 ppm), and Sc (~25

c ppm)

§ 100 1

8 Reasonable (~10 ppm) content of

O Pr, Gd, Dy

o 504

5

w

x

Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Element
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Gl
Physical Sciences Inc.

) Magnetic
Hydraulic Separator
Classifier
Vibrating
Coarse Screen
Screen
Slurry
Final
Tank
- Product
Feed Product Storage
Tank Tank

Physical Processing Pilot

VG-2021-081-10

Flotation Cells

CAER physical pilot plant processed >15 tons of coal ash
>50% yield for ash mass fraction for chemical processing

x Output of Physical Processing
]E%I Physical Sciences Inc.

VG-2021-081-11

Physical processing creates an ash fraction that is a suitable feed
to chemical pilot

— Low carbon content

— Low magnetics content

— Small particle size
Processed ash collected in super sacks, shipped to and processed
in the chemical pilot in Sharon, PA

Feed for

Feed for Physical Processing Chemical
Processing
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v Chemical Processing Overview
]ESI Physical Sciences Inc.

VG-2021-081-12

Product2 ~ —— Sc product (>90% purity)*

Reagent (Sc-rich mixture)
Recycle

Selected /—\M&tﬁ T
Ash 4
Fraction Chemical
» Separation Plant

Byproduct Product 1
(REY-rich — Al product (>68% purity)*

mixture)
Fine Beneficiated l

Ash

v

Cement REE product (>90% purity)*
Market
*All purity values expressed as relative elemental content

REY-rich material, Sc-rich material and Al-product are produced from coal
ash using simple and efficient process steps

PSI Micropilot Facility

[fell
Physical Sciences Inc.

VG-2021-081-13

* PSI micropilot is used to:
— Demonstrate target yields and enrichment
— Determine ash suitability
— ldentify and troubleshoot processing challenges and bottlenecks for the
pilot plant

— -

h ( Filtration
Extraction / Re-Extraction Vessels Pl and Precon
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\ Chemical Pilot Operations
:[SI Physical Sciences Inc.

VG-2021-081-14

« Chemical pilot designed to process 0.5 tons/day of coal ash
+ Situated on the floor of a former torpedo factory
* All unit modules are currently operational

First pilot runs
demonstrate pilot
Plant Design  Chemical scale extraction Delivered
Released for Plant of REE 50 g REE product
Construction Shakedown ' to Dept. of Energy

yaymy s o8

! - ! ‘
2019 2020 2021 '@ .
| FMAMJ JASONDIJFMAMI JASONDIJFMAMIJASOND
t s, 74
Deparimant of Energy P100Uced >1 kg of  Projected: Produce and
Readiness Review REE Concentrate deliver high purity N
Former Westinghouse MRES/MREO concentrate REE Recovery Pilot Plant
Torpedo Manufacturing Facility (>90%) and qemonslrale (Jan 2021)
(Dec 2018) recovery of critical materials

Scandium & Aluminum

\ Hot and Cold Side Operations
ISI Physical Sciences Inc.

VG-2021-081-15

Hot Sie Operation “ ‘ Cold Side Operation

WWS chemical pilot plant operational: ~10 tons of coal ash processed to date.
>20% yield for REYSc concentrate, >50% purity (elemental basis).
Produced REYSc concentrate deliverable for the initial Phase Il.
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ISI LLX - Dried Product Composition (Initial Phase 2)

Physical Sciences Inc.

VG-2021-081-16

16°k'_ - Run 02 Product Distribution
O 140k -
X~ ]
D 120k
£ ] a8
< 100k —
K<) 1
S 80k
g |
S 60k
g p
S 40K+
) - H

| I

0- H {8 H - D = [_]

ScY LaCePrNdSmEquTbDyHoErTmYbLu

Product compositions exceed objective key performance parameter (>20 wt.%).
Significant quantities of Nd, Y, Sc and HREE in product material.

LLX Optimization: Feedstock Preparation

il
Physical Sciences Inc.

¢ Digest from ash dissolution
is concentrated via various
methods

VG-2021-081-17
&

¢ Dried material is dissolved to
attain target concentration

e Multiple parameters of the
resulting solution determine
the yield and selectivity of
rare earths during
subsequent LLX operation

Material Prior to
dissolution

Feedstock LLX preparation - key steps prior to LLX optimization |
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LLX Optimization Approach

ISI
Physical Sciences Inc.

e Liquid-Liquid Extraction (LLX)
Optimization Goals
— Increase REE yield 1)
— Increase REE selectivity to increase VAN ... ..
purity

e Secondary Optimization goals
— Optimize # of stages required in LLX
— Minimize amount of extractant

¢ Steps to Optimization
— Feedstock normalization
— LLX development and evaluation

— Continuous LLX runs to validate
assumptions

— lterative parameter optimization
(highest recovery and relative content)

— Samples and data generation, analysis
and conclusions

VG-2021-081-18

ISI Sc Recovery Summary
Physical Sciences Inc.

VG-2021-081-19

e Methodology:

— Validated a company proprietary LLX process for selective recovery of
scandium, a high value product

+ Process developed under PSI IRAD project

¢ Preliminary Results:

— Using this LLX process we were able to increase Sc relative content from
3.3 wt.% in the feed to 41 wt.% in the strip phase

— Indicates over 12X enrichment in scandium content for a single cycle
— 51% Sc yield using 2 stripping stages
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ISI Sc Recovery Process Relative Content Increase

Physical Sciences Inc.

VG-2021-081-20

60%

50%

40%

% m Feed
0% m Raffinate

m Strip

Relative Contert

20%

Sc REY Major Elements

¢ Feed contains 3.3 wt.% scandium relative content
¢ Strip contains 41.6 wt.% scandium relative content (51% yield with two stages)

>12X concentration increase of Sc after LLX |

ISI Pozzolanicity Testing — Strength Activity Index

Physical Sciences Inc.

VG-2021-081-21
« Strength Activity Index or SAl: how the coal ash contributes to the strength of concrete.

« Typically measured as the compressive strength of a standard mortar mix with fly ash
substituting for 20 wi% Portland cement; a defined period of curing.

« SAlis then compared as a ratio (%)to a mortar with 100% Ordinary Portland Cement (OPC).

< ASTM C-618 SAl threshold passing criterion is 75% at 7 days or 28 days (Purple line).

« The processed fine ash utilized at 20% replacement of OPC achieved a strength index
greater than 75 by 28 days of curing in 5/6 cases.

Strength Activity Index (SAI)

- @ -0OPC Control ASTM C-618

o’ 94191 Threshold
40 —e—94192 Ash D

—o—94193
—e—94194
—oo04195 Ash C

Strength Activity Index (SAI)
(=)
=

—o— 94196

0 10 20 30 40 50 60 70
Curing Time (days)
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ISI Roadmap: Chemical Plant Development Path

Physical Sciences Inc.

VG-2021-081-22

Post

Concept Pre-feasibility Implementation  N\GIELIELIENRH

¥ @fff

¢ Typical chemical plant project development path:

1. Conceptual Design

- WWS Pilot Plant Developed/Operational; Analysis of Alternatives
2. Pre-feasibility Study

- Project Option Selected, Process & Technology Risks Retired

- WWS Pilot Plant Optimized for Anticipated Feedstock(s)
3. Feasibility Study

- FEED: Front End Engineering Design

4. Implementation

The current program brings us through the concept stage, and develops TEA
{which is typically done in Pre-Feasibility work)

-~ Capacity, Products and Annual Production
erl Physical Sciences Inc.
« Plant Attributes: voaoan oz

— Co-located at ash source to significantly reduce transportation costs;
— Decoupled operations

— Modular designs for operational flexibility and transportability
e Ash fractions transported to local markets

— Carbon, magnetic ash, > 200 mesh non-magnetic ash

« Commercial Plant Size: 1200 tpd ash physical processing plant and 600
tpd chemical processing plant

— Annual production of major REE salts, Sc salt, and byproducts:

Component Quantity Produced* Portion of Revenue (%) Worldwide Market Market Application
tons/vear 2018 REE Pricing 2011 REE Pricing tons/year

REEs 38.2 1.0 10.8 170K Batteries, Magnets, Alloys, Catalysts
Scandium 5.8 26.1 35.0 10-15 Alloys, Catalysts
Carbon 90K 6.2 4.6 Low-grade Fuel
Magnetic 20K 5.4 4.0 Magnetite Substitute
Non-Magnetic =200 Mesh 48K 1.0 0.8 Geopolymer Feed
Non-Magnetic <200 Mesh 186K 23.9 17.8 71.8M Cement Substitute (Pozzolan)
Cenosphere Product 2K 36.4 271 ~5IK Concrete Additive

Sc,0; market demand expected to reach 25,000 kg by 2023

Non-REE products significantly offset effects of REYSc commodity price fluctuations
Pricing of non-REY Sc products varies with general economic conditions
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N Preparing Project for Next Steps
JTE’l Physical Sciences Inc.

VG-2021-081-24
+ OQur process and equipment are designed to be flexible: modular and

transportable.

« Pilot project utilizes standard commercial equipment that lends itself to
scaling up via sizing and/or multiple parallel modular units.

« A team experienced in FEED studies, A/E design, and commercial scale
plant design and implementation has been assembled.

Conceptual designs of 1200 tpd commercial plant developed
Techno-Economic Analysis (TEA) being developed

+ Commercial scale REY and CM production from coal ash possible in
2024-2025 timeframe.

Project will result in a technology that will domestic supply of REY-rich
concentrate for downstream separation and refinement into individual
REE, as well as critical materials (Sc, Al)

~ REE Recovery from Coal Ash Plant Conceptual Design
PS for Commercial Scale REE Concentrate Production

Physical Sciences Inc.

VG-2021-081-25

o PSI/WWS retained the services of Hatch LTD, Ontario, Canada, to develop
a higher fidelity conceptual design of a 1200 tpd ash processing plant
— CAPEX/OPEX estimates included in conceptual design
— Hatch has extensive experience in designing and building large scale
commercial chemical plants worldwide
¢ Plant located at KY ash landfill site: ~ 300 m x 300 m footprint, includes
physical and chemical processing plants as well as ash feedstock delivery,
preparation, and staging operations

Conceptual Design by Hatch
incorporates robust equipment,
and assumes a blank site.
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~ Emerging Applications for REEs Projected to Boost
ISI Physical Sciences Inc. Demand and Increase Prices

VG-2021-081-26
Global demand for fresh NdPr Oxide
70.0
Energy International Agency:
60.0 125-220M electric cars on the
road in 2030

=

Permanent magnet
motor cost:
USD$100/vehicle

50.0

Car cost saving:

40.0 US$1000/vehicle

30.0

20.0 l I Ii
l Design benefit:
|| == - ||
2020 2025

REQ kt of NdPr Oxide

10.0 ‘
Life ti :
. 12 litres battery space e time saving

" savin US$3800/vehicle
2010 2015 2030 g °
mWind Turbines Automotive Electrified Vehicles 31kg battery weight energy
u Electronic & Medical u Automation & Appliances mOthers

* Emerging markets for REEs include wind turbines, electrified vehicles
and appliances

¢ Use of an REE permanent magnet motor can reduce overall vehicle
cost by $3,800 USD/vehicle

Source: Lynas Investor Day Presentation, 2019

-~ Concluding Remarks
erl Physical Sciences Inc.

VG-2021-081-27

o U.S. fly ash is an attractive feedstock with rare earths content sufficient
for economical recovery of REYSc, particularly, the heavy rare earth
elements

 Demonstrated operational pilot plant (0.4 tpd) for physical separation
processes

— Optimized processes to produce selected ash fraction as feedstock for the chemical
processing

— Valuable by-products: cement substitute, cenospheres, secondary fuel carbon

¢ Pilot plant for chemical processing (0.5 tpd) fully operational
Optimized processes validated in micropilot plant operations

REY concentrate as main product

CM recovery (Sc, Al)

Beneficiated ash as valuable by-product
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\ Thank You!
:[SI Physical Sciences Inc.

VG-2021-081-28
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