S&P Global Process Economics Program (PEP)
Commodity Insights September 2024

Bastnasite Ore
Processing for Rare-
earth Oxide Production
— Part |

PEP Review 2024-06

Sayanasri Varala, Principal Research Analyst, Process Economics Program

To learn more or to request a demo, visit www.spglobal.com/commodityinsights.

spglobal.com PEP Review 2024-06 Bastnésite Ore Processing for Rare-earth Oxide Production — Part | | 1



Table of contents

1 Introduction 8
2 Summary 10
General aspects 10
Economic aspects 10
Effect of plant size 10
Environmental footprint 11
3 Industry status 12
Rare-earth element global scenario 12
Industry leaders 12
Future of REM processing 12
4 Technology overview 14
NdPr-containing ores and their occurrence 14
Major applications of bastnasite REMs 16
Bastnasite ore processing and its chemistry 17
Bastnasite physical treatment 18
Mountain Pass beneficiation method 18
Bastnasite chemical treatment 20
Goldschmidt process 20
Molycorp process 21
Environmental impact of REMs processing and their pollution control strategies 23
Generic technology covered in this work 23
5 Process design and economic analysis 25
Process description 25
Section 100 26
Section 200 26
Section 300 27
Section 400 27
Process discussion 36
Losses 36
Materials of construction 37
Waste streams and their treatment 37
Environmental footprint 37
Cost estimates 38
Fixed capital costs 38
Production costs 41
Appendix A — Design and cost basis 43

spglobal.com PEP Review 2024-06 Bastnésite Ore Processing for Rare-earth Oxide Production — Part | | 2



Design conditions 44

Cost basis 44
Capital investment 44
Project construction timing 45
Available utilities 45
Production costs 46
Effect of operating level on production costs 46

Appendix B — Cited references 47

Appendix C — Process flow diagrams 49

Tables

Table 2.1 Cost summary — RECIz production 10
Table 2.2 Effect of plant size and cost summary — RECI3 production 11
Table 2.3 Carbon and water footprint comparison — RECIs production 11
Table 3.1 Global NdPr oxide market players 12
Table 3.2 US companies processing REEs (especially Nd and Pr) 13
Table 4.1 Nd and Pr composition in various minerals based on their geological origin 15
Table 4.2 Major applications of bastnasite LREEs (Ce, La, Nd, and Pr) 16
Table 4.3 Mineral processing properties of minerals found in the US coal measures 17
Table 5.1 RECIs production from California-based bastnasite ore — Design basis and assumptions 25
Table 5.2 Section 100: Bastnasite ore processing for RECls — Major stream flows 29
Table 5.2 Section 200: Bastnasite ore processing for REClz — Major stream flows (continued) 30
Table 5.2 Section 300: Bastnasite ore processing for RECls — Major streams flow (continued) 31
Table 5.2 Section 400: Bastnasite ore processing for REClz — Major stream flows (concluded) 33
Table 5.3 Bastnasite ore processing for REClz — Major equipment 34
Table 5.4 Bastnasite ore processing for REClz — Utility summary 36
Table 5.5 Bastnasite ore processing for REClz — Waste streams 37
Table 5.6 Carbon footprint comparison — RECIz production 37
Table 5.7 Water footprint comparison — RECIs production 38
Table 5.8a Bastnésite ore processing for REClz — Total capital investment 39
Table 5.8b Bastnasite ore processing for RECls — Capital investment by section 40
Table 5.9 Bastnasite ore processing for REClz — Variable cost 42
Table 5.10 Bastnasite ore processing for REClz — Production cost 42
Figures

Figure 4.1 REE major processing steps 17
Figure 4.2 Detailed procedure to produce REEs from their ores 18
Figure 4.3 Mountain Pass bastnésite beneficiation method followed at the MP Materials plant, California 19
Figure 4.4 Goldschmidt process for bastnasite chlorination 21
Figure 4.5 Chemical treatment of bastnasite using the Molycorp process 22
Figure 4.6 Generic technology for RECIs production from Mountain Pass bastnésite ore 24

spglobal.com PEP Review 2024-06 Bastnéasite Ore Processing for Rare-earth Oxide Production — Part | | 3



Appendix C Figures

Figure C1 Section 100 — Crushing and grinding
Figure C2 Section 200 — Froth floatation

Figure C3 Section 300 — Chemical treatment
Figure C4 Section 400 — Crystallization and drying

spglobal.com

50
51
52
53

PEP Review 2024-06 Bastnéasite Ore Processing for Rare-earth Oxide Production — Part | | 4



Glossary

$/h Dollars per hour

$/Mgal Dollars per thousand gallons
$ millions/y Million dollars per year

$/Mlb Dollars per thousand pounds
$it Dollars per metric ton

M Micron

Mm Micrometer

BFW Boiler feedwater

bhp Brake horsepower

BLI Battery limits investment

°C Degree Celsius

CAGR Compound annual growth rate
Capex Capital expenditure

¢/kKWh Cents per kilowatt-hour

¢/lb Cents per pound

CCs Carbon capture and sequestration
cm Centimeter

¢/Mgal Cents per thousand gallons
Cw Cooling water

dia Diameter

EPC Engineering procurement and construction
ETP Effluent treatment plant

EV Electric vehicle

°F Degree Fahrenheit

FCC Fluid catalytic cracking

ft Feet

FOB Free on board, freight on board
G&A General and administrative
gal Gallons

gal/lb Gallons per pound

GJ Gigajoule

GJit Gigajoules per metric ton

gpm Gallons per minute

h Hours

HEV Hybrid electric vehicle

hp Horsepower

HPS High-pressure steam

HREE Heavy rare-earth element
HVAC Heating, ventilation and air conditioning
IEP Isoelectric point

IUPAC International Union of Pure and Applied Chemistry
kg Kilograms

kg/h Kilograms per hour

kJ Kilojoules

kPa Kilopascals

kw Kilowatt

kwWh Kilowatt-hour

kwWh/lb Kilowatt-hour per pound

Ib Pounds

Ib/h Pounds per hour

Ib/lb Pound per pound

LPS Low-pressure steam

LREE Light rare-earth element

m Meter

Mgal Thousand gallons
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Mlb
Milb/h
Mib/lb
MMBtu/h
MMcm/min
MMIbly
MMt
MMtly
MREE
MRI
MW

N
Opex
PEP
PFD
PHEV
psia
psig
R&D
RE
RECIs
REE
REF3
REM
REO
RE(OH)3
ROM
ROI

sq ft
SS

t

t/d
TFC
TREO
t/t

tly
UsSGC
wt.
wt%

y
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Thousand pounds
Thousand pounds per hour
Thousand pounds per pound

Million British thermal units per hour

Million cubic meter per minute
Million pounds per year
Million metric tons

Million metric tons per year
Medium rare-earth element
Magnetic resonance imaging
Megawatt

Normal

Operating expenditure
Process Economics Program
Process flow diagram

Plug-in hybrid electric vehicle
Pounds per square inch absolute
Pounds per square inch gauge
Research and development
Rare earth

Rare-earth chloride
Rare-earth element
Rare-earth fluoride
Rare-earth mineral
Rare-earth oxide

Rare-earth hydroxide
Run-of-mine

Return on investment
Square feet

Stainless steel

Metric ton

Metric tons per day

Total fixed capital

Total rare-earth oxide

Metric ton per metric ton
Metric tons per year

US Gulf Coast

Weight

Weight percent

Year
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Abstract

Green technologies are the primary driving factor promoting the significance of rare-earth minerals (REMs). The market
for light rare-earth elements (LREES) [particularly neodymium (Nd) and praseodymium (Pr)] is expected to expand
dramatically as attention turns to renewable energy sources. NdPr oxide is the main raw material for permanent magnets
(NdFeB magnets) in wind turbines and electrical vehicles (EVs). Nearly 70%-80% of the total value of the rare-earth oxide
(REO) sector is derived from the market for permanent magnets. Mainland China is the leader in the production of LREEs
and the downstream processing of rare-earth elements (REESs); however, the production now needs to move out of
mainland China because of supply chain issues and other reasons.

Rearranging the manufacturing chain globally is crucial as it helps reduce the reliance on mainland China for the
extraction of REEs from their respective ores. The production of REEs (in the form of chlorides) from run-of-mine (ROM)
Mountain Pass ore is covered in Part | of this review, while Part Il discusses the production of REEs (in the form of
oxides) from their corresponding chlorides because mineral processing for REE extraction is a tedious job. To achieve the
appropriate LREE chlorides, the ROM is crushed, ground, physically beneficiated, chemically beneficiated, and then
crystallized. Part | of the analysis includes an economic evaluation for a mineral processing plant located at a US Gulf
Coast location that can produce 54,730.4 metric tons per year (t/y) of rare-earth chlorides (RECIs) from Mountain Pass
ore containing 12% bastnasite with 7.7% REQO within it by weight. The technology presented here would be of great
interest to industrial sectors and grassroots plants willing to use bastnasite ore metallurgical and extractive processing for
REEs.

The process flow diagrams, material balance, major equipment list with specifications, cost information for battery limits,
variable costs, capital expenditure (capex) and operating expenditure (opex), and total production costs are evaluated in
this analysis. The technological and economic assessment of the process is the Process Economics Program (PEP)'s
independent interpretation of a potential commercial process. Each of these is based on the information presented in the
open literature, such as patents or technical articles, and may not reflect in whole or in part the actual plant configuration.
We do believe that these sources are sufficient to represent the process and process economics within the range of
accuracy necessary for the economic evaluations of the conceptual process designs.
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