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Rare earth elements (REE)

INTERNATIONAL.

* REE =set of 17 metallic elements including:

HAS DESIGNATED

YTTERBY MINE
AN HISTORICAL LANDMARK

* 15 Janthanides A |
\ Four periodic elements '— Ytirium, Terblum, Erblum,

and Yiterblum — were Isolated from the black stone
gadolinite mindd here, and were named after the

* Scandium and Yttrium | e

1989

Permanent Magnets 38%
23%
I Glass Polishing Powder and Additives 3%
Metallurgy and Alloys 8%
Battery Alloys 904
Ceramics, Pigments and Glazes §04
Phosphors 30
other 4%

Source: Global Rare earth Elements uses in 2019 (Government of Canada, 2021)
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Increasing demand of rare earth magnets
Forecast NdFeB Magnet Consumption

* Permanent magnets: alloys of
Neodymium-Iron-Boron (NdFeB)

Tonnes

* Clean energy applications
* Electromobility

*  New technologies
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Challenges in rare earth magnets:

Vulnerable supply of critical metals
Technologies

Materials

: y Batteries n 7
Supply Risk
(sorted largest to smallest)

SN
.
~

i Defence &
" X,

Source: European Commission,2018.




Challenges in rare earth magnets:
Environmental concern about rare earth mining and manufacturing
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Objective of VALOMAG project
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VALOMAG process chart: from the dismantling of EoL products

/ Collection EV/EHV \]

SUEZ —> Elec. Motors

v \

Dismantling

— HDD |

WEEE
v
CRM [ Thermal

Group | treatment
y Demagnetised
Fragmentation magnets =
BRGM + Solid NdFeB
[ Classification ] pieces

vllection / Dismantling / Pre-processing/

Legend: Fartner lMateria|s] Process step
involved
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1 600kg HDD delivered to CRM

——pa

SOU rCl ng Of EO L p rOd ucts 980kg Wind Turbines’ magnets

sourced by BRGM

Sourcing: SUEZ / BRGM

Thermal treatment: CRM Group

\ 4

Fragmentation / Classification:
BRGM

\ 4

Recovery: BRGM, CEA, Kolektor
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Dismantling process = Thermal treatment

Sourcing: SUEZ / BRGM “Design for recycling”

Thermal treatment: CRM Group

Fragmentation / Classification:
BRGM

Recovery: BRGM, CEA, Kolektor

Source: VALOMAG & Nordelof, A., et al. (2019)
i - Co-funded by the "l
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Dismantling process—> Fragmentation and classification

Sourcing: SUEZ / BRGM

\ 4

Thermal treatment: CRM Group

Fragmentation / Classification:

BRGM

Recovery: BRGM, CEA, Kolektor

Ny o ‘ Mixture of metals
. By A

L . : o4 . Demagnetized Hard Disk Drives
L g

e‘?.

Fragmentation (autogenous mill)

Classification (screen)

1/5mm %20mm | >40 mm
1 : 3

« 20/40 mm
Fractionrich in magnet

Dry low intensity
magnetic separation

Non-ferrous
metals

Metallurgy
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VALOMAG process chart: to the recovery of REE oxides and recycling of
magnets

/ Collection EV/EHV Kolektor magnet magnet CEA

SUEZ —> | Elec. Motors ] Compounding 1 1 Sintering

v \

Dismantling NngB N,S|I|:eB
: ;ow er | . o; |
CEA

— HDD |

WEEE HD /HDDR Stripcasting
v
CRM
3 Demagnetised grade NdFeB
Fragmentation magnets =
BRGM + Solid NdFeB Low grade
Classification pieces ! NdFeB BRGM

vllection / Dismantling / Pre-processing Hydrometallurgic

route
Recycling Routes l RE oxides ]

Legend: Fartner lMateria|s] Process step
involved
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Recovery and recycling routes

Sourcing: SUEZ / BRGM

\ 4

Thermal treatment: CRM Group

\ 4

Fragmentation / Classification:
BRGM

Recovery: BRGM, CEA, Kolektor

From raw materials to functional magnets

i '\ P .
A \ 1 Crushing | igning D
(hydrogen and ST
Alloy decrepitatio ressing Sintering and
manufacturing 5 3 annealing
\/ %. 1H
T

Probability density

s
Particle size [ym]

Short Loop Recycling with CEA and Kolektor

)
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VALOMAG process chart: supported by LCA and MFA

-

SUEZ

CRM
Group

BRGM

Collection EV / EHV
v — \ Elec. Motors ]
Dismantling
— HDD
WEEE
v
[ Thermal l
treatment
y Demagnetised
Fragmentation magnets =
+ Solid NdFeB

pieces

Classification
vllection / Dismantling / Pre-processing

Univ. Leiden TU Delft

Legend: Partner

involved

| Bonded
Kolektor magnet

Compounding

1

NdFeB
owder
CEA

HD /HDDR

1 Sintering
NdFeB
AIIo

Stripcasting

L

High and
standard

grade NdFeB

Recycling Routes

]

Low grade ]

NdFeB BRGM

Hydrometallurgic

l RE oxides ]

route

l Materials ]

Process step
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LCA methodology

* “Compilation and evaluation of the inputs, outputs and

the potential environmental impacts of a product system
throughout its life cycle” &

* Research question: ‘. O
1

What is the environmental impacts of producing
NdFeB magnets

-
compared to

1kg of equivalent secondary Nd magnets from different
VALOMAG recycling routes?

Life cycle assessment framework

Goal
and scope
definition

g primary AN

Inventory
analysis

Impact
assessment

/

Interpretation
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LCA results of primary magnets: process contributions to climate change

-
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W electricity, high voltage ® diesel, burned in diesel-electric generating set, 10MW
heat, district or industrial, other than natural gas m heavy fuel oil, burned in refinery furnace

@ liquid neodymium, primary, baseline W heat, district or industrial, natural gas

® hard coal ® NdO from solvent extraction, baseline

W transport, freight train W rest
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Flowsheet simulation to LCA

Electroplating - Ni anode hode

[Value]
Electroplating - energy

[Value]

Electroplating - boric acid
o>

[Value]

Electroplating - Ni choride

[Value]

*

Electroplating - Ni sulfate

[Value]

Electroplating - H2S04

HSC Sim Model o Activity Browser
Welcome to the Activity Browser !

The Activity Browser is an open source graphical user interface designed to increase the productivity when working with the Brightway? advanced life cycle

EIectropIating assessment framework.

‘1 lo
l -

! f Key features:

“l

* Manage brightway2 projects, databases and activities (increasing your productivity with brightway)

* Calculate fast LCA results (use "calculation setups” to calculate LCA results for several reference flow and impact categories at once)
* Easily plot and export your LCA results (contribution analyses, Monte Carlo simulations)

* Visualize your results in Sankey diagrams or explore your database with the Graph Explorer

Examples

[} o} LCA results overview Monte Carlo simulation Sankey diagrams

Electroplating - heat loss

[Value]

[Value]

Electroplating - electrolytes

1=
s

[Value]

Electroplating - sludge

srabatiity

[Value]

0034

Product - coated magnet
1
[Value]

0.033
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owsheet sifnulation of partial magnet production route

HD coarse Powder

[Valule]
Jet Milling

Jetmilling - heating out
[Value]
Jetmilling -argon out
[Valuel

Jetmilling process gas

[Value]

Jetmilling Argon

Alining and Pressing

Alignment Pressing - energy

[Value] Alignment Pressing - heat losd

Processing media

[Value]

Compactmagnet powder

Vacuum Sintering

Vacuum sintering - energy

[Value]

Fine magnet powder

[Value] Jetmilling - gas out
Jetmilling energy [Value]
[Value]

| Jetmilling - contaminated powder oxidation
Jetmilling - too fine |

[Valu'e] [Valug]

Electroplating

Electroplating - Ni anode ede
[Value]
Electroplating - energy

[Value]
Electroplating - boric acid

[Value]

[Value] [Value]

Cutting and Slicing

Cutting Slicing - energy

Cutting slicing losses

[Valug)

[Value]

Heat loss

[Value]

Cutand Sliced magnet Vacuum Sintered magnetic material

Vacuum Anneling

Electroplating - Ni choride

[Value]
o o
Electroplating - Ni sulfate
[Value]
Electroplating - H2504 Electroplating - heat loss
° [Value] [Value]

Electroplating - electrolytes
=g

[Value]

Electroplating - sludge

[Value]

Product - coated magnet

eit

[Value]

[Value]

f

Vacuum Sintering - H2 gas release

[Value]

Vacuum sintering - heatloss

[Value]

Vacuum sintering - compact magnet

1
[Valug]

Vaccum annealing - heatloss
[Value]
Vaccum annealing - process gas out
[Value]
Vaccum annealing - argon out
[Value]

Vaccum annealing - magnetic material losses
>

[Valug]
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Relative environmental impacts of simulated recycling technology

1.1

1)

Relative impacts
o =
8] Lo =t

(result of primary production
=
|

=
=)

—
Ln

human toxicity climate change  freshwater and marine metal depletion

terrestrial eutrophication
acidification

m one of the simulated lab-scale reycling routes B primary magnet production
o
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Future recycling of rare earth magnets

* RE products call for more attention to “design for recycling”.

* Recycling helps

strengthen the RE supply chain resilience.

lower the potential environmental impacts of primary RE magnet production

* Combining LCA with other methods offers more potential to impact technology
development.

)
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