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EU CRITICAL RAW MATERIALS: GLOBAL END-OF-LIFE RECYCLING RATES (EoL-RR)

A comprehensive visualization based on European Commission Data
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Technology Critical Metals Are Finely
Distributed Through Technology
Products In A Variety of Ways.

Current physical separation
techniques used in recycling often end
up Mixing materials together in ways
that makes them difficult to separate.

Electronic waste X-ray fabrics Supported catalysts
Photovoltaic cells Bonded magnets
Battery electrodes

met

inorganic
organic

Critical material
architectures

High performance
alloys

e = . B

Current recycling processes are not
suitable for many TCMs

High speed
magnatic rotor
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Light fraction

Heavy fraction

Eddy-current
separation

* Separates non-
ferrous metals from
non conductive
materials
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A toolbox for improved recycling of critical metals and
materials in low-carbon technologies

Guillaume Zante ¥ ¢, Christopher E. Elgar ) #, Jennifer M. Hartley ‘&) *, Rudra Mukherjee , Jeff Kettle () %, Louise E. Horsfall

1) <, Allan Walton ®, Gavin D. J. Harper &) ““ and Andrew P. Abbott (L *=¢

Density Magnetic Electrostatic
separation separation separation

= Separates metal from
plastics, light metals
from heavy metals...

* Wet (shaking table,
heavy liquids) or dry
(air table)

* Separates magnetic
from non magnetic
materials

= Separates conductive
from non conductive
materials
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Assessing the relative energy and
chemical intensities of thermal,
chemical and mechanical recycling

Processes.

4

Hydrogen
decrepitation

Energy intensity

Comminution

Magnetic
separation

Density :
separation

Design for recycle of devices to ensure efficient
recovery of technology critical metals

Molly E. Keal* Sean Scott,” Bashayer N. N. Alsulami,” Jeff Kettle,” Andrew Feeney, ©°

Jacqueline S. Edge, @< Paul A Anderson, @° Gavin D. J. Harper, © € Allan Walton
Guillaume Zante® and Andrew P. Abbott @ **

Supercritical
fluids

Polymer
‘ dissolution

Ultrasound

Bio-

hydrometallurgy Froth flotation

Thermal
Chemical
Mechanical

Hydrometallurgical
dissolution/
separation

Chemical intensity
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Current recycling techniques
downcycle materials;
environmentally https://doi.org/10.1038/541893-023-01090-z

preferable recycling techniques

Harper, G.D.J. Upcycle for enhanced performance. Nat Sustain 6, 725-726 (2023).

will preserve and even upcycle the
value of the materials.

Environmental preferability

| — d
Current Technological evolution
recycling —
approaches
. Direct .
Downcycling l recycling t Upcycling 1
Shredding, Requires clean Disassembly,
comminution materials separation delamination

Mechanical complexity of
battery separation methods

Chemical complexity of
post-mechanical separation materials processing

Taken back to Value retained, Value improved,
precursor materials material regenerated material enhanced
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Upcycleforenhanced performance

Gavin D. J. Harper & Check for updates
recycling [

.....
and then upgrading it, produces batteries
that can provide stable operation at high
voltages, enabling enhanced energy-storage
possibilities.
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Pack Disassembly o  Removal of wiring looms tricky

. I':j;‘_L“g“ijg‘:;‘ni;?“““m“ (especially where To shred or not to shred: A comparative techno-economic assessment of

*  High voltages until wiring loom / module links lithium ion battery hydrometallurgical recycling retaining value and
removed . . . . . .

* Lack of data on module condition in many mproving c1rcular1ty in LIB Sllpply chains

present EV batteries
¢ Lack of labelling and identifying marks

Nissan Leaf » Potential fire hazards Eo 1
Mk1 22kWh e Potential HF off-gassing Paul A. Anderson ”“, Gavin D.J. Harper

Battery Pack

Dana Thompson “b Charlotte Hyde ", Jennifer M. Hartley""’, Andrew P. Abbott ™",

b,d,

Module Disassembly o

A schematic diagram RESOURCES,
CONSERVATION

s Sealants may be used in module manufacture
(difficult to remove)

¢«  Cells stuck together in modules with adhesives S h OWI n g t h e

(difficult to separate)

&QEC\-’C LING
¢ Componens my besolerd ot structure of a battery

¢« Module state of charge may not be known pa C k’ m Od u |e a n d Cel | —

# Clean separation of anodes and cathode for direct a n d t h e C h a | | e n g eS - L R?:r:iiommm”mung

. Full e aricle »
r'E":-‘ﬁ:l INg difficult. To shred or not to shred: A comparative techno-economic assessment of (555

s Very finely powdered materials present risks p rese n te d a t e a C h g s T | Tt

48 Modules

Per Paclk

Cell Disassembly

4 Cells Per
Module

(nanoparticles)
s Potential for HF compounds formed from electrobyt

» Potential for thermal effects if cells shorted during Sta g e fO r ba tte ry

disassembly

« Chemistries not always known f proprietary d isa Sse m b |y

« Additional challenges with cylindrical cells

{unwinding spiral)

e Disassembly of stacked structure with encapsulated ( EX p a n d e d
from Harper et.al,,
2019).
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The importance of design in lithium ion battery

(a) Pouch cell tabs ultrasonically welded to copper : - ]
recycling — a critical review+

busbar, (b) module interconnections utilising

Dana L. Thompson,® Jennifer M. Hartley, 22 Simon M. Lambert ®<

th Fea ded bOltS th Ffou g h SOl Id b USba rs (C) Muez Shiref, &< t()Savin D. J. Harper, ":b Emma Kendrick, db
. . Paul Anderson, © Karl S. Ryder, ©2® Linda Gaines fand
dismantlin g Andrew P. Abbott () *>°
of pack sub-assemblies using standard shop |
tooling — all Nissan Leaf 1st generation Green |
Chemistry '
Green Chemistry :SSY:#ES%?TES

M) Chock for updates The importance of design in lithium ion battery
recycling - a critical review+

Cte s Groen Cham. 203022
)
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Examples of where structural
adhesives are used within a
battery pack using cylindrical

Designing lithium-ion batteries for recycle: The role of adhesives

Sean Scott™”, Zayd Islam™", Jack Allen™”, Tanongsak Yingnakorn™", Ali Alflakian”*,
Jamie Hathaway™*, Alireza Rastegarpanah”‘, Gavin D.J. Harper”“, Emma Kendrick"™",

cells.

Battery Pack Sealing
Gasket Adhesive
A In pack designs that employ
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Schematic diagram showing

some of the uses of structural
adhesives in a typical battery

pack

Potting
connectors /
disconnects

®

Cell
encapsulation

Cell to cell
bonding

Compression
pads

In addition to other functional

8. Cell disassembly and design for recycling

Andrew P Abbott', Dana Thompson1 and Gavin D | Harpc’r3
! School of Chemistry, University of Leicester, Leicester LE1 7RH, United Kingdom
? School of Metallurgy and Materials, University of Birmingham, Birmingham B15 2TT, United Kingdom

S< ) insulation
& gasket

runaway
= e protection

. -

Thermal
interface

& Electrical

Pack seal

Thermal

materials

In pack designs with cylindrical cells
adhesives are used as both a structural
fixation and also a thermal interface material.

properties, adhesives may also act
as vibration inhibitors.
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In addition to functional adhesives, structural
adhesives are used throughout battery packs.
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Journal of Physics: Energy

ROADMAP
Roadmap for a sustainable circular economy in lithium-ion and
future battery technologies
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Commimution (shredding) Gateway tes: and triage Disassembly {robotics, automation)
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Contrasting a traditional structure of a PV Design for recycle of devices to ensure efficient
module with polymer encapsulation, to the recovery of technology critical metals

“*NICE" technology module which is h . . . .

) . Molly E. Keal® Sean Scott,® Bashayer N. N. Alsulami,® Jeff Kettle,” Andrew Feeney, ©
designed for easy disassembly at the end  jacqueline 5 Edge. ©° Paul A Anderson, ©° Gavin D. J. Harper, ©0° Allan Walton*
of life. Guillaume Zante® and Andrew P. Abbott @ **

Conventional Panel b N.I.C.E. Panel
a) )
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Glass

Encapsulant

Photovoltaic cells

Internal Circuit
(soldered
connections)

Encapsulant

~ Backsheet

Junction Box
(On reverse of
backsheet)

Atmospheric pressure holds assembly together

Glass

Glass

Encapsulant
—r—— —

ovoltaic | Photovoltaic ®
m v v vy Soldered Connections ’

Photovoltaic

Photovoltaic

_Frame

Glass
~Photovoltaic cells

Internal Circuit (Held
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gas pressure)

. PIB Sealing Gasket

Neutral gas at negative

pressure relative to
pressure between
glass plates
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Rear Frame

Junction Box
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glass)

_PIB Sealing Gasket
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() Cvocn tor upastes Design for recycle of devices to ensure efficient
recovery of technology critical metals

o v 5 Sasaraniny 2595 1

Molly £ Keal* Sean Scott.” Bashayer N. N Alsutami.® Jeff Kettie,* Andrew Feeney, @°
Jacqueline S. Edge, @ Paul A Anderson, O° Gavin D. ). Harper, B Allan Walton

Encapsulant / Class B combination of low-pressure

* neutral gas and evaporated

Electrical connections applied
through negative pressure  Atmospheric pressure holds assembly together atmosphere holds
ither thian baihg soldessl construction together without
: adhesives.

Sectional View Through Conventional Panel

Sectional View Through NICE Panel
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A matrix of fixing methods Design for recycle of devices to ensure efficient
ranked for ‘Ease of Disassembly’ recovery of technology critical metals

_ : ‘ Molly E. Keal* Sean Scott,* Bashayer N. N. Alsulami.® Jeff Kettle,® Andrew Feeney, ©°
on the x-axis and ‘Ease of Jacqueline S. Edge, @< Paul A AndersonOG‘ Gavin D. J. Harper, © ¢ Allan Walton.
! i Guilla Zante® and Andrew P. Abbott (9 **
Reassembly’ on the y-axis. it
Ease of Reassembly
High RSC
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Rivets Bolts =5
‘Barbed’ Through Hole Screws Sustainabilty - TRy
Fixings Cam & Dowel CRITICAL REVIEW AN
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o Glues / Adhesives 1 Introduction o -
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Crimped Joints Tamper Resistant Seal
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Potential design for recycle tools
along with example applications
and their respective advantages

and disadvantages

Guillaume Zante® and Andrew P. Abbott @ **

Design for recycle of devices to ensure efficient
recovery of technology critical metals

Molly E. Keal* Sean Scott,” Bashayer N. N. Alsulami,” Jeff Kettle,” Andrew Feeney, ©°
Jacqueline S. Edge, © < Paul A Anderson, ©° Gavin D. J. Harper, © € Allan Walton.©

Table 2 Potential design for recycle tools along with example applications and their respective advantages and disadvantages

Tool

Potential application

Advantages

Disadvantages

Etchable substrate
under TCMs

Additive manufacturing
Fewer metals in alloys

More easily detachable tech

Biodegradable composites

Water/solvent
dispersible binders

Design for expected life

Design out TCMs

Supported PGM
catalysts or PCBs
Electronie circuitry
Aerospace metals

Speakers in cars or portable
electronics, electric motors,
replaceable batteries
Electronie circuitry,

wind turbine blades

LIBs

All technology

LIBs, aerospace alloys

Dr. Gavin D. J. Harper gavin.wales g.d.j.harper@bham.ac.uk

Easier recovery of TCMs

Easier assembly

More applications of
recycled alloy
Pre-concentration of TCMs

Reduced EoL waste

Easier to recycle, reduces use of
harmful solvents during
manufacturing

Get the most value out of
components during initial use

Reduces initial costs of
manufacturing

Performance?

May slow production
Performance?

Trained disassembly required

Potential degradation in service

Need to ensure sufficient stability
during use

Critical materials tied up in
technology for longer. Can be at
odds with design for recycle

Less economic incentive to recycle

RSC
Sustainability

~ ROYAL SOCIETY
g.?s(iainabiﬁty « OF CHEMISTRY

() Cooca tor pastes | Design for recycle of devices to ensure efficient
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Schematic

representation of the
debonding process

| Debondable adhesives and their use in recycling

Kira R. Mulcahy, 2 2® Alexander F. R. Kilpatrick, 22 Gavin D. J. Harper, ¢
Allan Walton® and Andrew P. Abbott (2 *2

using different stimuli.

Application of Debonding Stimuli
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M) Chieck or spdstes Debondable adhesives and their use in recycling
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1. Introduction

Most sechologieal devicrs consie of onganic, insegnic, and
mecallec componemts, joined into comples axhisecues using
organic adhesies; many of which play & maltifaceted robe, and
inpart structueal Integrity, in addition to binding joints. A
present, removal of vach adheshes & tmecansming 0
inefhient, squiring sobeis, pyroksis, o comminution
(grocing shredding) The consderable challenges posed by
these adhesies, to disassersbly and recycling, have recertly
been mviewsd with mespect 10 Sthie-on baseries (Lsk'
Bowever, these sues extend 10 3 wide mage of devices and
compoeents, Incluting mabile dectronics, motor and photo.
i devices.

This s of pariculis comcern, with respect 10 the recovery of
sechnolkogy crtical met ks (TOMs). which are iffunely distribe-
20 within components bust esential to function* Maireaining
the tructural ineegrity of the athesive prevents the pecfermed
gmen alternuties of repuir, mmamdacture, e and ek
In addition, due W carment nonselcive hydromealhingicl
sechnigues, maintaining vaue in reodel maeesal s Efficd:,
often rence nag e within the same contest unvisbl Given
the essertial naure of TOMs in most digital and dean enery

St of iy Entrenty f Lo, e . LES PN,
[Rpe———
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sechnologies, thelr demand ix growing Hower, there sersin
signficare botienecks in the developement of miaing ard pro-
cessing capacity for the production of mew peimary TOML
Theretor, mavey of these el ments will become an essemcial
component i the supply chain of tow materiss for techoo-
logles thae aid decarbonisation. In addition, due 5o limitd
recurces, snd ahicadl and envimamental e asocted
with extraction, 3 move towards 4 mose circulir econamy Is
et

The solution 1o these issses lies with adhesive design, a5
ey debonding @ degrdation would faclice diswsersbly
and aBow higher value ouputs from recycling. A& peesent, the
arwcrunl s market is domnzed by qury nd poly
urethane chemigries, which form themmoset msing oo coss-
Snking of their polymer netwerks. Due to their high soength
and fast setting times, the epovide market akone had a6 e-
mated worth of $5.5 billion in 2019, with projected owth o
$103 Wilon by 2020 Howewer, these athesies we not
without their issoes. Formed from the mactions of & or
pobols, such = biphenol A WPA} with epichlontyddn
(ECH), these abiquions polymes do not bodegmde and emit
tonkc guses, when incinerated. Recess research has comsdered
nphang monomers o auss Anken with birbased con
pomeces, or wsing ovel adhesives based 0o biopohmen such
2 pobsacchurites* An ahernatie 3ppmsch progoses the we
of pobmen which cin debond on applicion of mn el
simulis. Whike this sechnolagy s not widely availible at
present, this citical review wil discuss the approsches wed in
the design of debondsble adhesives, and the limiations of
sterms akeady sperted in the lnermure.




Summary of debonding
stimuli, functional
groups and applicability
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Potential Thin Inorganic and metallic Bonding metals and

uses transparent components conductive substrates
materials
Limitations Opaque Equipment operating at Non-metals
additives high temp.
Non-thermally stable/ Non-conductive
conductive substrates. substrates (these must
Metals when using be bonded with an
microwave radiation intermediate patch])
Notes Harder with Potentially applicable to  Better for thin samples
complex most adhesives
geometries
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Prototyping batteries in “design
for Recycling” configurations.

Designing lithium-ion batteries for recycle: The role of adhesives

Sean Scott™", Zayd Islam™", Jack Allen™”, Tanongsak Yingnakorn™”, Ali Alflakian"™*,
Jamie Hathaway ", Alireza Rastegarpanah”, Gavin D.J. Harper”‘, Emma Kendrick"",
Paul A. Anderson”, Jacqueline Edge™*, Laura Lander”', Andrew P. Abbott™""

b,c

Pouch cells

J'i— connected via

i ] \ concertina fold

Pressure Sensitive
Adheshive

Tabs attached to
robot which
¥ seperates design

X

The proposed zigzag conformation for
pouch cells. a) image of the dummy cell

used in these experiments and b) the
schematic diagram for the
conformation

showing placement of the adhesives.
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Images showing the stages of robotic
module opening when the zigzag
cell conformation is used. This process
takes place over the course of 15 s.

Energy

Research article
Designing lithium-ion batteries for recycle: The role of adhesives »

Sean Scott™", Zayd Islam™, Jack Allen"", Tanongsak Yingaakora ',
Jamie Hathaway ™~ , Ali tegarpanah*, Gavia DJ.
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End-of-life management
forwind turbines
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‘ Glass fibre composite

» Reuse for other applications®

» Mechanical grinding with fibre retention

« Recycle into cement clinker, resin
recovered for energy*

» Thermal/chemical recycling®
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* Mechanical recycling by melting*
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« Electric arc furnace recycling*

Bbatract Sections
Global installed capacity of wind power reached 1,136 GWin 2024 mmducten
(representing 5.1% of total electricity generation), and continued ooz g
installation of new capacity is needed to provi I .

life (EOL) . therefore,
needed torecover mater indurbines. This Revi [

current and emerging EOL practices, comparing the environmental and
economic trade-offs across mechanical, thermal and chemical recycling | serspocoves
technologies. Wind turbines are built from a range of materials,

including structural metals, concrete. composites and magnetic
materials, which have distinct recovery pathwaysand barriers.
Structural metal recyclingis well developed and used commercially,
but concrete recycling is more nascent and not competitive. Near-term
scalable c yeling jes— i
recycling and cement kil co-processing — cannot recover the
structural strengths of the original composite, but more advanced

a avery Iy e

d barri ! Magnet
recycling can either preserve materialin its intact form through shorter
loop processes o recover h

longerloop processes. The size of the magnets could enable direct

reuse of magnets, butitiscomplicated by changing designs. Further
ofrecyclingand k

by design that enables EOL management and materials circularity.
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