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* UK’s battery recycling landscape * Timeline for establishing a circular Techndlogy Road mapping Future
* Long-loop vs short-loop recycling economy for lithium-ion batteries Lithium-lon Battery Recycling
m: Format:

- Three 10-minute expert presentations
- 30-minute interactive panel Q&A
- Audience questions encouraged

Driving sustainable Defence supply chains through collaboration.
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The ReliB Project

Wh t ReLiB is a £18m basic research project led by University of Birmingham, that aims to
a provide technological solutions, and thought leadership, to the challenges of re-using

- R L-87 and comprehensively recycling lithium-ion batteries of different chemistry systems. Our UK
IS eLIb: academic collaborators are The University of Edinburgh, Newcastle University, University of
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ReliB research areas oty

Here are some of the aspects that ReLiB has been working on

Waste management hierarchy (Faraday Insight 9, Sept. 2020)

Prevent
Re-use
PR (B B3 Lo
Physical
waration 1
Chemical a
separation

delaminati
Collaborators: v

University of Birmingham, University of Leicester, University of Oxford, University of Newcastle,
University of Edinburgh, Imperial College, UCL

Nature, 2019, 575, 75-86 (ca. 3000 citations)

2 Life Cells
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The UK recycling landscape is growing but... LEICESTER

UK battery capacity available for recycling and reuse

30,000
—~ 9.0 ‘
-
= 8.0 25,000
S 7.0 0
2 6.0 20,000 £
£ 0 b=
8 90 15,000 @
S 4.0 g
> 3.0 10000 3
T 20 5,000 :
@ 1.0
0.0
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Production scrappage Warranty returns  mxEV retirements
No large-scale capacity 30,000 tonnes of  Ca. 3 tonnes per hour Permit and Large barrier for SME
for battery recycling in batteries to be (assume 5 recyclers) hazard and entrepreneurs for 4

the UK processed entry



Barriers to recycling of LIB at industrial scale uxvERSITY OF

Batteries are difficult to open

* Irreversible glues are used to hold cells together P N
/ Cylindrical Prismatic Pouch

Tesla Model S Mx1 85 kWh Battery Pack BMW i3 Mk1 22kWh Battery Pack  Nissan Leaf Mk1 22kWh Battery Pack \

 Modules can take 2h to manually disassemble*

 PVDF binders (“forever chemical”) are a nightmare to
remove

ANODE CATHODE Tesla Model S composed of 4416 cells held

together with strong adhesive

\ https://www.youtube.com/watch?v=4JiDZVOINdM }

|

Main LiB recycling challenges

*Applied Energy, 2023, 331, 120437
Green Chem., 2020, 22, 7585-7603
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Technical flowsheet
Material Extraction -m-

erial

What iS Sh Ort-loop LiB Material Production — Recovered metals 4 — — —
. — Recovered metal salts €4 — —
recycling?
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Production scrap/
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Long-loop recycling (industrial standard
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Hydrometallurgy Direct Recycling

* Recovers low-cost battery precursor materials
* Low sensitivity to mixed battery streams

=

v

=
I
2 -
a

Al & Cu

: h 4
i | Stack gas,

hort-loop/direct recycling (PoC
* Lower operation costs (f) ),%
e Lower carbon emissions
* Recovers high-cost battery-ready materials
* Highly sensitive to battery chemistry

Co, Ni compounds ‘ Co, Ni, Mn salts

Acid Leaching

Solvent

Solvent i Iron, Cu )
extraction compounds extraction

Separation

of
materials

Source: Jonathan Leong,
Business Intelligence
Manager, Faraday
Institution, Faraday
Insights - Issue 20

Precipitation
Relithiation
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Retained/upcycled
cathode active materials
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UK LIB recycling landscape (simplified)

\ Collection Discharging Disman tling Shredding/Sorting
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' Lack of sovereign capability -

* Recycling only viable via shredding\\
* Black mass export to Asia
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UK LIB recycling landscape (simplified)

@VEOLlA \ Collection Discharging Dismantling
NMC black mass £5-10 / kg

> @&
- - »”
. At ' ‘ 4 i Wi~ -— -
\ CEESE0 A y 5
O cow |\ N 7 - A
End-of-life EV Energy Recovery Aluminium, Plastic Transportation

TTTTTTT

cEEmEE== N
I’ @ ctiivm 1
| CQiconichem ! Direct recycling(?)
] CELLCYCLE 1

e -

MC CAM £40-120 / kg = 8

* Black mass export to Asia

* High profitability by retaining
battery crystalline structures



Direct recycling strategy LEICESTER

Black Mass Purification:
(Top Secret Ingredient)

* 1% vegetable oil in water
(no surfactants)

 Ultrasound-generation of o/w
nanoemulsion

* Patent-pending technology

RSC Sustainability, 2025, 3, 1516-1523



https://doi.org/10.1039/2753-8125/2023

UNIVERSITY OF

LEICESTER

Purifying Lithium-ion battery black mass

o/w nanoemulsion

UNIVERSITY OF
@ LEICESTER

(a) graphite/NMC622 prestine blend before separation; (b) graphite after
separation; (c) NMC622 after separation.

* Near-instant black mass purification
* Patent-pending technology

10
RSC Sustainability, 2025, 3, 1516-1523



https://doi.org/10.1039/2753-8125/2023

Technoeconomic Analysis

UNIVERSITY OF

LEICESTER

Ei:t:)r;f{ty Energy Cost Chemical input Total Costs Component, Yield / kg/ t, yield | Value Total profit
0,
MWh/t £/t £/t £ % /E/t |value / £/t £/t
Cu 20kg 98% 100
Al 30 kg 98% 20
Li,CO, 6kg 80% 9
. 115 kg of LNO recovered as
Long-loop recycling NiSO g
. 5.78 1502 610* 2112 4 2383 £270
Hydrometallurgical 69 kg of LMO recovered as 0
MnSO,
46 kg of LCO recovered as
CoSO, 869
Graphite 228 kg 95% 89
Cu 20kg 98% 100
Short-loop recycling Al 98% 20
Thermal (Induction) + o/w 1.99 517 864 1381 No lithium 0 9225 >£6,000
emulsion + Regeneration Graphite 228 kg 95% 89
NMC 225 kg 98% 9016

Just started: UKRI Proof-of-concept grant (1 year, TRL: 3,4 > 5,6)

11
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EU Bat. Directive Compliant cells?

Recovered NMC111 mixed with NMC 811 to

7 —_——_———————_——_—— form cells that are EU Battery Directive
: o compliant
/ Nanoemulsion of vegetable oil in water \ P
I rapidly purifies lithium metal oxide I 2007
ope . . 175
I (hydrophilic) from graphite (hydrophobic). I
< 1501
I o
I Graphite NMC NMC + graphite i 125
_, o e £
I ' 3 T —“ = 100;
- Mainly (7]
. graphites S 757
I Graphitc NEG—G—— @ 2 I 8
Oil in water Oil in water . Oil in water,
l ~— NMEU TTNMC l

\ / P NMC NMC811: NMC811: NMCB811:

—_— e e e s e S E— / 811 Ref Re NMC 111 ReNMC 111 ReNMC 111
(95:5) (90:10) (87.5:12.5)
Data taken from lithium half-cells: NMC vs. lithium metal disc; LP57 electrolyte; 10t cycle at 0.1C; 4.2V —3.0

V voltage range; P = pristine and Re = recovered. * EU battery compliant for lithium & cobalt contents, but
not for nickel

Unpublished work



Kick starting the LIB market

Requirements:
A standard high-quality product
A charging infrastructure

Price parity with current technology

LIB review
https://doi.org/10.1038/s41586-019-1682-5

a)

féé’\ UNIVERSITY OF

9w LEICESTER

e Chemistry
e Scale

e Standards
e Design

e Product durability
e Sustainability

.,}e{\oo
Government /¢®
7 Regulators
MR &
s
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LEICESTER

P rOd u Ct COStS UNIVERSITY OF

Price parity between ICE and EVs was obtained in 2025

In the UK EVs are 12% to 19% more expensive than ICEs

Total Cost of Ownership (TCO) is already about £6 less per 100 miles for new EVs
Strong market for used EVs with lifetimes already > 15 yrs

New gigafactories and more sustainable battery chemistries will ensure that prices will continue to decrease

900
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Achieving circularity P vy or

LEICESTER

Requires a dialog between manufacturers, recyclers and legislators

Lead acid batteries are the most efficiently recycled product on the market (>99%)
LIBs are more complex — designed for performance and safety

Currently a disconnect between recyclers and manufacturers b)

Challenges with product costs and performance / z)mm,v M \“/ \
/ \ \

No real market for recycled material in the EU "\““t‘"“"‘ it "m'\ \

uwzs);;j( Manufacturer @vmm g
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Timeline to Circularity
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Waste processors

Improving recycling profitability
Exploiting invested capital

y Product sustainability

Optimising product quality |

T ¥ T T b T - T % T .3 T D
2010 2015 2020 2025 2030 2035 2040
Year LIB in service
LIB recycled

EV market trajectory towards a circular economy.
Timeframes for each process (boxes) and
milestones (numbers) are estimates based on the
length of research and time taken for product-to-
market, and of expected recycling equipment and
EV battery lifetimes.
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Timeline paper
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Factors affecting timeline

* Fluctuations in market size

* Ensuring product quality and its effects on longevity

* Product sustainability

e Exploiting invested capital

* Waste handlers and significant waste entering the market
e Automation of disassembly

* |Improvements in recycling efficiency

TEA of pack disassembly
https://doi.org/10.1016/j.apenerqgy.2022.120437
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Design for recycle

UNIVERSITY OF
LEICESTER

e Fewer but larger cells

e Minimal use of thermoset adhesives

® Fewer fixing types

® Cells that are more easily opened

® Cells that can be rejuvenated by flushing out the old electrolyte and replacing with new
® Electrode binders that can be fully dispersed using water.

e Debondable adhesives o
https://doi.org/10.1039/D1GC03306A cell-T%zgg;ack ﬂ]

e Design for recycle

https://doi.org/10.1039/D0GC02745F N )
https://doi.org/10.1016/j.nxener.2023.100023 ade p'ﬂ design “#M

Blade Cell

Module-less Pack using ‘cell
arrays’ 1 8
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Legislation

Needs to be robust but flexible in
a fast-changing market

Probable that EU Battery Directive
will not be applicable due to
insufficient scrap material on the
market

Region

Regulation e
Li recovery rate 90%,

Ni, Co, Mn, Cu, Al and REE 98%.
Energy consumption for 1t Li,CO; < 18 MWh.

Fluorine recovery > 99.5%

Li recovery rate 80%,

Ni, Co and Cu 95%

2031 — New cells must contain 16% Co, 6% Li and
6% Ni from recycled sources

2036 — New cells must contain 26% Co, 12% Li and
16% Ni from recycled sources

2027 — Digital Battery Passport required

No EPR regulations for WEEE or EV batteries.
9 states have some battery recycling regulations

EVs are not differentiated from other vehicles. All
demand recycling rates are >95%. The buyer pays a
fee to cover EOL processing at the point of sale.

Table 1: International regulations for EV waste handling
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Conclusions v OF

1. Many countries saw an increase in EV sales during the late 2010s and these vehicles will come to end of life in the period
2030-2035. While some countries have a recycling infrastructure in place, many do not but the timeline gives an
indication of when these changes are required.

2. The volumes of EVs currently coming to market will require a different infrastructure for handling in 2035-2040, e.g., pack
labelling and standard pack architecture. OEMs need to think about the change in handling protocols brought about by
the increased volume. Economies of scale will only be achieved with automated disassembly.

3. Significant differences in the legislation governing waste in different producer and consumer nations may lead to
confusion about recycling responsibility.

4. Some of the targets in battery directives are unachievable due to the flows of markets and the immaturity of recycling
markets.

5. Forums must be established to bring together pack designers and recyclers to look for quick wins in disassembly. Design
for recycle needs to be more overtly discussed.

6. All stakeholders can affect the trajectory of product adoption, and only by working together can policy targets be met.
National and regional policy changes can rapidly affect adoption and influence consumer confidence.

Recycling LIB roadmap
https://doi.org/10.1088/2515-7655/acaa57 20
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Technology Road-mapping Future
Lithium lon Battery Recycling
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Waste management hierarchy

Pravention
Range of recycling technologies
Re-use o .
a Advanced battery recycling: automated disassembly
) : "Mixing" of Armaunt of Valua of
Recycling mﬁg materials matarials materials
streams recoverad recovenad
Recovery s - Prasent battery recycling: shredding, pyrometallurgy
Disposal

Recycling lithium-ion batteries from electric vehicles

Gavin HarpEE'_. Roberto Sommerville, Emma Kendrick, Laura Driscoll, Peter Slater, Rustam Stolkin, Allan
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Technology Adoption Lifecycle Curve for
Lithium-lon Battery Manufacturing Technologies
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: end up being recycled.

AR R RIS AR E R

Initial low volumes of
material to recycle
comprise production
scrap, quality control fail
cells, productrecalls and
unscheduled end-of-life.

L Ty

Time

( The distribution of batteries reaching end of life w

I
- B will be flatter as technology improves battery life >
1 H over time and batteries spend longer in :
1 The Chasm  The Chasm applications.
for Lithium lonfor Lithium lon T v
Bma:ry Batte ry : : .
Manufacturing Recycling : .
‘ Early Market Mainstream Market
Earl Earl Late :
Innovators : y : . ‘y : . ¢ lLaggards
\ * Adopters : Majority ¢ Majority : j

Y

Technology Adoption Lifecycle Curve for Lithium-lon
Battery Recycling Technologies



Adoption of Innovation

Adoption Curves for Different Lithium lon Battery Technologies

AN
~

Ultimately, there will be “leakage” from
the circular economy and not all battery
material will end up being recycled. This
may be through incorrect disposal, ending
up in a geographical territory with poor
waste management practices, contained
in larger devices which are incorrectly
disposed of e.t.c.

Successive generations of battery technology
will deliver equivalent performance but with
decreased quantities of critical materials

The adoption curves for various
recycling technologies will lag the
production of batteries, as the
majority of the volume of cells are
tied up inthe “use phase(s)"

Different coloured S )

curves represent

successive improvements As improvements in science and e ghmmm————-

in Lithium lon Battery manufacturing lead to longer TS As vol fcellsi
technology e.g. cathode lasting batteries, cells will last ,a"" /s |~s Vo umr|—ejs © tcehs |r;cre‘-ase, son;e
materials, cell designe.t.c— longer before recycling is required. e .,:’ earfierrecycling technologles may be
- - J non-competitive as the industry scales.

l” "I

s L As the value of cell composition
Remanufacture (and/or) Reuse of P . decreases, technologies may have to
Second life batteries will further delay "_‘-—' S e be more sophisticated to remain
the need for them to be recycled. "_,.r’ S - competitive.

p—

-
-
=

Time
'\ !
. /

Adoption Curves for Different LIB Recycling Technologies



On the At the Sliding into Climbing the Entering the
Rise Peak The Trough Slope Plateau
?dOpﬂr}g . High growth
eoearly | Battery recycler failures The potential of new recycling adoption

and consolidation as

technologies combined with batteries phase.

- Hype Cycle |
Traps
Newer battery

technologies
surpass LIB and

L

industry capacity

volumes decrease
exceeds waste volumes.

designed for recycling is finally
realised. Synergies are unlocked,.
1
Entering

too Iate"-'o'_,_.......o.-% %

Supplier proliferation

Some recyclers struggle to remain
competitive as changing cathode
compositions challenge the economics

Mass media hype begins

:_ of simpler recycling technologies that
“0 cannot preserve value.
New entrants develop . ot ’ New emerging industry consensus. Exitil'lg
bespo'ke battery ',' Lot too late
::z::ll::?ggies. Safety concerns become '-‘ ) o ’
i i more apparent / visibleasa °, L +*
Companies with statistical consequence of "..' Lot
Iexlstmg as:ets increasing waste volumes. e o As some vehicles gain a reputation for expensive repairs / end of life
everage them . treatment, vehicle OEMs start to adopt Design for Recycling Principles.
to recycle batteries.

GI.VIng UP  Next generation
too soon  recyclingtechnologies
.

start to reach the market.

—

Eventual
Decline

Peak of Inflated
Expectations

Plateau of
Productivity

Technology
Trigger

Trough of
Disillusionment

Slope of
Enlightenment



COMPLEXITY AND
VARIATION IN
ELECTRIC VEHIGLE
PACK DESIGN

Cylindrical
Tesla model 5 85 Mk1 kWh battery pack

Fanasaonic
PR sy
- "
127 men .~ =l 530 kg
L "o,
o .,
£ e
Fy g -
H.H:H"\-\. a.a
Pack y S {
i L -
. ., = b
-..__g‘ n‘: i &.‘___.- __J --.____:___..
2830 mm T o i .
o R e -~
e ~— 1,778 mm
L
& modules per pack
25 kg
ol B,
A
% mm 4 -
* T '
Module u 865 mm
L BOE mme

444 cells par module

O1Emm - e
—
&5 mm
L

Cell

36V MCA cathoda
48.5g9  Graphite anoda

Prismartic
B i3 Mk 22-kWh battery pack
Samsung/S0M

4552 V
235 kg

DEE MM
L

- o
" '?:.f..’ H.H'h.
¥ ‘-H"“ 1
1,660 mm EI -~
862 mm
'L &
8 modules per pack
24.5 kg
* . B,
150 mm | -
i il
~ ‘

12 cells per module " i
i ¥
123 mm e 7.8 mm
-__.-" -
.--"".# .--"'.'
L __,.-""1 =
H""\-\-\ - 173 mm
A5 e .

arw NMEC cathede
2 kg Graphite amnode

Pouch
Missan Leaf Mk1 22-kWh battery pack
AESC

48 modules par pack
38k

35mm = i

225 mm’ ey, 303 mm

¢ “ & 2E0 mm
2Emm e

g

375N LMOVMMC cathode
9149 Graphite anodse

Recycling lithium-ion batteries from electric vehicles

=l Roberto Sommerville, Emma Kendrick, Laura Driscaoll, Peter Slater, Rustam Stolkin, Allan

=]

Walton, Paul Christensen, Cliver Heidrich, Simon Lambert,

Andrew Abbott Karl Ryder, Linda Gaines & Paul

Anderson

Nature 575, 75-86 (2019)



Pack Disassembly

Nissan Leaf
Mk1 22kWh
Battery Pack

Maodule Disassembly

48 Modules

Per Pack

Removal of wiring looms tricky

Manipulation of connectors (especially where
locking tabs fitted)

High voltages until wiring loom [ madule links
removed

Lack of data on module condition in many
present EV batteries

Lack of labelling and identifying marks
Potential fire hazards

Potential HF off-gassing

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

Cells stuck together in modules with adhasives
(difficult to separate)

Components may be soldered together
{difficult to separate)

Maodule state of charge may not be known

Resourcs:

Contents lists available at ScienceDirect

servation & Recycling 175 (2021) 105741

Cell Disassembly

4 Cells Per
Module

e

Clean separation of anodes and cathode for direct
recycling difficult.

Very finely powdered materials present risks
{nanoparticles)

Potential for HF compounds formed from electrolyte
Potential for thermal effects if cells shorted during
disassembly

Chemistries not always known / proprietary
Additional challenges with eylindrical cells
{unwinding spiral)

Disassembly of stacked structure with encapsulated
anodes.

Resources, Conservation & Recycling

ELSEVIER journal homepage: www.elsevier.com/locatefresconrec

Full length article

To shred or not to shred: A comparative techno-economic assessment of
lithium ion battery hydrometallurgical recycling retaining value and
improving circularity in LIB supply chains

Dana Thompson *7, Charlotte Hyde®, Jennifer M. Hartley =", Andrew P. Abbott ",
Paul A. Anderson ™%, Gavin D.J. Harper >

OMPLEXITY IN EV
ACK DISASSEMBLY
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Cell to cell

connection

Thermal interface

materials.

Structural adhesives
improve vehicle crash

performance.

Cell fixing and thermal
conduction between cells

Cell location and fixing.




Environmental preferability

Current Technological evolution
recycling
approaches
. Direct .
Downcycling l recycling Upcycling
Shredding, Requires clean Disassembly,
comminution materials separation delamination

Mechanical complexity of
battery separation methods

Chemical complexity of
post-mechanical separation materials processing

News &views
Taken back to Value retained, Value improved,
. ofe precursor materials material regenerated material enhanced
nature sustainability
Upcvcle for enhanced performance Current recycling techniques downcycle materials; environmentally
PCy p preferable recycling techniques will preserve and even upcycle the
value of the materials.

Gavin D. J. Harper




nature reviews
clean technology

Review Article | Published: 15 January 2025
The evolution of lithium-ion battery recycling

Xiaotu Ma, Zifei Meng, Marilena Velonia Bellonia, Jeffrey Spangenberger, Gavin Harper, Eric Gratz, Elsa

Olivetti, Renata Arsenault & Yan Wang &

Nature Reviews Clean Technology 1, 75-94 (2025) ‘ Cite this article

24k Accesses | 11 Citations ‘ 76 Altmetric | Metrics

Comminution
(Shredding)

Most batteries currently
enter comminution /
shredding processes

Batteries are first
discharged in
many recycling
processes.

Some recyclers
have investigated
“whole pack
shredding”.

Manual disassembly
exposes operatives to risks -
and is labour intensive.

Gateway testing / triage is the first point
of the process when cells are received
in order to determine which cells /
modules are suitable for repair /

remanufacture / reuse / recycling.

Disassembly

to be economical at scale
the process needs to be

There is an enormous
variation in cell types,
chemistries and pack
configurations.  Being N
able to identify thisisa |
precursor to being able

to disassemble packs.

automated.

challenging proposition for
Lithium lon Battery packs
given the enormous
variety on the market.

Glues and adhesives used in present pack /
module design frustrate the automated
disassembly of packs on the market.

The majority of packs willbe ~
disassembled into smaller |
units for comminution in <
smaller shredders. |

"\MODULE) Design for recycling could be an
T 1 future recycling
technologies — considering end-of-life |
at the design stage of battery packs.

The complexity of cylindrical cells
means that they are unsuited to
disassembly, and so are best suited
to comminution.

A range of techniques are used to remove heat
and suppress the possibility of fire during the
shredding process — shredding under water spray,
shredding in a oxygen-free environment, and
cryogenic shredding have all been used.

v v

- 5
| Electrolyte |
N L

f"'lf'ulymerié‘\‘f/ Mixed /" Copper
\_Shreds /\'Black Mass’/\ Shreds /| Shreds /

Some employ
thermal pretreatmen
before shredding

D)

\ !gHREDDED

enabler for

prismatic, blade) lend

J disassembly.

Some lab based
processes focus on
using shredded
material, which is the
dominant practice in
industry, but with

|
‘\MATERlAE/ advanced separation
techniques to give
& the levels of purity
* . that enable direct
Physical N recycling.
Separation ~
Processes Advanced
| Separation
Processes
/"RECOVERED "
* \_ MATERIAL /
/Aluminium’ /" Highly Separated \\.‘

“\\ Battery Materials /

Separator Cathode

i b

"
| Electrolyte |
\ P

f/éEPARATED\\l
\ELECTRODES/

Y

Robotic disassembly is a il

Some cell designs where the
materials are planar (pouch,

themselves more readily to

GATEWAY TESTING / TRIAGE
(Robotics, Automation)
Cells / modules for Lab scale advanced recycling
which there is no processes focus on either Disassembly at scale is a future
3 futher economic use disassembly of cells for process which could unlock
< ¢ pass into the cleaner separation first of all, different approaches to recycling.
G recycling process or taking shredded material
- and applying more advanced
separation techniques that are
presently employed by
INDUSTRY LAB ndustry:
SCALE SCALE Currently, the dismantling
of battery packs takes
place at small scale. But

‘Digital blueprints’
embedded
sensing & data
exchange could
aid the future
automation of
battery testing &
disassembly.

/" Palymeric

Binder Removal / Delamination Process

‘ \._Components /

—

/ Cleanly Separated "\ ‘-/_ Copper ('E:Ieanly Separated'\‘ /7 Aluminium

"

\__ Anode Material / ' Anode Foili/-" \._Cathode Material / '\Qathode Foils /



ReLIB technology pipeline

RECYCLING 1.0 RECYCLING 2.0 RECYCLING 3.0 RECYCLING 4.0
Redesign of cells and

Current & developing Recycling aided by desien for recvelin
Pyrometallurgy hydrometallurgical cell disassembly on 18N 16 ycling
: aiding improved
techniques current cells .
recycling processes
recover
recovery <50% 60—80%% >90% recovery 99%+ recovery
established generic materials bespoke materials necessary to adopt
technolo separation & separation & ‘design for recycle’
&y purification processes purification processes principles now

Recycling 3.0: cell disassembly coupled with bespoke separation processes
based on short loop/direct recycling and upcycling maintains value in recovered
materials streams

e brings lower value materials into play

Recycling 4.0: maximum recovery rates will require both adoption of ‘design
for recycle’ and commitment to zero-waste recycling

e materials recovery from waste streams from waste processing—biorecovery?
*pack wt%



Unlocking the potential of a circular
economy of hattery technology

critical metals requires the
development of recycling processes
and design for recycling in tandem.

Improvements in Pack / Cell Design for Recycling

DESIGN FOR RECYCLING DEVELOPS
RECYCLING TECHNOLOGY
UNCHANGED

Cell and pack design improves in the
direction of design for recycling, but
existing ‘dumb’ recycling processes are
unable to take advantage of these
developments. Recycling requires
much manual intervention and some
parts of the process remain labour
intensive. Materials efficiencies and
the full potential of a circular economy
in LIBs is not realised.

CURRENT SCENARIO

Incumbent processes dealing with
existing pack & cell designs. Challenges
with recovery rates of existing
processes which aren’t optimised as
cell chemistry changes making
economics challenging. Recycling
requires labour-intensive input at
disassembly stage which affects
economics of repair / remanufacture /
recycling. Industry scales poorly as
volumes increase.

BEST CASE SCENARIO

Improved processes processing cells
designed for repair / reuse /
remanufacture / recycle unlocks the
synergies of a Circular Economy in LIBs.
Industry scales well to suit new market
conditions as pack volumes increase
massively. Manual labour in repair /
remanufacture / recycling reduced
significantly through automated pack
diagnostics and disassembly. Processes
suited to new evolving chemistries.

CELL / PACK DESIGN UNCHANGED
RECYCLING PROCESSES DEVELOP

Recycling processes improve
incrementally, but pack / cell design
remains relatively unchanged. Some
degree of automation can be applied

to existing pack / cell designs, but
unoptimized designs require more time
for disassembly / processing and
materials utilisation / recovery rates
are lower than what they would be
with an optimised DfR pack design.

Improvements in Recycling Processes



Regulating EV
Battery Recycling

Original Article 51 Article 10 requires original equipment
electric sets out the manufacturers (OEMs) to supply information
vehicle obligations on performance and durability over the

of end users. expected life cycle, with performance and

Article 65 mandates
“Battery Passports”
from 1 January 2026.

durability standards to follow.

Midlife replacement

Article 47 sets out

extended producer
responsibilities for
OEM's responsibili-
ties at end of life.

End-of-life )

A circular economy for electric vehicle batteries: Key articles from the proposed EU Battery Regulation
The proposed Regulation addresses the battery life cycle, from initial extraction of raw materials (bottom left) through end of life and recycling.

Article 60 covers key
end-of-life information.

Global implications of the EU battery regulation reqirementsior

Article 8 mandates —
minimum

provide open
access to battery
management

Article 12

discusses the

with remanufactured o,
=2 battery ~ :
£
Article 7 provides that Qur?tc‘laer 5;: :?;5; @
the embedded carbon of "\ collechoﬁ e
new electric vehicle (EV) Pack -

batteries should meet / manufacture

standarcs. Article 59 sets out

Article 13 and Annex VI requirements relating
provide for enhanced to repurposing and
labeling around remanufacturing of
safety and hazardous batteries.
substances.
— Article 8 Module
THE FARADAY sets out the manufacture
| N S _l_ | T U _l_ I O N responsibilities <
of battery
manufacturers. Article 59
mandates battery
; producers to
Cell

Hans Eric Melin, Mohammad Ali Rajaeifar, Anthony Y. e tvbatteries.
Ku, Alissa Kendall, Gavin Harper & Oliver Heidrich
SCIENCE = 23 Jul 2021 = Vol 373, Issue 6553
pp. 384-387 = DOI: 10.1126/science.abh1416

Science

recycled material in

system data to aid

manufacture gateway testing
& and triage.
Article 72 covers %
supply chain due
diligence schemes. Battery materials processing
Article 39 and Annex X —
set out due diligence
requirements for

material sourcing.

MATERIALS
EXTRACTION

7y

LA

RECYCLING

Battery Energy
Storage
System

Repurposed batteries will be
considered “new products” when
they are put on the market.

Article 57 sets out
recycling efficiencies
and materials
recovery rates.

End of life in second-life application

safety of

Article 52
sets out the
> responsibilities
of treatment

facilities.

Article 65 provides for
the electronic exchange
system, which will be
used to track battery
data throughout use
and end of life.

Second-life
application, e.g.,
stationary grid
energy storage



Digitalisation of Lithium

Intelligence

Machine

lon Battery Recycling e

Networks

Internet of
Things

Digital
Twins

Industry 4.0 Blockchain

Robotics /
Automation




THE SPECIFIG CHALLENGES AROUND RECYCLING LITHIUM-I0N
BATTERIES ARE EXPLORED IN MORE DETAIL OM PABE 113

Vanaty of wehicla shapes / sizes
Differant pack configurations /
locations

Differant fiongs f tooling requined

Synergy between the 4
itomated disassembly of

n n n Bolts 7 fixings may be nusted
thium lon Batteries and sy
sheared
g Poeifion of bolt heads not ahvays fsd
Vehicle bodywork may be distorted
IS n a HEK EEH[WIM- Vehicle may be crash damaged
ectric Vehicle Motors e
3
PACK DISASSEMBLY e
B bars — Manipulation of connectors (sspecially
R red Electronics whers locking tabs fitted)
Components Wiring looms — High voltages untl warng loom / module
MOTOR REMOVAL OTOR DISASSENELY Neln > Gl Lok
— Lack of data on module condition i
y bigh rosichuc Cam prmerﬂE\Jb:ptariaau FondfommmEy
T Petaria voltagon f \ — Lack of labeling and identifying marks
I__.' — La:!-i-:!l-:h:amrrm-au'dfnn ..'I Y P iall fre hazards
— Lack of lebaling and identitying marks 7 iy '— Potential HF off-gassing
— Mamal handing hazasds / \
— Mukipka layers of discesamibly ; 5
— Mator housing needs o ba removwed HI]I]'.II.E musSEHBLT Sealants may be vsed in module
— and rotor remowad from sttor - manufacture (dificult to remowe)
— Ml handding riskn clua o waight Recoverad | Cesngs Cells stuck togethar in modulea with
of component and high magnotc okd Components Terminals adheaives (difficult to ssparate)
Calls Componants may be aoldered togather
f:"Ig :::ip;m;d ad {dificult to separate)
Marasaly, s ancih Module state of charge may not be known
labour imtor e slop
Austomation could improva
BLONDTIo of moior
Clean separation of ancdes and
B GELL DISASSEMBLY e o o ey S
- Cobalt Vary finely powderad materials
o Nickel present nsks (nanoparbicles)
Matarials Lithi Peotential for HF compounds formed
{depending on urm from alactrolyte
cell chemistry [~ Graphits — Potential for thermal effacts i calls
S & recycling Manganese shorted dunng disasssmbly
procass) Aluminium — Chemistries not always known /
Plastics propnatary

— Additional challenges with
cylindncal cells (urwanding spral)



Electric
Vehicles

f
Circ

Cell Manufacture

a Life \ Sensing ( |

End of
Life T Electric

machines

and
Robotic
Sorting

v

Motor /
generator
Physical / Magnetic -
Energy Materials 2 Y Materials Group
Group (Batteries) l ' L ¥ng (Motors) v e hl c I
v Magnet
Manufacture

Materials /
Synthesis

Cathode / Anode y!

manufacture / \ Alloy - Hydrogen

development Processing

Techno
Economic
Analysis

Policy and
legislation

Life Cycle

Analysis




Please get in touch:

@ g.d.).harper@bham.ac.uk

@gavindjharper

o https://www.linkedin.com/in/gavindjharper/

@ gavin.wales

Ed' UNIVERSITYOF BIRMINGHAM
£y BIRMINGHAM ENERGY

INSTITUTE

BIRMINGHAM GENTRE
FOR STRATEGIC ELEMENTS
AND CRITICAL MATERIALS
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