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• Timeline for establishing a circular 
economy for lithium-ion batteries

• Technology Road mapping Future 
Lithium-Ion Battery Recycling
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ReLiB is a £18m basic research project led by University of Birmingham, that aims to 

provide technological solutions, and thought leadership, to the challenges of re-using 

and comprehensively recycling lithium-ion batteries of different chemistry systems. Our UK 

academic collaborators are The University of Edinburgh, Newcastle University, University of 

Leicester, University of Oxford, Imperial College London & University College London.

What 
is ReLiB?



ReLiB research areas 

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

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



No large-scale capacity 
for battery recycling in 

the UK

30,000 tonnes of 
batteries to be 

processed

Ca. 3 tonnes per hour 
(assume 5 recyclers)

Permit and 
hazard 

Large barrier for SME 
and entrepreneurs for 

entry

The UK recycling landscape is growing but…
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Barriers to recycling of LIB at industrial scale

• Batteries are difficult to open

• Irreversible glues are used to hold cells together

• Modules can take 2h to manually disassemble* 

• PVDF binders (“forever chemical”) are a nightmare to 
remove
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*Applied Energy, 2023, 331, 120437
Green Chem., 2020, 22, 7585-7603

https://www.youtube.com/watch?v=4JiDZVO9NdM

Tesla Model S composed of 4416 cells held 
together with strong adhesive

Main LiB recycling challenges

https://doi.org/10.1039/1463-9270/1999


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

Long-loop recycling (industrial standard)
pyrometallurgy & hydro-metallurgy
• Higher operation costs (£££)
• Higher carbon emissions
• Recovers low-cost battery precursor materials
• Low sensitivity to mixed battery streams

Short-loop/direct recycling (PoC)
• Lower operation costs (£)
• Lower carbon emissions
• Recovers high-cost battery-ready materials
• Highly sensitive to battery chemistry

What is short-loop LiB 
recycling?



New cells 
Synthesis
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Direct recycling(?)

• Recycling only viable via shredding
• Black mass export to Asia

Lack of sovereign capability

UK LIB recycling landscape (simplified)



New cells 
8

NMC black mass £5-10 / kg

Direct recycling(?)

NMC CAM £40-120 / kg

• High profitability by retaining 
battery crystalline structures

UK LIB recycling landscape (simplified)

• Recycling only viable via shredding
• Black mass export to Asia



• 1% vegetable oil in water
(no surfactants)

• Ultrasound-generation of o/w 
nanoemulsion

• Patent-pending technology
  

Black Mass Purification:
(Top Secret Ingredient)

RSC Sustainability, 2025, 3, 1516-1523

9

Direct recycling strategy

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


Purifying Lithium-ion battery black mass
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(a) graphite/NMC622 prestine blend before separation; (b) graphite after 
separation; (c) NMC622 after separation.

a)

c

o/w nanoemulsion 

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

RSC Sustainability, 2025, 3, 1516-1523

b)

c)

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

MWh/t

Energy Cost
£/t

Chemical input
£/t

Total Costs
£

Component, Yield / kg/ t, yield 
%

Value 
/£/t

Total 
value / £/t

profit 
£/ t

Long-loop recycling
Hydrometallurgical

5.78 1502 610 ​* 2112

Cu 20kg 98% 100

2383 £270

Al 30 kg 98% 20

Li2CO3 6kg 80% 9

115 kg of LNO recovered as 
NiSO4

1285

69 kg of LMO recovered as 
MnSO4
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46 kg of LCO recovered as 
CoSO4

869

Graphite 228 kg 95% 89

Short-loop recycling
Thermal (Induction) + o/w 
emulsion + Regeneration

1.99 517 864 1381

Cu 20kg 98% 100

9225 >£6,000

Al 98% 20

No lithium 0

Graphite 228 kg 95% 89

NMC 225 kg 98% 9016

Technoeconomic Analysis

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



Nanoemulsion of vegetable oil in water 

rapidly purifies lithium metal oxide 

(hydrophilic) from graphite (hydrophobic).

Recovered NMC111 mixed with NMC 811 to 

form cells that are EU Battery Directive 

compliant 

EU Bat. Directive Compliant cells?

NMC 811 RefP NMC 811 : R NMC 111 (95:5)P NMC 811 : R NMC 111 (90:10)P NMC 811 : R NMC 111 (87.5:12.5)
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 (95:5)

NMC 811 : 
Re NMC 111

 (90:10)

NMC 811 : 
Re NMC 111
 (87.5:12.5)

Data taken from lithium half-cells: NMC vs. lithium metal disc; LP57 electrolyte; 10th cycle at 0.1C; 4.2 V – 3.0 
V voltage range; P = pristine and Re = recovered. * EU battery compliant for lithium & cobalt contents, but 
not for nickel

NA

2030 2030 
2035 *

Performance loss 

Unpublished work

-6%-1%NA

2030 X2030 X

EU bat. dir. compliance



Kick starting the LIB market

Requirements: 

A standard high-quality product

A charging infrastructure

Price parity with current technology
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LIB review
https://doi.org/10.1038/s41586-019-1682-5

https://doi.org/10.1039/D5EB00144G
https://doi.org/10.1038/s41586-019-1682-5
https://doi.org/10.1038/s41586-019-1682-5
https://doi.org/10.1038/s41586-019-1682-5
https://doi.org/10.1038/s41586-019-1682-5
https://doi.org/10.1038/s41586-019-1682-5
https://doi.org/10.1038/s41586-019-1682-5
https://doi.org/10.1038/s41586-019-1682-5


Product costs

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
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Achieving circularity

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

Challenges with product costs and performance

No real market for recycled material in the EU

Key unknown

What is a permissible level of performance in recycled material?
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Timeline paper
https://doi.org/10.1039/D5EB00144G

https://doi.org/10.1039/D5EB00144G
https://doi.org/10.1039/D5EB00144G


Timeline to Circularity
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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.

Timeline paper
https://doi.org/10.1039/D5EB00144G

https://doi.org/10.1039/D5EB00144G
https://doi.org/10.1039/D5EB00144G


Factors affecting timeline

• Fluctuations in market size

• Ensuring product quality and its effects on longevity

• Product sustainability

• Exploiting invested capital

• Waste handlers and significant waste entering the market

• Automation of disassembly

• Improvements in recycling efficiency
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TEA of pack disassembly

https://doi.org/10.1016/j.apenergy.2022.120437

https://doi.org/10.1016/j.apenergy.2022.120437


Design for recycle

● Fewer but larger cells

● 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.

● Debondable adhesives 

https://doi.org/10.1039/D1GC03306A

● Design for recycle

https://doi.org/10.1039/D0GC02745F

https://doi.org/10.1016/j.nxener.2023.100023
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Legislation Region Regulation

Li recovery rate 90%,

Ni, Co, Mn, Cu, Al and REE 98%.

Energy consumption for 1t Li2CO3 < 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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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



Conclusions

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.
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Recycling LIB roadmap
https://doi.org/10.1088/2515-7655/acaa57
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COMPLEXITY AND 

VARIATION IN 

ELECTRIC VEHICLE 

PACK DESIGN



COMPLEXITY IN EV 

PACK DISASSEMBLY



Battery Pack Sealing 

Gasket Adhesive

Thermally conductive 

mat, aids thermal 

conduction, damps 

vibration, secures 

components

Cell location and fixing.

Cell fixing and thermal 

conduction between cells

Potting connectors / 

electrical insulation.

Cell to cell 

connection

Thermal interface 

materials.

In pack designs that employ 

pouch cells, adhesives may 

also be used to provide 

compression between cells. 

In packs with cylindrical cells 

this compression function is 

provided by the cell can.

Structural adhesives 

improve vehicle crash 

performance.







ReLIB technology pipeline

Pyrometallurgy
Current & developing 

hydrometallurgical 
techniques

Recycling aided by 
cell disassembly on 

current cells

Redesign of cells and 
design for recycling 

aiding improved 
recycling processes

RECYCLING 1.0 RECYCLING 2.0 RECYCLING 3.0 RECYCLING 4.0

1 2 3 4

established 
technology

generic materials 
separation & 

purification processes

bespoke materials 
separation & 

purification processes

necessary to adopt 
‘design for recycle’ 

principles now

recovery <50%
recovery 
60–80%?

>90% recovery 99%+ recovery

Recycling 3.0:  cell disassembly coupled with bespoke separation processes 

based on short loop/direct recycling and upcycling maintains value in recovered 

materials streams

• 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

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



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.

Improvements in Recycling Processes
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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.

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.

Unlocking the potential of a circular 
economy of battery technology 
critical metals requires the 
development of recycling processes 
and design for recycling in tandem.



Global implications of the EU battery regulation
Hans Eric Melin, Mohammad Ali Rajaeifar, Anthony Y. 
Ku, Alissa Kendall, Gavin Harper & Oliver Heidrich 
SCIENCE • 23 Jul 2021 • Vol 373, Issue 6553
pp. 384 -387 • DOI: 10.1126/science.abh1416

Regulating EV 
Battery Recycling



Digitalisation of Lithium 
Ion Battery Recycling



Synergy between the 
automated disassembly of 
Lithium Ion Batteries and 
Electric Vehicle Motors



A Circular Economy of Electric VehiclesEnergy Materials 
Group (Batteries)
Energy Materials 
Group (Batteries)

Cathode / Anode 
manufacture 

Cell Manufacture 

Modules / 
Packs

Electric 
Vehicles 

Sensing 

and 
Robotic 
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Physical / 
mineral 
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Materials 
Synthesis 
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Life 
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legislation

Batteries Motors
EV

OEMs

B
at

te
ry

M
at

er
ia

ls

M

agnetic
M

aterials



Please get in touch:

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

@gavindjharper

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

gavin.wales
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