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This report is the output of a project thabmbined
automotivebattery and chemicals industries in UK

This work represents a collaboration between tngomotive battery industry andchemicals
industry, working in the context df/KIndustrial Srategy
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A The work was sponsored and managed by the UK PROPULSION

Advanced Propulsion Centre Electrical Energy Storage CENTRE UK
Spoke (WMG, University of Warwick)

A The workwas closely supported e UK Chemistry TﬁN.\v{MM&
Growth Partnership and Innovate UK Knowledge
Transfer Network LR
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A The consultancy work and this report were executed by =
E4dtech

A The Centre for Process Innovatiprovided input and
review, especially on UK suppliers of relevant chemicals Innovate UK
and prOCGSSGS Knowledge Transfer Network
A 67 other organisations, listed the appendix, took part
in the interviews andworkshop informing this work o F4tech

A The work took place between March and May 2018,
following a process described in the appendix
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This work provides an initial assessment of the EV battery= “"
supply opportunity for the UK chemicals and process industry

There is an opportunity to grow a UK battery industry and related supply chain

A The 2017 UK Industrifiirategy identified four initial Grand Challenges to coalesce industrial activity uf
high growth opportunities. Battery development and manufacture is one of these, delivered through tl
Faraday Challenge

A Battery pack manufacturing for electric vehicles (EVs) will logically take place close to the point of ve
assembly since packs are hard to transport. This in turn implies that the battery cells which make up
packs will best be manufactured in (or close to) the UK. This could also mitigate the loss of vehicle el
production in the future.

A For cell production to occur in the UK, the supply chains of chemicals would need to be reconfigured
since most cell production and chemicals supply is currem#sia. Whilst such inputs could be imported
to capture the most value, cell production and the related chemical and process equipment supply w
need to come from UK suppliers.

The automotive battery and chemicals industries have not been well connected

A The emerging EV battery industry in UK would like to understand the potential for the UK chemicals
process industry to supply future requirements.

A Despite growth ambitions, the UK chemicals industry generally has limited information about the batt
opportunity and requires clarity about specifications, timing and certainty of needs.

This work describes future battery chemicals and process needs, quantifies the supply opportunity, and
provides an inventory and assessment of the potential supply chain in the UK

Q E4tech 4 JWIVIG g Innovate UK EPSRC 1§
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. O houcED,
Passenger cars are set to feature growing levels of C

electrification as regulatory and other drivers tighten

Passenger car propulsion roadmap (developed by consensus amongst industry and research experts)

PRODUCT ROADMAP 2017: PASSENGER CAR Rosdmap deveioped by the Automotve G QUTOMOLIVE /7 ADVANCED
Council and the Advanced Propulsion Centre W council PROPULSION
YUK . CENTRE UK

DRIVERS

Emission zones /" Low emissions zones & Ultra-low emission zones in cities Regionally regulated zero emission zones

EU tailpipe emissions / Euro6b /,rj/’f' Euro 6d Temp //4" d Euro 6d Beyond Euro 6

EU tailpipe CO2 4 130g/km _,:51"/ 95g/km / Further regulation Tailpipe emission legislation superceded by life cycle impact legislation
Environmental s Tailpipe emissions CO2 -> NOx -> PM Well to wheel Total life cycle impact

» Range extended fuel cell and fuel cell prime mover

Battery electric vehicle (BEV) - general purpose BEV - tailored for application

Infrastructure
required for
mass market
acceptance

Plug-in hybrid (PHEV)

modest range

D I T T

Mild hybrid / full hybrid )
A — 2 & N oY
Next gen. high efficiency TPS » Hybrid focussed thermal propulsion systems (TPS) b i
AN LB
Connected and autonomous - level 1/2/3 F’;\y Connected and autonomous - level 4/5

Reduced vehicle energy demand and smart energy management

Downsized current gen. TPS

PN -~ FN PN - - PN
2015 2020 2025 2030 2035 2040
Driver set Salid bar represents > plobal riwrimd adoption and )’ 1 chevron = some uncertainty around timing of mass market adoption or phase out 2 chevrons = considerable uncertainty around timing of mass market adoption or phase out
ptadait is preceded by significant product and process R&D Y g i P Pphase 5 y 9 5 P P

https:// www.apcuk.co.uk/app/uploads/2018/02/PasCar_Full_Pack.pdf
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Significant improvements in battery cost and performance
will be required

Battery technology targets (developed by consensus amongst industry and research experts)

e N N ([ —\ [ N
Cost Energy Density Power Density Safety
(S _— N
Now $130/kWh (cell) Now 700Wh/,
5280/kWh (pack) 250Wh/kg (cell) -
2035 eliminate thermal
2035 $50/kWh (cell) 2035 1400Wh/I, Now 3 kW/kg (pack) rimaway at pack level 1o
\_  $100/kWh (pack)  J \  500Wh/kg (cell)  J | 203512 kW /kg (pack) ) \_ reduce pack complexity
' Y ™ ~N oo
15t Life Temperature Predictability Recyclability

I
-0 +
% ‘p
2035 full predictive

Now 8 years (pack) Now -20° to +60°C (cell) models for performance Now 10-50% (pack)

\__2035 15 years (pack) /) \_ 2035 -40° to +80°C (cell) ) \__ @ndagingofbattery J { = 5435 g5ot(pack)

Source: WMG 2018
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Battery technology will continue to develop, with mportan@
changes predicteth the 20252030 period

Battery technology roadmap (developed by consensus amongst industry and research experts)

TECHNOLOGY ROADMAP 2017: ELECTRICAL ENERGY STORAGE Rosdimap developed by thé Automative W automotive = ADVANCED
Council and the Advanced Propulsion Centre "Lﬁ}%unc'l ZES;::EL{:?N

DRIVERS /" xEV uptake, CO; limits, air quality regulation, ULEZs, charging access 4 Very low CO2, zero emission zones, LCA, materials security, rapid/opportunity charging infrastructure

TARGETS* Current status 2025 targets 2035 targets
Cost ($/kWh) 280 $/kWh 150 $/kWh 100 $/kWh

Energy Density (Wh/l) 280 Wh/l 550 Wh/l 1000 Wh/L

Power Density (kW/kg) 3 kW/kg 7.5 kW/kg 12 kW/kg

v
EVOLUTIONARY TECHNOLOGY Advanced lead battery and NiMh solutions »

Optimised liquid electrolytes for Li-ion (e.g. additives and high voltage) Liquid electrolytes for new chemistries (e.g. Na-ion, Mg-ion, Li-S)

v

CELLS

’ Room temperature solid state electrolytes with good conductivity
Syl
BT and satants Separators with reduced thickness and cost, oxidation resistance, heat dissipation » Next gen. separators (e.g. phase change, auxetic structures)

Solvent replacements for NMP (e.g. N-Acetyl-P ) ) Next gen. binders (e.g. hybrid, self-healing) » Binderless systems

Optimised Li-ion anode materials and structures (e.g. Silicon,LTO, hard carbon)

» Next gen. anodes (e.g. transition metal oxides, metallic anodes and novel additives)

Optimised Li-ion cathode materials and structures (e.g. LFP, NMC, NCA, LMO) »

Anodes and cathodes

Cathode materials for new chemistries (e.g. Na-ion, Mg-ion, Li-S)

, Embedded sensors in cells » Cells that eliminate thermal runaway

» Cross-OEM standardisation of cell formats

Advanced pack designs for performance and manf. Mixed cell packs (high energy and power, New cell-module-pack concepts
MODULES; PACIE AND packs (high energy and power) YD p p
BATTERY MANAGEMENT Smart and connected BMS enabling accurate SOC and SOH monitoring and life prediction » Distributed BMS enabling individual cell monitoring
SYSTEMS
Advanced thermal management strategies (e.g. integrated with vehicle cooling) » Passive thermal management (e.g. phase change materials)

RECYCLING AND Pack designs that extend 1st life and enable 2nd life » Deployment of 2nd life batteries with flexible applicability
LIFE CYCLE MANAGEMENT - 7 - - = ¢

Processes for end-of-life recovery of cell material/electrode » Industrial scale up of high efficiency recycling processes

N

- - - PN -
2015 2020 2025 2030 2035

Formats and casings

* All targets relate to battery packs. » 1 chevron = some uncertainty around timing of mass market adoption or phase out 2 chevrons = considerable uncertainty around timing of mass market adoption or phase out

https:// www.apcuk.co.uk/app/uploads/2018/01/ElectricBihergyStorage2017.jpg
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Thecurrent® EV battery technologgupply chair{expected to be™™*
stable forat least 8 years) comprises many materais processes

KEY

Component /
material

Process /
formulation

Automotive
battery
pack

Module and
pack assembly

+

Current
technology assumed
to apply until 2025
30

* Other options are:
LFP, NCA, LMO

** For pouch cells
only. Cylindrical use
coated steel or
aluminium shells

© E4tech

Battery pack
components

Battery cell

Battery cell
assembly

Module case and
connectors

Pack case and
connectors

Thermal
management system

BMS hardware

BMS software

Cell components

Anode film

Slurry mixing
and coating

Cathode film

Slurry mixing
and coating

Cell component materials

Copper foil
Anode active —
material (Graphite) Milling

Anode coating

solvent mix

Formulation and mixing
Cathode coating

solvent mix
Formulation and mixing

Cathode active
material CINMG*

Formulation, milling
and mixing

Electrolyte solution

Lamination

Soft pacKilm**

Ceramic coated

separator
Separator coating

Formulation and mixing

Rolling

Aluminium foil

Thin film coating

Insulating polymer
film

Thin film coating

Separator ceramic
coating mix
Formulation and mixing

Tabs

9

Strateg Ener —

Rolling
LWMG

CK
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Materials
Copper

Graphite

NMP/aqueous
solvents

PVDF/CMC/SBR
binders

Dispersants

High conductivity
carbon

Cobalt, Nickel,
Manganese

Lithium carbonate

PR and other salts

Organic carbonates

Additives

Aluminium

Insulating polymer

Microporous
polymer
ALO; and other
ceramic material

Binder
Nickel

Innovate UK
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Extraction/
recycling

Extraction
Production
Production
Production

Production

Extraction

Extraction/
recycling

Production

Production

Production

Extraction/
recycling

Production

Production
Extraction/
recycling
Production
Extraction
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Thefuture* EV batterytechnology supply chain could see s@ﬁéf‘?”—“--
materials and process&gplaced,onceproven to be viable

KEY

Component /
material

Different component
/ material

Process /
formulation

Different process /

. formulation
M Alternative

Automotive
battery
pack

Module and
pack assembly

I

I

I
1

+Futuretechnology
assumed to apply
beyond 202530

* M=Ni, CoMn, Al,
other metals

** For pouch cells
only. Cylindrical use

coated steel or
aluminiumshells

*** Simplified. See
current technology
map for full detail of
ceramic coated
separator

Battery pack
components

Battery cell

Battery cell
assembly

Module case and
connectors

Pack case and
connectors

Thermal

management system

BMS hardware

BMS software

|1
|

dll

Rolling |

I\WMG
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Cell components Cell component materials Materials
T S AT Extraction/
Rolling recycling
= Anode active material Graphite/Graphene ST
Anode film i i f
Graphiteene/Si nanostructured Si production
Formulation, milling NMP/aqueous Production
Slurry mixing and mixing solvents
and coating Anode coating PVD;/SMC/SBR Production
solvent mix —
Formulation and mixing Dispersants Production
I Cathode coating High conductivity Production
solvent mix carbon
—I— Cathode film — se— I Formulation and mixing
Cathode active material pr——— C&zilé’augggl’ Extraction
L LIMO/NaMO/S)*

Slurry mixin ( . L - i

an drIc/:oatin gg Formulation, milling Li/Na carbonate Extraction/
and mixing Sulfur recycling
PR and other salts Production
I Electrolyte solution ! ! Organic carbonates  Production
Rt bonEanliINg Additives Production
i Aluminium foil _I— Aluminium Extracr_ion/
. recycling
Lamination Rolling
l Soft pacKilm** ! Insulatlfri}gr;npolymer _I— Insulating polymer Production
i i Thin film coating Microporous
!, Separator film / solid I I polymer / ion [
electrolyte ducti |
Separator coating I conductive polymer

Tabs - Nickel Extraction

Innovate UK

Knowledge Transfer Network
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Thecurrent UKbattery industryfeatures only a few
companies, just two of which manufacture in volume

Battery Material /

Component Firms Capabilities

P technology Process P
Battery pack Current / Battery cell Nissan/AESC Volume supplyf automotive battery cell
/ cell future manufacture and assembly and pack manufacturing.

pack assembly ~ AMTE/AGM  Small volumaV L2 steISIAE SN OSt f
manufacturing and supply of battery packs for
niche applications

Future Faradion Development and manufacturindicencing of
OxisEnergy  lithium sulfur, sodium ion and carbon ion cells
ZapGo in low volume

A Currently there i®ne large scale battery cell and pack manufacturer inUKewhichimports mostcell
components (including electrode and separator rolls) fridsm

A There is only on& LJ2 4t ISINS SelNd@nufacturerwith medium scale production facilities

A There are a number of firms developing new battery technologies and looking to either manufaclicenee
both inside and outsidéhe UK

A There are parallel efforts to attract a major cell manufacturer to establish a plant in UK

JWMG-Innovate UKl EPSRC EPSRC -
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UK battery manufacturers and technology developers do rnot™™*
rely on a UK supply chain but would welcome its development

Materials today can be manufactured

A UK battery manufacturers find that sourcing anywhere and shipped around the world

process equipment from outside the UK is not however achieving substantial cost
a problem but sourcing materials, especially reductions means that in future local
those used for conventional lithium ion suppliers may become more attractive

batteries, poses supply security issues
A UK battery technology developers are

currently sourcing their materials from Our business model does not rely on UK
outside the UK and are not facing particular SUpp_Iiers howe\_/er we would wel_come
challenges from a supply chain point of view, working with suitable ones as this would

given the small scales and novel materials allow joint development work

A Technology developers are conducting
collaborative R&D on next gen products with

UK chemical companies _ _ _
UK firms have a role to play in supplying

A Note that the views of potential major battery active materials for advanced chemistries.
company inward investors are not known with We find that smaller chemical companies are
regard to which materials are mubtive vs keen to get involved.

niceto-have from UK sources

Q E4tech 13 S WIVIG [ Innovate UK EPSRC B
Strategy Enerii iliiiii_ . THE UNIVERSITY OF WARWICK Knowledge Transfer Network stk v
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Battery companies believe that UK chemical and process
companies have strong potential to supply the battery industry

In current development projects we source

A Conducting joint R&D with technology _
~50% of the materials from the UK.future

developers could be a way into the battery new chemistrycells we could source 100%

Supply chain for UK chemical companies, of active materials from the UK, or ~70% of
provided they can supply batteigrade all cell materials

materials at scale

A Technology developers are already sourcing

some lab and pilot scale process equipment » - iiers throuah ioint RED
from UK suppliers and think there is more € quallly our SUppiers Irough Join
work, so working with UK chemical

potential companies orinnovateUKprojects can lead
to adding them to the list of our suppliers

We believe the potential is there for UK
process equipment manufacturers to supply
the battery industry, however they would
need to be educated on our requirements

JWMG.Innovate UKl EPSRC EPSRC -

o E4tech 14— “
Sttt — LTI =
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The volume and value of the UK EV battery supply chain = =7
opportunity can be estimated based on assumptions

A The UK manufactured 1.7m cars in 2016, around 80% of which were exported (SMMT 2017).
Assuming that the manufacturing volume stays constant and that 50% of the vehicles
manufactured in ~2030 are EVs, the UK would be manufacturing 850k EVs per year

A The volume and value of the battery supply chain for the 850k EVs is a function of battery price
per kWh and average size of battery per EV

A EV battery price per kWh has been decreasing rapidly in recent years and the extent to which i
will further decline by 2030 dependsiter alia, on progress in battery technology

A For the purpose of this assessment we assume that the current chemistry based on NMC
cathodes and graphite anodes will still be use@030 ,however thanks to optimisation and
volume manufacturing, the battery price at pack level will decrease to approximately $150/kWh

A In the next two slides an estimate of the value and volume of the EV battery supply chain is
provided, broken down by main component, based on the above assumptions

A This is purely indicative and only representative of the specific chemistry considered, because:
A As chemistries evolvep does thevolume and value of each of the battery components
A Even for the same chemistry, relative volumes will depend on cell size and design

A Note that manufacturing of batteries for vehicles other than cars and export of chemicals to nor
UK battery production plants offesignificantupside to these estimates

o E4teCh 15 O WIVIG [ Innovate UK W EPSRC 8
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The supply of battery cell materials for UK car manufactu@
could be worth £2.7bn per year, or £3,200 per car

Value of battery packs for cars (Em/year)
U Average value of cell materials per car: £3,200

(battery only, excluding vehicle)

U Typical value of chemicals in internal combustior
engine cars is £860,000 (including vehicle)

Value of baitery cell materials (Em/year)

anode coppe
Key assumptions: foil, 215
A850k EVs manufactured per year (~2030) cathode

aluminium foil

A50 kWh average pack size (UK Automotive Council) 72 electrod
ACurrent Graphite/Nickel Manganese Cobalt chemistry binders,
A150 $kWh pack price solvents &

additives, 72

AArgonne National LaBatPaanodel results fol00k packs/year

@WMG Innovate UK EP

Knowledge Transfer Network
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Thecorresponding volumesf each category of material
would be substantial

Cell material AnnualUK value Annual UK
(£ million) volume
Cathode active material 1,040 69,000 t
Anode active material 538 48,000t
Separator 394 263 millionm?
Electrolyte 359 27,000 t
Anode coppefoil 215 18,000t
Electrode binderssolventsandadditives 72 10,000t
Cathodealuminium foil 72 10,000t

Key assumptions:

A850k EVs manufactured per year (~2030)

A50 kWh average paddize (UK Automotive Council)
ACurrent Graphite/Nickel Manganese Cobalt chemistry
ABIll of materials from NREL 2015 and ITRI 2015

LWMG finnovate UK

Knowledge Transfer Network
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The presence of UK chemical and process industry suppliers™:*
wasmappedfor current and future battery technologies

A The maps on the next slides illustrate where, if a UK battery industry existed, UK chemical and
process companies could play

A Circles provide an indication of the numlrUK firmswith capabilitiegelevantto a particular
material orprocess and whether they are already supplying the battery industry. They do not
however indicate the size of the firm and the scale at which it supplies or could supply

A In most cases the capability is latent as few companies are currently supplying the battery
industry or offering the exact same material/process that would be required. More detail on
current vs latent capability and scale of manufacturing is provided later in the report

A A firm offering more than one material or process is represented on each one of the relevant
boxes

A Firms that have materials that could potentially be used in combination with new battery
concepts that are still to be developed or that are being developed but not disclosed are not
represented

A NoteYy 9niSOKQa |aasSaaySyid A& olFlaSR 2y | NBOJA
UK, and validated through interviews, a workshop and review by relevant stakeholders. Howev
we are aware that the picture we provide is inevitably not entirely complete and accurate.

Further input is encouraged and should be addressed to the APC Electrical Energy Storage Sy
at WMG:APC_EES@warwick.ac.uk

Q E4tech 19 O WIVIG [iinnovate UKW EPSRC i
Strategy Enerii iliiiii_ . THE UNIVERSITY OF WARWICK Knowledge Transfer Network stk v



Several UK companies have the potential to supplyent*
EV battery technology
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KEY

Component / material

Process / formulation

ol 2 UK firms with
relevant capabilities

1-2 UK firms already
supplying battery industry

O/. 3-4 firms
O/. 5+ firms

Automotive
battery
pack

Module and
pack assembly

+Currenttechnology
assumed to apply until
202530

* Other options are:
LFP, NCA, LMO

** For pouch cells

Battery pack
components

—— Battery cell

Battery cell

assembly 00

Module case and
connectors

Pack case and
connectors

Thermal
management system

BMS hardware

only. Cylindrical use
coated steel or

aluminiumshells

BMS software

© E4tech
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Cell components

Anode film

Slurry mixing
and coating

Cathode film

Slurry mixing
and coating

Cell component materials

Copper foll
. Rollin

Anode active ? .
material (Graphite Milling
Anode coating pr——
solvent mix

Formulation and mixingQ
Cathode coating

solvent mix
Formulation and mixingQ

Cathode active @@
material CINMG*

Formulation, milling ando
mixing

Electrolyte solution

Lamination

Soft pacKilm**

Ceramic coated

separator
Separator coating

Materials
Copper (o]
Graphite o
NMP/aqueous
solvents 0
PVDF/CMC/SBR
binders @0

Dispersants /
Additives .O

High conductivity g
carbon

O Cobalt, Nickelg@ o
Manganese

Lithium carbonate®@O
PR and other salt®O

Organic carbonatd®O
Formulation and mixin@) Additives e
Rolling
Aluminium foil Aluminium (o)
Thin film coating
Insulating polymer .
film ©Q —— Insulating polymer
Thin film coating KI Ciand other
Separator ceramic cezramic e
coating mix Bind °
Formulation and mixingD nder
Nickel (o)

Tabs

Rolling

Knowledge Transfer Network

Extraction/
recycling Q
Extraction

Production
Production
Production

Production

Extraction

Extraction/
recyclingQ
Production

Production

Production

Extraction/
recyclingQ

Production

Production
Extraction/
recycling
Production
Extraction
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Several UK companies have the potential to supglyre * S g
KEY I Battery pack Cell components Cell component materials Materials
Component / material com ponentS i
Different component m Copper / Aluminiun: Extragtlon/
/ material I Rolling recycling (@)
Process / formulation - Anode active material Graphite / Graphen= Extraction/
Diferentprocess I Anode film Graphiteene/Si  © "] nanostructured S\ production
ormdaien Formulation, milling and NMP/aqueous @0 Production
M Alternative .. - I
I Slurry mixing mixing solvents
orlefeyaf“'fcfgsavlv;itlmes Battery cell and coating Anode coating _L I, . Production
1-2 UK firms already solvent mix Dispersants /
supplying battery indust Formulation and mixindD ISpe ®() Production
O/@ 3z+ims Battery cell : Additives
_ assembly ®© _I_ Cathode coating  _ _I. High conductivity o production
O /‘ 5+ firms solvent mix carbon
—I— Cathode film R I Formulation and mixindD _
Cathode active material — 1 O Cobalt, Nickel®@O Extraction

Automotive
battery
pack

Module and
pack assembly

+Futuretechnology
assumed to apply
beyond 202530

* M=Ni, CoMn, Al,
other metals

** For pouch cells
only. Cylindrical use
coated steel or
aluminiumshells

*** Simplified. See
current technology
map for full detail of
ceramic coated
separator

Module case and
connectors

Pack case and
connectors

Thermal
management system

BMS hardware

BMS software

(LMO/NaMO/S)*

Manganese

THE UNIVERSITY OF WARWICK

;L:jrrgor:tliﬁ;g Formulation, milling Li/Na carbonate Extraction/
and mixing Sulfur recycling
PR and other salt9O  Production
I Electrolyte solution ! ! Organic carbonat®O  Production
Formulation and mixindQ Additives .(_) Production
i Aluminium foil _I- Aluminium Extraftioné)
. recycling
Lamination Rolling
l Soft pacKilm** ! :ir;rsnulatlng polymero _I- Insulating polymer ©  Production
- - Thin film coating Microporous
!, Separator film / solid I I polymer* / ion B
electrolyte ducti I
I Separator coating I conductive polymer
Tabs - Nickel O  Extraction
| | Rolling |
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Capabilitieof UK chemical and process industry suppliers= 7
supply the battery industry (1/6)

Battery Material /

Component Firms Capabilities
technology Process
Anode Current / Graphite Phillips66 Volume supply of Petoke for
active future TalgaTechnologies Ltd synthetic graphite. Development
materials of Iarge reserves of natural
graphite
Future Graphene AppliedGraphene Materials Collaborative development with
GTech Innovation industrial partners, but also
DZP Technologies Ltd contractmanufacturing of
Graphion powders and dispersions
TalgaTechnologies Ltd
ThomasSwan & Co Ltd
William Blythe Ltd
Si nanoparticles = Nexeon Development and supply of-Si
alloys PQ Corporation basedanodemixes, advanced
WilliamRowland Ltd nanomaterials and alloys
green= already supplying into the New materials / = Epivalencd.td Collaborativedevelopment and
SRR A i L electrode Metalysis supply of materials for new
blue= already supplying but notfrom _ | concepts PV3 technologies electrode concepts
the UK, though with strong UK presence
black= UK company with relevant Anode additives = 3M

capabilities, but not yet supplying

JWMG-Innovate UKH FPSRC -
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Capabilitieof UK chemical and process industry suppliers

supply the battery industry (2/6)

ADVANCED
PROPULSION
CENTRE UK

Battery Material /

Component
P technology Process
Cathode Current / Metal oxides
active future
materials
Lithium salts
Additives
Future Advanced metal

oxides
green= already supplying into the
battery industry from the UK

blue = already supplying but not from
the UK, though with strong UK presence

black= UK company with relevant
capabilities, but not yet supplying

© E4tech

Firms

BASF

Cornish Lithium
ICoNiChenwidnes Ltd
Johnson Matthey
OxkemlLtd

William Blythe Ltd
WilliamRowland Ltd

CornishLithium
Green Lithium
LevertonLithium

TalgaTechnologies Ltd

JohnsorMatthey
PV3 Technologies

24 S WIMG

Capabilities

Volume supply of cathode mixed
metal oxides from imported
reserves based on current
formulations. Exploring domestic
reserves. Can develop and supp
advanced formulations.

Volume supply ofithium salts
from imported reserves. Explorin
domestic reserves

Volume supply of conductive
carbon

Developmentand supply of
advanced NMC and LNO
cathodes

Innovate UK

Knowledge Transfer Network
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Capabilitieof UK chemical and process industry suppliers

supply the battery industry (3/6)

ADVANCED

PROPULSION

CENTRE UK

Battery Material /

Component Firms
technology Process
Electrode Current / Binders 3M
coating Future AshlandSpecialtied td
Lubrizol
Synthomer
Solvents [ 3M
dispersants / | AshlandSpecialtied.td
additives BYKAdditives
CircaSustainableChemicals
Croda
Eastman
FineOrganicd.td
Lubrizol
ThermoFisherScientific
ThomasSwan& Coltd
o Process EngieFabricom
green= already supplying into the . . .
battery industry from the UK equipment GlacierEnergyServices
blue = already supplying but not from LabmanAutomation
the UK, though with strong UK presence
black= UK company with relevant Electrodeprinting DZPTechnologiestd
capabilities, but not yet supplying Lubrizol

o E4tech 25
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Capabilities

Volumesupplyof PVYDFCMCand
SBR binders Development of
bindersfor future chemistries

Volumesupplyof NMPandwater-
based solvents and dispersants
In-house and  collaborative
developmentand supply, as well
as contract manufacturing, of
novel dispersantsand additives
for current and future battery
chemistries

Design and manufacturing of
automated coating formulation
andprocesssystems

Developmentof thin-film printing
technologyfor future electrodes

JWMG-Innovate UKH FPSRC -

Knowledge Transfer Network




Capabilitieof UK chemical and process industry suppliers

supply the battery industry (4/6)

ADVANCED
PROPULSION
CENTRE UK

Component SR
technology

Electrolyte = Current/
future

green= already supplying into the
battery industry from the UK

blue = already supplying but not from
the UK, though with strong UK presence

black= UK company with relevant
capabilities, but not yet supplying

© E4tech

Material /
Process

Lithium salts

OrganicSolvents

Electrolyte
additives

Firms

LevertonLithium

Green Lithium
CornishLithium
OxkemLtd
ThermoFischer Scientific

Mitsubishi ChemicaCorp
Fine Organics Ltd

3M

Mitsubishi ChemicaCorp
Fine Organicktd

Lubrizol

ThermoFischer Scientific

26 WG

Capabilities

Volume supply olithium salts
from imported resources.
Exploring domestic resources.
Collaborative development and
contract manufacturing of salts
for new chemistries

Volumesupply for electrolyte
solvents for current chemistries.
Contract manufacturing of
formulations for future
chemistries

Volume supply of additives for
current chemistries. Collaborative
development and contract
manufacturing for future
chemistries

Innovate UK

Knowledge Transfer Network

EPSRC =



ADVANCED
PROPULSION
CENTRE UK

Capabilitieof UK chemical and process industry suppliers
supply the battery industry (5/6)

Battery Material /

Component Firms Capabilities
P technology Process P
Separator Current / Binder for ceramic 3M Volume supply of separators and
Future coating Ashland Specialties Ltd of binder for ceramicoated
separators
Future New separator UnifraxLauscha Collaborative development and
materials / FiberleanTechnologies manufacturingof cellulose,
concepts Lubrizol ceramic, fiberglass and polymer
DupontTeijin Films based separatorfor future
battery concepts
Current Current / Copper William Rowland Ltd Supply of high purity copper fromn
collectors Future Cornish Lithium imported resources. Exploring
domestic resources
Aluminium William Rowland Ltd Supply of higlpurity aluminium
Nickel William Rowland Ltd Supply of higipurity nickel
green= already supplying into the ICoNiChenwidnes Ltd

battery industry from the UK

blue = already supplying but not from
the UK, though with strong UK presence

black= UK company with relevant
capabilities, but not yet supplying

JWMG.Innovate UKl EPSRC EPSRC -
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Capabilitieof UK chemical and process industry suppliers= 7
supply the battery industry (6/6)

Strateg Ener

Battery Material /

Component Firms Capabilities
technology Process
Packaging @ Current/ Laminated metal DupontTeijin Films Supply of insulatingolymer film
future soft packaging that can be laminated on to
film aluminium foil
Battery cell = Current/ Manufacturing EngieFabricom Design and manufacturinaf
future automation FivesCineticCorp industrial machines, process
equipment Glacier Energy Services equipment and electronics
Current / Recycled Aurelius Technologies Development of EYattery
future materials / Axion recycling processes and supply ¢
recyclirg Biffa Waste Services recovered materials
processes
green= already supplying into the
battery industry from the UK
blue = already supplying but not from
the UK, though with strong UK presence
black= UK company with relevant
capabilities, but not yet supplying
O E4tech 28 < WWMIG Innovate UK EPSRC IS
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2. EV battery technology

3. Battery supply chain opportunity
4. Potential UK battery supply chain

A Presence of suppliers
A Specific capabilities of suppliers
A Views of suppliers

Conclusions and recommendations
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There is a high level of interest amongst UK chemical and= &7
process companies in the EV battery market

A The companies mterwevyed_ are all looking at Weare interested in understanding the
the EV battery market with interest landscape of new battery chemistry R&D

A A few are already supplying or have supplied and who in the supply chain to tallé
the battery industry internationally

A Several are currently working with battery
manufacturers / technology developers in the

UK through the Faraday Challenge We are particularly interested in

collaborative R&D projects, such as those
A Others are either planning to engage with funded bylnnovateUK

battery manufacturers or considering

conducting R&D activities

We would like to meet potential partners,
discuss the challenges ahead and look into
possible economies of scope

o E4tech S 30«———JWMG|Ian19vatfe UI(kiEPSRc B
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However there i1s a need to better understand the
requirements of the battery industry

A All companies interviewed believe that they 2S &auAtt R2yQlU KI@gS |
have relevant capabilities what we couldsupply and how EV battery
i . 5 i o chemistry will evolye over the next 22D
A .dzi + FTS¢ R2Yy QiU KIS | 3Fe@R dzy RSNEUGI YRAY 3

how exactly these may fit with current and
future battery technologies

A Some companies are learning through
collaborative R&D programmes with battery Participatingin the Faraday Challenge

manufacturers / technologdevelopers helpingusbetter understand the

A Some companies have broad capabilities (LIS @ b7 Ry

and/or can supply chemicals on a contract
basis

A Others would need to substantially invest in
R&D and production facilities We can manufacture on a contract basis but
the customer would have to pay for any R&D
work required

JWMG-Innovate UKl EPSRC EPSRC -

Knowledge Transfer Network Rese
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More confidence in the market is required for most companiés:*
to be prepared to invest

A Companies are unclear on exactly what WS el B Eoms AVEHTELIER e LU
battery technologies and markets so that we

products the battery industry will require, on could develop the right products at the right
what scale and when time

A Auto sector confidence in direction of battery
development not matched by the chemical
industry, which perceives risks

A This is a potentially big barrier to investing in UHE EallE evElo M [AreeleE [52.)]
prioritise finding uses for our existing

products that are dedicated to the battery LINE RdzO 0 3 4 2collamdativerand 2 »
market. Closeengagementeeded between with battery developers on this basis
auto and chemicals

A Given the uncertainties, chemicals companies
are looking at low risk strategies to enter the
battery supply chain. These include adapting We would prefetto developproducts that
existing products, developing new products can be sold to other industries agll
that can have multiple applications, or
conducting R&D activities danded by public
grants

c E4tech 32—
SR ——
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Time Is needed to develop new products, scale them up and™"
build the necessary manufacturing capacity

Wewould need to launch a development

A Only a few UK companies are already project with stage gates that would last a
supplying the battery industry at scale year or more. This is typically done with the
A Those who are not will need time, once the customer

business case is made, to develop new
products and the necessary production

capacity
We could replicate existing materials in a
A Typical time to market for new products in year.We could scale up new materials in
the chemical industry is in the order of 2 aroundthree years, but it would take at
years least four years for these materials be

_ _ used in commercial batteries
A Some have mulpurpose production plants

that they can use for medium production

volumes
A Others though only have pilot production We cannot currently supply at scale. We
facilities could rent facilities for mediurscale

production but anything beyond that would
be difficult to arrange

JWMG.Innovate UK EPSRC EPSRC -

Knowledge Transfer Network Rese
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The UK chemical industry perceives established suppliersto"™*
the current battery industry as hard to competath

Emulating the suppliers to Asian cell

A The general perception is that displacing manufacturers in the UK would be hard and
established suppliers who already work with S ¢2dAZ R NARA] O0SAYy3I We
large battery manufacturer@mostly in Asia) is tlasQ
difficult

A¢KS Idzi2z AYRdAdZZGNER Q& RSAANB FT2N aK2 NI SN adzL.
chains is not (yet) felt bjnost UK chemical

suppliers We see becoming suppliers to large battery

: : : . manufacturers in Asia as very difficult and
A Established suppliers benefit from having instead look to team up with )L/JK cell

amortised their production plants and from developers for collaborative R&D
technological learning

A Some think that playing catch up on current
technology is not the righgtrategy therefore

We can provide the most value to
developers of new battery technology if we
become involved in their R&D programmes

A Many indicated buildinglose partnerships
with developers of new battertechnology as

their preferred strategy, allowing them time early on (TRL-2). This would also allow us
to grow and gairtompetitive advantage over enough time to scale up production
suppliers to current battery technology
manufacturers

O Edtech 34
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D2JSNYYSyYyiQa NRP{S Ay | RRNBAEA
battery chemicals angrocessess viewed as very important

A Certainty in the UK battery market is essential To scale up we need investment, which can
to enable investment in chemical production only be attracted if the market opportunity
plants is clear enough

A In addition to support to EV adoption and
battery manufacturing, perceived risk in the
development of the chemicals and process

supply chain also needs to be addressed Government support on materials is needed

because this is not addressed by the BIC.

A Any support provided would need to last long Lack of support so far may be due to the
enough for the supply chain to reach critical perception that this is low value added
mass

We need a long term support programme,
not one that only lasts-2 years

Innovate UK EPSRC -

K Knowledge Transfer Network s
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There is a large supply chain opportunity e chemicals
industry, but barriers remain

EV batteries are a large potenti@portunity:
A UK auto industry already innovative in vehicles, modules and packs
A Faraday Challenge actively working to develop cell manufacturing in the UK
A Large scale chemical supply opportunity with strong growth fundamentals
A Chemicals supply from nearer sources than Asia is highly desirable for auto battery producer

A Some UK players are already supplying into the global EV battery industry

Importantbarriersneed to be overcome, however
A Timing and scale of ramgp unclear to many chemicals suppliers
A Battery chemistries are evolving so specific chemical and process needs are dynamic

A Supply for current battery chemistries is dominated by strong players outside UK so UK
suppliers are not yet confident to compete

o E4tech 37

BT LTI —— s e - JWMG.Innovate UI(i EPSRC -
Strategy | En o - -

KowldgT sfer Network




ADVANCED
PROPULSION

Overall, the UK chemicals and process industry has a good “™*
presence in several higher value areas, plus other opportunities

Stronger

Presence* of

Electrodebinders, solvents
and additives

Lithium salts and electrolyte
additives

Anode active materials for
both current and future
technologies: graphite,
graphene, silicon

Future cathode formulations
Future solid electrolytes

relevant UK
suppliers
. : : Current cathode materials
Mixing andcoating equipment :
Electrodefilms, electrolyte
for electrodes and separators
solvents and separators
Weaker

Lower _ Higher
Value of chemicals and

processes in EV batteries

* NB the depth of capability is not analysed here; this would be required to draw
full strategic conclusions about UK competitive advantage and areas to focus on

© E4tech 38 VWG
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RecommendationsMaintain momentum by building confiden€é
for the chemicals sector and deepening analysis to support this

Build confidencefor the UK chemical and process supply industries:

A Continue to build relationships between chemical and auto sectors and link to Faraday
Challenge to keep focus

A Include substantial engagement of chemical and process industry in second phase of Farada
Challenge (years-50)

A Engagehemicals sector in UK Battery Industrialisation Centre sgakectivities

Deepen analysito ensure that opportunities are clearly understood

A Understand howmportantthe UK presencer absence of a supply capabilitycishich are
crucial for aattery company to grow in UK, which are nimehave?

A" Y RS NA& i | ypeteniiakc®mpgtiv@ advantage in each supply area vecsuspetitors.
Should the UK specialise? What are the implications for attracting a cell manufacturer to UK*

A Assess specific UK supply opportunities for individoaipaniege.g. through collaborative
research and developmeng)to prove technical capability and business case

* A list of potential ways to extend this work is included in the appendix

JWMG.Innovate UK EPSRC EPSRC -

Knowledge Transfer Network Rese
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Next steps this report will guide development of the UK
battery and chemicals industries through continued dialogue

Strategic developmenof the battery industry and chemicals supply chain in UK:

A This work will be used to inform further development of the Faraday Challenge and ongoing
efforts to establish EV battery manufacturing in the UK

A Continued strategic engagement is invited through:

A APC Electrical Energy Storage Spoke at WMG (University of Warwick): Prof David
Greenwood, Advanced Propulsion Systehtgeenwood@warwick.ac.uk

A Chemistry Growth Partnership: Richar€arter, BASF plc. leading the CGP Supply Chain
Grouprichard.carter@basf.com

Practical supportfor stronger interaction between battery and chemicals industries:

A Partof this report can form the basis of a supplier directory if updaféa provide comments
or corrections please email the APC Electrical Energy Storage Spoke at WMG:
APC EES@warwick.ac.uk

JWMG.Innovate UI(i EPSRC -
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Interview and/or workshop participation during this study

3M United Kingdom PIlc  Cornish Lithium Ltd

FivesCineticCorp

Mitsubishi Chemical
Corporation

The Natural History Museut

AA Battery Recycling Ltd Croda
AGM Batteries Ltd GTech Innovation Ltd

Applied Graphene Material:Deep Science Ventures

Department for Internationa

Ashland Specialties UK Ltd Trade

Green Chemistry Centre of

Excellence, University of Y(NEPIC

Aurelius Technologies

AVL Powertrain UK Ltd

Deregallerd_td.

DuPont Teijin Films

ICoNiChenwidnes Ltd. Nexeon
IEE Consultancy Nissan
llikaTechnologies Ltd. OxisEnergy
Johnson Matthey Phillips66
JULABO UK Ltd Powerstar

BEIS Durham University

Beta Technology Ltd DZP Technologies Ltd.

Energy Technology

Biffa Waste Services Partnership

LabmanAutomation

LevertonLithium

PQ Corporation

PV3 Technologies

Lubrizol Advanced Material QinetiQ

RTC North / Enterprise

The University of Manchest
ThermoFisher Scientific
Thomas Swan & Co. Ltd.
University of Edinburgh
University of Kent
University of Nottingham
University of Warwick
William Blythe Ltd

William Rowland Ltd

Bitrez EngieFabricom Lubrizol Ltd Europe Network ZapGd.-td
Brunel University London Epivalencdimited M&I Materials ScotCHEM
BYK Additives Ltd Faradior_td METALYSIS TalgaTechnologies
Circa Sustainable Chemica
Ltd Fine Organics Ltd Metiscube Teesside University
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The project was informed by desk work, 18 interviews and-a™™"
well-attended workshop

Desk research

Review of EV and
battery technology
roadmaps

\

Review of EV battery
manufacturing cost
modelling and bill of
materials

J

Volume and value of
UK EV battery supply<—

Map of supply chain

—> materials and

processes

chain by component

© E4tech
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N

Workshop

KTN list of 120+

N

relevant
organisations

\

Qualitative assessment

of strengths and
opportunities

\

Workshop with ~60
chemical and process
industry companies

\

Validated qualitative
assessment of strengths
and weaknesses

%

Conclusions & P

Interviews

KTN introduction to
selected
organisations

v

Interviews with 18
battery and chemical /
process industry firms

Analysis of barriers
and enablers

recommendations
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Edtech is a strategic consultancy firm workin
strategy, energy and sustainability

A International consulting firm, offices in UK and Switzerland
A Focus on sustainable energy, transport, chemicals
A Established 1997, always independent

A Deep expertise in technology, business and strategy, market
assessment, technE O2y 2 YA O Y2RStfAy3s

A A spectrum of clients from statips to global corporation€E.g @
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