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Battery Technology
department at IFE

* Large research group working on batteries for
10 + years

* Working on a broad range of topics in the
battery value chain

* Specializing in
* Silicon-based materials as anode
* Materials, cell development and testing at R&D
scale
* Lifetime and degradation testing of commercial
battery cells
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The BATMAN project

* BATMAN - Lithium ion BATteries — Norwegian opportunities within
sustainable end-of-life MANagement, reuse and new material

streams
* Lead by EydeCluster (2019-2022)

* The main goal is to make it possible for Norwegian companies to ‘

take leading positions in the rapidly growing international battery ' ‘
g S

market
n
* The project will develop a predictive model that defines the “l-

|
L/
demand for material and secondary use/recycling volumes which ““ .‘

can be used as a strategic tool for the industry

* |FE is responsible for giving input to this model by delivering a
scientific report on LiB technology mapping
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Global battery demand

* Prediction of future battery

demands vary in amount

* Trend is the same for all
studies, exponential increase

e Estimations for 2030 vary
between 2600 — 5300 GWh

* Also expect larger increase in
stationary storage segment

GWh installed/year

CAGR, 2020-30

Other 5,292
Passenger Vehicles 37% ; —-
o B Commercial Vehicles
Commercial Vehicles % B Energy System Storage 4,264

Other 13% B Passenger Vehicles 3,402
Total 32%

2622 |
590
406
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1919 228 241
2018 2019 2020 2021 2022 2024 2025 2026 2027 2028 2029 2030

2023

Ref. Freyr presentation at Watts up!, 2021



Production of battery cells

Today, 400 GWh of cell production capacity

1600 GWh production projects are announced

Might see short-comings of battery cells in 2023/2024

Asia still dominating the production:
* >50 % will be located in China

Europe

Australia

2025 /0.2%

Europe
26 %

u.s.
20 %
China
52 %

China

56 % China

u.s. 53 %

1%

Asia
12%

Asia
9%

Source: BNEF BM|
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= 2025, Location in Russia

1 et EESL =S imehum
Production of battery cells B T
jfOCvCE microvast®
| Provastat pT—
15GWh - 5 GWh
 Several new initiatives in Europe Susnmruns
* New actors & own < con
* Freyr, Morrow, Northvolt i PO ThoBat -

* Established manufacturers setting up base in QcC

Europe s s
* Tesla, CATL, Panasonic

= 202X, Miskolc
iXGWh

16 GWh - 64 GWh

SOLT 3
°‘- ~\ - .
mnw SK innovation
20 GWh - 24 GWr \_——Gw’- . =
2028, vancsa 30 GWh
SAMSUNG

* Often strategic alliances between battery
producers and car manufacturers/OEMs

= 2018, God
25GWh - 15 Gwn

o ITALVOLT

e Current manufacturing capacity in Europe B e e W s Faan U VARTA
is 26 GWh D o Soteomad \ BN .
* Expected to increase to 500 GWh by 2030 Bonom

Source: CIC energiGUNE



Battery cells and battery components
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*_ Anode Cam:&
e Electrolyte ?‘

Li-ions Graphene

layers

structure

Al current collector

Q

Solvent
molecule

Raw materials going into the anode and

* Lithium
Cobalt
Nickel

Manganese
Graphite

Electrolyte
Separator

Current collectors
* Aluminium
* Copper
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Lithium

* 50 % of global market used for LIBs

e Overall ok supply, but highly concentrated
geographically

Li-ion raw materials

* Focusing on most critical and high volume

elements: * Cobalt
* 37% of all Co is used in batteries
c&;;;:;r Cobailt * Global production concentrated around Congo, EU
132kg resources come from Russia
ifiiiin * General trend to reduce the Co-amount in cathodes
o . Nickel
* Mostly mined for the stainless steel industry, expected
Graphite 25 % in battery sector by 2030
Manga:ese T * Increasing demand for cathodes with higher Ni content
123kg
. e Carbon
Nickel .
Source: GTK 132kg * Graphite has 91 % of anode share:

* artificial graphite —increasing share

Based on 300 kWh EV (public transport) battery pack - NMC « natural graphite
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Future needs raw materials

Lithium (LCE) Mickel Manganese

x1.2 Y

19,100

* For all chemistries, Li demand is

expected to increase 274 1,469

22,600

* Even with focus on less cobalt in I
cathode, Co demand will increase @

* Class-1 high purity Ni 24 times
increase

e QOverall Ni-demand will increase |
128

* New gigafactories will require
direct supply of raw materials
* Mapping and mining activities will
need to ramp up at same speed 2018 2030 2018 2030

229

2018 2030

Source: McKinsey analysis 2019



Cathodes

* Li-ion batteries are mainly classified according to
the cathode material in use

5.
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Source: N. Nitta et al. Materials, 2015
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LCO:

* First commercialized cathode

* Leading cathode material in portable electronics
* Usedin some small EVs

« LFP:

* Low energy density, not widely used in EVs today
» Safe and sustainable

NMC:

* Preferred cathode for most EV batteries

* Higher capacity and lower cost than LCO

* Changing composition to reduce Co amount and increase
Ni amount

* Evolution: NCM111-NMC532-NMC622-NMC811-NMC955

NCA:

e High capacity and calendar life

LMO:

* Lower capacity, but high power density

* Often mixed with NMC (blend) to get both longer range
and power properties

LNMO:
* High voltage, Mn rich
* Challenges with cycle life and thermal stability
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Future battery chemistries

Cathodes L . I -
Summarizing the different scenarios
for cathode development to 2030:

* General increase in Ni-content:

* NMC-pathway
* NCA approach
e Different LFP scenarios between the
reports I I

* LMO and LCO demand expected to

BNEF Xul Xuz2 Far BNEF Xul Xu2 BNEF Far BNEF Xul Xu2
decrease L Il I I 1
2020/2021 2022 2026 2030
* Most agree that the demand for /
NMC cathodes will increase LMO NMCA NCA90 m NCA NMC9.5.5
* Will go towards NCM 811/9.5.5 NMC811 NMC622 m NMC532 mNMC111 W LFP

Expected developments of the market share of different battery chemistries. A summary combing reports from most
recent reports from BNEF, Xu et al. and the Faraday institute. BNEF includes all types of batteries, while Xu and Faraday
only include EV batteries. Xul refers to a scenario with increased focus on LFP, Xu2 to a more standard scenario



Anodes

e Commercial anodes concentrated around two

anode chemistries:

* Carbon
* Pure carbon (graphite)
e Carbon + small amount of silicon (oxide)

* LTO (Li,TicOy,)

205

051
0. |

0 100 200 300 400 1000 2000 3000 4000
Specific Capacity (mAhg")

Source: N. Nitta et al. Materials, 2015
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* Graphite:
* Main anode for LIBs for 20 years, and will continue to
be main element in foreseeable future
* Combines low cost with good cycle life

* LTO:
* More expensive than graphite
* Used in niche markets where power density, high cycle
life is necessary and lower capacity is not an issue

* Si/C:
* SiOx/Si/C
* Silicon is added to boost the capacity
* To increase fraction of Si, expansion issues needs to be
overcome

IFE



Electrolyte developments

* Large research focus on replacing the
commercial liquid electrolyte with solid-
state electrolyte

* Will increase energy density of
batteries and enable disruptive
technologies

1. Inorganic solid electrolyte
2. Polymer solid electrolyte

* Some OEMs (e.g. Volkswagen) have a
defined roadmap towards solid-state
electrolytes

* Implementation after 20257

Conventional Liquid Battery

Anode Current
Collector

® @,
(4 <)

..:....
()

Graphite / Silicon
Anode

®,
0o0e0

Liquid Electrolyte

() 10 %0%0%:%0%0%:%026%0%:®

(-;-'-'é;':g:g.'g D.é Porous Separator

Sessss

808%08000@080 Cathode Active

O B N B S

020202020202 o

B S S S N S Liquid Electrolyte

0868936888580

OD 0070 OQQ © Cathode Current
Collector
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QuantumScape Solid-State Battery

Discharged

(as manufactured)

Charged

Anode Current Collector

O I Lithium-Metal
.
(2] Solid-State Separator
Cathode Active
Catholyte

Cathode Current Collector

Anode-free Manufacturing Solid-State Separator Lithium-Metal Anode

Ceramic electrolyte with high
dendrite resistance

High-rate cycling of a lithium-
metal anode

Ancde-free cell design with

lithium plated during charge
cycles

Source: Source: Quantumscape, 2021
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Batteries: from cell to
system level

* Variations in cell type
e Pouch cell
e Prismatic cell
e Cylindrical cell

30
’ =
« Market not dominated by one cell type 7
% 200
* Moving from cell to system level (adding cooling g 150 i =
systems, casings, BMS) will reduce the energy £ 1w ‘ -
density &
* Variations depending on cell type S0
0

Pouch-Bag, Prismatic Cylindrical

Source: Lébberding et al., World Electric Vehicle Journal



Beyond Li-ion

* Possible emerging battery * Generally considered that LiB will
technologies: outperform close-to-market
« Lithium-metal technologies in next 10-20 years
* Including Li-sulfur and lithium air * Na-ion potential candidate if safety
 Sodium-ion is improved and price reduction of

LIB is slowing down

Zn and Zn-air
Redox-flow batteries

Need solid state electrolytes to
be implemented




“Anode-free”

LONG-TERM

Ll AR

! 4 ‘ymer » N\
Hé&inor%ancelectrol e

Lithium composites . (incl. hybrid systems) =

* Mid-term future: Graphite / i
e Carbon will remain main anode material Graphite / Si(O)

Future battery chemistries

_ Non-flammable Sulfur
liquid electrolyte/ionic

* Introduction of more silicon | liquids r
* NMC is main cathode material ey Non-flammable |
: . . liquid organic
* Trending towards higher Ni-content “electrolyte MID-TERM

* NCA and LMNO are also potential candidates FUTURE

* Electrolyte will remain liquid

* Long-term future:
* Solid state electrolyte
 Lithium-metal

Source: Passerini et al., Journal of Power Sources, 2020
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Material

Refining synthesis

Reuse vs. recycling S Y S —

material

* Reuse/2nd life has to be considered before AN
recycling step

* End-of-life of EV batteries is normally defined at Recovery
80 % of initial capacity o & 2]
f].\ Reuse ‘
* Some pilot cases of 2nd use already in use - | -~ secondary use
. . . e Recondition 1
* Used for stationary storage combined with PV panels Waste G |
* Currently not implemented with EoL batteries © recycle e
* Requires more research on diagnostics of SoH, safety, O oowncyce e
technoeconomic assessment and LCA 1
e Recovery i
G Waste

Source: Zaghib et al., Materials, 2020



Recycling potential

* Some battery materials might be
dependent on recycling

* Recycling potential of Li, Co and Ni

expected to increase greatly
* Different chemistry scenarios

* Major output of the BATMAN project to
evaluate the recycling potential in

Norway
* Material demand and recycling volumes
by MFA

Cumulative primary demand (Mt)

|
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40
Cobalt

NCX LFP Li-S/Air

STEP scenario

without recycling With recycling

SD scenario . .
without recycling With recycling
100% BEV (110 kWh) Known
100% PHEV (10 kWh) ICSCIVES

Source: Xu et al., Communications Materials, 2020

e
C



Recycling potential

* Some battery materials might be
dependent on recycling

* Recycling potential of Li, Co and Ni

expected to increase greatly

* Different chemistry scenarios

* Second use will postpone the time of
recycling

* Major output of the BATMAN project to
evaluate the recycling potential in

Norway

* Material demand and recycling volumes
by MFA

80%

70%

60%

50%

40%

30%

20%

10%

0%
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1

NCX

= 2020-2029
12030-2039
= 2040-2050

® Li metal in 2040-2050
® Reduction by second-use

4 .
LFP  Li-S/Air
Lithium

1 |
ERERD

NCX LFP Li-S/Air| NCX LFP  Li-S/Air
Cobalt Nickel

Source: Xu et al., Communications Materials, 2020



Summary

* |ncreased need for raw material with estimated

future battery demand
* Mining + recycling efforts necessary

* Chemistries

* Cathode:
* NMC is main cathode: reduce Co, increase Ni
* NCA and LMNO possible alternatives
* Anode:
* Graphite main component, progress on implementing higher
Si content
* Electrolyte:
* Solid state electrolytes gain market share 2025-2030
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Thank you for your attention!
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