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“The battery is the technology of our time."” - The Economist

The Battery Report summarizes what we consider to be the most significant developments in the battery industry in 2024. This
annual report seeks to provide a comprehensive and accessible overview of the current state of battery industry, research,
talent, and policy. We hope to catalyze in-depth conversations on the state of batteries and its trajectory into the future.

We Consider The Following Key Dimensions In Our Report:
Commercial milestones in battery development and manufacturing
2 ACADEMIA | Academic breakthroughs in fundamental battery science
3 TALENT | Supply, demand, and insights on talent working in the field
4 POLICY | Government targets, incentives, regulations, and their implications

5 PREDICTIONS | Trends we believe are likely to happen in the next 12 months

Disclaimer: The views expressed herein are solely those of the authors, and have not been reviewed or approved by any other organization, agency, employer or company. The primary purpose of this work is to educate and inform. The Content is for entertainment and informational
purposes only and you should not construe any such information as investment, financial, or other advice. Data and information is from publicly available sources and often self-reported by the companies. The authors declare no conflicts of interest in producing this report.
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| OVERVIEW

Industry Summary

2024 marked a year of continued growth and adaptation in the global battery industry. Global XEV sales climbed 25% to 17.7M units, with BEV demand up 14% while PHEV
demand surged 50%. For the first time, BEVs in China have reached price parity with fossil vehicles. This milestone comes as China continues to lead the world in EV market penetration,
with XxEVs accounting for 45% of new car sales. Automakers globally are adapting their strategy, with Chinese automakers expanding into Europe and the Global South, while some
traditional OEMs cut back on EV targets and investments. The 'BESS Decade' continues to gain momentum with 55% year-on-year growth. Battery Energy Storage Systems (BESS) now
account for 15% of total battery deployments, up from 7% in 2020, highlighting its rapid adoption. New BESS installations in 2024 alone contributed over 45% of the current cumulative
global capacity of 150 GW / 363 GWh, underscoring BESS's significance as one of the most promising and fast-growing sectors in the battery industry landscape.

Battery prices at the pack level saw the largest drop since 2017, improving 20% from 2023 to a record low of $115/kWh. Global battery manufacturing capacity increased from 1.05 TWh to
1.45 TWh in 2024. Overcapacity across the battery supply chain drove cell prices to the unsustainably low level of $50/kWh for China-made LFP cells, resulting in involutionary
competition and investment pullback. New Chinese industrial policy aimed at phasing out low-quality capacity added further pressure. For battery producers navigating this challenging
pricing environment, current strategic focus include cost reduction, technological innovation, vertical integration, and diversification into overseas markets in search of higher profit
margins. China continues to dominate the supply chain, owning >80% of key cell components and cells.

The battery investment landscape in 2024 slowed, with fewer VC/PE deals due to higher interest rates and geopolitical tensions. While growth was supported by significant debt raises
and government funding—such as Northvolt ETT AB's €5 billion green offering and the US DOE’s $9.6 billion loan to BlueOval SK—the bankruptcy of Northvolt highlighted risks in the
sector, dampening investor confidence. Public market performance was mixed, with established battery OEMs benefiting from new product launches, while shares in EV startups,
charging infrastructure, and lithium companies underperformed. The US DOE supported the sector by investing over $3 billion into 25 projects to bolster domestic battery production and
supply chains in the United States.

Emerging technology trends in 2024 include the introduction of medium-nickel high-voltage NMC and high-compaction-density LFP cathodes. Significant strides were made in the
commercialization of dry electrode processing, LxFP, engineered silicon, and pre-lithiated anodes, all aimed at improving energy density, cost, and safety. Alternative cell chemistries,
such as Na-ion, solid-state batteries (SSB), sulfur, and Li-metal, also progressed toward commercialization. Notably, sodium-ion and semi-solid state products, primarily developed by
Chinese manufacturers, are now being integrated into commercial EVs and BESS systems.

Novel use cases such as EVTOL, marine, and data centers are achieving higher levels of technical readiness. Notably, artificial intelligence (Al) is quickly being deployed across the entire
value chain from materials discovery to fleet data analytics to accelerate the advancement of these technologies and is emerging as a new focus for commercial R&D and entrepreneurial
energy in the space.
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| OVERVIEW

Industry Value Chain
Finance
Costs
Cell & Pack Manufacturing
Applications
Electric Vehicles (EV)
Battery Energy Storage Systems (BESS)

Other
Safety
Legal
Chemistry
Cathode
Anode
Electrolyte & Separator
Solid State

Lithium - Sulphur
Non-Lithium Chemistries
Supply Chain & Raw Materials
Recycling & Reuse
Software
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| NOTABLE EVENTS | JANUARY

Notable Events January

4O

northvolt P RIVIAN cALB

BYD breaks ground on Northvolt raises $5B debt Rivian hires Jonas Reinke, CALB announces plan to build a
$1.4B Na-ion battery plantin | financing to enable expansion of ex-Porsche and Apple, to help $2.2B Li-ion battery factory in
Xuzhou, China. first circular gigafactory in the launch R2 and R3 EV platforms. Portugal.
western world.
WEEK 1 WEEK 2 WEEK 3 WEEK 4

Chile forms state-controlled entity
with SQM to control domestic lithium
production.

2 e

Source: Volta Foundation’s This Week in Batteries Newsletter

Norwegian parliament approves legislation
that allows companies to apply for permits to
prospect for minerals across 280,000 km? of
Norway's continental shelf in the Arctic.

NASA and Archer Aviation partner on
advanced battery tech for eVTOLs.

@ f.\ ARCHER
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https://electrek.co/2024/01/22/rivian-porsche-apple-vet-r2-r3-evs/
https://electrek.co/2024/01/22/rivian-porsche-apple-vet-r2-r3-evs/
https://electrek.co/2024/01/22/rivian-porsche-apple-vet-r2-r3-evs/
https://electrek.co/2024/01/05/byd-breaks-ground-first-sodium-ion-ev-battery-plant/
https://electrek.co/2024/01/05/byd-breaks-ground-first-sodium-ion-ev-battery-plant/
https://www.energy-storage.news/chile-forms-state-controlled-entity-with-sqm-to-control-domestic-lithium-production/
https://www.energy-storage.news/chile-forms-state-controlled-entity-with-sqm-to-control-domestic-lithium-production/
https://www.energy-storage.news/chile-forms-state-controlled-entity-with-sqm-to-control-domestic-lithium-production/
https://www.axios.com/2024/01/22/nasa-archer-aviation-battery-technology
https://www.axios.com/2024/01/22/nasa-archer-aviation-battery-technology
https://northvolt.com/articles/northvolt-financing-january2024/
https://northvolt.com/articles/northvolt-financing-january2024/
https://northvolt.com/articles/northvolt-financing-january2024/
https://northvolt.com/articles/northvolt-financing-january2024/
https://www.barrons.com/news/china-s-calb-wants-lithium-battery-factory-in-portugal-483cf320
https://www.barrons.com/news/china-s-calb-wants-lithium-battery-factory-in-portugal-483cf320
https://www.barrons.com/news/china-s-calb-wants-lithium-battery-factory-in-portugal-483cf320
https://fortune.com/europe/2024/01/13/norway-deep-sea-mining-environment-ev-makers-green-transition/
https://fortune.com/europe/2024/01/13/norway-deep-sea-mining-environment-ev-makers-green-transition/
https://fortune.com/europe/2024/01/13/norway-deep-sea-mining-environment-ev-makers-green-transition/
https://fortune.com/europe/2024/01/13/norway-deep-sea-mining-environment-ev-makers-green-transition/

| NOTABLE EVENTS | FEBRUARY

Notable Events February

) L

chilee Y @LGChem [0 = L
UK EV registrations reach Volkswagen to invest $1.8B more LG Chem signs $19B cathode BYD launches $15,000 EV with
TMM sold, sales for the in Brazil over the next five years. supply agreement with GM. 48 kWh pack, kicking off price
month rose 21%. war with fossil cars.

WEEK 1 WEEK 2 WEEK 3 WEEK 4

Cirba Solutions and EcoPro sign
MOQOU to produce pCAM and CAM in
North America.

| @éﬁmicns EcoPro

Source: Volta Foundation’s This Week in Batteries Newsletter

China forms Solid State Battery consortium
with 200+ members including CATL, BYD,
CALB, EVE Energy, Gotion, government
agencies, universities, research institutes, and
capital partners to drive commercialization of

SSBs by 2030.

CATL

S4'w'D EVE

ACC secures financing for three
European factories worth €4.4B.

Qcc
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https://www.detroitnews.com/story/business/autos/general-motors/2024/02/07/gm-lg-chem-establish-19-billion-battery-supply-deal/72508406007/
https://www.detroitnews.com/story/business/autos/general-motors/2024/02/07/gm-lg-chem-establish-19-billion-battery-supply-deal/72508406007/
https://www.reuters.com/business/autos-transportation/uks-new-car-registrations-up-nearly-8-january-smmt-2024-02-05/
https://www.reuters.com/business/autos-transportation/uks-new-car-registrations-up-nearly-8-january-smmt-2024-02-05/
https://www.reuters.com/business/autos-transportation/uks-new-car-registrations-up-nearly-8-january-smmt-2024-02-05/
https://www.cirbasolutions.com/cirba-solutions-and-ecopro-innovating-the-closed-loop-circular-battery-economy/
https://www.cirbasolutions.com/cirba-solutions-and-ecopro-innovating-the-closed-loop-circular-battery-economy/
https://www.reuters.com/business/autos-transportation/volkswagen-add-18-bln-brazil-investment-plan-local-media-2024-02-01/
https://www.reuters.com/business/autos-transportation/volkswagen-add-18-bln-brazil-investment-plan-local-media-2024-02-01/
https://electrek.co/2024/02/19/byd-launches-15k-qin-plus-ev-kicking-off-price-war-gas-cars/
https://electrek.co/2024/02/19/byd-launches-15k-qin-plus-ev-kicking-off-price-war-gas-cars/
https://electrek.co/2024/02/19/byd-launches-15k-qin-plus-ev-kicking-off-price-war-gas-cars/
https://asia.nikkei.com/Business/Technology/CATL-BYD-others-unite-in-China-for-solid-state-battery-breakthrough
https://asia.nikkei.com/Business/Technology/CATL-BYD-others-unite-in-China-for-solid-state-battery-breakthrough
https://asia.nikkei.com/Business/Technology/CATL-BYD-others-unite-in-China-for-solid-state-battery-breakthrough
https://asia.nikkei.com/Business/Technology/CATL-BYD-others-unite-in-China-for-solid-state-battery-breakthrough
https://asia.nikkei.com/Business/Technology/CATL-BYD-others-unite-in-China-for-solid-state-battery-breakthrough
https://asia.nikkei.com/Business/Technology/CATL-BYD-others-unite-in-China-for-solid-state-battery-breakthrough
https://www.bloomberg.com/news/articles/2024-02-08/mercedes-stellantis-battery-venture-raises-4-4-billion-in-debt-from-banks
https://www.bloomberg.com/news/articles/2024-02-08/mercedes-stellantis-battery-venture-raises-4-4-billion-in-debt-from-banks

| NOTABLE EVENTS | MARCH

Notable Events March

= K. QN0 CATL =D

BYD sales in India are up SK On announces plans to launch Nio and CATL partner to BYD launched ultra low-cost
314%, launches luxury EV in mass production of LFP batteries co-develop longer life batteries. ($9.7K) EV powered by 30 kWh of
India's market. from 2026. LFP Blade batteries.

WEEK 1 WEEK 2 WEEK 3
Volvo Cars' European EV sales grew Rivian postpones $5B EV factory
31% y/oly. construction in Georgia.

<.,.....; RIVIAN

Source: Volta Foundation’s This Week in Batteries Newsletter

WEEK 4

Renault to offer remanufactured drives

and batteries in after-sales with plans for
customers to be able to choose between
new original parts and remanufactured

components.
@RINAUL‘T


https://www.reuters.com/business/autos-transportation/china-ev-maker-nio-has-completed-40-million-battery-swaps-so-far-2024-03-14/
https://www.reuters.com/business/autos-transportation/china-ev-maker-nio-has-completed-40-million-battery-swaps-so-far-2024-03-14/
https://www.bloomberg.com/news/articles/2024-03-05/china-s-byd-brings-49-400-sedan-to-india-s-budding-ev-market
https://www.bloomberg.com/news/articles/2024-03-05/china-s-byd-brings-49-400-sedan-to-india-s-budding-ev-market
https://www.bloomberg.com/news/articles/2024-03-05/china-s-byd-brings-49-400-sedan-to-india-s-budding-ev-market
https://www.reuters.com/business/autos-transportation/volvo-cars-february-sales-volume-down-2-year-on-year-2024-03-05/
https://www.reuters.com/business/autos-transportation/volvo-cars-february-sales-volume-down-2-year-on-year-2024-03-05/
https://www.electrive.com/2024/03/21/renault-to-offer-remanufactured-drives-and-batteries-in-after-sales/
https://www.electrive.com/2024/03/21/renault-to-offer-remanufactured-drives-and-batteries-in-after-sales/
https://www.electrive.com/2024/03/21/renault-to-offer-remanufactured-drives-and-batteries-in-after-sales/
https://www.electrive.com/2024/03/21/renault-to-offer-remanufactured-drives-and-batteries-in-after-sales/
https://www.electrive.com/2024/03/21/renault-to-offer-remanufactured-drives-and-batteries-in-after-sales/
https://www.just-auto.com/news/sk-on-to-mass-produce-lfp-batteries/
https://www.just-auto.com/news/sk-on-to-mass-produce-lfp-batteries/
https://www.just-auto.com/news/sk-on-to-mass-produce-lfp-batteries/
https://electrek.co/2024/03/22/byds-new-ev-starting-under-10000-stoking-fear-rivals/
https://electrek.co/2024/03/22/byds-new-ev-starting-under-10000-stoking-fear-rivals/
https://electrek.co/2024/03/22/byds-new-ev-starting-under-10000-stoking-fear-rivals/
https://www.nytimes.com/2024/03/07/business/economy/rivian-georgia-factory.html
https://www.nytimes.com/2024/03/07/business/economy/rivian-georgia-factory.html

| NOTABLE EVENTS | APRIL

Notable Events April

@ LG Energy Solution [Qii_'n

LGES and General Motors

34O

BYD announces plans to launch

joint venture begins
production at 2nd US
battery plant in Tennessee.

WEEK 1

CATL launches new Tianxing battery
with 1 million mile warranty and

15-year service life.

CATL

next-gen Blade battery this year,
improving the specific energy
density (SED) from 140 Wh/kg to
190 Wh/kg for LFP.

WEEK 2

CATL

Source: Volta Foundation’s This Week in Batteries Newsletter

CATL unveils a ‘five-year zero degradation’
"TENER" stationary storage battery with 430
Wh/L LFP cells and 6 MWh total capacity.

AM3

AM BATTE

AM Batteries and Zeon partner
to develop dry battery electrode
with novel binders.

WEEK 3

@ LG Energy Solution

LGES to license out battery
patents to block tech
infringement.

WEEK 4

CATL unveils Shengxing PLUS LFP
battery at 205 Wh/kg, capable of
charging at 4C with "1,000 km range”.

CATL
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https://finance.yahoo.com/news/am-batteries-tokyo-based-zeon-140000380.html
https://finance.yahoo.com/news/am-batteries-tokyo-based-zeon-140000380.html
https://finance.yahoo.com/news/am-batteries-tokyo-based-zeon-140000380.html
https://www.koreatimes.co.kr/www/tech/2025/01/129_371923.html
https://www.koreatimes.co.kr/www/tech/2025/01/129_371923.html
https://www.koreatimes.co.kr/www/tech/2025/01/129_371923.html
https://www.koreatimes.co.kr/www/tech/2025/01/129_371923.html
https://www.webpronews.com/catl-unveils-revolutionary-million-mile-battery-transforming-electric-vehicle-landscape/
https://www.webpronews.com/catl-unveils-revolutionary-million-mile-battery-transforming-electric-vehicle-landscape/
https://www.webpronews.com/catl-unveils-revolutionary-million-mile-battery-transforming-electric-vehicle-landscape/
https://www.catl.com/en/news/6239.html
https://www.catl.com/en/news/6239.html
https://www.catl.com/en/news/6239.html
https://carnewschina.com/2024/04/08/byds-2nd-generation-blade-battery-to-launch-this-year/
https://carnewschina.com/2024/04/08/byds-2nd-generation-blade-battery-to-launch-this-year/
https://carnewschina.com/2024/04/08/byds-2nd-generation-blade-battery-to-launch-this-year/
https://carnewschina.com/2024/04/08/byds-2nd-generation-blade-battery-to-launch-this-year/
https://carnewschina.com/2024/04/08/byds-2nd-generation-blade-battery-to-launch-this-year/
https://www.reuters.com/technology/lg-energy-solution-license-out-battery-patents-block-tech-infringement-exec-says-2024-04-24/
https://www.reuters.com/technology/lg-energy-solution-license-out-battery-patents-block-tech-infringement-exec-says-2024-04-24/
https://www.reuters.com/technology/lg-energy-solution-license-out-battery-patents-block-tech-infringement-exec-says-2024-04-24/
https://www.catl.com/en/news/6232.html
https://www.catl.com/en/news/6232.html
https://www.catl.com/en/news/6232.html

| NOTABLE EVENTS | MAY

Notable Events May

PN
@SES & | v 6.4' rTen
SES and Hyundai-Kia South Korea plans $7B push to Lyten begins shipping The Biden administration hikes tariffs
move forward to B Sample pivot EV battery industry away lithium-sulfur A sample cells to on selected Chinese imports, including
qualification phase. from China. automotive OEMs, including tariff on EV duties jumping to 102.5%
Stellantis and others. from 27.5%.
WEEK 1 WEEK 2 WEEK 3 WEEK 4
Factorial and LG Chem sign MOU to lon Storage Systems commissions one of GM invests $390MM Tulip Innovation launched a
develop SSBs. the largest SSB manufacturing facilities in in Kansas for new licensing program
the United States. next-gen Chevy Bolt aggregating patents related to
EV production. lithium-ion battery technology
4] from LG Energy Solution, Ltd.
Fac[glrial @ LG Chem |0 N m (LG Energy Solution) and
g_ Panasonic Energy.

» TULIP

Source: Volta Foundation’s This Week in Batteries Newsletter


https://www.businesswire.com/news/home/20240508725679/en/Lyten-Ships-Lithium-Sulfur-Battery-A-Samples-for-Automotive-Consumer-Electronics-and-Military-Customer-Evaluation
https://www.businesswire.com/news/home/20240508725679/en/Lyten-Ships-Lithium-Sulfur-Battery-A-Samples-for-Automotive-Consumer-Electronics-and-Military-Customer-Evaluation
https://www.businesswire.com/news/home/20240508725679/en/Lyten-Ships-Lithium-Sulfur-Battery-A-Samples-for-Automotive-Consumer-Electronics-and-Military-Customer-Evaluation
https://www.businesswire.com/news/home/20240508725679/en/Lyten-Ships-Lithium-Sulfur-Battery-A-Samples-for-Automotive-Consumer-Electronics-and-Military-Customer-Evaluation
https://www.theinformation.com/articles/the-electric-in-a-deal-with-hyundai-ses-widens-lithium-metal-lead
https://www.theinformation.com/articles/the-electric-in-a-deal-with-hyundai-ses-widens-lithium-metal-lead
https://www.theinformation.com/articles/the-electric-in-a-deal-with-hyundai-ses-widens-lithium-metal-lead
https://finance.yahoo.com/news/factorial-lg-chem-sign-mou-120000465.html
https://finance.yahoo.com/news/factorial-lg-chem-sign-mou-120000465.html
https://www.teslarati.com/gm-chevy-bolt-ev-production-investment/
https://www.teslarati.com/gm-chevy-bolt-ev-production-investment/
https://www.teslarati.com/gm-chevy-bolt-ev-production-investment/
https://www.teslarati.com/gm-chevy-bolt-ev-production-investment/
https://www.wsj.com/business/south-korea-plans-7-billion-push-to-pivot-ev-battery-industry-away-from-china-1fa1f189
https://www.wsj.com/business/south-korea-plans-7-billion-push-to-pivot-ev-battery-industry-away-from-china-1fa1f189
https://www.wsj.com/business/south-korea-plans-7-billion-push-to-pivot-ev-battery-industry-away-from-china-1fa1f189
https://www.whitehouse.gov/briefing-room/statements-releases/2024/05/14/fact-sheet-president-biden-takes-action-to-protect-american-workers-and-businesses-from-chinas-unfair-trade-practices/
https://www.whitehouse.gov/briefing-room/statements-releases/2024/05/14/fact-sheet-president-biden-takes-action-to-protect-american-workers-and-businesses-from-chinas-unfair-trade-practices/
https://www.whitehouse.gov/briefing-room/statements-releases/2024/05/14/fact-sheet-president-biden-takes-action-to-protect-american-workers-and-businesses-from-chinas-unfair-trade-practices/
https://www.whitehouse.gov/briefing-room/statements-releases/2024/05/14/fact-sheet-president-biden-takes-action-to-protect-american-workers-and-businesses-from-chinas-unfair-trade-practices/
https://www.prnewswire.com/news-releases/ion-storage-systems-commissions-one-of-the-countrys-largest-solid-state-battery-manufacturing-facilities-302136731.html
https://www.prnewswire.com/news-releases/ion-storage-systems-commissions-one-of-the-countrys-largest-solid-state-battery-manufacturing-facilities-302136731.html
https://www.prnewswire.com/news-releases/ion-storage-systems-commissions-one-of-the-countrys-largest-solid-state-battery-manufacturing-facilities-302136731.html
https://www.businesswire.com/news/home/20240530193743/en/Tulip-Innovation-Launches-New-Patent-Licensing-Program-based-on-LG-Energy-Solution-and-Panasonic-Energy-Lithium-Ion-Battery-Technologies
https://www.businesswire.com/news/home/20240530193743/en/Tulip-Innovation-Launches-New-Patent-Licensing-Program-based-on-LG-Energy-Solution-and-Panasonic-Energy-Lithium-Ion-Battery-Technologies
https://www.businesswire.com/news/home/20240530193743/en/Tulip-Innovation-Launches-New-Patent-Licensing-Program-based-on-LG-Energy-Solution-and-Panasonic-Energy-Lithium-Ion-Battery-Technologies
https://www.businesswire.com/news/home/20240530193743/en/Tulip-Innovation-Launches-New-Patent-Licensing-Program-based-on-LG-Energy-Solution-and-Panasonic-Energy-Lithium-Ion-Battery-Technologies
https://www.businesswire.com/news/home/20240530193743/en/Tulip-Innovation-Launches-New-Patent-Licensing-Program-based-on-LG-Energy-Solution-and-Panasonic-Energy-Lithium-Ion-Battery-Technologies
https://www.businesswire.com/news/home/20240530193743/en/Tulip-Innovation-Launches-New-Patent-Licensing-Program-based-on-LG-Energy-Solution-and-Panasonic-Energy-Lithium-Ion-Battery-Technologies
https://www.businesswire.com/news/home/20240530193743/en/Tulip-Innovation-Launches-New-Patent-Licensing-Program-based-on-LG-Energy-Solution-and-Panasonic-Energy-Lithium-Ion-Battery-Technologies

| NOTABLE EVENTS | JUNE

Notable Events June

VENUE E.VE Energy

China plans $845MM Verkor secures more than $1.4B in EnerVenue set to raise $515MM EVE Energy launched cylindrical cells
investment to develop SSBs green loans to complete its plant in for Ni-H batteries. with 6C charge rate.
in a government-led project. northern France.
WEEK 1 WEEK 2 WEEK 3 WEEK 4
Geely presents improved "Short BMW cancels $2B battery cells contract Gotion and InoBat to build $1.29B

Blade" LFP battery. with Northvolt.

GEELY @ northvolt

Source: Volta Foundation’s This Week in Batteries Newsletter

Slovakia EV battery plant.

® Gotion TNOBaLl


https://techcrunch.com/2024/06/07/novel-battery-manufacturer-enervenue-is-raising-515m-per-filing/
https://techcrunch.com/2024/06/07/novel-battery-manufacturer-enervenue-is-raising-515m-per-filing/
https://www.reuters.com/world/china/china-invest-more-than-830-mln-solid-state-battery-research-source-2024-05-29/
https://www.reuters.com/world/china/china-invest-more-than-830-mln-solid-state-battery-research-source-2024-05-29/
https://www.reuters.com/world/china/china-invest-more-than-830-mln-solid-state-battery-research-source-2024-05-29/
https://www.electrive.com/2024/06/29/geely-presents-improved-lfp-battery/
https://www.electrive.com/2024/06/29/geely-presents-improved-lfp-battery/
https://www.reuters.com/business/autos-transportation/chinas-gotion-partner-inobat-build-slovakia-ev-battery-plant-2024-06-20/
https://www.reuters.com/business/autos-transportation/chinas-gotion-partner-inobat-build-slovakia-ev-battery-plant-2024-06-20/
https://www.bloomberg.com/news/articles/2024-05-24/battery-startup-secures-another-1-3-billion-for-plant-in-france?srnd=green-new-energy
https://www.bloomberg.com/news/articles/2024-05-24/battery-startup-secures-another-1-3-billion-for-plant-in-france?srnd=green-new-energy
https://www.bloomberg.com/news/articles/2024-05-24/battery-startup-secures-another-1-3-billion-for-plant-in-france?srnd=green-new-energy
https://www.electrive.com/2024/06/20/eve-energy-presents-round-cells-with-6c-charge-rate/
https://www.electrive.com/2024/06/20/eve-energy-presents-round-cells-with-6c-charge-rate/
https://www.reuters.com/business/autos-transportation/bmw-cancels-2-bln-contract-with-northvolt-says-handelsblatt-2024-06-20/
https://www.reuters.com/business/autos-transportation/bmw-cancels-2-bln-contract-with-northvolt-says-handelsblatt-2024-06-20/

| NOTABLE EVENTS | JULY

Notable Events July

@

— Ly ADDIONICS

Volkswagen announces BYD to build $1B EV plant in Addionics raises $39MM in its Turkey announces $5B for the
plan to invest up to $5B in Turkey, which will be able to Series B round led by GM production of electric vehicles and
Rivian starting with an initial produce 150,000 electric and Ventures. $4.5B for battery production.
investment of $1B. hybrid vehicles annually.

WEEK 1 WEEK 2 WEEK 3 WEEK 4

Sila Nanotechnologies raises
$375MM in a Series G round led by
Sutter Hill Ventures.

* Sila

Source: Volta Foundation’s This Week in Batteries Newsletter

Peak Energy raises $55MM Series-A to
scale up production of Na-ion batteries.

PEAIK ENERGY

LGES announces new 4680 line in South
Korea, to begin mass production in
Q3/Q4 with 8 GWh capacity.

& LG Energy Solution
9y


https://www.reuters.com/business/autos-transportation/gm-co-leads-39-mln-funding-ev-battery-materials-startup-addionics-2024-07-25/
https://www.reuters.com/business/autos-transportation/gm-co-leads-39-mln-funding-ev-battery-materials-startup-addionics-2024-07-25/
https://www.reuters.com/business/autos-transportation/gm-co-leads-39-mln-funding-ev-battery-materials-startup-addionics-2024-07-25/
https://www.cnbc.com/2024/06/25/volkswagen-rivian-stake.html
https://www.cnbc.com/2024/06/25/volkswagen-rivian-stake.html
https://www.cnbc.com/2024/06/25/volkswagen-rivian-stake.html
https://www.cnbc.com/2024/06/25/volkswagen-rivian-stake.html
https://www.silanano.com/press/press-releases/sila-raises-375m-to-deliver-titan-silicon-for-auto-series-production
https://www.silanano.com/press/press-releases/sila-raises-375m-to-deliver-titan-silicon-for-auto-series-production
https://www.silanano.com/press/press-releases/sila-raises-375m-to-deliver-titan-silicon-for-auto-series-production
https://www.teslarati.com/tesla-battery-supplier-lg-4680-cell-mass-production-update/
https://www.teslarati.com/tesla-battery-supplier-lg-4680-cell-mass-production-update/
https://www.teslarati.com/tesla-battery-supplier-lg-4680-cell-mass-production-update/
https://finance.yahoo.com/news/chinese-ev-giant-byd-build-094442524.html
https://finance.yahoo.com/news/chinese-ev-giant-byd-build-094442524.html
https://finance.yahoo.com/news/chinese-ev-giant-byd-build-094442524.html
https://finance.yahoo.com/news/chinese-ev-giant-byd-build-094442524.html
https://www.mining.com/web/sodium-ion-battery-startup-peak-sparks-lithium-alternative/
https://www.mining.com/web/sodium-ion-battery-startup-peak-sparks-lithium-alternative/
https://www.electrive.com/2024/07/29/turkey-plans-to-invest-billions-in-ev-and-battery-production/
https://www.electrive.com/2024/07/29/turkey-plans-to-invest-billions-in-ev-and-battery-production/
https://www.electrive.com/2024/07/29/turkey-plans-to-invest-billions-in-ev-and-battery-production/

| NOTABLE EVENTS | AUGUST

Notable Events August

Uber L natron Energy @& cueerc northvolt @
Uber partners with BYD, to Natron Energy announces Northvolt closes its subsidiary Volkswagen scales back plans for
offer 100,000 drivers lower $1.4B gigafactory in North Cuberg and pulls out of the battery cell plants in Europe,
prices and financing for Carolina. United States. North America.
EVs.
WEEK 1 WEEK 2 WEEK 3 WEEK 4
BMW to set up five new assembly CATL invests in EVTOL developer Mercedes-Benz Korea reveals issues
sites for high-voltage batteries. Autoflight. with batteries supplied by Farasis
following EV fire incident.
/T\
@ CATL AUTOFLIGHT (\/5. Mercedes-Benz

Source: Volta Foundation’s This Week in Batteries Newsletter


https://www.reuters.com/business/autos-transportation/battery-maker-northvolt-shift-rd-california-sweden-2024-08-20/
https://www.reuters.com/business/autos-transportation/battery-maker-northvolt-shift-rd-california-sweden-2024-08-20/
https://www.reuters.com/business/autos-transportation/battery-maker-northvolt-shift-rd-california-sweden-2024-08-20/
https://www.bloomberg.com/news/articles/2024-07-31/uber-partners-with-byd-on-putting-its-drivers-into-100-000-evs
https://www.bloomberg.com/news/articles/2024-07-31/uber-partners-with-byd-on-putting-its-drivers-into-100-000-evs
https://www.bloomberg.com/news/articles/2024-07-31/uber-partners-with-byd-on-putting-its-drivers-into-100-000-evs
https://www.bloomberg.com/news/articles/2024-07-31/uber-partners-with-byd-on-putting-its-drivers-into-100-000-evs
https://www.reuters.com/business/autos-transportation/bmw-set-up-five-new-assembly-sites-high-voltage-batteries-2024-07-30/
https://www.reuters.com/business/autos-transportation/bmw-set-up-five-new-assembly-sites-high-voltage-batteries-2024-07-30/
https://www.scmp.com/news/asia/east-asia/article/3274293/mercedes-benz-korea-reveals-battery-supplier-list-calm-anger-fears-over-ev-fire
https://www.scmp.com/news/asia/east-asia/article/3274293/mercedes-benz-korea-reveals-battery-supplier-list-calm-anger-fears-over-ev-fire
https://www.scmp.com/news/asia/east-asia/article/3274293/mercedes-benz-korea-reveals-battery-supplier-list-calm-anger-fears-over-ev-fire
https://www.businesswire.com/news/home/20240815622233/en/Natron-Energy-Announces-Plans-for-1.4-Billion-Giga-Scale-Sodium-Ion-Battery-Manufacturing-Facility-in-North-Carolina
https://www.businesswire.com/news/home/20240815622233/en/Natron-Energy-Announces-Plans-for-1.4-Billion-Giga-Scale-Sodium-Ion-Battery-Manufacturing-Facility-in-North-Carolina
https://www.businesswire.com/news/home/20240815622233/en/Natron-Energy-Announces-Plans-for-1.4-Billion-Giga-Scale-Sodium-Ion-Battery-Manufacturing-Facility-in-North-Carolina
https://europe.autonews.com/automakers/vw-scales-back-battery-cell-plant-plans-ev-sales-slump
https://europe.autonews.com/automakers/vw-scales-back-battery-cell-plant-plans-ev-sales-slump
https://europe.autonews.com/automakers/vw-scales-back-battery-cell-plant-plans-ev-sales-slump
https://www.autoflight.com/en/news/autoflight-and-catl/
https://www.autoflight.com/en/news/autoflight-and-catl/

| NOTABLE EVENTS | SEPTEMBER

Notable Events September

24fm S B

.. 1w, [Factorial

reowoce (&) CATL

24M raises $87MM Series E Mercedes-Benz partners with BMW and Redwood Materials CATL shares that R&D spending
round at $1.3B valuation. Factorial to develop SSBs at establish partnership to recycle reached $2.6B in 2023,
450Wh/kg. Li-ion batteries in the U.S.A. employing 21,000 engineers.
WEEK 1 WEEK 2 WEEK 3 WEEK 4

Japan to fund up to $2.4B in new US DOE to award $3B to 25 projects for GM announces NACS access for its EVs,

support for domestic EV battery battery manufacturing sector including gaining access to 17,800 Tesla

production, bolstering EV plans of Groupl14, South32, Mitra Chem, and Form Superchargers.

Toyota, Nissan, Mazda, and Subaru. Energy.

& @ EnercY

Source: Volta Foundation’s This Week in Batteries Newsletter

gm



https://www.press.bmwgroup.com/usa/article/detail/T0445142EN_US/bmw-of-north-america-and-redwood-materials-establish-partnership-to-recycle-lithium-ion-batteries?language=en_US
https://www.press.bmwgroup.com/usa/article/detail/T0445142EN_US/bmw-of-north-america-and-redwood-materials-establish-partnership-to-recycle-lithium-ion-batteries?language=en_US
https://www.press.bmwgroup.com/usa/article/detail/T0445142EN_US/bmw-of-north-america-and-redwood-materials-establish-partnership-to-recycle-lithium-ion-batteries?language=en_US
https://www.businesswire.com/news/home/20240905090017/en/24M-Raises-87-Million-in-Series-H-Preferred-Investment-Round
https://www.businesswire.com/news/home/20240905090017/en/24M-Raises-87-Million-in-Series-H-Preferred-Investment-Round
http://v
http://v
http://v
http://v
https://www.teslarati.com/gm-announces-nacs-access-but-charges-225-per-adapter/#google_vignette
https://www.teslarati.com/gm-announces-nacs-access-but-charges-225-per-adapter/#google_vignette
https://www.teslarati.com/gm-announces-nacs-access-but-charges-225-per-adapter/#google_vignette
https://www.reuters.com/business/autos-transportation/mercedes-teams-up-with-factorial-develop-solid-state-batteries-2024-09-10/
https://www.reuters.com/business/autos-transportation/mercedes-teams-up-with-factorial-develop-solid-state-batteries-2024-09-10/
https://www.reuters.com/business/autos-transportation/mercedes-teams-up-with-factorial-develop-solid-state-batteries-2024-09-10/
https://www.catl.com/en/news/6256.html
https://www.catl.com/en/news/6256.html
https://www.catl.com/en/news/6256.html
https://finance.yahoo.com/news/us-award-3-billion-25-090344990.html
https://finance.yahoo.com/news/us-award-3-billion-25-090344990.html
https://finance.yahoo.com/news/us-award-3-billion-25-090344990.html
https://finance.yahoo.com/news/us-award-3-billion-25-090344990.html

| NOTABLE EVENTS | OCTOBER

Notable Events October

TEELA gm RioTinto =4 CATL
Tesla plans 4 new batteries General Motors to retire “Ultium” Rio Tinto to acquire Arcadium Indonesia forms a joint venture
in 2026, including batteries branding, expands NMC pouch Lithium in $6.7B deal. with CATL to invest $1.2B in
for its robotaxis. cells to include LFP and prismatic battery production.

formats.

WEEK 1 WEEK 2 WEEK 3 WEEK 4
Enovix begins shipping cell samples Form Energy raises $405M Series F round, Lyten investing more than $1B to build
from its Malaysia fab's Agility Line. bringing its total funding raised to more than the world’s first Li-S gigafactory in

$1.2B. Nevada with up to 10 GWh/yr capacity.
ENcVIX fg.rrr:; FTean

Source: Volta Foundation’s This Week in Batteries Newsletter
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https://www.cnbc.com/2024/10/09/mining-giant-rio-tinto-to-acquire-us-lithium-producer-arcadium-in-6point7-billion-deal.html
https://www.cnbc.com/2024/10/09/mining-giant-rio-tinto-to-acquire-us-lithium-producer-arcadium-in-6point7-billion-deal.html
https://www.theinformation.com/articles/tesla-plans-4-new-batteries-in-2026-including-for-a-robotaxi
https://www.theinformation.com/articles/tesla-plans-4-new-batteries-in-2026-including-for-a-robotaxi
https://www.theinformation.com/articles/tesla-plans-4-new-batteries-in-2026-including-for-a-robotaxi
https://ir.enovix.com/news-releases/news-release-details/enovix-begins-shipment-battery-cells-customers-malaysia-fab
https://ir.enovix.com/news-releases/news-release-details/enovix-begins-shipment-battery-cells-customers-malaysia-fab
https://www.businesswire.com/news/home/20241015561495/en/Lyten-Announces-Plans-to-Build-the-World%E2%80%99s-First-Lithium-Sulfur-Battery-Gigafactory-in-Nevada
https://www.businesswire.com/news/home/20241015561495/en/Lyten-Announces-Plans-to-Build-the-World%E2%80%99s-First-Lithium-Sulfur-Battery-Gigafactory-in-Nevada
https://www.businesswire.com/news/home/20241015561495/en/Lyten-Announces-Plans-to-Build-the-World%E2%80%99s-First-Lithium-Sulfur-Battery-Gigafactory-in-Nevada
https://www.theverge.com/2024/10/8/24265416/gm-ultium-ev-battery-platform-discontinued-lfp
https://www.theverge.com/2024/10/8/24265416/gm-ultium-ev-battery-platform-discontinued-lfp
https://www.theverge.com/2024/10/8/24265416/gm-ultium-ev-battery-platform-discontinued-lfp
https://www.theverge.com/2024/10/8/24265416/gm-ultium-ev-battery-platform-discontinued-lfp
https://www.mining.com/web/indonesia-forms-1-2-billion-battery-venture-with-chinas-catl/
https://www.mining.com/web/indonesia-forms-1-2-billion-battery-venture-with-chinas-catl/
https://www.mining.com/web/indonesia-forms-1-2-billion-battery-venture-with-chinas-catl/
https://www.canarymedia.com/articles/long-duration-energy-storage/form-energy-raises-405m-for-its-100-hour-iron-air-batteries
https://www.canarymedia.com/articles/long-duration-energy-storage/form-energy-raises-405m-for-its-100-hour-iron-air-batteries
https://www.canarymedia.com/articles/long-duration-energy-storage/form-energy-raises-405m-for-its-100-hour-iron-air-batteries

| NOTABLE EVENTS | NOVEMBER

Notable Events November

e L CATL T LYTEN northvolt

BYD's quarterly sales of CATL adds 1000 new R&D staff to Lyten purchases the Northvolt files for bankruptcy;
BEVs overtake Tesla's for SSB program, begins trial manufacturing assets from Scania loans $100MM for
the first time. production of 20-Ah samples. Cuberg/Northvolt. bankruptcy process.
WEEK 1 WEEK 2 WEEK 3 WEEK 4
Volvo to take ownership of Northvolt BYD hits brakes on Canadian expansion CATL announces 2nd-gen sodium-ion %sﬁfaﬁ?osnaplant
battery JV. plans amid 100% tariffs on Chinese EVs. EV battery that works down to -40°C. for its proprietary

solid state battery

technology.
S SO CATL HONDA

Source: Volta Foundation’s This Week in Batteries Newsletter


https://techcrunch.com/2024/11/13/lyten-buys-battery-manufacturing-assets-from-beleaguered-northvolt/
https://techcrunch.com/2024/11/13/lyten-buys-battery-manufacturing-assets-from-beleaguered-northvolt/
https://techcrunch.com/2024/11/13/lyten-buys-battery-manufacturing-assets-from-beleaguered-northvolt/
https://www.bloomberg.com/news/articles/2024-10-30/volvo-car-to-take-ownership-of-northvolt-battery-joint-venture
https://www.bloomberg.com/news/articles/2024-10-30/volvo-car-to-take-ownership-of-northvolt-battery-joint-venture
https://www.yahoo.com/news/catl-announces-2nd-gen-sodium-153600491.html?guccounter=1&guce_referrer=aHR0cHM6Ly93d3cuZ29vZ2xlLmNvbS8&guce_referrer_sig=AQAAAIdl5Vgj63epp0825FEHwGV9DxsmbHjhxwyCdlbyqADd3V0cVnuqBwuSaONMLBOhEBdXlU2XcpH4fWRdonBcKf069V_9c7rtpIIMIdb_mg0ogM5czqKKyRpu8AwdolSHmxkUjXLtc-COqowm4iVAFfSOGfpzJ8gUval6vmAzRDD0
https://www.yahoo.com/news/catl-announces-2nd-gen-sodium-153600491.html?guccounter=1&guce_referrer=aHR0cHM6Ly93d3cuZ29vZ2xlLmNvbS8&guce_referrer_sig=AQAAAIdl5Vgj63epp0825FEHwGV9DxsmbHjhxwyCdlbyqADd3V0cVnuqBwuSaONMLBOhEBdXlU2XcpH4fWRdonBcKf069V_9c7rtpIIMIdb_mg0ogM5czqKKyRpu8AwdolSHmxkUjXLtc-COqowm4iVAFfSOGfpzJ8gUval6vmAzRDD0
https://cnevpost.com/2024/11/06/catl-solid-state-batteries-begin-sample-validation-report/
https://cnevpost.com/2024/11/06/catl-solid-state-batteries-begin-sample-validation-report/
https://cnevpost.com/2024/11/06/catl-solid-state-batteries-begin-sample-validation-report/
https://www.reuters.com/technology/northvolt-files-chapter-11-bankruptcy-us-2024-11-21/
https://www.reuters.com/technology/northvolt-files-chapter-11-bankruptcy-us-2024-11-21/
https://www.reuters.com/technology/northvolt-files-chapter-11-bankruptcy-us-2024-11-21/
https://www.autonews.com/byd/anc-byd-canada-expansion-paused/
https://www.autonews.com/byd/anc-byd-canada-expansion-paused/
https://global.honda/en/newsroom/news/2024/c241121eng.html
https://global.honda/en/newsroom/news/2024/c241121eng.html
https://global.honda/en/newsroom/news/2024/c241121eng.html
https://global.honda/en/newsroom/news/2024/c241121eng.html
https://global.honda/en/newsroom/news/2024/c241121eng.html
https://www.cnbc.com/2024/10/31/chinese-ev-maker-byds-quarterly-sales-overtook-teslas-for-the-first-time.html
https://www.cnbc.com/2024/10/31/chinese-ev-maker-byds-quarterly-sales-overtook-teslas-for-the-first-time.html
https://www.cnbc.com/2024/10/31/chinese-ev-maker-byds-quarterly-sales-overtook-teslas-for-the-first-time.html

| NOTABLE EVENTS | DECEMBER

Notable Events December

STELUANTIS sterunanTis CATL
Stellantis CEO Carlos Tavares Stellantis and CATL to invest
resigns earlier than expected $4.3B to build an LFP plant in
due to falling U.S. sales without Spain.

naming a successor.

gITI # LG Energy Solution

GM sells its stake in a battery plant
in Lansing, Michigan to its JV
partner LGES at the same they
extend technology partnership.

WEEK 1 WEEK 2 WEEK 3
BYD launches sodium-ion BESS Coreshell launched commercial scale 60 Ah
battery based on the company'’s battery cells; employs low-cost metallurgical
Long Blade Battery technology. silicon in combination with lithium iron

phosphate (LFP) cathodes.
— [l g

Source: Volta Foundation’s This Week in Batteries Newsletter

&

HyYunom

Hyundai announces the production of
solid state batteries by the end of 2025
and is planning mass production by
2030.

WEEK 4

The U.S. DOE announces a $7B
conditional commitment to StarPlus
Energy, a JV between FCA and Stellantis,

to build a battery factory in Indiana.

‘ ' CA STELUANTIS


https://investor.gm.com/news-releases/news-release-details/gm-sell-stake-lansing-battery-cell-plant-partner-lg-energy
https://investor.gm.com/news-releases/news-release-details/gm-sell-stake-lansing-battery-cell-plant-partner-lg-energy
https://investor.gm.com/news-releases/news-release-details/gm-sell-stake-lansing-battery-cell-plant-partner-lg-energy
https://investor.gm.com/news-releases/news-release-details/gm-sell-stake-lansing-battery-cell-plant-partner-lg-energy
https://www.reuters.com/business/autos-transportation/stellantis-ceo-carlos-tavares-resigns-source-2024-12-01/#:~:text=MI)%20%2C%20opens%20new%20tab%20Chief,the%20first%20half%20of%202025.
https://www.reuters.com/business/autos-transportation/stellantis-ceo-carlos-tavares-resigns-source-2024-12-01/#:~:text=MI)%20%2C%20opens%20new%20tab%20Chief,the%20first%20half%20of%202025.
https://www.reuters.com/business/autos-transportation/stellantis-ceo-carlos-tavares-resigns-source-2024-12-01/#:~:text=MI)%20%2C%20opens%20new%20tab%20Chief,the%20first%20half%20of%202025.
https://www.reuters.com/business/autos-transportation/stellantis-ceo-carlos-tavares-resigns-source-2024-12-01/#:~:text=MI)%20%2C%20opens%20new%20tab%20Chief,the%20first%20half%20of%202025.
https://www.energy-storage.news/byd-launches-sodium-ion-grid-scale-bess-product/
https://www.energy-storage.news/byd-launches-sodium-ion-grid-scale-bess-product/
https://www.energy-storage.news/byd-launches-sodium-ion-grid-scale-bess-product/
https://www.linkedin.com/redir/redirect?url=https%3A%2F%2Fwww%2Eenergy%2Egov%2Flpo%2Farticles%2Flpo-announces-conditional-commitment-starplus-energy-construct-lithium-ion-battery&urlhash=L2UD&trk=article-ssr-frontend-pulse_little-text-block
https://www.linkedin.com/redir/redirect?url=https%3A%2F%2Fwww%2Eenergy%2Egov%2Flpo%2Farticles%2Flpo-announces-conditional-commitment-starplus-energy-construct-lithium-ion-battery&urlhash=L2UD&trk=article-ssr-frontend-pulse_little-text-block
https://www.linkedin.com/redir/redirect?url=https%3A%2F%2Fwww%2Eenergy%2Egov%2Flpo%2Farticles%2Flpo-announces-conditional-commitment-starplus-energy-construct-lithium-ion-battery&urlhash=L2UD&trk=article-ssr-frontend-pulse_little-text-block
https://www.linkedin.com/redir/redirect?url=https%3A%2F%2Fwww%2Eenergy%2Egov%2Flpo%2Farticles%2Flpo-announces-conditional-commitment-starplus-energy-construct-lithium-ion-battery&urlhash=L2UD&trk=article-ssr-frontend-pulse_little-text-block
https://www.reuters.com/business/autos-transportation/stellantis-chinas-catl-invest-433-bln-ev-battery-factory-spain-2024-12-10/
https://www.reuters.com/business/autos-transportation/stellantis-chinas-catl-invest-433-bln-ev-battery-factory-spain-2024-12-10/
https://www.reuters.com/business/autos-transportation/stellantis-chinas-catl-invest-433-bln-ev-battery-factory-spain-2024-12-10/
https://electrek.co/2024/12/26/hyundais-all-solid-state-ev-batteries-on-verge-of-milestone/
https://electrek.co/2024/12/26/hyundais-all-solid-state-ev-batteries-on-verge-of-milestone/
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| OVERVIEW

Notable Events

Finance
Costs
Cell & Pack Manufacturing
Applications
Electric Vehicles (EV)
Battery Energy Storage Systems (BESS)

Other
Safety
Legal
Chemistry
Cathode
Anode
Electrolyte & Separator
Solid State

Lithium - Sulphur
Non-Lithium Chemistries
Supply Chain & Raw Materials
Recycling & Reuse
Software
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| INDUSTRY VALUE CHAIN | BATTERY MANUFACTURING |

Incumbents And/Or Public Companies (>$1B Market Cap/Valuation)*

Raw Materials Materials Processing Cell Component Cell Manufacturing
Cathode Active Materials

* estimated as of December 2024
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| INDUSTRY VALUE CHAIN | BATTERY MANUFACTURING |

Startup And/Or Small Companies (>$30M Valuation)*
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| INDUSTRY VALUE CHAIN | BATTERY MANUFACTURING |

Startups And/Or University Spin Offs
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| INDUSTRY VALUE CHAIN | BATTERY BUSINESS DIRECTORY

A Comprehensive Database of Battery Companies: The Battery Business Directory

° Fragmented Market: Difficulty identifying and
evaluating potential partners, suppliers, or customers
EUPLONE SATTENY THCCHIN SUMNERS ARCUND T WamD due to a fragmented and siloed global battery supply
Nodads Gusiduibth s D st chain.
TR e ' e Inefficient Sourcing: Significant time wasted manually
sourcing and vetting battery companies via trade
shows, personal networks, or unreliable sources.

A b e

W LA o b S n Comn
- 2 3 ” Leroens Smsewn Garsuse b ° Inconsistent Data Quality: Limited access to accurate,
';v"vv - ; -~ e comprehensive, and regularly _updated information on
. : > 1010men tem by Cory companies across the battery industry globally.
| Jeee ° Limited Visibility: Companies — especially startups or
T specialized vendors — face challenges gaining
oy visibility and connecting with larger industry players

and investors.

The Battery Business Directory is the largest open-access database for companies operating across the global battery industry. The directory maps over 2,000 organizations
spanning 13 key supply-chain segments, providing comprehensive, reliable data that helps battery professionals discover potential partners, suppliers, and customers.

P. 25
Source: Battery Business Directory
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| INDUSTRY VALUE CHAIN | OVERCAPACITY IN VALUE CHAIN VI: VOLTA

FOUNDATION

Overcapacity Across The Supply Chain Has Resulted In Intense Competition & Pullback Of
Investments

° In China, EV and industrial subsidies have been scaled back, and
new industry standards are aimed at culling low-quality capacity

° This has led to a crowded market and fierce competition in several
stages of the supply chain, with price wars being common and
some companies producing despite no orders

» Ereduse oeward
8 Progucien

Ladacn . . . .
g ° In other industries - such as solar - this story eventually resulted in
a wave of consolidation

In the rest of the world, capacity investments have overshot local

L]
demand and many are now being cancelled, cut down, or delayed

1. Embrace cost competition domestically & cut prices to retain
market share

2. Focus on technical innovation and supply chain efficiencies to

Graphie AAM i; sum chemcels I PPy

optimize the cost and value of products

3. Expand overseas, where there is less competition, and an
opportunity to maximize profits to offset shrinking margins back
home

Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. ‘Demand’ includes exports. P 26

There is a time lag from material and cell production to installation into end-use demand. Figures are rounded to the nearest 50. December 2024 data is partially estimated.
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TINDUSTRY | INDUSTRY VALUE CHAIN | WHO OWNS THE SUPPLY CHAIN VE! 'g'?ul]m\cmm'

China's Ownership Of The Supply Chain Extends Beyond Its Borders

Sarery supply ChaT [OALCHon Dy equity cwnership, 2028, % ° China does not have significant geological deposits of
8. NonChinmis setails Chine @ Chizese cuts e Chns battery raw materials, but companies have invested in
R ke e Tow e _ overseas operations and in processing capacity at
qd 4 0 ‘= home
I . . ° This is manifested as dominance in the midstream for
3 chemical intermediates and active materials
° Vertical integration is a strategic benefit as well as a
3 cost advantage
] H B ILL e  Despite US FEOC rules prompting some operations to
it Ao sl smnand [ B 1 | -2 reduce their Chinese ownership stake, many

non-Chinese upstream and midstream projects have

been curtailed in 2024, leaving the overall picture
o . . 1 L (Ee—— = unchanged
crox I 0 coven N , , , ,

E aro I | PO — ° China’s supply chain dominance has led to intensely
= R e competitive conditions that are squeezing

T e T ] reo non-Chinese producers

(1) B OHN TER 10N Gk e s% TR 0N
slnre - SovnKose w0 sEwope s UE  oResiol Woto
Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner), BloombergNEF (Distinguished
m Hiennisrger Partner) ; Top chart shows production by ownership; bottom charts show capacity by location. p. 27
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Chinese Manufacturers Are Chasing Profits Overseas And Market Potential For LFP

CURRENT STRATEGIC FOCUS OF MAJOR CHINESE BATTERY/P/CAM PRODUCERS

OVERSEAS SALES ARE SIGNIFICANTLY MORE PROFITABLE FOR CHINESE PRODUCERS

@fs2

OEM and battery
customers

Acquire existing
projects and
environmental permits
from brownfield sites

diversifying into
LxFP despite low
margins

Expand metal
refining business to
consume raw

Battery e Minimise scrutiny in e Develop products e Fast-charging
producers US market via for energy storage, technology
technology licensing PHEV and e Energy density
CATL model commercial vehicle improvement via
bu_.! e Strengthen market chemistry and
- our partnerships with structural changes
EVE OEMs in long-term e Financially support
tech. roadmap suppliers to secure
high-tech materials
p/CAM e Construct pilot lines e Traditional NMC e High compaction
producers overseas to attract producers density LFP CAM

Mid-Ni high-voltage
CAM for BEV and
PHEV

Ultra high-Ni p/CAM
for solid-state
batteries
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Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. GPM = gross profit margin. Box BATTERY REPORT 2024 | P. 28

plot displays where 50% of the data points fall.
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| INDUSTRY VALUE CHAIN | STRATEGIC FOCUS

Korean and Japanese Companies' Roles In The Battery Supply Chain

Accelerating vertical Integration

Bringing p/CAM production home

ae

Diversifying technology portfolio

Balancing US requirements & Chinese collaboration

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner).
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US IRA TO PROP UP THEIR PROFITS
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For more information, visit https://www.crugroup.com.
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1TINDUSTRY | INDUSTRY VALUE CHAIN | REGIONAL DIVERSIFICATION

Where Integrated Supply Chain Clusters Are Forming

MAJOR EMERGING SUPPLY CHAIN CLUSTERS

OPPORTUNITIES
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m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit hitps://www.crugroup.com.
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Asian manufacturers are pivoting
their strategies to capture
overseas markets, where they
can command higher margins

Europe and North America are
working to nurture a domestic
supply chain while adopting
policies to reduce reliance on
China

The higher costs and investment
risks are deterring larger
overseas investments

Therefore, supply clusters are
converging on what are seen as
low-cost, low-risk countries like
South Korea, Morocco, and
Indonesia, to supply the major
markets

BATTERY REPORT 2024 | p. 30
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| INDUSTRY VALUE CHAIN | PROFITABILITY

Profitability Has Been Redistributed Across The Value Chain

Nicked producer
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Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). Profit margin data from CRU's compilation of company reports.

Gross profit margin in 2024 Q2 and y/y change, %
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margins show
significant divergence in 2024 as prices hit the cost
levels of marginal producers.

continue to reap the benefits of
falling raw material prices.

While vertically integrated can
leverage profits from mining and refining to reduce
p/CAM prices, non-integrated producers are suffering
from the slowdown in demand for NMC and export
customers, and are losing market share. They are
increasingly reduced to a tolling role, with margins set
by battery makers.

LFP producers, especially non-integrated ones, are
suffering higher losses due to the intense competition
and strong bargaining power of battery producers.

Chinese p/CAM and battery producers generally have
higher margins than ex. China companies due to their
cost competitiveness.

p. 31
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| INDUSTRY VALUE CHAIN | ACQUISITIONS AND CONSOLIDATION VF VOLTA )
FOUNDATION
Acquisitions And Consolidation

2024 saw significant industry consolidation and acquisition, driven by companies exiting markets, seeking buyers during financial struggles,
entering new sectors, expanding supply chains for critical materials, or boosting production capacities.

C NONO O @ RioTinto -4

PROTERRA v gt
Volvo acquires Proterra's Rio Tinto acquires Arcadium
battery unit for battery pack

Lithium for $6.7 billion to
manufacturing/ assembly bring in lithium business
capacity.

Volvo Cars to fully acquire
Novo Energy by invoking
redemption rights from
Northvolt

N AL SCTROCHEM

ULTRA 7=

Ultralife acquires Electrochem
Solutions to strengthen
medical/industrial solutions.

enerpolg & niiar A TGmerar [EY mure Lirmun DIMIEND.
—
Arcadium Lithium acquires
Li-Metal's IP and physical
assets for $11 million

Enerpoly acquires Nilar to boost
zinc-ion battery production
capabilities with Nilar's line.

Pure Lithium acquires Dimien
assets focusing on vanadium
cathode materials.

Erss | wenronne | uomarsu @557 | LionVolt amic
EnerSys acquires Brentronics Komatsu acquires American LionVolt acquired AMTE
for military and industrial Battery Solutions. Power's battery cell
batteries. production line in Scotland

p.32


https://www.komatsu.com/en/newsroom/2023/komatsu-completes-acquisition-of-american-battery-solutions/
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https://www.ttnews.com/articles/volvo-ownership-northvolt
https://electrochemsolutions.com/about/news-and-events/press-release-details/2024/Ultralife-Corporation-Completes-Acquisition-of-Electrochem-Solutions/default.aspx#:~:text=Ultralife%20Corporation%20Completes%20Acquisition%20of%20Electrochem%20Solutions,-11%2F01%2F2024&text=Ultralife%20Corporation%20completed%20its%20acquisition,Corporation%20on%20October%2031%2C%202024.
https://electrochemsolutions.com/about/news-and-events/press-release-details/2024/Ultralife-Corporation-Completes-Acquisition-of-Electrochem-Solutions/default.aspx#:~:text=Ultralife%20Corporation%20Completes%20Acquisition%20of%20Electrochem%20Solutions,-11%2F01%2F2024&text=Ultralife%20Corporation%20completed%20its%20acquisition,Corporation%20on%20October%2031%2C%202024.
https://electrochemsolutions.com/about/news-and-events/press-release-details/2024/Ultralife-Corporation-Completes-Acquisition-of-Electrochem-Solutions/default.aspx#:~:text=Ultralife%20Corporation%20Completes%20Acquisition%20of%20Electrochem%20Solutions,-11%2F01%2F2024&text=Ultralife%20Corporation%20completed%20its%20acquisition,Corporation%20on%20October%2031%2C%202024.
https://www.businesswire.com/news/home/20240930266814/en/Pure-Lithium-Expands-Strategic-Vanadium-Cathode-Technology-Portfolio-with-Asset-Acquisition-from-Private-US-Based-Dimien-Inc.
https://www.businesswire.com/news/home/20240930266814/en/Pure-Lithium-Expands-Strategic-Vanadium-Cathode-Technology-Portfolio-with-Asset-Acquisition-from-Private-US-Based-Dimien-Inc.
https://www.businesswire.com/news/home/20240930266814/en/Pure-Lithium-Expands-Strategic-Vanadium-Cathode-Technology-Portfolio-with-Asset-Acquisition-from-Private-US-Based-Dimien-Inc.
https://investor.enersys.com/news-releases/news-release-details/enersys-completes-acquisition-bren-tronics-expand-presence
https://investor.enersys.com/news-releases/news-release-details/enersys-completes-acquisition-bren-tronics-expand-presence
https://investor.enersys.com/news-releases/news-release-details/enersys-completes-acquisition-bren-tronics-expand-presence
https://ir.arcadiumlithium.com/investors/news/news-details/2024/Arcadium-Lithium-Acquires-Li-Metals-Lithium-Metal-Business-to-Enhance-Production-Capabilities-and-Meet-Demand-for-Next-Generation-Battery-Materials/default.aspx
https://ir.arcadiumlithium.com/investors/news/news-details/2024/Arcadium-Lithium-Acquires-Li-Metals-Lithium-Metal-Business-to-Enhance-Production-Capabilities-and-Meet-Demand-for-Next-Generation-Battery-Materials/default.aspx
https://ir.arcadiumlithium.com/investors/news/news-details/2024/Arcadium-Lithium-Acquires-Li-Metals-Lithium-Metal-Business-to-Enhance-Production-Capabilities-and-Meet-Demand-for-Next-Generation-Battery-Materials/default.aspx
https://www.volvogroup.com/en/news-and-media/news/2024/feb/volvo-completes-acquisition-of-battery-business-from-proterra-inc--and-proterra-operating-company.html
https://www.volvogroup.com/en/news-and-media/news/2024/feb/volvo-completes-acquisition-of-battery-business-from-proterra-inc--and-proterra-operating-company.html
https://www.volvogroup.com/en/news-and-media/news/2024/feb/volvo-completes-acquisition-of-battery-business-from-proterra-inc--and-proterra-operating-company.html
https://www.volvogroup.com/en/news-and-media/news/2024/feb/volvo-completes-acquisition-of-battery-business-from-proterra-inc--and-proterra-operating-company.html
https://www.enerpoly.com/article/enerpoly-acquires-cell-production-and-pack-assembly-lines#:~:text=STOCKHOLM%2C%20SWEDEN%3A%20JULY%202024%20%2D,and%20promoting%20European%2Dled%20innovation.
https://www.enerpoly.com/article/enerpoly-acquires-cell-production-and-pack-assembly-lines#:~:text=STOCKHOLM%2C%20SWEDEN%3A%20JULY%202024%20%2D,and%20promoting%20European%2Dled%20innovation.
https://www.enerpoly.com/article/enerpoly-acquires-cell-production-and-pack-assembly-lines#:~:text=STOCKHOLM%2C%20SWEDEN%3A%20JULY%202024%20%2D,and%20promoting%20European%2Dled%20innovation.
https://www.pv-magazine.com/2024/01/31/dutch-solid-state-battery-maker-acquires-scottish-factory/
https://www.pv-magazine.com/2024/01/31/dutch-solid-state-battery-maker-acquires-scottish-factory/
https://www.pv-magazine.com/2024/01/31/dutch-solid-state-battery-maker-acquires-scottish-factory/

| INDUSTRY VALUE CHAIN | COMPANY BANKRUPTCIES

Company Bankruptcies

VOLTA
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In 2024, the battery industry faced significant financial challenges, leading to several notable bankruptcies and restructurings. Several
factors, lowering system prices and performance from China, including a growing difficulty to scale in the West and a challenging investment

environment.

northvolt

High production costs, quality issues,
access to specialist workforce, and
competition in the battery market (see

Deep Dive)

M VvarRTA &

Decreased demand for
some of its battery
products and high debt
levels = restructuring

Note: Non-exhaustive list

| red¥iow

Struggled with scalability and the costs
of their_Zn-Br flow battery technology
and competitiveness of Li ion batteries

DLORDSTOWN
Supply chain issues, Production hurdles,
production delays and lack of demand, and
recalls of their Ocean struggles to compete

with larger EV makers,
rebranded as Nu Ride

FIAmbri

Filed for bankruptcy, blaming a
challenging fundraising environment
and thwarted plans to expand into
manufacturing.

SRITISHVOLT

Filed for bankruptcy in 2023 and
dissolved in 2024 due to insufficient

funding, poor strategic planning, and
lack of experience. Converted to a data
center.

NG () LION ELECTRIC 7V ITALVOLT
Financial strains in Received creditor Failed due to financial
scaling operations led protection in Quebec instability, bureaucratic
to shut down and expected to file for hurdles, lack of
operations. bankruptcy protection in technical partnerships

the US and planning.
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https://www.energy-storage.news/flow-battery-maker-redflow-out-of-business-with-administrators-unable-to-find-buyer/
https://www.energy-storage.news/flow-battery-maker-redflow-out-of-business-with-administrators-unable-to-find-buyer/
https://www.energy-storage.news/flow-battery-maker-redflow-out-of-business-with-administrators-unable-to-find-buyer/
https://www.electrifying.com/blog/article/fisker-finally-goes-bust-what-happened-and-what-it-means-to-owners
https://www.electrifying.com/blog/article/fisker-finally-goes-bust-what-happened-and-what-it-means-to-owners
https://investor.lordstownmotors.com/
https://investor.lordstownmotors.com/
https://investor.lordstownmotors.com/
https://investor.lordstownmotors.com/
https://investor.lordstownmotors.com/
https://www.sfgate.com/tech/article/moxion-power-shutdown-layoff-huelskamp-19605417.php
https://www.sfgate.com/tech/article/moxion-power-shutdown-layoff-huelskamp-19605417.php
https://www.varta-ag.com/en/about-varta/news-press/details/varta-ag-reaches-agreement-with-financial-creditors-and-strategic-investors
https://www.varta-ag.com/en/about-varta/news-press/details/varta-ag-reaches-agreement-with-financial-creditors-and-strategic-investors
https://www.varta-ag.com/en/about-varta/news-press/details/varta-ag-reaches-agreement-with-financial-creditors-and-strategic-investors
https://www.varta-ag.com/en/about-varta/news-press/details/varta-ag-reaches-agreement-with-financial-creditors-and-strategic-investors
https://ambri.com/ambri-successfully-completes-sale-and-emerges-from-chapter-11/
https://ir.thelionelectric.com/English/news/news-details/2024/LION-ELECTRIC-OBTAINS-CREDITOR-PROTECTION-UNDER-CCAA/default.aspx
https://ir.thelionelectric.com/English/news/news-details/2024/LION-ELECTRIC-OBTAINS-CREDITOR-PROTECTION-UNDER-CCAA/default.aspx
https://ir.thelionelectric.com/English/news/news-details/2024/LION-ELECTRIC-OBTAINS-CREDITOR-PROTECTION-UNDER-CCAA/default.aspx
https://ir.thelionelectric.com/English/news/news-details/2024/LION-ELECTRIC-OBTAINS-CREDITOR-PROTECTION-UNDER-CCAA/default.aspx
https://ir.thelionelectric.com/English/news/news-details/2024/LION-ELECTRIC-OBTAINS-CREDITOR-PROTECTION-UNDER-CCAA/default.aspx
https://www.ey.com/en_uk/administrations/pbvadministration
https://www.ey.com/en_uk/administrations/pbvadministration
https://www.ey.com/en_uk/administrations/pbvadministration
https://www.ey.com/en_uk/administrations/pbvadministration
https://www.ey.com/en_uk/administrations/pbvadministration
https://www.bestmag.co.uk/italvolt-gives-up-on-italy-gigafactory-sets-up-in-uae/
https://www.bestmag.co.uk/italvolt-gives-up-on-italy-gigafactory-sets-up-in-uae/
https://www.bestmag.co.uk/italvolt-gives-up-on-italy-gigafactory-sets-up-in-uae/
https://www.bestmag.co.uk/italvolt-gives-up-on-italy-gigafactory-sets-up-in-uae/
https://www.bestmag.co.uk/italvolt-gives-up-on-italy-gigafactory-sets-up-in-uae/
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northvolk Unpacking The Timeline Of Northvolt's Bankruptcy Proceedings

On November 21%, Northvolt AB filed for chapter 11 bankruptcy protection. The company remains in operation as the stakeholders continue

to work through a resolution

VOLTA
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NORTHVOLT AB

Announced « Northvolt's subsidiary ETT Appoints Markus
strateqic review of Expansion® files for bankruptcy Dangelmaier as CEO of
business e $300mm provide by undisclosed Northvolt ETT 2 Northvolt ETT
investors to Northvolt AB as ::Jl AB Northvolt Drei
rescue financing to give more
time to stabilize the company P SUREBIT
)
% é non-recourse subsidies from
k<l g PFgreen German
2lig loan® government
BMW canceled « Northvolt AB files for Chapter 11 bankruptcy. «  Marketing medium term
order for EUR2bn Liquidity situation becomes dire with just a few financing to provide runway 2
of batteries weeks of liquid assets after restructuring. Debt Strugture
e Peter Car_lsson step_ s down as CE(_) ) . Northv_olt owners vot_e to stay o AD Dac £3
«  $100mm in debtor-in-possession financing operating while seeking 2 Datas 1590
secured financial rescue Temnan- 370463
e Goldman Sachs Asset Management writes off *  Norsk Hydro to buy remaining Termizan A
~$900mm investment in Northvolt shares in battery recycler e an s 707 208
from Northvolt Tamwani MM FRS
[P A [T TR | 714
Tivh 1 A 203402
Cromitie n? A
Tem band 37
1oaats LA et

Sources: Bloomberg, company releases, Debtwire

Debt structures estimates per Bloomberg (01/19/2024) and company notices

(1) non-recourse indicates that in the event of default at the entity level, the lender do not have the authority to pursue collateral from the parent company
( Northvolt AB) ; (2) Per of the 2023 annual report filing ; (3) Northvolt's flagship battery gigafactory located in Skellefted, Sweden

Non-recourse /
Limited recourse subs

Northvolt ETT > 20 Other
Expansion AB Entities
Equity Ownership@
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https://www.greencarcongress.com/2024/06/20240621-bmw.html#:~:text=BMW%20has%20cancelled%20a%20long,developing%20next%2Dgeneration%20battery%20cells.
https://www.greencarcongress.com/2024/06/20240621-bmw.html#:~:text=BMW%20has%20cancelled%20a%20long,developing%20next%2Dgeneration%20battery%20cells.
https://www.reuters.com/technology/swedens-northvolt-setbacks-trigger-strategic-review-2024-07-02/
https://www.reuters.com/technology/swedens-northvolt-setbacks-trigger-strategic-review-2024-07-02/
https://northvolt.com/articles/subsidiary-filing/
https://northvolt.com/articles/subsidiary-filing/
https://www.bnnbloomberg.ca/investing/2024/10/17/northvolt-nears-300-million-rescue-package-to-stay-afloat/
https://www.reuters.com/technology/northvolt-files-chapter-11-bankruptcy-us-2024-11-21/#:~:text=Nov%2021%20(Reuters)%20%2D%20Northvolt%2C%20the%20Swedish,Western%20car%20makers'%20reliance%20on%20Chinese%20rivals.&text=It%20has%20$5.8%20billion%20in%20debts.
https://www.reuters.com/technology/northvolt-ceo-steps-down-2024-11-22/
https://theevreport.com/northvolt-chapter-11-new-financing-secured
https://www.reuters.com/business/goldman-funds-take-900-million-hit-northvolt-ft-reports-2024-11-23/
https://ceoworld.biz/2024/12/03/northvolt-appoints-markus-dangelmaier-as-ceo-amid-financial-restructuring/
https://ceoworld.biz/2024/12/03/northvolt-appoints-markus-dangelmaier-as-ceo-amid-financial-restructuring/
https://www.bnnbloomberg.ca/investing/2025/01/07/bankrupt-northvolt-seeks-investors-nod-to-keep-making-batteries/
https://www.bnnbloomberg.ca/investing/2025/01/07/bankrupt-northvolt-seeks-investors-nod-to-keep-making-batteries/
https://www.reuters.com/business/northvolt-remain-operation-while-seeking-financial-rescue-2025-01-08/
https://www.reuters.com/markets/deals/hydro-buys-remaining-shares-hydrovolt-northvolt-2025-01-13/#:~:text=STOCKHOLM%2C%20Jan%2013%20(Reuters),Norwegian%20crowns%20(%246.79%20million).
https://www.reuters.com/markets/deals/hydro-buys-remaining-shares-hydrovolt-northvolt-2025-01-13/#:~:text=STOCKHOLM%2C%20Jan%2013%20(Reuters),Norwegian%20crowns%20(%246.79%20million).
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NORTHVOLT

northvoll: Northvolt Financials And Production Execution Issues

515000 OM

Ett

Aurora

$1000 0M

Recycling
Program

[ NV Launched

Sl

Battery
Systems

] 20

3 Factories In Ett Production * Explosion at BMW €2B Order
Development Delay Ett Factory Cancelled
$-2000 (M =
First Cell First C_ustomer
Delivery
10000 0 m— =
Jou ot 04 oo
o *No revenue or cash flow figures reported after 2023
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s s Quwilshn Ot Pow Qperzsces, nveetrects (Projected B % Plazsed Pradscton

Source: Northvolt Sustainability Reports 2022 and 2023, Northvolt Production Numbers

a, 00X

204

Northvolt's ambitious expansion strategy in a
knowledge-constrained and capital-intensive industry
revealed critical missteps:

A lack of focus on core business segments led to
overstretched resources and operational
inefficiencies.

Each funding round was paired with a new
program or product launch, further diluting focus
and straining capacity.

Severe labor shortages exacerbated challenges,
with only 200 staff managing three factories
under development.

Loan structures with rising interest rates starting
in 2024 demanded disciplined execution, which
was hindered by competing priorities and
insufficient workforce support.
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https://www.reuters.com/markets/europe/northvolt-cut-1600-jobs-sweden-2024-09-23/#:~:text=But%20the%20Swedish%20company%20has,at%20risk%20of%20being%20postponed.

| INDUSTRY VALUE CHAIN | CASE STUDY: CUBERG ACQUISITION

northvolt & cuserc

The impact of Northvolt's Cuberg acquisition has been difficult to assess due to lack of purchase

N P Lyt E price disclosure until now:

° Purchase price (“Cash consideration paid”) was USD$11.2 million cash, USD$14.8 million
Th) [ 220, T 4 (1 T s (g S5 AN ) P8 e 1t including debt assumption (“Forgiven notes”) of USD$3.6 million.
MK A DK OO O TN G S T 1 D 0L L B VLTI L
st e -omctevesd et s st o modn b b the ° Equity (“Shares issued, at fair value”) and earn-out (Earn-out payment”) are non-cash
TTEMEINT A = PR eot s 0 XA U ol o e T e

considerations.

R R

Y i ° Annualized burn rate of USD$6.9 million for 2021 with a headcount of 56.

——

° Total cash losses to Northvolt from the Cuberg acquisition estimated to be USD$78 million
:'_‘:‘:_wm._ from 2021to 2024 when it was shut down months prior to the bankruptcy announcement.

A ° Cuberg failed to deliver a viable commercial product that could have been a category
P S—— B leader; Cuberg failed to deliver on the promise of ‘drop-in" li-metal production lines for

existing facilities and equipment; Cuberg failed to deliver on its advanced R&D initiative to
e Northvolt's broader operations

g v
R JON I3 0T T O T A e RN T I e M) e

T W W B WV D ORI AT P g T W T YR LT T
v T sOgRine aAsch i Mot & JUT Pu e e ¢ w

Sources: Northvolt sustainability reports 2022, and 2023, and PitchBook. Exchange rate on March 10, 20211 SEK = 0.11791 USD p. 36


https://www.datocms-assets.com/38709/1684304946-northvolt_sustainability_and_annual_report_2022.pdf?dl=
https://www.datocms-assets.com/38709/1721213345-sustainability-annual-report-2024.pdf?dl=
https://www.google.com/url?q=https://www.theinformation.com/articles/the-electric-the-death-of-cuberg-reflects-a-battery-industry-shakeout&sa=D&source=editors&ust=1737422387454305&usg=AOvVaw1Rj46K9BOw55SGgeLWHrFh
https://www.google.com/url?q=https://www.theinformation.com/articles/the-electric-the-death-of-cuberg-reflects-a-battery-industry-shakeout&sa=D&source=editors&ust=1737422387454305&usg=AOvVaw1Rj46K9BOw55SGgeLWHrFh
https://www.google.com/url?q=https://www.theinformation.com/articles/the-electric-the-death-of-cuberg-reflects-a-battery-industry-shakeout&sa=D&source=editors&ust=1737422387454305&usg=AOvVaw1Rj46K9BOw55SGgeLWHrFh
https://www.google.com/url?q=https://www.theinformation.com/articles/the-electric-the-death-of-cuberg-reflects-a-battery-industry-shakeout&sa=D&source=editors&ust=1737422387454305&usg=AOvVaw1Rj46K9BOw55SGgeLWHrFh

| INDUSTRY VALUE CHAIN | CASE STUDY: BRITISHVOLT

SRITISHVOLT " (rowe=@)

Founded in 2019, Britishvolt's gigafactory plans were doused when the company underestimated CAPEX and investor appetite. The
original plan was to build a 30GWh factory in Northumberland, UK and had $2.5 billion in funding promises in hand including a £100 million
commitment from the U.K. government.

Founders did not have electric
vehicle experience and did not
secure the £3.8 billion needed to
complete the Northumberland
plant when the company broke

ground in 2021.

Sources: Linked above to various news articles

Failure to meet milestones and
excessive spending led to funding
difficulties: Construction was halted
in August 2022 and the U.K.
government declined to advance
£30 million in funding in October
2022.

Britishvolt went into administration in
January 2023 and was acquired by

Australia-based Recharge Industries
the following month.

In April 2024, plans to restart plant
construction failed and the
Northumberland site was sold to the
Blackstone group, a US private equity
firm, for £110 million to be redeveloped
into a data centre.
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https://www.wired.com/story/the-collapse-of-britishvolt/
https://www.wired.com/story/the-collapse-of-britishvolt/
https://www.wired.com/story/the-collapse-of-britishvolt/
https://www.whichev.net/2021/08/02/britishvolt-breaks-ground-on-2-6bn-project-to-create-uks-first-gigaplant/
https://www.whichev.net/2021/08/02/britishvolt-breaks-ground-on-2-6bn-project-to-create-uks-first-gigaplant/
https://www.bbc.com/news/business-63457813
https://www.bbc.com/news/business-63457813
https://www.bbc.com/news/business-63457813
https://www.bbc.com/news/business-63457813
https://www.bbc.com/news/business-63457813
https://www.reuters.com/markets/deals/australias-recharge-industries-buys-failed-battery-firm-britishvolt-2023-02-27/
https://www.reuters.com/markets/deals/australias-recharge-industries-buys-failed-battery-firm-britishvolt-2023-02-27/
https://www.reuters.com/markets/deals/australias-recharge-industries-buys-failed-battery-firm-britishvolt-2023-02-27/
https://www.bbc.com/news/articles/cw4rx2zxy7wo
https://www.bbc.com/news/articles/cw4rx2zxy7wo

| INDUSTRY VALUE CHAIN | CASE STUDY: VARTA

M VARTA

VARTA AG Approved A Financial Restructuring Plan, Secures Investment From Porsche

The 130-year-old German-based company became heavily indebted and began a financial reorganization under the German Corporation
Stabilization Act (StaRUG) in June 2024

e  Varta produces a wide variety of battery technologies that have seen declines in market demand but the company's subsidiary,
V4Drive, produces large format lithium-ion batteries used in some Porsche vehicles

e Asaresult of the reorganization, the company's shares were delisted from the Frankfurt stock exchange at zero value and its €485
million debt was reduced to €200 million

e  Alongtime investor in the company and Porsche AG invested €60 million with the latter gaining a 50% stake in Varta AG and a 70%
stake in the V4Drive subsidiary

Sources: Linked above to various news articles P. 38


https://www.varta-ag.com/en/about-varta/news-press/details/varta-ag-announces-financial-reorganization-with-starug-proceedings
https://www.varta-ag.com/en/about-varta/news-press/details/varta-ag-announces-financial-reorganization-with-starug-proceedings
https://www.eqs-news.com/news/adhoc/varta-ag-varta-ag-announces-approval-of-the-restructuring-plan-according-to-starug-by-the-majority-of-the-groups/2173601#:~:text=As%20already%20communicated%20on%20September,delisting%20of%20the%20Company's%20shares.
https://www.eqs-news.com/news/adhoc/varta-ag-varta-ag-announces-approval-of-the-restructuring-plan-according-to-starug-by-the-majority-of-the-groups/2173601#:~:text=As%20already%20communicated%20on%20September,delisting%20of%20the%20Company's%20shares.
https://newsroom.porsche.com/en/2024/company/porsche-varta-deepen-strategic-partnership-37095.html
https://newsroom.porsche.com/en/2024/company/porsche-varta-deepen-strategic-partnership-37095.html
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SAY HELLO

TO YOUR BATTERY’'S BEST PERFORMANCE

IONTIC, the world’s most advanced charging
chip doubles the charge speed and cycle life
for most Li-ion batteries.

« Backed by 7M+ hours of cycling data
* Validated by third parties

E5AE
% Contact us for a no-cost demo

Sponsored Content
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https://iontra.com/

| OVERVIEW

Notable Events
Industry Value Chain

Costs
Cell & Pack Manufacturing
Applications
Electric Vehicles (EV)
Battery Energy Storage Systems (BESS)
Other
Safety
Legal
Chemistry
Cathode
Anode
Electrolyte & Separator
Solid State
Lithium - Sulphur
Non-Lithium Chemistries
Supply Chain & Raw Materials
Recycling & Reuse
Software
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Investment Landscape Overview

VC FUNDING AMOUNT | wn
Battery investments encompass a wide wide array of sub verticals, including chemistries, ‘l [ T
production equipment, software, battery facilities, and more. Throughout 2024, certain key trends ‘ =1
emerged:

SLOWER FUNDRAISING ENVIRONMENT ‘ . |
2024 saw a slower pace for VC/PE funding, driven by fewer megarounds, which were a dominant ‘ o
feature from 2020 to 2023. e

1m

48 et o
PUBLIC AND PRIVATE FUNDING SOURCES FOR INFRASTRUCTURE funaw BN poms ....:. o — 15 L1 =
Large debt and grant funding supported the growth of battery infrastructure. Notable debt raises in T R o "
2024 included, Northvolt ETT AB's €5bn green offering in Jan, Verkor €1.3bn offering in May, and o E
ACC €4.4bn offering in Feb. Additionally, government loans and grant programs continue to S e
provide attractive terms for capital intensive investments. Notable transactions include the DOE's NUMBER OF VC ROUNDS r— e
$9.6bn loan to BlueOval SK, the €1.5bn EU grant to ProLogium, and the €900mm subsidy offered . .

by the german government / EU to Northvolt Drei.

= W
i w:
MACROECONOMIC TRENDS AND RECENT DEVELOPMENTS u ; =
Across 2024, the battery investment landscape has been shaped by macroeconomic factors » P ;i
including the current interest rate environment, governmental support, and geopolitical tension. o BN ‘
Company specific tensions emerged as management teams focus on balance sheet health given e IR .l. .
slower industry growth lead to weaker P&L. --

Bioimpewnt) J5anmead N ismoeninAl BE 050 el 00 B0 00m eres Dl $300-290n rreps

(1) Annualised as of July 4th
roerdsl 0 520 (rwget) T Aetaakied

Source: https://dealroom.co/quides/fbc-uk-battery-study-2024 BATTERY REPORT 2024 I P. 41


https://dealroom.co/guides/fbc-uk-battery-study-2024
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Climate Investors Begin Deploying Dry Powder

$86Bn of Investible Dry Powder for Climate

Dry powder and new Assets Under Management (AUM) by quarter, The fundralsmg surgein 2,022 aIIOE:ated @ Iargle
2021-2024 YTD ($bn) amount of uninvested capital (aka ‘dry powder’) to

climate focused investments. From 2022 through H1
2024, increasing dry powder indicated that

a3

as climate-focused funds marketed newer
vintages. In Q3 2024, dry powder peaked at $93bn.
The environment shifted in Q4 as investors start to
deploy capital more quickly than it was being raised.

Investors have slowed the pace of deployment, with
the

. Recent funds benefit from lessons
learned through previous investments, resulting in
more rigorous due diligence processes and greater
selectivity in investment choices.

Q1 Qry G ' YR QX Qe ;@ o1 23 0323 0423 QI3 Qraa 0Yie Q4

o
S|ghtI!ne Content & analysis provided courtesy of Sightline Climate (Distinguished Partner). For more information, visit https://www.sightlineclimate.com/ P. 42
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2024 Battery Technology VC Investments
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Unlike the precedent boom years, 2024's funding environment
, as battery-focused investments within the energy and prioritized , with
transportation space were deprioritized in favor of sectors like nuclear and many late-stage rounds blending venture, grants, and debt.

aviation. Macroeconomic and policy uncertainties further dampened
investment sentiment, including

3|ghtllne Content & analysis provided courtesy of Sightline Climate (Distinguished Partner). For more information, visit https://www.sightlineclimate.com/ P. 43
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5-Year Cumulative VC Capital Deployment In Battery Technology (By Sector)

With rising geopolitical tensions and
trade restrictions on China's battery
supply chain, investments are
increasingly focused on

, further expanding the
largest sector in the battery value chain
Mtmns - Sontn pictured on the left.

Increased policy support, such as
regulations in the EU Battery
Regulation mandates and extended
producer responsibility (EPR)
frameworks, attracted additional capital
to in
addition to solely new cell
manufacturing.

By M e b ey By Ly Mt s Deany

si’ghtl!ne Content & analysis provided courtesy of Sightline Climate (Distinguished Partner). For more information, visit https://www.sightlineclimate.com/ P. 44
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https://www.google.com/url?q=https://docs.google.com/presentation/d/1Z0M9IQ7kkV1rkYGJfIfbaGRBL_rTv4eeFX9FeD2uGbc/edit%23slide%3Did.g32c0d8c0238_0_66&sa=D&source=editors&ust=1737482507996665&usg=AOvVaw1uPkwQczd2qTLLw8SmFYq0
https://www.google.com/url?q=https://docs.google.com/presentation/d/1Z0M9IQ7kkV1rkYGJfIfbaGRBL_rTv4eeFX9FeD2uGbc/edit%23slide%3Did.g32c0d8c0238_0_66&sa=D&source=editors&ust=1737482507996665&usg=AOvVaw1uPkwQczd2qTLLw8SmFYq0
https://www.sightlineclimate.com/
https://www.sightlineclimate.com/
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2024 Energy Storage Investments
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Venture capital funding in energy storage also saw a

, with Series C and growth-stage deals increasing,
while early-stage deal sizes remained relatively stable. Investors appear to
be prioritizing companies with clear commercial pathways.

S|ghtllne Content & analysis provided courtesy of Sightline Climate (Distinguished Partner). For more information, visit https://www.sightlineclimate.com/ P. 45
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QUNDATION

5-Year Cumulative VC Capital Deployment In Energy Storage (By Sector)

e LA v iy K1) e

, amounting to over $2B
in the period of 2020-2024 (>$1.2bn
to Form Energy alone).

Gy Vadiam
- sy

alongside investments in
manufacturing and supply chain
localization. Increased interest in
LDES is largely a result of challenges
faced by lithium cells in grid
hardening applications where battery
power may be required for >10
hours.

Frevyy Matam
lerww

S|ghtllne Content & analysis provided courtesy of Sightline Climate (Distinguished Partner). For more information, visit https://www.sightlineclimate.com/ P. 46
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Public Market Performance

Constrained demand for EVs continues to drag on public market performance of battery companies
140%% -

80%

(% change from 1/1/2024)

VF | VOLTA
| FOUNDATION

117 7% INCUMBENT BATTERY

M.5%

804 - /Ny W »—-\\—-ﬁ‘:\)ﬁ\ NPW%/\ ] S
- J ~ i o~ . 4 §% LITHIUM
N \'/ \-—\V ,v\fh
2024 Mar-2004 M- 2024 Jub 2028 Seo-2024 How-2024 Jan2025
Categories Incumbent Battery EV Startup'?

Slow Demand from EV OEMs
in 2024 with preference for
Hybrid EVs. Optimism from

new battery product launches

featuring higher energy
density and lower costs

LCE spot price is down ~30%
from the beginning of the year.
Softening Li demand has led
Miners to reduced CapEx
plans to right size P&L

High CapEx for battery
factories and mixed customer
offtake terms

Operating below profitability
inflection point while battling
lower EV demand

Key Drivers

Low utilization, unforeseen
maintenance issues, and poor

user experience

9 M..- OFREYR ' 4

QLG EragySeluton  (B) & lbenmaie L - o RIVIAN b s “lureemine EVgo  blhk
i OLivent  PIEOMONT RITEOMESS dragonfly - P

Constituents CATL ¢ A o g ==Y wollbox &

-2t
Source: CaplQ(1/1/2025) Indexes are market cap weighted. (1) August 2024 Tritium acquired by Exicom ; (2) Fisker was delisted in March 2024
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SPAC Performance

Slower growth for EV mobility, underperformance relative to management guidance, and sizable capital expenditures has
weighed on battery SPAC performance. All tracked battery stocks except one are trading at a discount to the $10 Par Value.
Across the tracked SPAC, companies are down ~33% FY2024 relative to the S&P which is up ~23%

-

(Performance relive to par price)

2 : 4 X 4 Y
\4 Ly v ‘“' { Ay
» 5 . 4 ) v > N s o
#L. ; ,{,J"' WL; & ﬁ*{ 4@5—&3/4@0%%—3 .‘—J—i : é? é"r:_@‘
&9 ¢ 74 7 & 9 RN 23’ G~/ i 0

0 61%

(56 0r's 51 21%
W6 7% . T| B2
76 0%

183,07 (B4 ot (53618
G (69 2% 3710% 7 e

2020 2021 2022 2023 2024

Source: CaplQ(1/01/2025)
(1) Jan 2023, announced that Shell would acquire Volta (2)Nov 2023, Proterra sold to Volvo and Phoenix Motors (3) Dec 2024, Lion ELectric CCAA restructuring

process in progress
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VOLTA
OUNDATION

Select Dilutive And Non-Dilutive Transactions In 2024

ninedaot
$225m | Jan
$145m

NTCMBY  $75m
EiSion Power $73m

* Sila

i

DOE Federal
Funds

QCC

AUTOMOTIVE CELLS Co

BlueOval SK
~$9.6B | Dec

ZENOBE €4.4B | Feb
X ssom[sep |  £557m

POWIN May
$200m | Sep

pPONErdot
€165m | Aug

rdot €100 | Mar

L R

Polestar

$375m
Jun

voltera $100m [ Aug

~$3Bm

€1.3B

$950m May ‘// $11B

Feb . Mar

1A A

northvolt
€902m

‘n‘ NIO
6K l$v82m$|738:; $2-28 | Jan e

2411 s87m

Note: Box sizes made by converting other currency to USD at 1/1/2025
Non-Dilutive The list is not comprehensive of all transaction in 2024
(1) As of September 2024

northvolt

~€5B | Jan
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https://finance.yahoo.com/news/24m-raises-87-million-series-164500656.html
https://www.globenewswire.com/news-release/2024/09/05/2941389/0/en/6K-Closes-82M-as-Part-of-Series-E-Fund-Raise-for-Expansion-of-Production-Capabilities.html
https://www.reuters.com/sustainability/sustainable-finance-reporting/swedens-northvolt-raises-5-bln-green-loan-expand-battery-factories-2024-01-16/
https://ir.nio.com/news-releases/news-release-details/nio-inc-announces-closing-us22-billion-strategic-equity
https://verkor.com/en/verkor-secures-over-1-3-billion-euros-through-a-green-loan-from-19-banking-entities/
https://investors.polestar.com/news-releases/news-release-details/polestar-secures-usd-1-billion-external-funding-business-outlook
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_6823
https://www.zenobe.com/news-and-events/zenobe-secures-over-1-billion-of-green-debt-funding-since-2019-following-todays-announcement-of-landmark-410-million-electric-bus-financing-deal/
https://techcrunch.com/2024/12/12/archer-teams-up-with-anduril-and-raises-430-million-to-build-defense-aircraft/
https://formenergy.com/form-energy-secures-405m-in-series-f-financing-to-expand-iron-air-battery-business-and-operations/
https://techcrunch.com/2024/06/27/as-battery-startups-fail-sila-snaps-up-375m-in-new-funding/
https://powin.com/powin-secures-200-million-in-debt-capital-from-kkr-to-bolster-growth-and-innovation-in-energy-storage/
https://powerdot.eu/en/blog/powerdot-secures-e165-million-green-financing-to-accelerate-ev-charging-point-deployment
https://ascendelements.com/ascend-elements-raises-additional-162-million-to-build-sustainable-lithium-ion-battery-materials-in-united-states/
https://lilacsolutions.com/2024/02/lilac-solutions-announces-145-million-series-c-to-scale-lithium-supply-for-the-electric-vehicle-era/
https://www.flo.com/en-ca/press-release/flo-secures-136m-financing/
https://heartaerospace.com/newsroom/heart-aerospace-raises-107-million-in-series-b-funding/
https://powerdot.eu/en/blog/powerdot-secures-100-million-euros-in-capital-raise
https://www.volterapower.com/post/voltera-secures-first-of-its-kind-100-million-debt-facility-from-ing-and-investec
https://sigmalithiumresources.com/sigma-lithium-receives-binding-commitment-from-bndes-for-a-brl-487-million-16-year-loan-to-fully-fund-second-greentech-carbon-neutral-plant-in-brazil/
https://www.alsym.com/blog/were-excited-to-announce-a-78-million-funding-round-led-by-tata-ltd-and-general-catalyst/
https://investors.li-cycle.com/news/news-details/2024/Li-Cycle-Closes-75-Million-Strategic-Investment-from-Glencore/default.aspx
https://techcrunch.com/2024/10/07/ai-powered-critical-mineral-startup-kobold-metals-has-raised-491m-filings-reveal/
https://www.reuters.com/business/autos-transportation/im-motors-raises-11-bln-one-china-ev-brands-biggest-recent-deals-2024-03-01/
https://www.automotivedive.com/news/blueoval-sk-closes-doe-loan-9billion-ev-battery-joint-venture/735657/
https://www.greencarcongress.com/2024/02/20240214-acc.html
https://www.businesswire.com/news/home/20240110676731/en/NineDot-Energy-Raises-225-Million-in-Equity-Financing-to-Build-and-Operate-Distributed-Battery-Energy-Storage-Projects
https://www.startupticker.ch/en/news/energy-storage-start-up-terralayr-raises-chf67-million
https://sionpower.com/2024/sion-power-raises-75-million-to-commercialize-its-proprietary-licerion-technology-for-electric-vehicles/
https://www.businesswire.com/news/home/20241031872366/en

TINDUSTRY | FINANCE | TRANSACTIONS | FEDERAL FUNDING r

JUNDATITON

DOE Federal Funds In Battery Technology
SELECT DOE LOANS IN THE BATTERY VALUE CHAIN®

YTD September 2024, the DOE has allocated
>$3B to battery technology in the form of
grants/loans.

st} GROUPHH SKI US Inc. ' TerraVelta

h-ntmm) $50m $150m $225m
The government grants and loans support the | $200m '
entire battery supply chain, from mineral o 4 $55m SWA
extraction to recycling. — , Lithium
The largest investment in 2024 by the DOE was f,‘i"o'.':ﬂ} ? orevex $225m
issued to BlueOval SK in the amount of $9.6B in — ]
late December.? $150m $145m
As of January 2025, there are over 160 DOE /5 EoRGE Hone)well B ~=| D Mitra Chem

applicants, across all sectors, seeking over

$200B in loan proceeds. $100m $126m $55m $100m

Element (25"
$166m

SEPARATION & COMPONENT
BAVVMATERISES PROCESSING MANUFACTURING
BATTERY
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https://techcrunch.com/2024/09/20/the-25-battery-tech-startups-that-just-got-a-piece-of-3b-in-federal-funds/
https://www.energy.gov/lpo/articles/doe-announces-963-billion-loan-blueoval-sk-further-expand-us-manufacturing-electric

TINDUSTRY | FINANCE | PRIVATE CAPITAL MARKETS | INTRO

Private Capital Market Investors

>$150bn of total private climate assets under management (AUM) across 300 Early-stage VCs, Corporate VCs, Growth Equity,
Infrastructure , and Private Equity funds since Jan 2021.1

LATE STAGE VC / SOVEREIGN WEALTH
INVESTOR TYPE EARLY STAGE VC CORPORATE VC GROWTH EQUITY PRIVATE EQUITY INFRASTRUCTURE FUND / PENSION

Early-Stage venture Early-Stage investments.

. . N " N i Revenue generating Control investments into . . .
investments into ) Likely synergies with VC's companies pre-earnings with mature companies with Asset' heavy project based Pgtlent qug term investors
Investment pre-revenue / pre-product fit corporate parent. Corporate revenue backlog defined cash flow profile and financing supported by long with a national mandate to
Characteristic Sezznjpsa:rlieess A vC hel?:cllqn‘;algg?etlsng new Series B - Series D clear customer relationships term offtake contract progress climate sustainability
SO - G
ARCT AermiC ez

"o S o=  APOLLO cip CPP fwestments

‘ ::.: :‘. i AVAANA o , Clean Energy Transition [

cim wos g oo MRS e EQT bcic

Technology st weie

BGENETATE
e T [Eratwa] - "
S caeor @PLG ARC L | N: -_-v O Ry
Investor Base Caa= et Porcows virereans  BEKOGM . L o= Lo
earin Climate Innovation Fund 4 ju i -
o Arr——_—— o . i~ limate-related “
@ - e== Y SAVEMUES ¢eomuuens camiures s
!
e @veyane o
= - “I'PGRISE TEMASEK
@m N . STDK om et an e by e r
LI RLOeAL - ‘“‘:I‘ﬁ V u ‘ P
e t] AL
EEVERNVOND +VOLTA VaIeVe:tures ’VOLTA p"m E D nm.::"x

SIthllne (1) Sightline Climate (Distinguished Partner). For more information, visit_https://www.sightlineclimate.com BATTERY REPORT 2024 | P. 51
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VOLTA
FOUNDATION

VF

Funds Raised In The Last 4 Years - Financial VCs And Corporate VCs

— A
W

2021

2022

sightline

climate (1) As of 7 november 2024
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0 e

2023

M sy My

Content and analysis provided courtesy of Sightline Climate (Distinguished Partner). For more information, visit_https://www.sightlineclimate.com/

From 2021to 2024, the climate capital stack has matured, with
increasing specialization and diversity across funding stages.
Early-stage funds have consolidated, while growth and
infrastructure funds have expanded significantly and now
dominate with $56B of deployable dry powder, focusing on low-risk,
mature technologies, reflecting a shift toward disciplined and
strategic capital allocation.

This growing sophistication across all stages ensures a more
robust climate tech ecosystem capable of addressing a wider range
of technological and scalability challenges.
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| FINANCE | PRIVATE CAPITAL MARKETS |

Funds Raised In The Last 4 Years - Growth Equity/PE And Infra

From 2021to 2024, the climate capital stack has matured, with increasing specialization and diversity across funding stages.
have consolidated, while

have expanded significantly and now dominate with $56B
of deployable dry powder, focusing on low-risk, mature technologies, reflecting a shift toward disciplined and strategic capital allocation.

This across all stages ensures a more robust climate tech ecosystem capable of addressing a wider range of
technological and scalability challenges.
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New Funds Raised In 2024

VOLTA

FOUNDATION

More than $40bn of capital allocated towards climate and energy transitions announced in 2024, with 96 new funds, down 6% from 2023's record.”

G mean
$1.2BN

Invests in Climate
Infrastructure

I=EQT
€3.0BN

Invests in climate and
health

Brookfield
$5.0BN

Emerging markets
climate fund

N
ARCTERN
$335MM

Early growth-stage
climate

SOSV

$306MM

Invest in deep tech and
hardware startups

aiga =
$240MM

Sustainable
infrastructure

Note USDEUR converted at 1/1/2025

o
SIghtlgne (1) Sightline Climate (Distinguished Partner). For more information, visit https://www.sightlineclimate.com/

climate

Speadnes
€350MM

Invests in tech and
climate startups
Devprmeugne Farvey

Wanlws TS

$1.4BN

Invests in Climate debut
fund

PG

$4.9BN

Focuses on climate tech

verticals

= Chevron
$300MM

Climate technologies

WILLINGTON
MANAGEMENT

$385MM

Climate innovation

m Frrdyow
isrvcure

$500MM

Infrastructure solutions
across climate

$1.5BN

Low-carbon
infrastructure

e CLEANENERGY

$305MM

decarbonization
solutions

verdane

€700MM

Invests in decarbonization
solutions

Brookfield
$10.0BN

Global energy transition
fund

EURAZEQ
€700MM
Decarbonization and

sustainability solutions

SOCIuUM

NG

$300MM

Focuses climate tech
companies

verdane
€1.1BN

Focuses on digitization
and decarbonization

LS PONER
$2.7BN

Invest in power and
energy infrastructure

ANeos Partners
$1.37BN

Renewable energy, grid, and
data centers
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https://isquaredcapital.com/cpt_news/i-squared-capital-signs-definitive-agreements-establishing-1-2-billion-dfc-climate-fund/
https://isquaredcapital.com/cpt_news/i-squared-capital-signs-definitive-agreements-establishing-1-2-billion-dfc-climate-fund/
https://betakit.com/climate-tech-vc-arctern-ventures-closes-450-million-cad-fund-iii-from-large-institutions/
https://betakit.com/climate-tech-vc-arctern-ventures-closes-450-million-cad-fund-iii-from-large-institutions/
https://www.esgtoday.com/generate-capital-raises-1-5-billion-for-sustainable-infrastructure-investments/
https://www.esgtoday.com/generate-capital-raises-1-5-billion-for-sustainable-infrastructure-investments/
https://bam.brookfield.com/press-releases/brookfield-announces-10-billion-first-closing-second-brookfield-global-transition
https://bam.brookfield.com/press-releases/brookfield-announces-10-billion-first-closing-second-brookfield-global-transition
https://impact-investor.com/verdanes-edda-iii-fund-closes-above-e1-1bn-target-level/
https://impact-investor.com/verdanes-edda-iii-fund-closes-above-e1-1bn-target-level/
https://www.chevron.com/newsroom/2021/q1/chevron-commits-300-million-toward-low-carbon-technology-investments
https://www.chevron.com/newsroom/2021/q1/chevron-commits-300-million-toward-low-carbon-technology-investments
https://www.lspower.com/ls-power-closes-oversubscribed-fund-v-at-2-7-billion/
https://www.lspower.com/ls-power-closes-oversubscribed-fund-v-at-2-7-billion/
https://www.prnewswire.com/news-releases/aiga-capital-partners-closes-inaugural-fund-with-over-240m-of-commitments-to-invest-in-sustainable-energy-infrastructure-302238208.html
https://www.prnewswire.com/news-releases/aiga-capital-partners-closes-inaugural-fund-with-over-240m-of-commitments-to-invest-in-sustainable-energy-infrastructure-302238208.html
https://www.neospartners.com/news-events/neos-partners-raises-1-point-three-seven-billion-fund-two-to-invest-in-the-energy-transition-and-critical-infrastructure-sectors
https://www.neospartners.com/news-events/neos-partners-raises-1-point-three-seven-billion-fund-two-to-invest-in-the-energy-transition-and-critical-infrastructure-sectors
https://www.axios.com/pro/climate-deals/2024/10/09/ember-infrastructure-500-million-fund-ii-h2o
https://www.axios.com/pro/climate-deals/2024/10/09/ember-infrastructure-500-million-fund-ii-h2o
https://verdane.com/verdane-closes-idun-ii-at-e700-million-hard-cap-to-back-companies-that-will-create-a-more-sustainable-future/
https://verdane.com/verdane-closes-idun-ii-at-e700-million-hard-cap-to-back-companies-that-will-create-a-more-sustainable-future/
https://www.finsmes.com/2024/10/socium-ventures-raises-second-300m-fund.html
https://www.finsmes.com/2024/10/socium-ventures-raises-second-300m-fund.html
https://www.newprivatemarkets.com/tpg-collects-nearly-5bn-for-second-private-equity-climate-fund/
https://www.newprivatemarkets.com/tpg-collects-nearly-5bn-for-second-private-equity-climate-fund/
https://bam.brookfield.com/press-releases/brookfield-raises-24-billion-catalytic-transition-fund-supported-anchor-commitment
https://bam.brookfield.com/press-releases/brookfield-raises-24-billion-catalytic-transition-fund-supported-anchor-commitment
https://www.reuters.com/business/blackrock-backed-decarbonization-partners-raises-14-bln-first-fund-2024-04-25/
https://www.reuters.com/business/blackrock-backed-decarbonization-partners-raises-14-bln-first-fund-2024-04-25/
https://www.prnewswire.com/news-releases/sosv-closes-306m-deep-tech-fund-for-human-and-planetary-health-302117896.html
https://www.prnewswire.com/news-releases/sosv-closes-306m-deep-tech-fund-for-human-and-planetary-health-302117896.html
https://www.esgtoday.com/wellington-management-raises-385-million-for-climate-tech-venture-fund/
https://www.esgtoday.com/wellington-management-raises-385-million-for-climate-tech-venture-fund/
https://www.loyensloeff.com/insights/news--events/news/eqt-future-closes-at-eur-3-billion-investing-in-sustainability-and-health/
https://www.loyensloeff.com/insights/news--events/news/eqt-future-closes-at-eur-3-billion-investing-in-sustainability-and-health/
https://cleanenergyventures.com/clean-energy-venture-capital/clean-energy-ventures-closes-305m-fund-ii/
https://cleanenergyventures.com/clean-energy-venture-capital/clean-energy-ventures-closes-305m-fund-ii/
https://www.speedinvest.com/blog/speedinvest-closes-oversubscribed-fourth-flagship-fund-at-eu350-million-eu50-million-above-target
https://www.speedinvest.com/blog/speedinvest-closes-oversubscribed-fourth-flagship-fund-at-eu350-million-eu50-million-above-target
https://www.esgtoday.com/eurazeo-raises-over-e700-million-for-transition-infrastructure-strategy-beating-initial-target-by-40/
https://www.esgtoday.com/eurazeo-raises-over-e700-million-for-transition-infrastructure-strategy-beating-initial-target-by-40/
https://www.sightlineclimate.com/
https://www.sightlineclimate.com/
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2023 Mega Fund Private Capital Announcements...

Mega-funds ($500M+) account for ~19% of funds in 2023 by count, but constitute ~70% of total AUM

2023 Fund
Size

Mandate

1‘\ P (:) [ l,(:)

Clean Energy Transition

$4bn

Invest into a diversified
global portfolio of yield
and hybrid investments

Focused on
decarbonization as an
overarching theme rather
than a specific asset class

Positioned to address the
significant gaps that exist
in the capital markets for
climate and transition
financing

Note: funding numbers are as of January 2024

KKR

Global Climate

N/A

Investment scope includes
scaling battery
technologies, EV fleet
electrification and EV
Charging, decarbonizing
agriculture and steel

The fund’s mandate is
“climate” which
encompass
decarbonization of sectors
like transportation, food,
and industry

Brookfield

Emerging Markets Transition

>$1bn

Deploy capital exclusively
for emerging and
developing markets

Supporting the four key
pillars that underpin
COP28's Action Agenda:
Energy Transition,
Industrial Decarbonization,
Sustainable Living and
Climate Technologies

TPG RISE

IMATE

$7.3bn

Invests in energy transition,
green mobility, sustainable
fuels and sustainable
molecules, and Carbon
Solutions

Growth-stage investments
in innovative climate
solutions

Fund's performance fee
dependent on ability to
deliver on greenhouse gas
abatement goals

#7N, JusT
| CLIMATE

-

$1.5bn

Focused on hard to abate
sectors which include
energy, mobility, industry
and buildings — in order to
generate outsized
emissions abatement in the
next decade

NGP

$700mm

Provide growth capital to
companies that drive /
enable the growth of
renewable energy, the
electrification of transport,
the efficient use of energy
and resources and the
management/reduction of
carbon emissions

Focused on real assets
within the energy transition

1GT climate

$1bn

Focused on investments in
growth-stage companies
that will seek to collectively
avoid or remove one
gigaton of carbon
dioxide-equivalent (CO2e)
emissions from the Earth's
atmosphere
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...0ne Year Later And The Largest Climate Funds Of 2023 Have Begun Cautiously Deploying
Capital

All but one of the funds focused on climate investment have acquired an interest in a battery related investment

i ne— JUST
APOLLO KKR Bgnggm'g!d “IPG RISE SLRMATE NGP
Clean Energy Transition Global Climate Transition ey Wotaria 1GT climate
AMOUNT N @ 5
Fund 2 27 MEVR ENERGY (e
B imarsect T2 CONTINUEM. m
Power . - _
Still Fundraising _~ ________ U S‘X?“Z_gg I_‘_MHE:
Rebranded as I .. obi
T = 1011 1o T p—n—— Catalytic Fund 1 Al Ei“_ i _“E! S .
INVESTMENTS PURMO | £ E No B E | Transition Fund. 2024 investments Hml
assus - L—————— Targetnga $5bn 2 Infinitum ” X
| | Camacn! | pa—
A AvanTus L 2AEmlre |_/_'__.;£ME>_L| 42\v) everstream

——
—_——

(2) Represents TPG Rise Climate Fund I

(3) Targeted $1bn, closed at $750mm

LEGEND
’V | Battery Related Investment

SIthllne Sources: Press Releases, Sightline Climate (Distinguished Partner); (1) Some fund sizes adjusted from the previously announced amount BATTERY REPORT 2024 | P. 56
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Section Summary - Cost Reduction Is Now Priority #1 Throughout The Battery Value Chain

The situation for battery manufacturing costs can currently be
characterised by three challenges that producers are facing
along the value chain:

/il across the entire supply chain,
W resulting in pullback of investments.

e efforts because of shrinking

AW margins and intensifying competition.

into new markets, driven by rising
protectionism and domestic competition.

Battery manufacturers and automakers are prioritising
cost reduction as the main survival mechanism in a
market with tight margins and intense price
competition.

Battery prices in China are now low enough to drive
profound demand, but only the lowest-cost producers
will survive.

New manufacturers in Europe and North America
face several barriers in basic manufacturing
efficiency and quality. Given this, the Western battery
industry continues to consist of the Asian
incumbents.

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit hitps://www.crugroup.com. p. 58
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| COSTS | 2024 CELL COSTS

Battery Manufacturing Costs Continue To Fall In 2024

Average production costs for China-made LFP cels (3 Wh, LHS), vs. Lithium price (S/kg, RHS)
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Average cell production costs have fallen
steeply since 2022, driven by plummeting
material prices, especially that of lithium
carbonate, CAM, and AAM.

Low material prices have been driven by
overcapacity and oversupply.

Initially cost reductions were driven by
incremental improvements in manufacturing
efficiency and cell design, but processes are
now so well-optimised that, for example, LFP
costs closely follow the price of lithium
carbonate.

Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. LCE = Lithium Carbonate

Equivalent.
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| COSTS | OVERCAPACITY IN BATTERY INDUSTRY LV =t i
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Battery Industry Overcapacity Has Led To Low Selling Prices And Shrinking Profit Margins
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° Alongside falling production costs, average selling prices have fallen in 2024 for Chinese made batteries
° The driving factor behind this is the large overcapacity that has emerged, with more cells being produced than can be consumed

° This leads to manufacturers selling at or below production costs to maintain competitiveness and market share, pushing prices to new lows

Source: Main content provided by BloombergNEF (Distinguished Partner), ICCSino (LFP cell spot price). Cell cost and price is based on a prismatic cell and P. 60

BloombergNEF excludes taxes.
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1INDUSTRY | COSTS | BATTERY PACK PRICES

Battery Pack Prices See Largest Drop Since 2017

VOLUME-WEIGHTED AVERAGE LI-ION BATTERY PACK Average Li-ion battery pack prices dropped 20%
AND CELL PRICE SPLIT from 2023 to a record low of $115 /kWh in 2024.
Factors driving the decline include:
Read 2024 SN
806 ° Cell manufacturing overcapacity
tal]

° Economies of scale and reductions in underlying
Peck costs from incremental manufacturing improvements
such as yield/quality

° Low raw material and component prices

° Adoption of lower-cost LFP batteries

210
155 ° Slowdown in EV sales growth
ll . l . . Note: Prices vary widely across different countries and application
areas.

2013 2014 2015 209G 2007 2010 2079 2020 2020 2022 2023 2024

E Source: Content & analysis provided courtesy of BloombergNEF (Distinguished Partner). Note: historical prices have been updated to reflect real P. 61
2024 dollars. Weighted average survey value includes 343 data points from passenger cars, buses, commercial vehicles, and energy storage. :

BloombergNE|
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TINDUSTRY | COSTS | SUPER-LOW PRODUCTION COSTS

How Are Chinese Manufacturers Achieving Super-Low Production Costs?

SUPPLY CHAIN EFFICIENCIES GO HAND-IN-HAND
WITH MANUFACTURING EXCELLENCE

TOP MANUFACTURERS ARE
IN A LEAGUE OF THEIR OWN

i 5 Vertical integration
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m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. Model is showing an EV
(power) cell, prismatic, synthetic graphite anode

#1is the foundation for all
companies.

#2 and 3 give top manufacturers

an additional edge over rest of
the industry.

BATTERY REPORT 2024 | P. 62
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| cosTs | HIGHER COSTS OUTSIDE CHINA

Costs Are Higher Outside China, Partly Due To Inherent Disadvantages

Higher cost of production outside China
Aviage battery oall production oosts, Modetes bazery cefl production costs for is influenced by:
NMC 811, 2024 $xWh

BYD, LFR 2024 avaraga $k'Wh
LS
|

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner)

e Initially lower yields and factory

- | = automation
Model parameters:
- e Differences in energy and labour

- Same yields, factory
automation, material costs
margins
- No import tariffs or local ; P
oremiums on materials ° nghgr margins commanded by
- Region-average energy suppliers
prices
- CAM and AAM made locally

aMatanals

o
0,

° Import tariffs and local premiums
on raw materials

...all of which can be mitigated!

a—— -I n
-

. For more information, visit https://www.crugroup.com. P. 63
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TINDUSTRY | COSTS | PATHWAYS TO COST-EFFECTIVENESS

Automation And Yields Critical For USA Cost-Competitiveness

MODELED LFP BATTERY CELL MANUFACTURING COSTS IN USA, 2024 $/kWh

Startup manufacturers ara : i
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m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. BATTERY REPORT 2024 | P. 64
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TINDUSTRY | COSTS | PATHWAYS TO COST-EFFECTIVENESS

Electricity Price And Automation Key For Factories In Europe
MODELED LFP BATTERY CELL MANUFACTURING COSTS IN EUROPE, 2024 $/kWh
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m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. BATTERY REPORT 2024 | P. 65
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| cosTS | IMPORTANCE OF JOINT VENTURES

The Battery Conundrum - Joint Venture Or Go It Alone?

160

140

122

00

80

&0

Scenarios for LFP battery cell average manufacturing costs in USA, $/kWh

2024

Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. Modeling an EV (power) cell

with synthetic graphite anode.

2025

- Fully US slartup

s ol vENtUre with Korean manufactures

——— Jodt venture with Chinese manufacturer

2026

2027

2028

F VOLTA
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Battery manufacturing is very difficult, with low
scrap rates and high throughputs are needed to
be profitable.

So far, new manufacturers who chose to go it
alone have seldom survived.

Joint ventures with an experienced producer have
been the most successful strategy.

This is critical to rapidly
and increase customer confidence in the
quality and reliability of supply.

Although Chinese-origin companies are now
increasingly willing to work with local partners,
they — along with the Chinese government — are
making a concerted effort to avoid the leakage
of critical technical know-how.

p. 66
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| COSTS | LFP COSTS HAVE FURTHER ROOM TO FALL VF | VOLTA
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LFP Production Costs Have Further Room To Fall

LFP BATTERY CELL MANUFACTURING COSTS IN CHINA, 2024 $/kWh
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Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. Modeling an EV (power) cell P.67

with synthetic graphite anode.
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LxFP Retains Cost Advantage Over Nickel-Rich Batteries

NMC 811 remains the most expensive chemistry compared to LxFP

@ — i o : : .
_M:wg Model perameters and emerging NMC based chemistries, despite falling nickel and
: Builtin Chirs cobalt prices.

Lo RS . s Anode Prismat cell

aCulexin Synthatic graphiia . . .
Medium-nickel high-voltage NMC has emerged as a lower-cost

alternative to high-nickel NMC while offering comparable energy
density.

L1

The LxFP family, due to the absence of expensive raw materials and
more efficient lithium utilisation, are leading the way for low
production costs.

0

High-compaction-density LFP cathode material may enable cell
cost reductions of up to 3%, continuing the trend of incremental
improvements to incumbent chemistries.

(-1 1T MV G371 bigh LFP P
Votage

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit hitps://www.crugroup.com. p. 68
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| CELL & PACK MANUFACTURING | PRODUCTION OUTPUT

Battery Manufacturing Grows Further Into The Terawatt-Hour-Per-Year Era

1,490

e There is still significant overcapacity and
—in the case of China- overproduction
1 o 5 I Wh compared to demand
e This is the reason for LFP's share being

59 O/ were LFP higher than in end-use demand
O batteries

e Much of the battery requirements are
imported from Asia as most gigafactories

4 5 were EV in the pipeline outside China are still
e The industry remains an oligopoly with
4 5 were made the top
2023 2024 in China
Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. Battery

production data from CRU's primary data collection, national industry associations, and manufacturer reports. December 2024 data is partially estimated. P.70
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| CELL & PACK MANUFACTURING | PRODUCTION LOCALIZATION

China Is The Battery Export Hub But Production Is Localizing

Production Source Demand Destvation e  Much of Europe and North America’s battery supply are currently
O ——2024: 1.2 TWh— o
- - - . .
° - - - - e But of batteries between regions
aa :: : over time. There will be increasing localisation of battery

-) - production to where they are used, due to:

o  Trade policy - tariffs are increasing over time

o  Supply security — automotive industry aiming to avoid a
repeat of supply disruptions

® .

Euxpe

Q .

o Costand ESG - transporting bulky batteries across

b & - regions is expensive and emissions-intensive
e Although other regions are ramping up their production bases,
- I ; China will remain the largest battery producer.
oS! of \Wer
Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. Trade flows less than 1 GWh P 71

are not shown. ‘Demand Destination’ refers to where the battery is installed. Total GWh represents end-use demand and does not show overproduction of battery cells.
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| CELL & PACK MANUFACTURING | GIGAFACTORY PLANTS |

Gigafactory Tracker - 1,372" GWh Of Capacity

1 ABF, Tucson, AZ,

2 Amprius Tech, Brighton, CO,

3 Electrovaya, Jamestown, NY,

4 AESC, Smyrna, TN, 3 GWh

5 AESC/BMW, KY,

6 AESC/Mercedes, Florence County, SC,

7 Ford/CATL, Marshall, Ml, (+20 Gwh)*
9 Nanotech Energy, tbd, NV,

8 FREYR, Newnan, GA,

10 IM3NY, Endicott, NY, 1 GWh, (+37
GWh)*

11 KORE Power, Buckeye, AZ,

12 LGES, Queen Creek, AZ,

13 LGES, Holland, MI, 5 GWh,

14 Ultium Cells, LGES/GM, Lansing, MI,

15 Ultium Cells, LGES/GM, Spring Hill, TN,
35 GWh
16 LGES/Honda, Jeffersonville, OH,

17 Panasonic, DeSoto, Kansas,
18 Panasonic/Tesla, NV, 37 GWh,

19 Samsung SDI/GM, New Carlisle, IN,

20 (2 plants) StarPlus Energy (Samsung
SDI/Stellantis), Kokomo, IN,

21 SK, Commerce, GA, 22 GWh

22 BlueOval (SK/Ford), Stanton, TN,

23 SK/Hyundai, Bartow County, GA,

24 Tesla, Fremont, CA, 10 GWh

25 Toyota, Greensboro, NC,

26 LGES/Hyundai, USA,

27 Ultium Cells, LGES/GM, Warren, OH, 41 GWh
29 Forge Battery, Raleigh, NC,
30 SAFT, Jacksonville, FL,

31 Tesla, Austin, TX, 6 GWh
32 ONE, Belleville, MI, 10 MWh
33 Gotion, Manteno, IL,

34 Lyten, San Jose, CA,

35 Lyten, Reno, NV,

36 (2 plants) BlueOval (SK/Ford), Glendale, KY,

37 Pomega, Waterboro, SC,

38 Amplify Cell Tech, Marshall county, MS,

39 Statevolt, near Salton Sea, CA, (+54 G\Wh)**
40 Lyten, San Leandro, CA,

41 LGES/Stellantis, Windsor, ON,

42 PowerCo, St. Thomas, ON,

43 Lion Electric, Joliet, QC, (+5 GWh)*

44 StromVolt, tbd, QC,

45 Northvolt Six, Montreal, QC,

46 BlueSolutions, Montreal, QC, 0.5 GWh
47 Molicel, Maple Ridge, BC, (+2.8 GWh)**

*total includes future & current capacities; excludes plants with halted construction, takes the highest of

future capacity ranges (if range exists)
**note: sodium-ion excluded

e North America has
experienced significant
growth in the last 2-3 years
due to IRA incentives

e Yet several projects are
struggling or remain elusive
due to financial and political
issues, including uncertainty
around the future of the IRA

SNG

%
®

BASIC FORMAT = Current Capacity GWh,
(+Additional Future Capacity GWh)
CONSTRUCTION AT RISK = (+Additional Future
Capacity GWh)*

CONSTRUCTION HALTED/BANKRUPTCY =

Capaci Vh)**

®
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| CELL & PACK MANUFACTURING | GIGAFACTORY PLANTS |

Gigafactory Tracker - 1,504" GWh Of Capacity

1ACC, 13 GWh,
2 AESC,

3 Verkor/Renault,
4 Prologium,

5 Tiamat,

6 ACC, (+40 GWh)**

7 CATL, 14 GWh,

8 Leclanche, 4.5 GWh
9 Northvolt Drei,

10 SVOLT, (+:
11 SVOLT, (+16 (
12 Tesla, 50 GWh,
13 PowerCo,

14 Cellforce Group,
15 Customcells,

16 EAS, 0.5 GWh

h)**

)**

17 ACC, (+40 G\Wh)**
18 ITALVOLT, (+45
19 FAAM, 0.35 GWh,

20 CALB,

21 Eurocell, (+1 G\

22 Northvolt, 16 GWh, (+44
GWh)*
23 NOVO (Volvo), (+50 GWh)*

24 CATL, 100 GWh
25 EVE Energy,
26 Samsung SDI, 40 GWh,

27 SK, 18 GWh,
28 Sunwoda,

29 Elinor,
30 FREYR, (+29 GWh)**
31 Morrow, unknown GWh

32 Beyonder,

33 Finnish Minerals,

34 AESC,
35 PowerCo,

36 Basquevolt, unknown GWh

37 CATL/Stellantis,

38 AESC, 2 GWh,

39 Agratas/Tata,

40 Nanotech Energy,

41 Eve Energy, @

42 Gotion Inobat, 20 GWh,

43 ElevenEs, @

44 | GES, 90 GWh, @

45 MES,
46 siro, @ @@6?

47 Maxxen,

48 Pomega,2 GWh
49 Reap Battery,
50 Ottomotive,

51 Ampherr,

52 Vestel,

53 Inovat, @

54 Aspilsan, 0.2 GWh
® O 9
&

According to the Battery Atlas,
current planned capacity
shrunk by 473 GWh

Several gigafactories have
been halted due to weakened
market demand, energy costs,
or organizational issues.
Germany, Sweden and Italy
have especially been affected

BASIC FORMAT = Current Capacity GWh,

(+Additional Future Capacity GWh)

CONSTRUCTION AT RISK = (+Additional Future

Capacity GWh)*

CONSTRUCTION HALTED/BANKRUPTCY =
Vh)**

1)*

. 73

*total includes future & current capacities; excludes plants with halted construction; takes the highest of
future capacity ranges (if range exists)

**note: sodium-ion excluded Source: All uncited factories are from Batteriezellproduktion: Europa gerét ins Hintertreffen



https://battery-news.de/2024/12/13/batteriezellproduktion-in-europa/
https://www.google.com/url?q=https://www.ipcei-batteries.eu/fileadmin/Images/accompanying-research/publications/2024-05-BZF_Kurzinfo_Marktanalyse_Q2_engl.pdf&sa=D&source=editors&ust=1737665513607928&usg=AOvVaw2KYc626IQ85UdI5eHhgGyR
https://techxplore.com/news/2024-06-car-battery-maker-acc-halts.html
https://cnevpost.com/2024/10/25/svolt-suspends-battery-factory-projects-germany-report/
https://cnevpost.com/2024/10/25/svolt-suspends-battery-factory-projects-germany-report/
https://www.reuters.com/business/autos-transportation/tesla-requests-approval-revamp-german-plant-application-documents-2023-07-19/
https://www.reuters.com/business/autos-transportation/volkswagens-german-battery-plant-stay-half-capacity-amid-cost-pressures-2024-09-06
https://techxplore.com/news/2024-06-car-battery-maker-acc-halts.html
https://www.bestmag.co.uk/italvolt-gives-up-on-italy-gigafactory-sets-up-in-uae/
https://faam.com/en/teverola-1-and-teverola-2/
https://bits-chips.com/article/groningen-battery-plant-put-on-ice/
https://www.google.com/url?q=https://en.sunwoda.com/article/575/9.html&sa=D&source=editors&ust=1737665513447786&usg=AOvVaw3f8jh131m-pZnjZsGKA_xm
https://www.bestmag.co.uk/freyr-battery-pauses-cell-production-to-lay-off-staff/#:~:text=The%20Nordic%20dreams%20of%20gigafactory%20production%20have,cell%20production%20and%20the%20loss%20of%20jobs.
https://rhomotion.com/news/norway-opens-europes-first-lfp-gigafactory-industry-update/#:~:text=Norwegian%20battery%20cell%20producer%2C%20Morrow,LFP%20factory%20in%20Arendal%2C%20Norway.
https://basquevolt.com/en/news/news/basquevolt-launches-its-cell-sample-manufacturing-plant-for-next-generation-batteries
https://committees.parliament.uk/writtenevidence/118506/html/
https://nanotechenergy.com/about-us/press-release/nanotech-energy-inc-reveals-plans-for-new-1bn-uk-gigafactory/?ref=evinfocus.com
https://www.electrive.com/2024/03/25/eve-energy-considers-building-battery-factory-in-coventry/
https://gibenergy.com/
https://www.intellinews.com/bnegreen-elevenes-opens-europe-s-first-lfp-battery-cell-factory-in-serbia-s-subotica-276807/
https://www.powerprogress.com/news/siro-begins-battery-production-in-turkey/8028621.article
https://maxxen.com.tr/en/maxxen-hithium-press-conference
https://tr.pomega.com/en/about-us
https://balkangreenenergynews.com/yeo-technology-to-open-reap-battery-gigafactory-in-turkey-in-2024/
https://www.linkedin.com/posts/ampherr_nmc-lto-lfp-activity-7195768667698040832-fHmM
https://www.aspilsan.com/en/aspilsan-enerji-lithium-ion-battery-production-facility-machine-systems-came-to-turkiye/

TINDUSTRY | CELL & PACK MANUFACTURING | GIGAFACTORY PLANTS | CREATER ASIA

Gigafactory Tracker - 437" GWh (+5

INDIA . I .
1Reliance, Gujarat, (+50 Gh) Greater Asia is experiencing growth from:

2 Amara Raja, Telangana, (+16 G\Wh) b An.emerging Indian market o
3 Exide, Karnataka, (+12 GWh) e Chinese manufacturers localizing in
4 Godi, Hyderabad, (+12 GWh) S low-risk ASEAN countries to circumvent
g%ﬁA, Tgmil Ntélc(iu%é+e18v()h§3vvh) trade barriers

, Gujarat, (+ . .
7 Lucas TVJS / 24M, Thervoy Kandigai, (+10 GWh) e Japanand Sputh K°re?‘ bolstering capacity
8 Cyngi, Telangana, (+1.2 GWh) to keep up with domestic demand
9 JSW/LGES, India, (+10 GWh)
10 Mahanagar / IBC Inc., Bengaluru, (+unknown GWh)

VIETNAM
11 Gotion, Vung Ang, (+5 GWh)

THAILAND
12 GPSC, Map Ta Phut, (+10 GWh)
13 Amita Technology / Eve, Bang Pakong, (+4 G\Wh)
14 NV Gotion, Rayong, (+8 GWh) 34 Nissan,
15 24M / Novo+, Rayong, (+0.1 G\Wh)
TAIWAN
INDONESIA 35 ProlLogi
16 CATL, Karawang, (+15 GWh)
17 Hyundai/LGES, Karawang, 10 GWh (+10 G\Wh) CHINA
See "Chines
MALAYSIA following pa
18 EVE Energy, Kedah, (+unknown G\Wh)
19 Samsung SDI, Seremban, unknown GWh, (+16 G\Wh) How to read this map
20 Enovix, Seremban, (+unknown GWh) BASIC FORMAT = Current Capacity GWh,
21Zhuhai CosMX Battery, Seremban, (+unknown G\Wh) (+Additional Future Capacity GWh)

Source: All uncited factories are from Batterieproduktion, India 1, India 2, Thailand

*total includes future & current capacities
**note: sodium-ion excluded



https://www.google.com/url?q=https://www.electrive.net/2024/12/19/lges-und-jsw-in-gespraechen-ueber-batterie-gigafabrik-in-indien/&sa=D&source=editors&ust=1737665513526701&usg=AOvVaw3lFjCLQgRRGfzSRjbpI4KV
https://www.google.com/url?q=https://www.mercomindia.com/mahanagar-gas-ibc-to-cell-gigafactory-in-bengaluru&sa=D&source=editors&ust=1737665513526523&usg=AOvVaw2Izg4zo-nQ68V53wUTcQn6
https://www.google.com/url?q=https://mddb.apec.org/Documents/2022/AD/AD2/22_ad2_012.pdf&sa=D&source=editors&ust=1737665513526591&usg=AOvVaw2RtaI_dShlGcTaKcGZ0_iv
https://www.google.com/url?q=https://www.manufacturingdive.com/news/us-based-enovix-to-build-12b-battery-manufacturing-facility-in-malaysia/700738/&sa=D&source=editors&ust=1737665513526657&usg=AOvVaw2XdDfa1uvkfj0O92QxLV7f
https://www.reuters.com/business/autos-transportation/hyundai-motor-lg-energy-solution-launch-indonesias-first-ev-battery-plant-2024-07-03/
https://www.google.com/url?q=https://www.evebattery.com/en/news-1251&sa=D&source=editors&ust=1737665513526624&usg=AOvVaw212c5nGCdDWYyAQS5D5E_F
https://www.kedglobal.com/batteries/newsView/ked202207210012
https://www.koreaherald.com/article/3324835#:~:text=2024%2D02%2D12%2013:,as%20saying%20during%20the%20visit.
https://www.kedglobal.com/batteries/newsView/ked202207210012
https://www.google.com/url?q=https://www.manufacturingdive.com/news/us-based-enovix-to-build-12b-battery-manufacturing-facility-in-malaysia/700738/&sa=D&source=editors&ust=1737665513526657&usg=AOvVaw2XdDfa1uvkfj0O92QxLV7f
https://www.google.com/url?q=https://www.mida.gov.my/media-release/zhuhai-cosmx-announces-rm1-billion-investment-for-first-manufacturing-plant-in-kedah-malaysia/&sa=D&source=editors&ust=1737665513526681&usg=AOvVaw2Jm1EOlMH87HggSTvbAT9h
https://battery-news.de/batterieproduktion-asien/
https://www.linkedin.com/posts/himanshu-bhatt-6b544a19_manufacturing-gigafactories-batterymanufacturing-activity-7085935063288156160-SGyD/
https://www.google.com/url?q=https://e-vehicleinfo.com/top-lithium-ion-battery-gigafactory-in-india/&sa=D&source=editors&ust=1737665513526570&usg=AOvVaw0_AthDqtJ_IVrn4BW8NOTx
https://www.google.com/url?q=https://www.nationthailand.com/business/corporate/40037092&sa=D&source=editors&ust=1737665513526606&usg=AOvVaw03bXNjl8qpT7Q6D368Kx6x
https://www.spglobal.com/commodity-insights/en/news-research/latest-news/energy-transition/042722-lg-energy-aims-to-more-than-double-battery-capacity-to-520-gwhyear-by-2025
https://www.google.com/url?q=http://www.kyc.co.kr/eng/02/03.php&sa=D&source=editors&ust=1737665513526716&usg=AOvVaw2uwp7mI0-WscjsUoF_9Fck
https://www.p2enesol.com/wp-content/uploads/2024/09/20240906_NR_NextGenerationBatteriesAtHimeji-EN.pdf
https://www.google.com/url?q=https://www.japantimes.co.jp/business/2024/09/06/companies/batteries-production-subsidies/&sa=D&source=editors&ust=1737665513526734&usg=AOvVaw2bpF4U8pcO6QfVE9_5B3PG
https://electrovaya.com/wp-content/uploads/2025/01/ELVA-Investor-Presentation_Website_01-07-2025_Final_v2.pptx-14.pdf
https://www.electrive.com/2025/01/22/nissan-reveals-location-of-new-lfp-battery-factory/
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Gigafactory Tracker - 5,796° GWh Of Capacity

1Ningde, 253 GWh,

2 Yibin, 126 GWh,

3 Jining,

4 LLuoyang, 30 GWh,

5 Changzhou, 118 GWh
6 Xiamen,

7 Guiyang, 30 GWh,

8 Yichun, 50 GWh

9 Zhaoging, 25 GWh
10 Guangzhou, 12 GWh,
11 Beijing,

12 Xining, 11 GWh

13 Xiamen, 20 GWh,

14 Changzhou, 32 GWh,
15 Hefei, 20 GWh,

16 Wuhan, 20 GWh,

17 Chengdu, 20 GWh,
18 Jiangmen, 35 GWh,
19 Meishan, 20 GWh

20 Nanjing, 139 GWh,

21 Nanning, 70 GWh
22 Xuzhou, 15 GWh,
23 Yantai,

24 Chongging, 35 GWh,
25 Changchun, 15 GWh,
26 Wuhu, 40 GWh

27 Guiyang, 25 GWh,
28 Zhengzhou,

29 Xi'an, 32 GWh

30 Yancheng, 30 GWh
31 Jinan, 30 GWh

32 Shaoxing, 15 GWh,
33 Wuhan, 12 GWh,

34 Xiangyang, 10 GWh,
35 Xining, 24 GWh

36 Taizhou, 22 GWh
37 Changsha, 10 GWh,
38 Bengbu, 10 GWh,
39 Chuzhou, 5 GWh,
40 Fuzhou, 15 GWh

41 Shenzhen, 14 GWh
42 Huizhou, 2 GWh

BASIC FORMAT = Current Capacity GWh,
(+Additional Future Capacity GWh)

China still dominates the battery industry, but

new projects have slowed due to overcapacity.
Companies like Gotion and Ganfeng mitigate this
by securing the upstream supply chain, while

others pivot to energy storage to offset the
weaker EV battery market.
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Source: New Energy Terminal P.75

*total includes future & current capacities
**note: sodium-ion excluded


https://newenergyterminal.org/
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Gigafactory Tracker - 5,796° GWh Of Capacity

43 Hefei, 14 GWh,

44 Anqing, 30 GWh,
45 Liuzhou, 15 GWh,
46 Yichun, 10 GWh,
47 Nanjing, 28 GWh
48 Lu‘an, 15 GWh,

49 Tangshan, 10 GWh,
50 Chuzhou, 10 GWh,
51 Qingdao, 3 GWh

52 Changzhou, 18 GWh,
53 Chengdu, 31.5 GWh,
54 Huzhou, 15 GWh,

55 Dazhou,

56 Suining, 20 GWh,

57 Ma'anshan, 28 GWh
58 Shangrao, 24 GWh
59 Yancheng, 22 GWh
60 Nanjing, 15 GWh

61 Jinhua, 50 GWh

62 Nanchang, 36 GWh,
63 Zaozhuang, 24 GWh,
64 Yichang, 20 GWh,
65 Nanjing, 18 GWh,

66 Deyang, 20 GWh

Source: New Energy Terminal

*total includes future & current capacities
**note: sodium-ion excluded

67 Jingmen, 146 GWh,
68 Chengdu, 20 GWh,
69 Yancheng, 10 GWh,
70 Shenyang,

71 Huizhou, 24 GWh

72 Qujing, 23 GWh

73 Nantong, 10 GWh

74 Yuxi,

75 Changzhou, 7.5 GWh

76 Jiaxing, 12 GWh,
77 Wenzhou, 26 GWh,
78 Foshan, 15 GWh,
79 Chongaing,

80 Liuzhou, 10 GWh,

81 Chonggqing, 28 GWh,
82 Xiamen, 45 GWh
83 Heze,

84 Shiyan, 20 GWh,
85 Ordos, 10.5 GWh,
86 Cangzhou, 10 GWh,
87 Wuxi, 5 GWh,

BASIC FORMAT = Current Capacity GWh,

(+Additional Future Capacity GWh)

88 Xiaogan, 60 GWh,
89 Yichang, 40 GWh,
90 Wuhan, 10 GWh,

91 Quzhou, 11 GWh,

92 Qingdao,

93 Ulangab,

94 Liuzhou, 10.5 GWh

95 Xuancheng,

96 Changzhou, 3 GWh,

97 Zhuhai, unknown GWh

98 Zhumadian, unknown GWh

99 Chonggqing,
100 Hohhot,

101 Xiangyang,
102 Xinyu, 13 GWh,
103 Dongguan,
104 Nanchang,

105 Ganzhou, 37 GWh,
106 Guangzhou, 15 GWh,
107 Zhenjiang, 24 GWh
108 Kunming,

China still dominates the battery
industry, but new projects have slowed
due to overcapacity. Companies like
Gotion and Ganfeng mitigate this by
securing the upstream supply chain,
while others pivot to energy storage to
offset the weaker EV battery market.

109 Yangzhou, 8 GWh .

110 Hefei, 5 GWh, @

111 Xi'an, unknown GWh

12 Dalian, 15 GWh

p.76


https://newenergyterminal.org/

| CELL & PACK MANUFACTURING | GIGAFACTORY PLANTS |

Gigafactory Tracker - 5,796° GWh Of Capacity

113 Nanning, 5 GWh,
14 Jiaozuo, 11.5 GWh

115 Ganzhou, 12 GWh,
116 Quzhou, 24 GWh
117 Tangshan,

118 Yingtan, 5 GWh,
119 Xuancheng, 15 GWh
120 Yancheng, 6 GWh,
121 Yueyang,

122 Hangzhou,

123 Chongging,

124 Zhenjiang, 3 GWh,
125 Shangrao, 3 GWh,

126 Wuhu, 6.25 GWh,

127 Guangzhou, 12 GWh,

128 Chuzhou, 22 GWh,
129 Tianjin, 4 GWh,
130 Wuxi,

131 Qingdao, 4 GWh,

132 Changsha, 6 GWh,

Source: New Energy Terminal

*total includes future & current capacities
**note: sodium-ion excluded

133 Huzhou, 9 GWh,
134 Ma'anshan, 3 GWh,

135 Xiangyang, 2.8 GWh,
136 Taizhou, 2 GWh,

137 Wuhu, 4 GWh,

138 Chuzhou,

139 Nantong,

140 Changde, 4.5 GWh,
141 Dongying, 2 GWh,
142 Dali, 3 GWh,

143 Changsha,
144 Nantong, 5.7 GWh,
145 Zhuhai,

146 Yancheng, 5 GWh,

147 Taian, 2 GWh,

148 Chuzhou, 4 GWh,

149 Chuzhou, 5.6 GWh,
150 Suzhou, 2.2 GWh

151 Nanjing, 2 GWh,
152 Dalian, 1 GWh,
153 Shanggiu, 0.5 GWh

154 Zhengzhou, 4.5 GWh,
155 Fuzhou, 2 GWh,
156 Shenzhen, 3.5 GWh

157 Deyang,
158 Chonggqing,
159 Jiaxing, 2.5 GWh,

160 Mianyang, 6 GWh,
161 Yancheng,

162 Zhuhai,

163 Dali,

164 Nanjing,
165 Tianjin, 6.3 GWh,
166 Beijing, 0.5 GWh

167 Huzhou, 2 GWh,

168 Zibo, 6 GWh,

169 Beijjing,

170 Shenzhen,

171 Changzhou, 0.2 GWh

172 Chengduy,

173 Suzhou, 0.7 GWh,
174 Yichun, 1 GWh
175 Taizhou,

176 Shanghai,

177 Huainan,
178 Chongging, 0.2 GWh,

179 Chuzhou,
180 Beijing, 0.2 GWh,

(150)
(=)

BASIC FORMAT = Current Capacity GWh,
(+Additional Future Capacity GWh)

China still dominates the battery
industry, but new projects have slowed
due to overcapacity. Companies like
Gotion and Ganfeng mitigate this by
securing the upstream supply chain,
while others pivot to energy storage to
offset the weaker EV battery market.

P.77


https://newenergyterminal.org/
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Material Suppliers - Market Share Breakdown

2024 Data

Cathode

“

\

Hunan Yuneng (LFP)
Dynanonic (NCM)
Hubei Wanrun
ECOPRO

Ronbay

LOPAL

Xiamen Tungsten
Ronbay

BYD

Tianjin B&M
Other

BTR New Energy
Kaijin

Zichen
Shanshan Group
XFH

a~

Electrolyte

Tinci

Shenzhen Capchem
Guotai-Huarong
BYD Cell

MU lonic Solutions
Enchem

Central Glass
Dongguan Shanshan
Soulbrain
Dongwha Etec
Other

8

Separator

SEMCorp/JGP
Shenzhen Senior
Chinaly New Material
SKIET

Asahi

Mingzhu

Toray

W-Scope
Celgard

Ube Maxell
Other

in
Shinzoom the active materials market. The
Posco cathode industry is
® Resonac than others, with
Mitsubishi Chemical many small players.
® Sinuo
Other

Source: Fraunhofer S| - Tim Wicke, Researcher p.78


https://www.isi.fraunhofer.de/en/competence-center/neue-technologien/mitarbeiter/wicke.html
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Major Equipment Manufacturers - USA

PROCESS AREA

Mixing
Coating
Calendaring
Slitting
Stack
Wind
Packaging
Filling
Formation
Degassing
Aging

Test / Grade

Sources: Ross, Wirtz Manufacturing, DURR, barryWehmiller, Delta ModTech, Owens Design, Convergix, Comau, Mpac, GROB, Coesia, PEC Corp, Digatron Systems - Non exhaustive list
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*US Subsidiary - Manufacturing Within USA


https://www.mixers.com/products/%20https://www.cpeg.com/industries-served/lithium-battery-processing/%20https://www.dec-group.net/batteries-manufacturing%20https://coperion.com/en/industries/batteries%20https://www.ikaprocess.com/en/Industry/Battery-cells-cip-10-2.html
https://www.wirtzusa.com/%20https://www.durr.com/en/products/electromobility-battery/energy-storage%20https://www.barrywehmiller.com/business#tissue%20https://www.deltamodtech.com/complete-battery-manufacturing-process/
https://www.durr.com/en/products/electromobility-battery/energy-storage
https://www.barrywehmiller.com/business#tissue
https://www.deltamodtech.com/complete-battery-manufacturing-process/
https://www.owensdesign.com/custom-automation-design-engineering-manufacturing-industry/battery-equipment-automation/
https://convergixautomation.com/industries-we-serve/
https://www.comau.com/en/our-offer/systems/battery-manufacturing-and-assembly/
https://mpac-group.com/products/
https://www.grobgroup.com/en/products/product-range/electromobility/batteries/
https://www.coesia.com/en/exhibitions/visit-coesia-at-the-battery-show-north-america-
https://www.peccorp.com/
https://www.digatronsystems.com/
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JUNDATION
Major Equipment Manufacturers - South Korea
@ Cis O ey GNFon
ross e [ N I Y R S Y KR
Mixing
Coating v v v v v v v
Calendaring v v v v v v v
Slitting v v v v v v v
Stack v v v v v v v v v
Wind v v v v v v v v v
Packaging v v v v v v v v v
Filling v v v v v v v v v
Formation v v v v v
Degassing v v v v v v v v
Aging v v v v
Test / Grade v v v v v

Sources: TSI, CIS, KGA, PNT, mPlus, ETS, Cowin Tech Top Material, Hanwha Momentum, Hana Technoloay, WonikPNE, DA Technology, MOT, SNF - Non exhaustive list BATTERY REPORT 2024 | P. 80



https://taesungind.co.kr/
http://www.cisro.co.kr/en/main.html
https://www.kga-i.com/en
https://www.epnt.co.kr/en/application/lithium-ion-battery/
https://mplusi.co.kr/eng/product/secondaryCell
https://mplusi.co.kr/eng/product/secondaryCell
https://www.topbattery.co.kr/en/
https://www.hanwha.com/companies/hanwha-momentum.do
https://www.hn-tech.co.kr/2022en/bbs/board.php?bo_table=0801
http://www.pnesolution.com/eng/main/
http://www.dat21.co.kr/en/products/business/index.php
http://www.motfa.com/en/m22.php?cate=1&tab=1
https://www.snf21.com/en/?c=221
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JUNDATION
Major Equipment Manufacturers - China
AReRICH monM. MESNAC maYeR  Gannu
L e e e
Mixing
Coating v v v v v v v v
Calendaring v v v v v v v v
Slitting v v v v v v v v
Stack v v v v v
Wind v v v v v
Packaging v v v v v v
Filling v v v v v v
Formation v v v v v
Degassing v v v v
Aging v v v v
Test / Grade v v v v v

Sources: AutoRich, Ongoal Technology, Mesnac, GMK, Shangshui, Yinghe Technology, Lyric, LEAD, KATOP, Hymson, Bozhon, Hangke Tech, HYNN - Non exhaustive list BATTERY REPORT 2024 | p. 81


https://www.rich-sys.com/en/about.html
https://en.ongoaltech.com/
https://en.mesnac.com/strategic-emerging.html
https://www.chinagmk.com/product
https://www.ss-smartech.com/en/products
http://en.yhwins.com/
https://en.lyric-robot.com/
https://www.leadintelligent.com/en/
https://www.katopauto.com/
https://global.hymson.com/en/application-scenario-solution/power-battery/17
https://www.bozhontech.com/
http://www.chr-group.net/EN/
https://www.hynn.com.cn/en/
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The Entire Battery Value Chain Must Now Be Knowledgeable Of Their Carbon Footprint (GWP)

Even small, private companies will have to know their GWP to be able to

=
miatesial scguisition &
pre-processing
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production to £ of e
! * gate
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md'c : Lncuess Distribution & Srerage
ol distribution & . trinalam
storage -
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Source: GHG Institute (Scope 1-3, Scope 4) pP. 82


https://ghginstitute.org/2023/05/10/exploring-life-cycle-assessment-resources-help-for-your-scope-3-ghg-accounting/
https://www.teamenergy.com/discover/blog/understanding-scope-4-emissions/

| CELL & PACK MANUFACTURING | MANUFACTURING PROCESS MAPS |

Evolution Of The Manufacturing Footprint

With early gigafactories, an angular factory design was often used to save space, but in the current production environment a linear design
is used to improve efficiency and scalability

'0- ] I T ® L:_L
Yoo [ TR, -
' 3l
e 2
( l } ]
AD HOC DESIGN - ANGULAR MATERIAL FLOW MODULAR DESIGN - SIMPLIFIED MATERIAL FLOW
Commissioned: 2011 Commissioned: 2024
5 GWh 20 GWh

p. 83

Source: City of Holland, Michigan, USA
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JUNDATIUIN
Manufacturing Process Groups - Leading Edge 20 GWh Pouch Line
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° Many models and manufacturing metrics currently in use are based on early ‘GWh-scale' factories using outdated estimates
e  Current generation (leading edge) facility metrics are now available based on LGES facility

Source: City of Holland, Michigan, USA BATTERY REPORT 2024 | p. 84
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Facility Metrics - 20 GWh Pouch, USA - 1,919’ X 502’

PROCESS AREA
Mixing
Coating
Calendaring
Slitting
Stack/Wind
Packaging
Filling
Formation
Degassing
Aging

Test / Grade / Ship

Source: YDMA , City of Holland (LGES)

96334

134867

48167

48167

115601

115601

96334

38534

48167

125234

96334

4817

6743

2408

2408

5780

5780

4817

1927

2408

6262

4817

10%

14%

5%

5%

12%

12%

10%

4%

5%

13%

10%

= 963,338 Square Feet

22 +/- 2°C

22 +/- 2°C

22 +/-2°C

22 +[-2°C

22 +[- 2°C

22 +/- 2°C

22 +/-2°C

22 +/- 3°C

22 +/-3°C

22 +/- 3 (HT 30-50)°C

22 +/- 3°C

/
Semi-dry 5 to -5°C
Semi-dry 5 to -5°C
Semi-dry 5 to -5°C

Dry -40 to -50°C

Dry -40 to -50°C

Extra dry -50 to -70°C

/

/

VF [ Eains

\TION

ISO 8

ISO 7

ISO7-1SO 8

ISO7-1SO 8

Minimum ISO 7

Minimum ISO 7

Minimum ISO 7

/
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Manufacturing Process Map - Overview

ey Qinaricn Sommry frr e gl
m:::;: 'l WO T ey Aok Pouch: 1-100+ Ah
Conting & Drying - Electeoiyte = bypmcted

2170: 3-6 Ah
4680: 15-25 Ah

Inspoction

Clandbr ¥ 8y

Formation
L R T e A T

CAPEX
$55-127 million/GWh

HUMANS/GWH
175 jobs created per GWh

SCRAP (RAMP UP)
15-30%
Scrap remains one of the key
issues, primarily due to electrode
production & lack of training

For solutions to improve yield and
reduce scarp, see software

solutions and QA/QC hardware
solutions

*Graphics courtesy of LG Energy Solution. Reproduced with permission.

Sources: LG Energy; VDMA; Faraday Institution; Mastering Ramp-up of Battery Production, Fraunhofer
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https://inside.lgensol.com/en/2023/06/infographics-3-battery-making-at-a-glance/
https://vdma.org/documents/34570/35405938/Production+Process+of+a+Lithium-Ion+Battery+Cell.pdf/8e47a492-e838-f851-02c2-83e3b7db6307?t=1677224901365#:~:text=The%20manufacture%20of%20the%20lithium,cell%20assembly%20and%20cell%20finishing.
https://www.faraday.ac.uk/wp-content/uploads/2022/06/2040-Gigafactory-Report_2022_Final_spreads.pdf
https://publica-rest.fraunhofer.de/server/api/core/bitstreams/a05da13d-ff12-4b67-9f9b-40305e044c27/content
#
#
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Manufacturing Process Map - 1. Electrode Production

CHALLENGES

slurry quality (uneven
dispersion)

CHALLENGES

electrode waste; physical
damage to material

of total
manufacturing cost

*Graphics courtesy of LG Energy Solution. Reproduced with permission.

Sources: LG Energy; BCG

pouch film

COATING & DRYING

Electrode slurries are coated onto the
current collector 54% cost of electrode
production

All other process steps depend on the
quality of this step.

MIXING

Slurries are made
by mixing active material, binder,
and solvent

The different combinations
between those three highly
affect coating & drying

SLITTING &
NOTCHING

Electrodes are cut into
singulated segments

CALENDARING

Electrodes are densified to a
target value

Here it's important to
determine electrode
quality and density

Uncoated areas are cut out
leaving the parts where tabs
will be grounded

VACUUM DRYING

Removes leftover solvent

cylindrical film
speed

scrap rate
speed

NUA

CHALLENGES
processing time; utilization
loss; difficult to measure
quality & get quality metrics

CHALLENGES
edge quality (burr defects
often occur - dangerous),

difficult to inspect at speed;

tool wear; lowest OEE of any
process because it's
difficult to automate

CHALLENGES
processing time; footprint;
takes 12-24 hours
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https://inside.lgensol.com/en/2023/06/infographics4-how-to-make-a-battery-step-1-electrode-manufacturing/
https://www.bcg.com/publications/2018/future-battery-production-electric-vehicles
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Dry Electrode Technologies - Timeline of Manufacturing Deployments & Partnerships

In 2024, momentum behind dry electrode technology surged, as both established industry giants and ambitious newcomers pushed the
boundaries of next-generation battery innovations. From large-scale pilot lines to bold investments, new partnerships, and breakthrough

product launches, the year was anything but quiet—setting the stage for a fiercely competitive race to redefine the future of lithium-ion
production.

Dragonfly Energy announced
its dry electrode process was
validated through a third-party
assessment.

Note: non-exhaustive

Sources: Dragonfly Energy, Korea Herald

LG Energy Solution plans
to complete a pilot line for
its dry electrode process
at the Ochang plant by the
end of this year and to
achieve series production
by 2028.

Tesla produced a Cybertruck
with in-house dry cathode and
dry anode 4680 cells — making
it an all dry electrode vehicle.

, Autoevolution, Samsung SDI, Anaphite, AM Batteries

Samsung SDI completed
the “Dry EV Line", a pilot
line for dry electrode
technology at the
Cheonan plant, and
started pilot production.

Anaphite raised $13.7M in
Series A to commercialize
their dry battery electrode
material preparation
process.

AM Batteries Inc. receives
investment from Shibaura
Machine Co., Ltd. (fka
Toshiba Machine) to scale
up dry spray process for
electrode production.

p. 88


https://dragonflyenergy.com/dragonfly-energys-domestic-battery-manufacturing-validated-for-cost-effectiveness-and-sustainability/
https://www.koreaherald.com/article/3457543
https://www.autoevolution.com/news/confirmed-tesla-built-the-first-cybertruck-using-dry-cathode-4680-cells-237891.html
https://news.samsungsdi.com/global/articleView?seq=196
https://www.anaphite.com/news
https://am-batteries.com/shibaura-machine-co-ltd-invests-in-u-s-battery-manufacturing-start-up-am-batteries-inc/

TINDUSTRY | CELL & PACK MANUFACTURING | MANUFACTURING PROCESS MAPS [

UNDATION
Manufacturing Process Map - 2. Cell Assembly - Pouch
TAB WELDING CHALLENGES
’ Tabs are uItrasonicaII)t/hwe_zltfled t<|>I foil damage; coating adhesion
: > e jelly ro
S ] fee-
CHALLENGES POUCH FORMING ' ] ’

corner cracking Making a case by pressing a film 2 ‘ p

of total speed
manufacturing cost

scrap rate

ELECTROLYTE
LAMINATION & INJECTION | . CHALLENGES
. dosing and distribution accuracy of the
CHALLENGES STACKING/WINDING Filling the electrode pocket electrolyte in the cell; No electrolyte
positioning accuracy of anode & Lamination: laminating layers to maintain with el?““g‘g? through residues in the sealing seam; seal
cathode sheets (alignment); speed positional integrity metered dispensing integrity
(affects positioning) Stacking: stacking layers of electrode &
separator. Note that wound pouch cells also
exist.

*Graphics courtesy of LG Energy Solution. Reproduced with permission.

Sources: LG Energy; BCG; RWTH PEM BATTERY REPORT 2024 | P. 89


https://inside.lgensol.com/en/2023/07/infographics5-how-to-make-a-battery-step-2-cell-assembly-pouch-battery/
https://www.bcg.com/publications/2018/future-battery-production-electric-vehicles
https://www.pem.rwth-aachen.de/global/show_document.asp?id=aaaaaaaaabdqbtk
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Manufacturing Process Map - 2. Cell Assembly - Cylindrical

CHALLENGES
anode, cathode, separator
alignment; tabing, taping, cutting
accuracy; tab welding quality (can
introduce safety issues)

of total scrap rate
manufacturing cost
CHALLENGES

metal contamination

*Graphics courtesy of LG Energy Solution. Reproduced with permission.

Sources: LG Energy; BCG; RWTH PEM

WINDING & TAB WELDING

Winding the cathode, anode, and two separator rolls.
Welding the aluminum and

copper tabs onto the cathode and anode respectively.
SPEED: 30 parts/min

ELECTROLYTE
INJECTION

Electrolyte is injected into the vacuumed
can. The can is pressurized to accelerate
electrolyte absorption

and then sealed

PHYSICAL
INSPECTION

Through CT and/or X-Ray, the
battery cell is analyzed to detect

potential defects.

TAB SHAPING & CANNING

The jelly roll is put in the cylindrical can

and then fixed through welding.

High-speed mechanical deformation process
SPEED: 300-600 parts/min

DEGASSING/
PRE-CHARGE

Optional process to
remove gas

VOLTA
VF | eatnnarion

CHALLENGES
electrolyte absorption due to
density; pooling of electrolyte

CHALLENGES

speed of analysis doesn't allow
real-time analysis

CHALLENGES
exhaust gas treatment
Avoiding residual gas during
sealing and folding steps
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https://inside.lgensol.com/en/2023/07/infographics5-how-to-make-a-battery-step-2-cell-assembly-pouch-battery/
https://www.bcg.com/publications/2018/future-battery-production-electric-vehicles
https://www.pem.rwth-aachen.de/global/show_document.asp?id=aaaaaaaaabdqbtk
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Manufacturing Process Map - 2. Cell Assembly - Prismatic

7-STACKING WOUND PRISMATIC
Wit o g 4 Roll the slitted cathode, anode, and CHALLENGES
inding the cathode, anode, and two separator together by controlling uneven stress, burr issues,
CHALLENGES separator rolls. Welding the aluminum and speed, tension, etc.
anode, cathode, separator peed, ' and powder loss
e + Sep copper tabs onto the cathode and anode SPEED: 30 parts/min
alignment respectively.
SPEED: 30 parts/min
PRE WELDING &
TRIMMING CHALLENGES
HOT PRESS The cathlqde zjjnd adna;:lse tabldarg anode,;ir;rcnaé:?de tab
The hot press machine works on the a |gne' an welde
CHALLENGES principle of heat and pressure application to SPEED: 18-20 parts/min
throughput achieve a strong and reliable bond between
ggtéi%/ (C[())V”\;EEE?:SIE) >10 seconds/unit ELECTROLYTE
’ INJECTION CHALLENGES
Electrolyte is injected into the electrolyte _ab.sorpti_on
vacuumed can. The can is pressurized due to density; pooling
to accelerate electrolyte absorption of electrolyte
and then sealed
of total mﬁg;facturmg scrap rate —— PRE CHARGE &
CAP TO CAN WELDING or e e | CHALLENGES
CHALLENGES ) performed and cell is kept for throughput and quality
cap to can alignment, The can to cap spot welding by Iaser_ source RT aging and followed by
missed laser welding spot | @nd followed by complete laser welding of the formation & grading process

cap to can.

*Graphics courtesy of LG Energy Solution. Reproduced with permission.

Sources: CATL, RWTH PEM BATTERY REPORT 2024 | P. 91


https://www.pem.rwth-aachen.de/global/show_document.asp?id=aaaaaaaaabdqbtk

1TINDUSTRY | CELL & PACK MANUFACTURING | MANUFACTURING PROCESS MAPS | NEW PROCESSES

Stacking Versus Winding

HOW ARE THE TWO TECHNIQUES DIFFERENT?

Stacking involves stacking electrodes and separators into precise layers
that are atop one another to form a flat cell. These can be separate cut
layers or one continuous electrode as well. This process enables high
energy density and precise structural stability, making it ideal for
applications requiring compact, high-performance batteries, such as
electric vehicles (EVs) and aerospace systems.

Winding, or the jelly-roll process, involves rolling electrodes and separators
into a cylindrical or prismatic structure. It is widely adopted due to its speed
and scalability, making it suitable for mass production in consumer
electronics and power tools.

Recent innovations include hybrid techniques like laminated winding and Z
stacking, which combines stacking and winding to optimize energy density
while maintaining manufacturing efficiency.

Automation in stacking
processes has also
improved production
speeds, closing the gap
with winding techniques.

a) Winding; b) Stacking

Stacking

Winding

Higher energy density
and thermal manage-
ment due to lower
internal resistance.

Less prone to swelling
& core collapse.

Customizable for
unique form factors, like
EVs & aerospace.

Improved packing
efficiency for
rectangular modules,
maximizing volume
utilization in packs.

Slower production
speed due to precision
layer alignment & index
motion.

Higher costs due to
complex manufacturing
equipment.

Limited scalability in

high-volume production.

Potential failure (burrs,
delamination, etc.) due
to additional cutting
required.

Rising demand for EVs
and stationary energy
storage systems
highlights stacking's
high-density benefits.

Advances in
automation and
robotics are making
stacking more
cost-competitive.

Competing
technologies like hybrid
stacking-winding
techniques may reduce
its exclusivity in
precision.

Limited scalability
compared to winding
could deter adoption in
mass markets.

Fastest growing
solution with
companies like BYD
(Blade battery) and
Apple adopting it for
high C-rate
applications (due to
lower internal
resistance)

Mature,
well-established
technology with lower
production costs.

High production speed
and scalability, ideal for
mass production.

Slightly lower energy
density due to voids at
edges of rolled layers.

Packing efficiency is
lower for rectangular or
prismatic packs due to
cylindrical shapes.

Prone to localized
hotspots during high
discharge rates.

Popularity in passenger
& commercial EVs and
consumer electronics at
low cost supports
growth.

Innovations in thermal
management solutions
such as shutdown
separators could
address limitations in
heat dissipation.

Emerging battery
formats, such as
solid-state cells, could
demand new
manufacturing
paradigms.

Most stable
technology with
companies like CATL
& Tesla and
commercial high
volume
manufacturers are
widely utilizing this
technique due to its
scalability and lower
cost.

Sources: Tycorun, Bonnen Batteries, i

BATTERY REPORT 2024 | P.92


https://www.tycorun.com/blogs/news/stacking-battery-vs-winding;%20https://exencell.com/blogs/stacking-vs-winding-battery-tech-comparison
https://www.bonnenbatteries.com/winding-vs-stacking-which-technology-works-best-for-lithium-ion-batteries/
https://www.researchgate.net/publication/359809456_Evaluating_the_Manufacturing_Quality_of_Lithium_Ion_Pouch_Batteries
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JUNDA T ITOIN
Manufacturing Process Map - 3. Formation
.L X
CHARGING &
CHALLENGES | DISCHARGING
slow throughput due to long time required; . o »
fire (most factory fires occur here) Electrochemical activation. ’- v AGING
SEl is formed on the anode : T e Battery is stored at a consistent CHALLENGES
temperature and humidity to allow for Process time, throughput;
- corrosion mechanisms from potential factory footprint
e I contamination
of total time scrap rate
manufacturing cost CHARG'NG’
DISCHARGING, & AGING CHALLENGES
. throughput
The previous processes are
repeated
DEGASSING
Pouch only.
residual ggﬂgdl-el-tfg\igfsseal quality; Gases formed during aging are QUALITY
. 1 ff insi f
throughput (a lot of additional CAPEX) iﬁgsnbgs(ngaecﬁﬁiizlac;grga ) CONTROL CHALLENGES .
9 9)- End of line check - cosmetic & variation in capacity;
capacity, resistance, vield

voltage, etc., and cosmetic

*Graphics courtesy of LG Energy Solution. Reproduced with permission.

Sources: LG Energy; BCG; RWTH PEM BATTERY REPORT 2024 I p. 93


https://inside.lgensol.com/en/2023/07/infographics-7-how-to-make-a-battery-step-3-formation/
https://www.bcg.com/publications/2018/future-battery-production-electric-vehicles
https://www.pem.rwth-aachen.de/global/show_document.asp?id=aaaaaaaaabdqbtk
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Manufacturing Process Map - 4. Pack Assembly

CONNECTING S
CHALLENGES BATTERY CELLS
surface cleaning; weld quality; | Battery cells are connected after
cell to cell matching surface is cleaned ‘J

CHALLENGES PACK ASSEMBLY
damage due to placement The modules are put in the
(primarily pouch); large battery pack and connected

machinery required due to
module mass & dimensions,
safety at high voltages

CHALLENGES FINAL
battery pack integration with INTEGRATION
other components in EV or BESS | The battery packs are then used in
Electrical Vehicle (EV) and Battery
Energy Storage System (BESS)

*Graphics courtesy of LG Energy Solution. Reproduced with permission.

Sources: LG Energy; RWTH PEM

MODULARIZATION .
The cells are attached to the ensuring cable flexibility,
module case Battery cells handling
APPLYING BMS
CHALLENGES
A Battery Management System correct wiring and integration
is applied to battery pack of the BMS
FINAL TEST
) . CHALLENGES
A series of electrical test )
K . testing sequence, results and
|nc‘Iud|ng charge and accepted limits vary between
discharge cycle are manufacturers, resulting in lack
performed to ensure the of standardization
highest quality
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https://inside.lgensol.com/en/2023/08/infographics-8-how-to-make-a-battery-step-4-pack-process/
https://www.pem.rwth-aachen.de/global/show_document.asp?id=aaaaaaaaabdqbtk
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High Yield Production Is Challenging - Reducing Scrap Is Necessary To Compete With China

‘.: sy

e
Scrap Costs [pee™ scrap rate] () Start of Production
oo 1 {SoP) Delay Profit Loss

-2, 1% —— WEATW LL2)
" QG NNCaT

— S 8 Scragynd a 70% ool s -

SO s R N ESUS A \ 1.1M €** per day
e — T * . y A. :

e B3 200 AL A % ISR

WA LA XL

Ae e s Reported ScP Delay
Q 3-9 months

- A% thywwall
Z 7+ months
= v ge)
¥
& % B ,
o — ‘ _ : - : All battery manufacturers will have to to
S y - match industry leader CATL. The available and developing technology sets of
Operation should be the primary solution.

Source: Mastering Ramp-up of Battery Production, Fraunhofer (Both Figures) P. 95


https://publica-rest.fraunhofer.de/server/api/core/bitstreams/a05da13d-ff12-4b67-9f9b-40305e044c27/content
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Cell Manufacturing Issues - Electrode Manufacturing Is Difficult

Every step in battery production presents challenges, but some, like coating, drying, and slitting carry a significantly higher risk of defects.

The heat map illustrates these critical areas, highlighting their likelihood of defects.

Produces most scrap
during ramp-up

Contamination occurs leading to cell
failure (most relevant for mass production)

D irw # e Avernge Rbd

Sk ST S R

DESCRIPTION

EFFECT

MAJOR DEFECTS THAT CAN OCCUR DURING COATING AND

DRYING OF ELECTRODES

pinholes contamination

solid components

impedance rise
and capacity loss

tiny holes or

missing spots in impurities of

the electrode sufk;)srtee;gges
coating
can affect cell
performance due can cause fast
to localized battery

regions where degradation and
capacity internal short

balancing issues circuit (ISC), lead

occur, potential Li  to hi-pot failure (2)

plating

Sources: Mastering Ramp-up of Battery Production, Fraunhofer (Both Figures but with internal edits*); (2) High-Potential Failure Analysis, Sotto; Detecting the foreign matter defect

in lithium-ion batteries|...], Pan et al.

sureace o m

inhomogeneous heavy
coating load edges

poor optimization

LINEmOge of the slot die on
neous coating "y o Lroce” b
application SEEEIE

profile
heteroge-
neous porosity uneven
of electrodes; calendaring,
capacity leading to
balancing issues electrode
within cell, wrinkles, leading
potential Li to cell failure

plating
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Investing In QA/QC: - Hardware & Software In The Era Of Industry 4.0 To Improve Ramp Up & Yield

Industry 4.0 is the , driven by advancements in technology, data, and connectivity. Its
transformative potential lies in integrating cutting-edge tools and systems to create smarter, more efficient production environments.

HERE ARE SOME KEY MANUFACTURING QA/QC AREAS IMPACTED BY INDUSTRY 4.0 THAT EVERY MANUFACTURER SHOULD CONSIDER:

9 Sensors and hardware are now designed to be more @ Al/ML are driving the development of incredible inspection equipment & software
compact, accurate, and reliable, enabling broader, quicker that leverages predictive analytics to automate decision making, improving

data collection with greater precision. throughput and quality.

loT (Internet of Things) has enabled real-time data 6 Advanced equipment and software enable traceability across the production line,
collection, integration, and monitoring. It has also allowed key to accelerating ramp up and reducing scrap by identifying defects & yield issues
early.

for adaptability (re-calibration for example).

IT'S ALL CONNECTED. EVERY PROCESS STEP AFFECTS THE NEXT. INTEGRATION AND TRACEABILITY IS KEY.

Other advanced industries like
semiconductor have embraced
this shift, investing billions into

QA/QC & advanced analytics
SLITTIN BTN NN B STACING FiLee
Sources: The Rise of Industry 4.0 and its Impact on Metrology, What are Industry 4.0, the Fourth Industrial Revolution, and 4IR? p. 97



https://www.mckinsey.com/featured-insights/mckinsey-explainers/what-are-industry-4-0-the-fourth-industrial-revolution-and-4ir
https://www.qualitymag.com/articles/98388-the-rise-of-industry-40-and-its-impact-on-metrology
https://www.mckinsey.com/featured-insights/mckinsey-explainers/what-are-industry-4-0-the-fourth-industrial-revolution-and-4ir
https://www.pdf.com/battery
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Some Core In-Line Measurements To Track Quality - Color Coded By Tool

= = = = = =
» S L4 >
i—[[l { u. .{n{!!,/'r.l . '3
l“ J vl . .
——— o
vEaNG COATING CALENTARING SLITTING/NOTCMING WINDING STACKING LG FOSMATION & AGING £
DELAMINATION
LID WELDING POSITION ALIGNMENT
" FOIL/ ELECTRODE ALIGNMENT VOLTAGE SHRINK WRAP INSPECTION
2 e CAN CRIMP PROFILE, DIAMETER
Z ELECTRODE .
s COAT WEIGHT THICKNESS BURR INSPECTION WA NG DRSS DELTAV CAN SURFACE INSPECTION
w DIMENSIONAL TAB. TAPE POSITION CAN EDGE DEFECT INSPECTION COSMETIC DEFEGTS
7 | FOREIGN PARTICLES Gl MEASUREMENTS . CAPACITY
< LSS WELDING ANALYSIS/ SISOl
s VISCOSITY DEFECTS ACIR, DCIR MEASUREMENTS
Note: List is non-exhaustive HI-POT REJECTS

¢ TYPICAL TOOL(S) USED
o
>
[ LEAK DETECTOR ELECTRICAL SAFETY PRECISION a
5 OPTICAL VISCOMETER (USUALLY HELIUM) LASER SCANNER TESTER BALANGE CD EQUIPMENT X-RAY/CT
8 Note: List only highlights primary tool used

Source: research done on multiple tool providers and insights from manufacturing experts BATTERY REPORT 2024 | pP. 98
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QA/QC Technologies - High Resolution Electrode Inspection In-Line
9
In the past, electrode morphology has been key in R&D. But, not in manufacturing, largely due to %
being nearly impossible. Now, manufacturers are A - —— z

, due to its impact on cell quality, and
Let's dive into why this is important and how it's done.

more than pretty pictures

- EXAMPLE METHOD
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Contamination: Causes fast battery degradation and internal short
circuit (ISC), leads to battery failure.

Optical Hardware Al/ML Engine

e Agglomerations and

contamination Agglomerations: Causes defects in coating, leads to scrap.

Larger Grains: Enables uniform lithium deposition, reduces dendrite

e Grain size, arrangement formation - Improves safety.

and uniformit
v Grain Arrangements: Helps ionic and electronic pathways,

. .. P~
e Surface roughness improves tortuosity. I
Uniform Grain Size: Boosts energy/power density; non-uniformity L3 mi i
. . . e |-5 micron resolution
e Voids in electrode causes stress, cracks, and degradation. e Can operate at film speed o Instant image processing
structure ) . o Takes 50+ images/sec o Identifies and measures each
Defects & Voids: Increases resistance, weakens structure - Reduce e Lighting system to enable 3 image feature

TPy directional observations
o Defect progression efficiency and long-term performance.

(cracks, fractures) Read the papers linked below to find out more Provider example: pDF/ SOLUTIONS

Sources: PDE Solutions, High-Potential Failure Analysis, Sotto; Detecting the foreign matter defect in lithium-ion batteries|...], Pan et al.; The Impact of Li Grain Size on Coulombic Efficiency in Li Batteries,

Mehdi et al.; Particle size and zeta potential of electrode materials: better characterization, better performance, Anton Paar; Balancing particle properties for practical lithium-ion batteries, Zhang et al.;

Effect of the grain arrangements on the thermal stability of polycrystalline nickel-rich lithium-based battery cathodes, Hou; Identifying the Origins of Microstructural Defects Such as Cracking within P. 99
Ni-Rich NMC811 Cathode Particles for Lithium-lon Batteries, Heenan et al.; The influence of void space on ion transport in a composite cathode for all-solid-state batteries, Hlushkou et al.; Probing the

particle size dependence of nonhomogeneous degradation in nickel-rich cathodes for high-energy lithium-ion batteries, Song et al.
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QA/QC Technologies - Terahertz

To date no sensor technology was capable of measuring coating density, coating thickness
and conductivity simultaneously, accurately and rapidly during the in-line coating process.
Terahertz sensors offer a solution that provide density, thickness and conductivity in

one measurement, allowing for real-time feedback and control.

e Density of the coating
e Thickness of the coating

e Conductivity of the
coating

e Electromagnetic
Wavelength T mm to 100
pm

e Currently deployed at US
battery manufacturer

Sources: JTeraview

Density of the coating: The mass of active material per unit area
dictates the final capacity of the electrode and while higher coat
weights are desirable to increase energy density, they typically also
lower the power density.

Thickness of the coating: Ensuring the homogeneity of coating
thickness in the production process is one of the biggest challenges
in high volume manufacturing. Thicker electrodes contain a greater
amount of active materials, increasing energy density, but also have
greater diffusion distances, lowering power output, as well as
potentially causing uneven response across the electrode and
leading to quicker degradation.

Conductivity of the coating: High conductivity improves the
capacity at higher discharge rates, with more energy extracted from
the battery at a given time.
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QA/QC Technologies - CT-Scanning Is Transforming Battery Manufacturing

A Computed Tomography (CT) Scan uses X-rays to create detailed 3D images of battery
components. The sample rotates while X-rays pass through it, capturing multiple 2D
projections. These projections are reconstructed into a full 3D model for internal analysis.

Unlike traditional 2D inspection, CT provides complete volumetric data over the battery
cell.
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SELECTION OF COMPANIES OFFERING BATTERY CT:
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Sources: Table from "Battery Quality Control via High throughput CT Scanning”
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EMERGING CT TECHNOLOGIES:

CT inspection for batteries must match the high
throughput of battery production. In 2024, new
techniques have emerged, using Al-supported
reconstruction algorithms, fast detectors, or
high-brightness X-ray sources.

As an effect of the increased scanning speed, CT
scanning of full cylindrical cells at high speed has
been developed - with throughputs approaching full
cellin-line CT.

With increasing scan speed, and in-line CT, extreme
data volumes will be generated (~50 GB/cell). To
manage this effectively, robust data management tools
are required for easy data access, storage, and
sharing. In response, new cloud based tools have
been developed to address these challenges.
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https://www.lumafield.com/article/ultra-fast-ct-scans-in-as-little-as-one-tenth-of-a-second
https://www.lumafield.com/article/ultra-fast-ct-scans-in-as-little-as-one-tenth-of-a-second
https://www.dectris.com/en/detectors/x-ray-detectors/
https://www.excillum.com/industries-markets/battery-inspection/
https://www.globenewswire.com/news-release/2024/10/07/2958876/0/en/VisiConsult-and-Glimpse-Partner-to-Launch-a-High-Resolution-Seconds-Long-Full-Cell-Scanning-Capability-for-the-Battery-Industry.html
https://www.globenewswire.com/news-release/2024/10/07/2958876/0/en/VisiConsult-and-Glimpse-Partner-to-Launch-a-High-Resolution-Seconds-Long-Full-Cell-Scanning-Capability-for-the-Battery-Industry.html
https://www.globenewswire.com/news-release/2024/10/07/2958876/0/en/VisiConsult-and-Glimpse-Partner-to-Launch-a-High-Resolution-Seconds-Long-Full-Cell-Scanning-Capability-for-the-Battery-Industry.html
https://glimp.se/
https://glimp.se/
https://www.nasa.gov/wp-content/uploads/2024/01/battery-quality-control-via-high-throughput-ct-scanning-peter-attia.pdf?emrc=677b3edff3816
https://www.excillum.com/brightness-as-key-performance-metric/
https://www.excillum.com/industries-markets/battery-inspection/
https://vcbattery.com/
https://www.roymatek.com/en/
https://exacom.tech/
http://www.innometry.com/en/mobile/
http://eng.techvalley.co.kr/
https://www.unicompxray.com/
https://glimp.se/
https://www.nasa.gov/wp-content/uploads/2024/01/battery-quality-control-via-high-throughput-ct-scanning-peter-attia.pdf?emrc=677b3edff3816
https://www.nature.com/articles/s41467-025-55861-7.epdf?sharing_token=j9je4LM8nJvkg6g2rLaUVNRgN0jAjWel9jnR3ZoTv0OsmIyOTMEzg-GAFRu0QQKqT9YeXUBGLIBUOBVZw8Rsht7dCTfn2frX8poLjPetBdYy3KgRHOl1zhZqUjhg8TehMmcugzTkQNjzjOd2XZE3ypEFXj7UNLlJTLZbyNMKjlA%3D
https://www.lumafield.com/
https://industry.nikon.com/en-gb/products/x-ray-ct/
https://www.bakerhughes.com/waygate-technologies/industrial-radiography-and-ct
https://www.zeiss.co.uk/metrology/products/systems/computed-tomography.html

| CELL & PACK MANUFACTURING | QA/QC |

QA/QC Technologies - High Resolution-High Throughput Ultrasound

Ultrasound has emerged as a promising non-destructive testing approach for battery inspection. Factors
such as material properties, density, and porosity influence the interaction of ultrasonic waves with battery
materials. In lithium-ion batteries, wave propagation can be described using theories like Biot's theory for

fluid-saturated porous media or the slurry model for electrode coatings.

e In-line, high voxel count
imaging

e Software enabled
metrology

e Software enabled
electrical test (SoC)

e Typically operates on
frequencies between 1-10
MHz

e Currently deployed at US
and EU battery
manufacturers

Thickness & Density Measurement: Measures electrode thickness
and uniformity to maintain consistent performance.

Electrolyte Distribution Analysis: Evaluates the uniform distribution
of the electrolyte, critical for battery efficiency.

Adaptability to Various Battery Chemistries: Compatible with
lithium-ion, solid-state, and other emerging battery technologies.

Quality Control: Ensures proper alignment of components and
verifies manufacturing precision.

Data Integration: Provides data for process optimization and
feedback into manufacturing systems.

Defects & Voids: Increases resistance, weakens structure -

Sources: |[mperial College London, Liminal Insights, Titan Advanced Energy Solutions
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https://www.sciencedirect.com/science/article/pii/S2352152X22006016
https://www.liminalinsights.com/blog/demystifying-echostat-understanding-ultrasound-diagnostics-in-ev-battery-cell-inspection/
https://www.titanaes.com/post/ionsight-to-be-integrated-into-honeywell-s-battery-manufacturing-excellence-program
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Accelerate your journey to high-volume production with ¥, ’ : .
scalable technology: closed-loop control, connected

quality management and a manufacturing execution
system designed for the battery industry.

Honeywell

Sponsored Content


https://process.honeywell.com/us/en/industries/sheet-manufacturing/lithium-ion-batteries

| OVERVIEW

Notable Events

Industry Value Chain
Finance

Costs

Cell & Pack Manufacturing

Electric Vehicles (EV)
Battery Energy Storage Systems (BESS)

Other
Safety
Legal
Chemistry
Cathode
Anode
Electrolyte & Separator
Solid State

Lithium - Sulphur
Non-Lithium Chemistries
Supply Chain & Raw Materials
Recycling & Reuse
Software
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Applications Overview
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Global EV demand remains intact. The growth
rate has slowed down, but this is not affecting
all markets and companies.

To adapt to this unprecedented change in the
automotive industry, automakers are prioritising
affordable and competitive vehicles.

BEV batteries are trending towards larger
form-factor cells, primarily prismatic formats.

Automakers are accelerating plans for
module-less pack architecture.

The market for battery energy storage systems
(BESS) is booming, with installations starting to take
more % of battery adoption in recent years.

Rapidly falling costs, coupled with policy and
technical innovations, have led to increasing BESS
adoption, led by grid-scale installation.

Grid-scale Li-ion systems have led the sector, but
rapid innovation abounds in other ESS sectors such
as Residential, C&l, VPP, V2G and LDES.

The industry has made improvements on safety but
continues to face challenges as codes, standards,
and public perceptions of BESS evolve.

Aviation companies are near market
readiness by using high-end Li-ion batteries.

New markets showing in off-highway EVs,
light-EVs, trucking, maritime battery market.

While e-bike sales dominate the
micro-mobility market, addressing fire risks
and safety standards is a priority.

Al data centers are consuming more batteries

to enable renewables integration, UPS, load
leveling, power quality, and other services.

BATTERY REPORT 2024 | P. 105
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EV Cell Production - Milestones And Alliances

—Is eo| [

Agreement_to supply 1100,000 new EVs to Uber's
cylindrical cells for BEVs global platform

S CA‘I’L‘ &

DTELEAMT IS

| 9|
Partnership to support Joint venture for EV production
Hyundai EVs in China in US

Investment for develop.
of Sodium-lon tech

® 9

Agreement to supply LFP pouch
cells to Ampere-39 GWh capacity

CATL | R NIO

Agreement to promote research
for long-life batteries for power
swap stations

Source: News Articles Linked Above

suBassL

Joint establishment of new factory  Five year agreement to supply
for battery production in Japan

VOLTA
V F F;('fﬂ_ J ‘-'J‘(‘f!;fh.': ION

GTELLANT IS

CATL

Joint venture to build LFP
battery plant in Spain (50GWh
projected capacity)

@ | [om]

Extend 14 year partnership to
develop prismatic cells

e o

Joint venture to supply 109 GWh
batteries for Ford commercial EVs

\|TELLANTIS | ?m

Joint venture to
develop Li-S batteries
for EVs

nvian

67 GWh of 4695 batteries
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https://news.panasonic.com/global/press/en240906-4
https://www.catl.com/en/news/6228.html
https://www.catl.com/en/news/6238.html
https://lgensol.pl/en/lg-energy-solution-to-supply-lfp-ev-batteries-to-renault-groups-ampere/
https://www.byd.com/us/news-list/BYD-and-Uber-Partner-to-Accelerate-Global-EV-Transition
https://www.samsungsdi.com/sdi-now/sdi-news/3942.html
https://www.subaru.co.jp/news-en/2024_09_06_154205/
https://news.lgensol.com/company-news/press-releases/3297/
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://news.lgensol.com/company-news/press-releases/3351/&ved=2ahUKEwi_uIH6mbyKAxWjO0QIHSzWGkwQFnoECCAQAQ&usg=AOvVaw33ANRwP6YX0x6wQmN7oPwG
https://investor.gm.com/news-releases/news-release-details/gm-and-lg-energy-solution-extend-battery-technology-partnership
https://www.stellantis.com/en/news/press-releases/2024/december/stellantis-and-zeta-energy-announce-agreement-to-develop-lithium-sulfur-ev-batteries
https://www.stellantis.com/en/news/press-releases/2024/december/stellantis-and-calt-to-invest-up-to-4-1-billion-in-joint-venture-for-large-scale-lfp-battery-plant-in-spain
https://www.stellantis.com/en/news/press-releases/2024/january/stellantis-ventures-invests-in-tiamat-and-affordable-sodium-ion-battery-technology
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Global EV Demand Remains Positive But Battery Usage Slows Down

17.7M (+25% YoY)

® BEV
= PH E‘u{
14M

10M

+14% YoY

o

2021 2022 2023

u BEV
= PHEV

*EV includes BEV, PHEV, EREV. Showing passenger cars and light commercial vehicles.

747
S0

2022

865 (+16% YaY)

Gvh

128

2023

2024

: '
2024 2021
Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit hitps://www.crugroup.com.
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https://www.crugroup.com
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EV Slowdown Is Not Uniform Across All Markets And Companies

BEV sales by region

T TR LY
+19% Yo

China Eurcpe North America

©2021 w2022 w2023 w2024

EV* penetration by regien, %

-=China

g EUrope
~g==North America
~o=Rest of World
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BEV marke! share, 2024

«
e

2020 2021 2022 2023 2024

Source: GlobalData Auto, CRU Group. *EV includes BEV, PHEV, EREV. Showing passenger cars and light commercial vehicles.

| Legacy auto
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https://www.globaldata.com/industries-we-cover/automotive/
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Some OEMs Cut Back Ambitious EV Targets & Investments, While Others Reaffirm Commitments
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The slowdown in demand for some legacy
automakers has prompted them to reassess their
aggressive BEV targets and cut back on investment
plans, while other companies have reaffirmed their
commitments.

Some have pulled back on their hybrid lineups, and
others are lobbying policy makers to relax regulations.

The slowdown is seen as a relief providing them
more time to enhance their BEV capabilities and
competitiveness.

Held firm on its 2030 target for
EVs to be 70% of EU and 50% of
U.S. and China sales

Targeting 5.55 million annual
global sales by 2030, a 30%
HYUNORI jncrease from 2023

Raised its 2024 sales target to 4
@ million, up from the previous
estimate of about 3.6 million

P. 109


https://www.hyundai.news/eu/articles/press-releases/hyundai-2024-ceo-investor-day.html
https://www.hyundai.news/eu/articles/press-releases/hyundai-2024-ceo-investor-day.html
https://www.hyundai.news/eu/articles/press-releases/hyundai-2024-ceo-investor-day.html
https://cnevpost.com/2024/09/10/byd-2024-sales-target-4-million/
https://cnevpost.com/2024/09/10/byd-2024-sales-target-4-million/
https://cnevpost.com/2024/09/10/byd-2024-sales-target-4-million/
https://www.crugroup.com/en/communities/thought-leadership/2024/will-bev-sales-in-europe-grow-next-year/
https://www.crugroup.com/en/contact-us/
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Automakers Pushing To Shorten EV Development Times

50 “AOM 30 M -0 M -10M 80P .
Estabiened OEMs with classical  OBMA  a7vo | | —— Shorter vehicle development
high-quality davelopment cydles - tee 50.80 feoniie times provide many
OEMB 3<% S S e bty advantages: Battery and BEV
G NCEESO 6 T m— o S— p— — o technology is changing rapidly
" tow and OEMs need to be able to
Estabiished OEMSs with updated OEME 3035Mo. ‘. s T make rapid changes, e.g. switch
devebpment cycles. exising et tyee For naw hanary on to a new battery in the middle of
electronics platiorm OEME  0-36Ma - - axisting electronics a program life cycle.
o e potonm
T L — 4048 months Chinese and new EV players set
New OEMs with strong vertical New OEM  40Mo I ¢ (s TS the benchmark for
invegration & market pasition ° i development times: typically
@Poenn HW S 1524 vorths one year shorter, and less than
g rersiog half if using an off-the-shelf
. OEM | 48Mo P basery pack (OTS) pack solution.
New OEMs using off-the sheif . OBEJ  -ipwe SOy iSiifor
pack ~
e rotsonpioe gl R o S

Roland Source: Content & analysis provided courtesy of Roland Berger (Distinguished Partner). For more information, visit P.110
Berger https://www.rolandberger.com/en/Insights/Global-Topics/Battery/. .



https://www.rolandberger.com/en/Insights/Global-Topics/Battery/
https://www.rolandberger.com/en/Insights/Global-Topics/Battery/
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BEV-ICE Price Parity Achieved In China, While The Rest Of World Catches Up

» BV oncod et Tan K©F

¥ prxod hagher s ICE

10N
+ 9 () -5 e— ™=
+43% +75% 5%
pemen b § ‘ 26
- o
45,970 28,184 15,640 \ "
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) 200 2020 2024 2002 2023 10 202w
— Chinese OEMs have achieved price parity by a
but foling BEV preamum ICE dscount combination of:
orna 'IZl‘g arga ’«Jh"lo . .
° Underlying cost reductions
° Intense price competition
— ::I;‘:Jq‘ reaportyactachmei @l | e  Economies of scale
12072 ivic paity ochervec Il ° Local and national incentives for consumers
mgﬁon BloombergNEF  Source: Main content provided by [1] Rho Motion, [2] BloombergNEF (Distinguished Partners) P. 1M



https://carnegieendowment.org/research/2024/10/winning-the-battery-race-how-the-united-states-can-leapfrog-china-to-dominate-next-generation-battery-technologies?lang=en
https://www.csis.org/blogs/trustee-china-hand/chinese-ev-dilemma-subsidized-yet-striking#:~:text=From%202009%20to%202023%2C%20we,eliminated%20it%20beginning%20in%202023.
https://rhomotion.com/research/ev-battery-quarterly-outlook/
https://about.bnef.com/contact/
https://rhomotion.com/
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There Is An Upcoming Wave Of Small, More Affordable, BEVs In Europe
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Many OEMs Shifting Toward Plug-in Hybrids
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PHEVs are benefiting from more favorable pricing,
similar incentives to BEVs (China only), vehicle
variety, and increased driving range with bigger
packs

Series range-extender EVs are in a revival,
starting with Chinese and now US automakers.

EREVs constitute almost one third of PHEV battery
demand

EU regulations are encouraging OEMs to increase
pack capacities, but the 2035 ZEV-only mandate
restricts PHEVs

US OEMs have been leaning on their hybrid
vehicles offerings, and latest EPA emissions
standards allow them greater flexibility in meeting
average emissions targets using different
powertrains

PHEVs are propping up the battery demand
growth rate in the short term, but on balance the
pivot to hybrids constitutes a net downgrade to
battery demand as pack capacities are much
smaller than BEVs

. For more information, visit https://www.crugroup.com. Range extender EVs (EREV) P. 113


https://www.crugroup.com
https://www.crugroup.com/en/contact-us/
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Revival Of Range Extender EVs (EREV)

EREVs are series plug-in hybrids - essentially a BEV carrying a small ICE engine to charge the battery when needed.
Both pure-play Chinese BEV markers and legacy automakers adjusting their powertrain strategy to include EREVs.

08/24 - Announcing new EREV models with 900 km total range, adjusting prior brand strategy
@ HYU n DFll Planned SOP before 2030

1/24 - Announcing new EREV models under their Firefly brand for Middle east, North Africa and Europe
R NIO Planned SOP 2026

1/24 - Announcing new EREV model with 1,400 km total range & 430 km pure electric and 5C charging rate
>X P E N G pianned sop H2/2025

\ ZEEKR 08/24 - Announcing new EREV models featuring a new electric-hybrid powertrain technology
Planned SOP H2/2025
m xipami 09/24 - A leaked document of Bosch showing an EREV model - SUV with codename N3
> Planned SOP 2026

|
i 05/24 - Announcing new EREV models with CATL battery (39 kWh) - total range 1,150 km & 245 km pure electric
- Planned SOP 2026

STEL L,/{N TIS 11/24 - Launching large models under the STLA Frame platform with 1,100 km range

Source: Hyundai, Nio, Peng, Zeekr, Xiaomi, Avatr, Stellantis P. 114


https://www.electrive.net/2024/08/28/hyundai-und-genesis-schaerfen-fokus-auf-vollhybride/
https://www.electrive.net/2024/11/04/nio-erwaegt-range-extender-fuer-firefly-modelle/
https://www.electrive.net/2024/11/04/nio-erwaegt-range-extender-fuer-firefly-modelle/
https://cnevpost.com/2024/08/21/zeekr-to-launch-hybrid-model-h2-2025/
https://x.com/JonLutz69/status/1838835474225352863
https://www.electrive.net/2024/08/23/avatr-ergaenzt-angebot-um-range-extender/
https://www.electrive.net/2024/11/20/stellantis-launcht-neue-pickup-plattform-stla-frame/
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EU Hikes Tariffs On Chinese-made BEVs

New tariffs are impacting Chinese EV exports to the EU, encouraging localisation in the long term but hindering EV adoption in the short term,

although some manufacturers are absorbing the cost increase.
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Rho Motion (Distinguished Partner), [2] CRU Group (Distinguished Partner) P. 115

mgﬁon Source: [1] Content & analysis provided courtesy of


https://rhomotion.com/research/ev-battery-quarterly-outlook/
https://www.crugroup.com/en/communities/thought-leadership/2024/eu-s-tariffs-on-china-made-bevs-will-have-widespread-impacts/
https://www.crugroup.com/en/contact-us/
https://rhomotion.com/
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Chinese OEMs' Responses To Additional EU BEV Tariffs

BYD - Szeged, Hungary . | Geely GEELY m opportunities to circumvent
1221

Production to start H2 2026 Will utilise Volvo, LEVC, and Lotus SAIC Is considering importing BEVS from

factories to approprictely orrange Thailand, where is currently produces

SAIC - Galicia, Spain production capacity for EU region. the MG-4.

Said to be considering Leapmotor - Tychy, Poland t Issues with this strategy

establishing a plant in Spain,

which aims to start [ started assembly of the T03 at a ;gr;g;vehi::‘et;o':::&a's Th':':'o 433;2{

preicuon S P2y The SEM s RiEs B the progggt origin requirements, The

e Qi Dol 45 09 CORERISHG exact tariff on Thei madse vehicles

Hungary and Czechia.
—

Chery - Barcelona, Spain <= ~>
CHERY

Kia - Ziling, Slovakia <L
Tha EVS Is currently produced in.
Ching; however, production is set to
begin in Slovakio from 2025

entaring Europe is unknown given the
lack of precedent and trade
agreement, although SAIC said it
axpects a tariff of 10-20%.

Chery will begin production in Other OEMs that could pursue a
Spoin before the end of 2024. Xiaopeng Motor & NIO similar strategy
The capacity of 150,000 does not
meat Chery's long-term Currently looking for Will consider o European Y () (@)
ambition, the OEM is looking for a production site In plant if annual sales in . HONDA Great wall
a second European site. Europe. the region reach 100,000,
MNOHON oo et s ot 7% Formere iformatin. it P. 116


https://rhomotion.com/research/ev-production-quarterly-outlook/
https://rhomotion.com/
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Chinese Automakers Expand Into Europe And The Global South

° Chinese companies are expediting

® zaic) global expansion and leveraging
&b 5wy { their cost advantages
;. ,‘ ° Domestic competition and foreign
—— trade policies are prompting them to
v o N > i , despite the higher
& (SAIE) v costs of production and supply chain
@ O = procurement
—L— N o [ @nsy 8. e  Europe has welcomed localization
’&;.‘:‘39 Sofodob, but US has, generally speaking,
&3 O been against Chinese entry
Ll LES P
Rising track tarifts are e  Chinese OEMs are therefore
subauing export volumes — : focusing on 'Global South' and third

countries, such as Hungary, Mexico,

y : Brazil, South East Asia
2021 2022 2023 2024 !

Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). Not an exhaustive list. Includes kit production. *Geely's presence in the US is through P. 17
its ownership of the Volvo brand, owned by Geely Group. BYD postponed plans its plans in Mexico in September 2024. :


https://www.crugroup.com/en/communities/thought-leadership/2024/eu-s-tariffs-on-china-made-bevs-will-have-widespread-impacts/
https://www.crugroup.com/en/contact-us/
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China's Subsidies For EV Companies Have Been Scaled Back

N 80w
~n
Fod
LA
- -
- -
.
[ |
Topetn -
Caangaieg Chorgan -
]
Congleny .
el
e |

Ha doem \w-‘-o'

-
=

o . -

B e B R U
Home LIS e @ doe 2000 Chwmn dona & S It Poced e

For more on policy, see Policy Section.
Source: Bloomberg News
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https://www.bloomberg.com/opinion/articles/2024-11-03/china-can-t-cut-electric-vehicle-subsidies-it-isn-t-paying

| APPLICATIONS | ELECTRIC VEHICLES | V| YoLTA

FOUNDATION

Automakers Accelerate Plans For Module-Less Pack Architecture

° Cell-to-Pack and Cell-to-Body configurations offer benefits of increased energy density, less weight, and less component cost
° They are often in combination with large-format cells
° The improved pack-level energy density has enabled LFP’s suitability in the largest vehicles
° There are technical and end-of-life challenges to be managed, but cost reduction reduction has taken priority
26
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gglgé? l m Source: Main content provided by [1] Roland Berger (Distinguished Partner), [2] CRU Group (Distinguished Partner) P. 119


https://www.rolandberger.com/en/Insights/Global-Topics/Battery/
https://www.crugroup.com/en/contact-us/
https://www.rolandberger.com/en/Insights/Global-Topics/Battery/
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Innovations In EV Battery Pack Architecture

Q2 NIO A [m]

NIO ET7 rolls out with semi-solid state Mercedes & Factorial form a partnership

battery. to develop SSBs.

Qemun&zuc H

QuantumScape starts B sample Honda unveils SSB

production of SSBs. production line readiness.

Pl | - ; Powder-to-electrode - directly applies
Sn (UU “ dry electrode powder to current
| AMSATTERY collectors using advanced spray

Revolutionizes_cell technology.
manufacturing with 3D
printing, producing
custom-shaped ; ’
o ! ) Electrode-to-pack - integrating
hl'.gh. p?_rformatnce SSBs W?”e 24m electrodes directly into the battery pack,
gg;ne'gaa':g :vcealeprocesses or bypassing conventional cell and module
: assembly.

ASPEN gerogels

Aspen PyroThin - an insulating material
designed to prevent heat & fire spread in
packs. Used in GM Ultium platform &
contracts with Toyota, Scania & Audi.

Xerotech Hibernium -
Scalable modules made with
21700 cells. 678 different

packs made with identical

Xeroted modules that come in only 6

different sizes.

Impervio separator prevents
l . dendrite formation inside the

cell further enhancing safety.

VOLTA
V F F;('fﬂ_ J ‘-'J‘(‘f!;fh.': ION

@ LG Chem

"Safety Reinforced Layer" a thin material
between the cathode and current collector,
increases electrical resistivity at elevated
temperatures, preventing shorts and
potential fires.

AsahiKASEl Suliu sabic

Woven composites are advancing
enclosures, with companies like Asahi Kasei &
SABIC working on materials that enhance
thermal runaway protection & integrating
built-in cooling channels.

p.120


https://www.reuters.com/business/autos-transportation/mercedes-teams-up-with-factorial-develop-solid-state-batteries-2024-09-10/
https://electrek.co/2024/06/17/nio-semi-solid-state-ev-battery-maker-ramps-output-621-mi-et7/
https://interestingengineering.com/energy/anode-less-solid-state-battery-quantumscape
https://interestingengineering.com/energy/anode-less-solid-state-battery-quantumscape
https://electrek.co/2024/11/20/honda-teases-all-solid-state-ev-batteries-new-demo-line/
https://www.technologyreview.com/2024/10/16/1105504/aerogel-ev-battery-fire/
https://www.nature.com/articles/s41467-024-52766-9
https://www.electricmotorengineering.com/batteries-with-3d-printing-here-is-the-success-of-sakuu/
https://www.electricmotorengineering.com/batteries-with-3d-printing-here-is-the-success-of-sakuu/
https://www.electricmotorengineering.com/batteries-with-3d-printing-here-is-the-success-of-sakuu/
https://am-batteries.com/am-batteries-ships-first-rolls-of-electrodes-to-make-evs-more-affordable
https://chargedevs.com/newswire/24ms-electrode-to-pack-tech-does-away-with-cells-and-modules/#:~:text=The%2024M%20Unit%20Cell%20can,will%20deliver%20truly%20transformative%20solutions.%E2%80%9D
https://www.emobility-engineering.com/xerotech-battery-system/
https://www.compositesworld.com/products/composites-resins-portfolio-supports-ev-applications-sustainability
https://interestingengineering.com/energy/24m-technologies-lithium-battery
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) Cell format is influenced by chemistry and
vice versa - LFP is driving trend towards
prismatic

° Prismatic is virtually the only format shared

Cell Formats - BEV Market Trending Towards Large-Format Cells, Primarily Prismatic
between both chemistries today
° Chinese manufacturers are the market

I leaders and they prefer prismatic -

‘ middle-of-the-road solution between the
energy density of pouch vs. mechanical
H I robustness of cylindrical

2019 2020 2021 2022 2023 2024 ndrical

Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. Note: ‘Nxx" includes NMC and P. 121
derivatives :


https://www.crugroup.com
https://www.crugroup.com/en/contact-us/
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Cell Formats By Battery Manufacturers Trending Towards Prismatic And Primary Contributors From Asia
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Sources for primary form factors: Added to company icons

Sources for secondary form factors:: CATL, CALB, Sunwoda, LGES, Toshiba, Gotion High Tech, Envision P. 122

Large and small icons denote primary and secondary cell preference respectively. :
*Prismatic cell icon used as best fit for blade battery representation



https://www.catl.com/en/news/1016.html#:~:text=2022%2D09%2D09,be%20sourced%20from%20certified%20mines.
https://cnevpost.com/2023/04/07/calb-unveils-new-battery-tech-u-type-structure/
https://en.sunwoda.com/upload/portal/20240829/3a8de07f7a46712094d28a6426a3aeaf.pdf
https://www.lgensol.com/en/business-mobility-battery
https://www.global.toshiba/ww/technology/corporate/rdc/rd/topics/23/2311-02.html#:~:text=Toshiba%20has%20prototyped%20a%20pouch,pack%2C%20up%20to%20electric%20vehicles.
https://technode.com/2024/05/20/chinas-gotion-unveils-new-batteries-global-expansion-on-track/#:~:text=Gotion%20is%20aiming%20to%20begin,at%20room%20temperature%2C%20said%20Gotion.
https://www.sae.org/news/2023/01/bmw-future-batteries---ulrich#:~:text=BMW's%20global%20plans%20envision%20six,sweeteners%20to%20keep%20business%20humming.
https://www.catl.com/en/uploads/1/file/public/202106/20210617132842_6pdubp7st7.pdf,%20https:/www.alibaba.com/product-detail/CATL-3-2V-20AH-Lifepo4-Battery_1600934161470.html
http://www.calbusainc.com/products
https://www.lgensol.com/en/business-automotive-battery
https://www.farasis-energy.com/app/uploads/2023/12/Broschure-Produktubersicht-Product-overview_2023_WEB_EUR-1.pdf
https://digitalassets.tesla.com/tesla-contents/image/upload/IR/2020-battery-day-presentation-deck
https://www.stellantis.com/en/news/press-releases/2021/september/stellantis-and-totalenergies-welcome-mercedes-benz-as-new-partner-of-acc
https://www.nissan-global.com/EN/INNOVATION/TECHNOLOGY/ARCHIVE/LI_ION_EV/
https://www.evebatteryusa.com/lithium-ion
https://www.svolt.cn/en/solution/passenger
https://www.skbatteryamerica.com/business/product.html
https://www.samsungsdi.com/business/index.html
https://www.global.toshiba/content/dam/toshiba/ww/products-solutions/battery/scib/pdf/ToshibaRechargeableBattery-en.pdf
https://energy.panasonic.com/na/business/products/lithium-ion
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Cell Formats By Vehicle Manufacturers Similar Trend As Battery Makers With More Distributed Market
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Large and small icons denote primary and secondary cell preference respectively. T P.123
*Prismatic cell icon used as best fit for blade battery representation


https://en.byd.com/news/byds-new-blade-battery-set-to-redefine-ev-safety-standards/
https://global.geely.com/en/news/2024/geely-auto-unveils-new-short-blade-ev-battery-technology
https://www.toyota-battery.com/en/
https://global.honda/en/newsroom/news/2023/c230113beng.html
https://digitalassets.tesla.com/tesla-contents/image/upload/IR/2020-battery-day-presentation-deck
https://www.energy.gov/lpo/ultium-cells#:~:text=The%20cells%20manufactured%20by%20Ultium,more%20range%20at%20less%20cost.
https://www.stellantis.com/en/technology/electrification#:~:text=We%20have%20just%20extended%20our,components%20such%20as%20battery%20packs.
https://www.bmwgroup.com/en/news/general/2022/gen6.html
https://www.sae.org/news/2021/03/volkswagen-unified-cell-battery#:~:text=it%20appears%20VW%20intends%20to,of%20range%2Ddictating%20energy%20density.
https://group.mercedes-benz.com/innovation/digitalisation/industry-4-0/article-2.html#:~:text=Efficient%20and%20sustainable%20cell%20technologies&text=Mercedes%2DBenz%20relies%20on%20a,the%20use%20of%20new%20technologies.
https://www.farasis-energy.com/en/farasis-plans-30-gwh-cell-factory-in-ganzhou/
https://www.catl.com/en/news/6238.html
https://www.enevate.com/press-release-enevate-battery-technology-advances-next-generation-power-cells-for-the-power-tool-market/
https://global.honda/en/newsroom/news/2022/c220829eng.html
https://www.nasdaq.com/articles/where-does-tesla-get-its-lithium-updated-2024#:~:text=China's%20CATL%20has%20been%20supplying,its%20Shanghai%20plant%20since%202020.
https://media.ford.com/content/fordmedia/fna/us/en/news/2022/07/21/ford-battery-capacity-raw-materials-scale-evs.html#:~:text=Ford%20announced%20that%20Contemporary%20Amperex,is%20taking%20them%20even%20further.
https://news.gm.com/home.detail.html/Pages/news/us/en/2024/dec/1202-lgenergy.html#:~:text=General%20Motors%20and%20LG%20Energy,and%20manufacturing%20technologies%2C%20including%20packaging.
https://lyten.com/2024/05/08/lyten-ships-lithium-sulfur-battery-a-samples-for-automotive-consumer-electronics-and-military-customer-evaluation/#:~:text=SAN%20JOSE%2C%20Calif.%2C%20May,micromobility%2C%20defense%20and%20consumer%20electronics.
https://www.press.bmwgroup.com/global/article/detail/T0403470EN/more-performance-co2-reduced-production-significantly-lower-costs:-bmw-group-to-use-innovative-round-bmw-battery-cells-in-neue-klasse-from-2025?language=en
https://www.chosun.com/english/industry-en/2024/08/13/NU7SVFR3HNGQZJJNX7LENSGGY4/#:~:text=According%20to%20the%20information%20released,depending%20on%20the%20production%20year.&text=Additionally%2C%20Mercedes%2DBenz%20Korea%20has,growing%20trend%20in%20the%20industry.
https://www.thelec.net/news/articleView.html?idxno=2777#:~:text=Batteries%20made%20with%20SK%20Innovation,close%20ties%20with%20SK%20Innovation.
https://news.lgensol.com/company-news/press-releases/2964/#:~:text=The%20batteries%20will%20be%20manufactured,generation%20EV%20models%20from%20Ampere.
https://electrek.co/2024/09/26/saic-gm-catl-launch-lfp-battery-charge-200km-range-in-5-mins/
https://www.catl.com/en/news/962.html
https://corporate.ford.com/articles/electrification/ford-commits-to-manufacturing-batteries.html
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Chemistry Varies Significantly By Application And Region

othear

Content & analysis provided courtesy of Rho Motion (Distinguished Partner). For more information, visit P. 124

rho
mohon https://rhomotion.com/research/ev-production-quarterly-outlook/. Showing chemistry share on a sales basis in end-use demand.


https://rhomotion.com/research/ev-production-quarterly-outlook/
https://rhomotion.com/
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Range And Efficiency Trends In US Market

EV MY2025 Max EPA Range and Efficiency by OEM in US

Muckrum sange Jmies) ° The longest EPA-certified range for an EV is the Lucid Air sedan, rated
sco B Maxdrum Efciancy §ndiont) at 516 miles per charge.
\_ * ° For the 2025 model year, the median range of all-electric vehicles
z '\ B (EVs) hit a record 283 miles per charge, an increase of 13 miles from
w . 1 3 the previous year and over four times the median range of 2011
£ aco : J \ |33 models.
5 . / m
B 1R g
é | ' B ° For the 2025 model year, EPA-rated combined city/highway
E aco ) \ ‘; consumption ranged from 1.49 to 4.17 miles per kilowatt-hour
£ e - (mi/kWh).
2 ; = ° Miles per kilowatt-hour (mi/kWh) are based on the EPA combined
200 city/highway rating.
L . = = 0 This page's range and efficiency values are estimated by the US
?. % 3 = ; § % 3 g 3 B % < ;85 i # g 3 ;,: g - E E Environmental Protection Agency (EPA) method and cannot be directly
S s2®% 23 §. -l g » g H é 3 [ compared with the WLTP and CLTC values in the following pages.
5 § adTO & S €4 22 S

X .S g3 = 3

I Manufacturers

-

Source: EPA P. 125


https://www.fueleconomy.gov/feg/ws/index.shtml#vehicle
https://www.epa.gov/greenvehicles/fuel-economy-and-ev-range-testing
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Range And Efficiency Trends In EU Market

EV MY2025 Max WLTP Range and Efficiency by OEM in Europe
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Manufacturers

Source: EV database
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° The longest range for an EV is the
Mercedes Benz EQS 450+ SUV, claimed at
690 kilometers (equivalent to 429 miles)
per charge

° OEMs in EU market claimed for efficiencies
between 1.93 to 4.54 miles per
kilowatt-hour (mi/kWh)

° Tesla's Model 3 showed the highest
efficiency of 4.54 mi/kWh

NOTE

Displayed range and efficiency values are based on Worldwide
Harmonised Light Vehicle Test Procedure (WLTP) and not
intended for direct comparison with US EPA-certified and CLTC
range and efficiency values. However, the original values are
converted from kilometers (km) to miles (mi) for consistency.

P.126


https://www.vehicle-certification-agency.gov.uk/fuel-consumption-co2/the-worldwide-harmonised-light-vehicle-test-procedure/
https://www.vehicle-certification-agency.gov.uk/fuel-consumption-co2/the-worldwide-harmonised-light-vehicle-test-procedure/
https://ev-database.org/
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Range Trends In China Market

g

EV MY2025 Max CLTC Range and Efficiency by OEM in China
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Source: Manufacturer's websites and media (data compilation)
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NIO ET7 has CLTC-certified range of 1050 kilometers (equivalent
to 652 miles) per charge for the model year 2025 and ranked as
the longest range.

ET7's 150kW battery introduces semi-solid-state to the market
EREVs (Extended Range EVs) are rapidly growing powertrain
technology in China. This hybrid system is operated by electric
power as regular BEVs with a small ICE present to recharge the
battery. Such system often greatly boosts the single-charge
driving range with smaller battery size (Electrek)

OEM coverage: This page focused on introducing Chinese OEMs and does not
cover all electric vehicles available in the Chinese market

Displayed range and efficiency values are based on CLTC (China Light-Dut
Vehicle Test Cycle) and not intended for direct comparison with US EPA and WLTP
range and efficiency values. However, the original values are converted from
kilometers (km) to miles (mi) for consistency
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https://docs.google.com/spreadsheets/d/1Baxrlyel8bwo4NZV4n2ZdYxD30SywC75/edit?usp=sharing&ouid=105376274652985031870&rtpof=true&sd=true
https://www.nio.com/et7
https://www.immotors.com/global/en/vehicle_config/l6
https://www.zeekrlife.com/global/vehicles/009
https://electrek.co/2024/09/18/kia-ev5-shows-promise-china-brand-sales-top-20000-again/
https://www.arenaev.com/sales_of_tesla_model_x_plaid_and_model_s_plaid_in_china_to_begin_soon-news-841.php
https://www.xpeng.com/x9
https://www.bydauto.com.cn/pc/carDetail/config?id=126&networkType=dynasty
https://carnewschina.com/2023/12/27/baics-arcfox-alpha-t5-all-electric-suv-with-catl-battery-and-660-km-range-launched-price-starts-at-21800-usd/
https://www.hyundai.co.kr/news/CONT0000000000125558
https://www.mi.com/global/discover/article?id=3768#:~:text=The%20CLTC%20range%20reaches%20630km,dissipation%20capabilities%20and%20safety%20guarantees.
https://electrek.co/2024/12/09/toyota-opens-bz3x-suv-pre-orders-china-under-14000/
https://electrek.co/2025/01/10/mazda-unveils-new-ev-europe-6e-340-mi-range/#:~:text=The%20all%2Delectric%20model%20gets,miles%20(479%20km)%20range.
https://cnevpost.com/2025/01/06/leapmotor-launches-new-c16-variants/
https://www.hiphi.com/
https://cnevpost.com/2024/08/25/neta-launches-neta-s-shooting-brake/
https://fordreamauto.com/cars/aion-s-2025/
https://media.gm.com/media/cn/en/wuling/news.detail.html/content/Pages/news/cn/en/2023/Mar/0329-wuling.html
https://electrek.co/2024/04/15/nio-shows-off-new-et7-150-kwh-semi-solid-state-ev-battery/
https://dieselnet.com/standards/cycles/cltc.php
https://dieselnet.com/standards/cycles/cltc.php
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Fast Charging Trends - North America

The metric used to assess fast charging performance is range added in 10 and 20 min of fast charging. The number of vehicles
that can add >200 mi in 20 min is lower than their competitors from EU and especially China (see next slide).

EPA Range added after 10 min and 20 min of DC Fast Charging
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Definitions: P3CI - US = Real recharged range within 20 minutes/ 200 mi

Source: P3 Charging Index, June 2023 P. 128


https://www.p3-group.com/wp-content/uploads/2024/04/P3CI-US23_Report.pdf
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Fast Charging Trends - Europe And Asia

The metric used to assess fast charging performance is range added in 10 and 20 min of fast charging. The number of vehicles
that can add >300 km in 20 min is higher in China than in Europe.
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Source: P3 Charging Index 2024, P3 Charging Index - Asia 2024 P. 129


https://www.p3-group.com/en/p3-updates/p3-charging-index-2024/
https://www.p3-group.com/en/p3-updates/p3-charging-index-asia/
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More Fast DC Chargers Installed, With China Leading Installations

China continues to roll out public charging infrastructure at a fast rate,
with over 3.26 million charge points installed by November 2024.

Approximately 47% of these are fast DC chargers L s
o)
There is an overall trend across countries to faster DC speeds. This shift » e
is primarily driven by falling costs, higher demand for high-speed —
charging, and increased profit potential. 1 1
= —
B ——
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Content & analysis provided courtesy of Rho Motion (Distinguished Partner). For more information, visit P. 130

rho
motion hitps://rhomotion.com/research/ev-production-quarterly-outlook/.


https://rhomotion.com/research/ev-production-quarterly-outlook/
https://rhomotion.com/
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Balance Of Fast And Slow Charging Infrastructure Vary By Country

NUMBER OF EVs TO CHARGING POINT RATIO BY COUNTRY, Size of busbk repeesents
% OF FASTING CHARGING, YTD 2024 ::J;S}"’“mwm-ﬂm
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rho Source: Content & analysis provided courtesy of Rho Motion (Distinguished Partner). For more information, isi
motion  pupsyihomotion.com/research/ev-charding-quarterly-outiook/. BATTERY REPORT 2024 I P.131
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https://rhomotion.com/research/ev-charging-quarterly-outlook/
https://rhomotion.com/
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Penetration Of Artificial Intelligence In EV Value Chain

A notable trend in 2024 has been the penetration of Al across the entire value chain of a Lithium ion Battery

CELL MATERIALS DISCOVERY

ACCELERATED TESTING

MANUFACTURING PROCESS
OPTIMIZATION

BATTERY LIFETIME
PREDICTION

FLEET DATA ANALYSIS

Source: Company Announcements

Al models screen thousands of potential combinations & helps
predict material properties at the atomic scale, thereby aiding
discovery of novel materials for electrolytes, electrodes and
separators

Al accelerates testing protocols by simulating electrochemical
reactions in different material compositions, reducing reliance on
time intensive physical experiments

Al used to optimize electrode coating & drying process, which
may reduce time taken for cell ‘formation’ exponentially

Al models used to predict battery aging. A study by Stanford Energy
demonstrates a 9.1% error in life prediction using the first 100 cycles;
applied on a set of 124 LFP cells with life range of 150-2300 cycles

Al has been used for fleet analytics to optimize performance and to help

uncover key stress factors affecting battery health. Al can also detect
anomalies in battery packs thus preventing untimely aging
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https://www.nature.com/articles/s41560-019-0356-8
https://www.automotiveworld.com/news-releases/monolith-and-nio-europe-start-first-ever-collaboration-on-ai-driven-anomaly-detection-for-ev-batteries/
https://www.webwire.com/ViewPressRel.asp?aId=320895
https://azure.microsoft.com/en-us/blog/quantum/2024/01/09/unlocking-a-new-era-for-scientific-discovery-with-ai-how-microsofts-ai-screened-over-32-million-candidates-to-find-a-better-battery/
https://evchargingmag.com/camline-and-theion-revolutionize-battery-rd-with-ai?utm_source=chatgpt.com
https://evchargingmag.com/camline-and-theion-revolutionize-battery-rd-with-ai?utm_source=chatgpt.com
https://www.industrie40award.com/the-winners/catl-site-ningde/
https://aionics.io/
https://aionics.io/
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Heavy Mobility Market Developments - Market Size & Demand Growth

Global electric truck and bus production (>6t GVW) increased 56,000 units in 2024, from 94,000 units in 2023. The 60% increase was despite total

[ ]
vehicle production falling 167,000 units
° China accounted for the majority of volume and growth, increasing by 49,700 units, 69% in 2024
° Stringent CO? and GHG legislation in Europe, US and China, alongside falling TCO for heavy EVs, will see over 767,000 units produced in 2030
° Total battery demand in 2024 is estimated at 42 GWh, up from 26 GWh in 2023, excluding spares for swappable batteries swapping in China

C7 Pohonon by DipeDOn
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Source: KGP-GlobalData Global Commercial Vehicle Powertrain Forecast Q4 2024. EV Includes Battery Electric and Fuel Cell vehicles >6t GVW
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http://www.kgpauto.com/
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Heavy Mobility Key Players - Battery Solutions & Partnerships

° In 2024, Heavy Truck EV batteries averaged 297 kWh, Medium Trucks averaged 222 kWh, and Heavy Bus averaged 254kWh
° LFP is the dominant chemistry as OEMs prioritise cycle life and cost
° Technology development will see battery life extending to over 1.6M miles
° CATL, which dominates the global market, announced its new TECTRANS LFP battery in 2024
° Other significant suppliers including Samsung SDI, Gotion and EVE. Notably in 2027 the new JV between Daimler Truck, Paccar, Accelera and EVE,
Amplify Cell Technologies, will start production at its new 21 GWh plant in Mississippi, USA
AVERAGE BATTERY SIZES BY END USE 2024 CATL TECTRANS AMPLIFY CELL TECHNOLOGIES
Wi BSA @ o ° Durability up to 2.8m km (1.9m miles) ° Joint-venture between Daimler Truck
ax ° Charging up to 4C (70% SOC in 15 mins) (30%), PACCAR (30%), Accelera (30%)
. Range up to 500km and EVE (10%)
° 21GWh capacity plant to start production
in 2027

¢« AMPLIFY

\ CELL TECHNOLOGIES

&«
«o

LS HUT 1ILangHae HT Regere Ciy
[ES )

*Insufficient sample size for segments not shown

Source: KGP xEV Model Database November 2024 P.134


http://www.kgpauto.com/
http://www.kgpauto.com/
https://www.catl.com/en/news/6288.html
https://amplifycelltech.com/#about

| APPLICATIONS | ELECTRIC VEHICLES | LV =t i
OUNDATION

Micro-Mobility Market Size & Demand Growth

The micro-mobility market growth is mostly . McKinsey' estimates that the global micro-mobility market will reach about
$360 billion by 2030, up from about $175 billion in 2022, with Europe sharing most of that value. The US has also seen record high demand,
driven by ample incentive programs 2. Safety issues continue to be grappled with, spurring regulation 4.

Tha global micromebility market is expectad to reach a value of about U.S. Shared Micromotility Ridership by Type, 2018-2023
$360 billisn by 2030, o
Vs of mecroemvatdd by skt w0 D Unes Sooonary
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Source: [1] McKinsey, [2] US DOE, [3] NYED, [4] Safety Bulletin P. 135


https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/spotlight-on-mobility-trends
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/spotlight-on-mobility-trends
https://www.energy.gov/eere/vehicles/articles/fotw-1366-october-28-2024-shared-micromobility-ridership-was-evenly-split
https://www.nyc.gov/site/fdny/news/Y40203/fdny-warns-lithium-ion-batteries-now-leading-cause-fires-fire-deaths-new-york?utm_source=chatgpt.com
https://www.nyc.gov/assets/fdny/downloads/pdf/codes/2023-2024-fep-annual-bulletin.pdf?utm_source=chatgpt.com

VOLTA
= = Quad Pl“S" APPLICATIONS | ELECTRIC VEHICLES | \/[F | L5V o
=

Light Commercial Vehicles Market Size
The Future of Lithium Cell Electrode Metrology

« (Cathode Basis Weight (Loading), Thickness, and Density
measurements are achieved using advanced Terahertz technology.
Single sensor provides precise net coating measurements with . !
the added capability to determine top and bottom coating balance. ! ! ! !

Anode loading measurement with Enhanced
Ultrasound technology.

» Matrology salubons are gichaly
sourted and free from proprietary
limitations

o Process controd System integraeorn . 6 o - ﬂ . ¢

+ Professionsl engineer partner | | | . s

» Seevice & Frgineening support seam ]0 1 { ; .. o g S
with peagraphic client reach M i- ] | E !LEI H L 1.1-&,3,.‘-’.‘_ ,,4.,,‘...~‘!._z2-£1,u"iri

e

0 EY 8 BeoniclCV saks shore 1 Bleotno cor sales share

Connect with us *EV = electric vehicle; LCV = light commercial vehicle where weight is less than 3.5 tonnes.

In China, LCVs include small-sized buses, some light-duty trucks and mini trucks.

= "
f ’ ° 'n www.guadples.com 1812) 724.2323 Latest available dataset until 2023

Sponsored Content Source: P. 136


https://www.iea.org/data-and-statistics/charts/electric-light-commercial-vehicle-sales-and-sales-shares-2018-2023
https://quadplus.com/?utm_source=volta&utm_medium=report&utm_campaign=battery2024
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Notable Events

Industry Value Chain
Finance

Costs

Cell & Pack Manufacturing

Electric Vehicles (EV)

Other
Safety
Legal
Chemistry
Cathode
Anode
Electrolyte & Separator
Solid State

Lithium - Sulphur
Non-Lithium Chemistries
Supply Chain & Raw Materials
Recycling & Reuse
Software

p.137
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Global BESS Deployments Soar

The "Decade of Energy Storage” continues to exceed expectations, with of new Battery Energy Storage Systems (BESS)
installed in 2024. This brought cumulative global BESS capacity to , led by Li-ion batteries which represented over 98%
of battery installations in 2024.
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Chart sources: Compiled by PowerSwitch, based on publicly available data from BNEF and Woodmac: 2020 (Cumulative), 2020, 2021, 2022, 2023, 2024 P. 138
mohon Li-ion fraction: Rho Motion (via Energy Storage News :


https://about.bnef.com/blog/global-energy-storage-market-set-to-hit-one-terawatt-hour-by-2030/
https://www.energy-storage.news/global-bess-deployments-soared-53-in-2024/
https://about.bnef.com/blog/global-energy-storage-market-set-to-hit-one-terawatt-hour-by-2030/
https://www.woodmac.com/news/opinion/tracking-the-trajectory-of-the-global-energy-storage-market/#:~:text=Global%20energy%20storage%20deployment%20surged,grow%2027%2Dfold%20by%202030.
https://www.woodmac.com/news/opinion/the-growth-and-growth-of-the-global-energy-storage-market/
https://about.bnef.com/blog/1h-2023-energy-storage-market-outlook/
https://about.bnef.com/blog/global-energy-storage-market-records-biggest-jump-yet/
https://about.bnef.com/blog/headwinds-in-largest-energy-storage-markets-wont-deter-growth/
https://www.energy-storage.news/global-bess-deployments-soared-53-in-2024/
https://rhomotion.com/
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Growth In BESS Power Additions Last Year Exceeded 55% YoY
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BloombergNEF  Source: Main content provided by BloombergNEF (Distinguished Partner).

APALC

2024 global BESS deployments of 69GW represent a
from 2023 deployments on a power basis

Battery projects are surging around the globe, but
dominated by a few key countries / regions: China (36GW),
US(13GW), Europe(10GW) and Australia (2GW)

The Economist called grid-scale storage the
“fastest-growing energy technology” in 2024

The 2020s have continued to meet expectations that this
will be the decade of energy storage

P. 139


https://www.economist.com/the-world-ahead/2024/11/20/grid-scale-storage-is-the-fastest-growing-energy-technology
https://www.pv-magazine.com/2021/11/18/the-energy-storage-decade-has-arrived-says-bnef/
https://about.bnef.com/contact/
https://about.bnef.com/contact/
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BESS Share Of Battery Demand Has Doubled Since 2020

ZU)
S75.66
Billion

e In 2024 the value of the BESS market grew by over

to $90B
i [
- e The utility-scale market comprises over 85% of this
e BESS deployments have grown more quickly than the battery industry as a whole market, with the remainder divided between residential

e BESS now make up of total battery deployments, up from in 2020 and commercial and industrial (C&l) installations
. . . . . e Li-ion is the market leader with over 98% of grid-scale
e Primary drivers in the surge are falling battery costs, government policy BESS deplovments in 2024
incentives, and a massive uptick in investments in BESS technology and BEssS deployments
projects e Li-ion expected to overtake pumped hydro in terms of
power capacity in 2025

e Utility markets drive approximately of the demand

mgﬁon Source: Main content provided by Rho Motion (Distinguished Partner) P. 140


https://www.fortunebusinessinsights.com/stationary-energy-storage-market-110450
https://www.energy-storage.news/global-bess-deployments-soared-53-in-2024/
https://www.energy-storage.news/global-bess-deployments-soared-53-in-2024/
https://www.linkedin.com/posts/mlkubik_energystorage-batteries-activity-7195671484004974593-nijT?utm_source=share&utm_medium=member_desktop
https://rhomotion.com/research/battery-energy-stationary-storage-quarterly-outlook/
https://rhomotion.com/
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China And US Markets Lead In BESS Deployments

The US and China are the clear leaders when it comes ) ' ol % p
to BESS deployment: - : (
e  Collectively these two markets account for R o s p
approximately of all BESS projects in w R & g
2024, on a power basis —_— —
| © 2024 US ~ 2024 China
e  Mainland China's BESS installations were the : New BESS New BESS

clear market leader in 2024. They added “ Capacity Capacity
for full-year 2024, up :

° U.S. energy storage deployments across all
segments are expected to reach
for full-year 2024, up 72% on a
GW-basis from 2023 ('

BloombergNEF  Source: Data provided by BloombergNEE (Distinguished Partner). P. 141


https://www.utilitydive.com/news/us-battery-energy-storage-deployments-jump/729248/#:~:text=U.S.%20energy%20storage%20deployments%20across,year%20increase%2C%20the%20report%20said.
https://about.bnef.com/contact/
https://about.bnef.com/contact/
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Leaderboard - BESS Installations In The World by Interconnection Power

Individual BESS installations are growing ever
larger - as of November 2024, the largest
operational BESS is the Edwards & Sanborn
BESS in California, at 821 MW / 3,280 MWh

Many systems are built in several phases,
adjacent to one another, under separate
interconnection applications

While China leads the US in deployed BESS
capacity, the US leads in construction of large
individual projects, with 9 of the world's 11
operational projects greater than 300MW

Currently there are multiple projects in
development that expect to break the 1 GW
barrier, but no system of this size has yet
become operational

Source: PowerSwitch, based on publicly available data from project developers..

*Edwards & Sanbome (82) / 3260) -
s/ McCoy/Arlington (812 / 3248)

Moss Landing (730 / 3000)
Nova (680 / 2720)

2300

Desert Sunlight (530 / 2120)

Desert Peak (425 / 1700)
Manatee (409 / 900)
Gemini (380 /1400)
Crimson (350 /1400)
Bubkuk (334 / 305)
Ming Yang (320 / 640)
Gulfstar (306 / 611)

MW Operational BESS
November 2024

FOUNDATION

P.142


https://www.linkedin.com/posts/drew-lebowitz-p-e-3bbb6215_bess-lithiumion-energystorage-activity-7265804635804708865-Orvl?utm_source=share&utm_medium=member_desktop
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Storage Costs Fell Significantly In 2024

° One of the biggest drivers in today's storage market

are the rapidly falling costs of batteries $/kWh in 2024 Real Dollars
° Costs have fallen dramatically - according to BNEF 250
cost per kWh fell on average to in 2024,
and less than half of e
the 2019 value -0 —
i 40% )
e In China, costs are falling even farther - a 400 cil 356 S ?
December 2024 bid for 16 GWh of battery ol ot 242 s l
enclosures + PCS in China had an average price of s A
: =
° An uptick in prices in 2022 was driven by
constrained supply, high Lithium prices and < Ju19 2200 2+ 202 212 2104

lingering pandemic supply chain issues

Source: Includes content from BloombergNEF (Distinguished Partner).
BloombergNEF [1] This pricing is based on unit of usable energy capacity, including DC-block battery enclosures and power conversion system (PCS), but exclusive of EPC and grid P. 143
connection costs.


https://www.energy-storage.news/mind-blowing-bids-power-chinas-16gwh-bess-tender-state-owned-firms-market-share/
https://about.bnef.com/contact/
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Average Project Duration Continues To Rise

AVERAGE BESS DURATION (HOURS) BY REGION' GLOBAL AVERAGE PROJECT DURATION (HOURS)?
b3
ia o

Ouraton (hass |
o
&1

Storage duration is defined as the time to discharge a battery's rated energy at its rated power - C-Rate is the inverse of duration

Average duration of BESS Projects has increased 23% from 1.8 hours in 2020 to 2.4 hours in 2024

This is driven primarily by the shift from NVIC to LFP chemistry, as well the declining cost of energy storage on per-kWh-basis, as based on growing use cases and
markets that favor longer duration with derating factors

. : ) ’ ) ; ) itch, " . e
mghon Sources: [1] Rho M’otlon a,szc;llzussed ’|n Eng’[gy Storage News ; [2] Compiled by PowerSwitch, based on publicly available data from BNEF and Wood Mackenzie BATTERY REPORT 2024 | P 144
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https://www.energy-storage.news/global-bess-deployments-soared-53-in-2024/
https://about.bnef.com/blog/global-energy-storage-market-set-to-hit-one-terawatt-hour-by-2030/
https://www.woodmac.com/news/opinion/tracking-the-trajectory-of-the-global-energy-storage-market/#:~:text=Global%20energy%20storage%20deployment%20surged,grow%2027%2Dfold%20by%202030.
https://www.woodmac.com/news/opinion/the-growth-and-growth-of-the-global-energy-storage-market/
https://about.bnef.com/blog/1h-2023-energy-storage-market-outlook/
https://about.bnef.com/blog/global-energy-storage-market-records-biggest-jump-yet/
https://about.bnef.com/blog/headwinds-in-largest-energy-storage-markets-wont-deter-growth/
https://rhomotion.com/
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Key Players In BESS Cell And Integrated System

BESS projects are built up from cell to module to rack to integrated enclosure. A major trend in 2024
was cell manufacturers moving up the value chain to offer integrated systems, often competing with
the integrators who use the same cells. This slide shows the leading cell manufacturers and
integrators. Some companies that are both cell manufacturers and system integrators use both their
own cells as well as those from other cell manufacturers.

PLAYERS THAT ARE BOTH BESS
CELL MANUFACTURERS AND SYSTEM INTEGRATORS BESSSYSTEMINNEGRATORS

NESC HPeos CA saFT AES| Sl €3 ERnc il ENERGY YAULT

PRORE DO T

D @m) _© A ESS™ eSTORAGE Ey|O rocyeen FLUENCE

] Dot o™ ey || o Qg ST oA
energy o EVEEnergy  [JINVINITY STRONG Yy meeae

REPT  Tnastoae cAalB ,,,gw rearon 4 retye2 ,w?m e
GREAT
@ LGEnergySolution POWER  SAMSUNGSDI SERMATEE SUNGROW Y!IL,

BATTERY REPORT 2024 | P. 145



TINDUSTRY | APPLICATIONS | BESS | KEY PLAVERS VF ggg;\‘s\omon

Leading Energy Storage Project Developers

BESS developers are the firms acquiring land, signing offtake agreements, procuring components, and DEVELOPERS IN
managing the EPC of the BESS project. The sector includes a mix of large and small firms, ranging ASIA AND AFRICA
from multinational IPPs with broad generation profiles down to small companies with only a handful of

projects. This slide shows leading BESS project developers, classified per region where their largest

project is located - please note that some developers also operate in regions other than the one Avam‘\ * S EW QM ﬁ

mentioned. M
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Summary Of BESS Use Cases

BESS projects are versatile assets that can provide a vast array of
uses to any power grid (“grid-following"), or by generating their
own grid ("grid-forming”) either to off-grid locations or to
grid-connected locations choosing to island from the main grid.
While BESS projects enable deeper penetration of renewable
energy on a grid, there are five leading use-cases that account for
most of the revenue earned by a project:

° Ancillary Services: A range of services used to help
maintain grid stability, such as frequency response.

° Renewables Integration: Helps ensure an efficient use of
energy produced from renewables

° Grid Support: Managing transmission and distribution
network constraints

° Resource Adequacy: Providing power capacity that can
be deployed in peak demand periods to ease strain on
grids

° Energy Arbitrage: Storing energy when prices are low and
selling it when prices are high, maximizing profits

Roland

Berger . Source: Includes content from Roland Berger (Distinguished Partner).

Ancillary
Services

hours
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Short duration: Durations up
010 ours

Intar-day LDES: Somealimes
caled “diumal”

Muiti-day / week LDES:
Commonly caled “sassanal”

Saasonal shifting: Ganeraly
included in "seasanal”, but
destinect in thast thes does funchon
as & gunventional, sorablke fuel
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https://www.rolandberger.com/en/Insights/Global-Topics/Battery/
https://www.rolandberger.com/en/Insights/Global-Topics/Battery/
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Navigating Revenue Models - Contract vs. Merchant

BESS revenue models can be categorized as either contract-driven or merchant-driven, based on the operating strategy and risk tolerance.
The choice is influenced by the energy market where the BESS operates, as well as market conditions, financial goals, and the investor's risk
appetite. Regardless of the model, BESS systems offer the flexibility to provide multiple applications simultaneously, enabling operators to
stack revenues from diverse sources and align revenue strategies with evolving market opportunities. Most systems built in 2024 used some
combination of contract and merchant-driven revenue.

Revenue Stability
Market Exposure

Risk Level

Profit Potential

Key Revenue Streams

Investor Profile

Predictable income: long-term agreements with fixed rates
Limited exposure to price volatility

Lower risk with guaranteed payments
Consistent but lower returns
Tolling (fixed payments), Capacity, Energy Hedge

Risk-averse investors prioritizing stability

/OLTA
9= ol G

Variable income: earning fluctuate based on markets
Fully exposed to market dynamics

Higher risk due to market fluctuations
Potentially higher profits during favorable conditions
Energy Markets, Capacity Auctions, Ancillary Services

Investors with higher risk tolerance, seeking higher returns

p.148
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BESS Deployment Pathways

BESS systems can also be deployed differently by

Based on their location and their
. BESS systems can be deployed in two ways: o connected to the main grid, support peak shaving and renewable
integration, with growing demand driven by renewable energy expansion
° connected to the transmission or and grid resilience needs
distribution networks on the grid, or co-located with renewable o independent of the main power grid, provide power in remote
energy generation areas or as power backups, with trends toward increased adoption for rural
° installed behind the utility meter, electrification and sustainable energy solutions

typically owned/managed by and delivers energy to commercial,

. h . . . Note: Hybrid systems, capable of switching between on-grid and off-grid modes,
industrial, or residential consumers directly y Y P g g 9

are gaining traction in intermittent grid and renewable energy scenarios.

T A g

@

e )
Utility-Scale Utility-Scale Transmission iva- o
Generation Storage & Distribution Commercial  Industrial Residential 4 5|~| System Size: MWs to GWs VS. System Size: Sub MW - §ﬁ

FRONT OF THE METER (FTM) BEHIND THE METER (BTM)
Market Share: 80% VS. Market Share: 20%
System Size: MWs to GWs System Size: 5kW to TOMW

Source: NREL, Symtech Solar and Cervicorn Consulting P. 149


https://www.nrel.gov/docs/fy19osti/74426.pdf
https://www.symtechsolar.com/blog/exploring-the-differences-between-on-grid-off-grid-and-hybrid-battery-energy-storage-systems/
https://www.cervicornconsulting.com/battery-energy-storage-system-market
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ESS Technology Bankability - Degradation, Cycle-life And Product Warranties / Guarantees

. Most BESS Manufacturers, together with EPC contractors, offer a ‘workmanship warranty’ that covers a period
following the system'’s reaching Commercial Operations Date (COD). Most commonly this warranty is valid for 1-3 years, covering initial defects
and component failures (short-term).

. Beyond COD, manufacturers typically offer performance guarantees for their systems under a separate Long Term

Service Agreement (LTSA). These guarantees allow for a certain level of guaranteed degradation, verified by a capacity test, conducted annually.
The most common terms for an LTSA are warranties:

o 7,200 cycles over 20 years (equivalent to 1 cycle per day), although some manufacturers are offering warranties up to 10,000 cycles over
25 years

o Typical degradation from 100% at COD to approximately 70% in year-20

o Typical round-trip efficiencies

o Guaranteed Availability of 97% or more, outside of the system’s scheduled maintenance hours

. Most LTSAs do not cover corrective maintenance, which is the result of an unexpected event in the system’s operations,
although some contracts offer a higher-priced 'Extended Warranty' which does include a larger payment to account for corrective maintenance
work.

. Insurance is typical at several tiers of the project: manufacturers insure their expected degradation levels, EPC
contractors hold insurance policies to cover for unforeseeable issues in construction, and projects transition to operational project insurance once
the project has reached COD.

. All of the above policies, warranties, and guarantees have become more standardized in the industry, resulting in greater confidence

for finance of utility-scale energy storage projects; collectively this is a sign of the industry maturing and becoming more bankable.

Source: PowerSwitch, Norton Rose Fulbright, ACCURE, DNV, Energy Storage News P. 150


https://www.nortonrosefulbright.com/en/knowledge/publications/e295e9d2/the-bess-is-yet-to-come
https://www.accure.net/battery-knowledge/third-party-battery-warranty-management-benefits
https://www.dnv.com/article/energy-storage-capacity-warranties-beyond-the-fine-print-200339/
https://www.energy-storage.news/complexity-and-risk-of-bess-warranties-prohibitive-for-some-asset-owners/
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Utility-Scale BESS Products Converge Towards 20ft Enclosures With >5 MWh Capacity

CATL
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° Early on the ESS industry had 40-foot containers; later this evolved to
‘cube’ products in 10-foot sizes, but the industry has now coalesced
around a single size: the 20-foot shipping container

° Driven by safety concerns and ease of shipping, each container has
gradually added more and more energy. Increasing energy density of the
cells, larger format cells, and more efficient design have all contributed to
this convergence. While some designs use traditional corrugated shipping
containers, others have opted for proprietary enclosures.

° Nearly all enclosures feature integral liquid cooling, although some offer
air-cooling as an alternative.

° The industry is still divided among products that feature integral PCS units
in the enclosure (AC Block product) or those that require an external PCS
(DC Block products). Notable leaders in AC Block are Tesla, Sungrow, and
Wartsila.

* DC rated capacity for each project is as reported by manufacturer. Products enclosures are based on
20-foot containers. All products are DC block, with the exception of the PowerTitan 2.0 and Quantum3.
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BESS Is Predominantly LFP-based, But Faces Limitations For Long Duration Applications

LEADING BESS CHEMISTRY

LFP has overtaken NMC as the dominant stationary
storage chemistry, accounting for over 80% of ESS today

Cathode share m toltery energy siorage systems, % GWh

100%
B w Cther
esNo-on
airs
oLFP
ars
»NMC
20r%
s,
2020 20 2 202 202

LIMITATIONS OF LI-BASED ESS FOR LONGER DURATIONS

Li-ion ESS is cost-effective for short durations in 2 use cases:
(1) Demand-supply matching from few seconds to 1 hr
(2) Energy arbitrage (i.e. buy energy/charge when it's cheap, sell/discharge

during higher-price hours)

4

Li-ion is not cost effective
past 8 hours at current

prices for either use case
scenario, driving the
investigation of alternative §
chemistries

(see LDES)

U-ion
Cost Curve
Liskon
con -
elfective
below Energy Storage
68 hra Value Curve
, Uslon uneconomic
H teyond 6-8 hrs
“6-8 hrs Duration |hrs)

m Source: Cathode chemistry chart from CRU Group (Distinguished Partner). cost effectiveness graphic from MCJ Newsletter.
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https://www.ldescouncil.com/assets/pdf/LDES-brochure-F3-HighRes.pdf
https://newsletter.mcj.vc/p/sidd-mallannagari
https://www.crugroup.com/en/communities/thought-leadership/2024/china-corners-the-battery-energy-storage-market/
https://newsletter.mcj.vc/p/sidd-mallannagari
https://www.crugroup.com/en/contact-us/
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Alternative Chemistries - Sodium-lon, Iron Air And Flow Batteries

Although Li-ion occupies approximately 98% of the BESS market, there are several competing chemistries vying to become leaders based on
improvements in cost, safety performance and duration. See more on these technologies in the Non-lithium Chemistries section.

Intended for , residential Intended for to stabilize grid Intended for to provide
storage, and lead-acid replacement & provide peak shifting/load shifting capability dispatchable capacity for seasonal storage

PRt T T—.
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ittt denad
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e BYD launched a BESS long blade Na-ion cell (90 Total global flow battery capacity increased to >40 GWh . Form Energy raised $405M in its Series F

Wh/kg) for large-scale grid applications . Large capacity additions were round. Upcoming 1.5 MW/150 MWh project with

e Hithium launched a sodium-ion cell specifically for made in Asia, including a 700 MWh project in Minnesota utility Great River Energy (GRE) in 2025.
utility-scale storage China. ° EnerVenue raised $515M and

e CATL announced a combined Li-ion/ Na-ion battery ° 2 GWh in iron flow deployment was announced pilot project in Milwaukee for its 2-12hr
cell announced in California and >3 GWh in duration batteries

e DOE announced a $50m grant to advance research in Australia.

Na-ion battery cell technology
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https://vanitec.org/latest-from-vanitec/article/china-sees-surge-in-100mwh-vanadium-flow-battery-energy-storage-projects
https://www.linkedin.com/pulse/180ah-blade-nfpp-sodium-ion-battery-mass-launching-jerry-tuhlc/?trackingId=Zj8pU9YyTdmglN5%2FGy3NmQ%3D%3D
https://en.hithium.com/newsroom/latest/details/62.html
https://www.catl.com/en/news/6301.html
https://www.catl.com/en/news/6301.html
https://www.anl.gov/article/a-new-era-for-batteries-argonne-leads-50m-sodiumion-innovation-push
https://www.energy-storage.news/rongke-power-completes-grid-forming-175mw-700mwh-vanadium-flow-battery-in-china-worlds-largest/
https://www.pv-magazine.com/2024/07/30/california-state-grant-advances-2-gwh-iron-flow-battery-deployment-plans/
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Long-Duration Energy Storage (LDES) Technologies

— . Storage Round-trip Geographical
e Definitions of LDES vary, but are typically Technology Market readinees Guration (vours) efficiency (%) tootpeint (RWh/m?)
considered within a range of 8 hours (0.125C) to ’
Vanadium Flow
100 hours (0.01C). - B o ) 4244 — 60-80% ¥ 20-50
LDES encompasses a wide range of technologies
including chemical, thermal, and mechanical, in Lthium-ton ] . - 50-35
addition to electrochemical (batteries) (LFP, NMC) Commera | 2-10 PR 85-20%
Battery LDES deployed as of 2024 is '
approximately 2GW, or 1% of total global Sedium-lon ) 420 J— 085 % B 2.4
. Enry commercis
deployed BESS capacity.
Long Duration Storage Shot™, one of DOE's Ziea Alr I ¥ 10-100 —0-45% B o4
Energy Earthshots™ that aims to reduce storage Early comenerclel
costs by 90% for systems that deliver 10+ hours =0 s .
of continuous power MB""" = ™ ) 412 N 60-705% 243
Although LDES has significant investment and
promise, Li-ion accounts for over 98% of storage Iron Alr I m 100 —0-45% m 75225
installed today, with a dominant position in Early commarcla
bankability, RTE, and product offerings Non-Metsl
chemicel ' - 0200 —40-50% P—
stomoe Emegng 300-1500
Fnoﬁon Source: Rho Motion ; LDES Council P. 154


https://www.sciencedirect.com/science/article/pii/S2352152X22017753
https://www.energy-storage.news/global-bess-deployments-soared-53-in-2024/
https://www.ldescouncil.com/assets/pdf/2024LDESAnnualReport.pdf
https://rhomotion.com/
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Maijor Declines In Rate Of BESS Safety Incidents

Source: BNEF, EPRI, EPRI Wiki, Data for installed BESS capacity: 2016 to 2023 KEARNY, Electricity storage A booming sector of technology September 2024;
2024 Ener:

NUMBER OF INCIDENTS BY YEAR
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A May 2024 report from Electric Power Research Institute (EPRI)
performed the most comprehensive analysis of operational incidents in
operational BESS projects

An incident was defined as: "An occurrence caused by a BESS system or
component failure which resulted in increased safety risk. For lithium ion
BESS, this is typically a thermal risk such as fire or explosion."

5 registered events occurred in 2024 (3 in US, 1JPN, 1 SGP)

The incidents highlight the importance of effective fire suppression
systems designed

Effective emergency response plans are crucial to mitigate the risks
associated with BESS incidents, these include:

Kursber of hoidonts

o Evacuation procedures
o Air quality monitoring
o Public safety measures
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GW installed grows, incidents decrease: As the total installed BESS capacity has
grown exponentially, the number of incidents remain constant or drop

Incidents by GW at its lowest: A rate of is reflected in the incident by installed GW
ration which is at its lowest since 2016 (0.03 incidents/GW installed)
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https://about.bnef.com/blog/2h-2023-energy-storage-market-outlook/
https://www.epri.com/research/products/000000003002030360
https://storagewiki.epri.com/index.php/BESS_Failure_Event_Database
https://www.energy-storage.news/global-surge-in-large-scale-energy-storage-deployments-predicted-this-year-by-energytrend/
https://www.epri.com/research/products/000000003002030360

TINDUSTRY | APPLICATIONS | BESS | SAFETY VE ggbwmmorq

Control Issues And Integration Challenges Dominate Safety Incidents Rather than Direct Cell Failures

INCIDENTS BY TRIGGERING COMPONENT ROOT CAUSES OF INCIDENTS
B CokNoowes B Desgr
B Cortrom ¢ Manutacnsng
L 805 B negiation Asssably
& Coomrurtion
I » Opureticn

BOS = Balance of System

° Control issues are triggering many incidents: While only 11% of incidents were directly attributed to cell failures, many more were indirectly
caused by cell failures triggered through operation conditions outside of predefined safety windows due to control issues

° Issues happen early in the project lifecycle: In about = out of 4 cases, events happen during construction, commissioning or within the first 2
years of operation

° Integration remains challenging: Integration related issues are the most common root cause of incidents including wiring, coolant systems or
safety systems

RI BATTERY REPORT 2024 | p. 156

O

Source: E
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ESS Safety - Large Scale Burn Testing a New Addition to Existing Fire Testing Standards

° This standard, developed by the private US-based accreditation agency UL Solutions, is the leading standard for fire
testing and nearly every major manufacturer has performed tests using this standard. It involves measuring the results of a
lab-controlled burn of various components of the system, starting with simplest and working up to the most complex:

o Cell-level: Combustion of a single battery cell, measuring the gases produced

o Module-level: Combustion of a collection of battery cells connected together

o Unit-level: A collection of battery modules connected together and installed inside a rack and/or an enclosure
o Installation-level: same setup as the unit test with additional fire suppression systems used

° These tests involved intentionally triggering thermal runaway events within entire BESS
enclosures to assess their ability to contain the fire and prevent propagation to adjacent enclosures.

These tests often exceed the current standard industry requirements outlined in NFPA 855 and UL 9540A
Preparations for the the upcoming CSA C800 standard, which will establish new safety benchmarks for large-scale testing of
energy storage systems in 2026

o The CSA C800 simulates real life incidents and provides insights into the worst-case fire performance which supports the
proper risk assessment

Source: Utilitydive, BatteryStandardsTable P. 157


https://www.utilitydive.com/spons/mitigating-environmental-and-community-impact-to-support-energy-storage-gro/732338/
https://batterystandards.info/tables

| APPLICATIONS | BESS | VE VOLTA

FOUNDATION

ESS Safety - Codes And Standards

The US DOE provides a template for authorities which aim to procure BESS and highlights the relevant codes and standards. The

template:
NFPA 68: This standard deals with In the context of BESS, this involves designing ventilation systems to
safely release pressure in the event of an explosion, preventing catastrophic failure.
NFPA 69: This standard focuses on such as those that detect and suppress explosions before they can cause significant

damage. For BESS, this involves installing fire suppression systems, gas detection systems, and other measures to prevent fires and explosions within the

battery modules.
NFPA 72: This standard covers For BESS, this involves installing fire alarms, smoke detectors, and other early warning

systems to detect fires and initiate appropriate responses, such as activating fire suppression systems or alerting personnel.

Other relevant codes and standards:

Test Method for Evaluating Thermal Runaway Fire Propagation in Battery

NFPA 70 National Electrical Code
' . UL 9540A Energy Storage Systems
NEPA 855 gtartwdard for the Installation of Stationary Energy Storage Standard for Interconnection and Interoperability of Distributed Energy
ystems IEEE 1547 Resources with Associated Electrical 1 Power System Interfaces
UL 1642 Standard for Lithium Batteries Standard for Static Inverters and Charge, Converters, Controllers and
Batteries for Use in Light Electric Rail Applications and UL 1741 Interconnection System Equipment
UL 1973 Stationary Applications Safety of power converters for use in photovoltaic power systems — Part 1:
UL 62109-1 G [ i t
UL 9540 Energy Storage Systems and Equipment eneratrequirements
As part of effort to reduce fire and improve safety, for ESS system installations: (1) Emergency response plan and

(2) Decommissioning plan/guide.
P. 158

Source: Energy.gov, Energy.gov


https://www.energy.gov/sites/default/files/2023-07/bess-technical-specifications-2023.docx
https://www.energy.gov/femp/articles/lithium-ion-battery-storage-technical-specifications

| APPLICATIONS | BESS |

Regulatory Map For BESS Projects In Major Markets

RFP / AWARD

For regulated markets where there
are specific MW or MWh targets,
competitive RFPs are held for
projects, which are then awarded
via negotiated offtake agreements.

In deregulated markets, developers
perform interconnection studies and
must support the cost of network
upgrades incurred as a result of the
project. Offtake may be regulated
through government incentives or
contracts, or may be done on the
private market.

INTERCONNECTION

Whether from a competitive award,
or built to capture revenues in a
certain market, the grid must allow
for interconnection based on the
specific charge and discharge
requirements of the BESS. Typically
allowed based on application / study
by a utility, grid operator, or
regulator. Depending on the
arrangement the developer may be
required to fund some or all of the
upgrades required to the grid to
support the project.

FEDERAL / STATE /
PROVINCIAL / REGIONAL
PERMITS

Most projects have some national,
state, provincial, or regional
approval that must be granted - this
includes whatever planning or siting
committees must be consulted,
environmental approvals, and any
additional studies such as noise or
community approval. Electrical and
construction codes must be
followed.

Local Authorities Having Jurisdiction
(AHJs) enforce compliance with
national, state, and local codes.

VOLTA
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Based on the AHJ's interpretation of
the code, the project, and its key
components such as the BESS,
PCS, and controls system, must
meet certain requirements. At the
product level this may include UL
9540, UL 9540A, corresponding IEC
standards, and the projects must
meet project-level standards such
as NFPA 855.

TION
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Global Investments Surge In Battery Storage
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A fivefold growth since 2018: Investments in battery storage have soared to meet the demands of electrification and renewable integration.

GLOBAL INVESTMENT IN EV BATTERIES
° Global investment in battery storage is expected to AND BATTERY STORAGE, 2018-2023
exceed $50 billion in 2024, with a 70% increase in

2023, led by the US and Europe - e T Bt
° Total investment: $150 billion, with $115 billion in EV L
batteries and $40 billion in energy storage i &
° Dominant regions: 90% of funding concentrated in I3 l
China, Europe, and the US ; ' "
1l
e  $6 billion funding for innovations like new chemistries m 8 . A 151 - . .. !
and battery recycling- Technology investment R e B A SR e

° 15% of funds directed to recycling and alternatives to
lithium- Technology investment

i ad Yo g v -y v Rl Marvn (21 2

° China Energy Investment: 11.8 GW
capacity-Deployment

° NextEra Energy: 10.9 GW in the US.- Deployment

° Engie: Expanding across EU, US, and Latin America
with 6.3 GW planned- Deployment

Source: Batteries and Secure Energy Transitions World Eneray Outlook Special Report, RechargeNews
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Technology investments are driving
innovation and sustainability, deployment
investments are focusing on scaling and
integration into existing energy systems.
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https://www.iea.org/reports/batteries-and-secure-energy-transitions
https://www.rechargenews.com/wind/urgent-need-nextera-10gw-deals-among-largest-in-us-clean-power-history/2-1-1729769
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Al And Data Centers Are A Major Driver Of Power Demand And BESS Deployments
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“Geographic distribution of data centers is notably uneven, creating
localized grid stress.”

“Gen Al has accelerated the pace and scale of power demand more
than any other technology in the past two decades.”

° Power needs of data centers are expected to grow three times by the end of ° As of 2024, there were approximately 10,655 data centers globally, of which half
the decade, going from between 3% of total U.S. power demand in 2024 to (5,381) were in the United States.
9% in 2030 ° Limited grid capacity has resulted in data centers considering self generation,

° In the 15% growth scenario, electricity demand for data centers in the US is mostly solar PV and battery storage

expected to increase to over 400 TWh/year, including significant BESS
installs

Source: McKinsey, EPRI, S&P Global

In the US, 15 states account for 80% of the national data center load with data
centers in VA consuming over 25% the total electricity available in the state.
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https://www.mckinsey.com/industries/private-capital/our-insights/how-data-centers-and-the-energy-sector-can-sate-ais-hunger-for-power#/
https://www.bing.com/ck/a?!&&p=86b515c9b53fafc3f2b44a1789f64757572e11dc57cc286ddde14b19669e6c76JmltdHM9MTczNjQ2NzIwMA&ptn=3&ver=2&hsh=4&fclid=03687aef-8293-6849-1846-690883016938&psq=epri+powering+intelligence&u=a1aHR0cHM6Ly9yZXN0c2VydmljZS5lcHJpLmNvbS9wdWJsaWNkb3dubG9hZC8wMDAwMDAwMDMwMDIwMjg5MDUvMC9Qcm9kdWN0&ntb=1
https://www.spglobal.com/marketintelligence/en/news-insights/latest-news-headlines/us-energy-storage-developers-plan-10-gw-of-additions-in-2022-38-gw-through-2024-70558674
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Generative Al And Data Centers - Battery Market Size, Trends, and Competitive Landscape

Given the massive electricity consumption of data centers, there is a

growing push to ensure their operations are sustainable. As a result, major

hyperscalers like Google, Apple, and Meta have committed to using only

carbon-free energy by 2030, driving a significant shift away from diesel .
generators. Increasingly, operators are turning to battery energy storage C 5

- ‘;a, e
o,
systems (BESS) to reduce carbon footprints of data centers and Al =
applications. 13
° Evolving Battery Chemistries: From legacy lead-acid to nickel-zinc I I I
and lithium-ion, data center operators are exploring multiple options i e CEm e Wt 30w e xB

to ensure high reliability.

° Uninterrupted Operations: Any downtime can be extremely costly,
pushing demand for robust energy storage solutions.

° Space Constraints: Facilities have limited footprints, making energy
density and efficiency critical in maximizing power capacity.

° Balancing Cost and Longevity: Operators carefully weigh factors
like durability, total cost of ownership, and ease of maintenance to
determine the best fit.

Source: McKinsey, EPRI, S&P Global, Global Market Insights
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https://www.mckinsey.com/industries/private-capital/our-insights/how-data-centers-and-the-energy-sector-can-sate-ais-hunger-for-power#/
https://www.bing.com/ck/a?!&&p=86b515c9b53fafc3f2b44a1789f64757572e11dc57cc286ddde14b19669e6c76JmltdHM9MTczNjQ2NzIwMA&ptn=3&ver=2&hsh=4&fclid=03687aef-8293-6849-1846-690883016938&psq=epri+powering+intelligence&u=a1aHR0cHM6Ly9yZXN0c2VydmljZS5lcHJpLmNvbS9wdWJsaWNkb3dubG9hZC8wMDAwMDAwMDMwMDIwMjg5MDUvMC9Qcm9kdWN0&ntb=1
https://www.spglobal.com/marketintelligence/en/news-insights/latest-news-headlines/us-energy-storage-developers-plan-10-gw-of-additions-in-2022-38-gw-through-2024-70558674
https://www.gminsights.com/industry-analysis/data-center-battery-market
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Second Life Batteries - Repurposing EV Batteries For BESS

Second life batteries are those that are used in applications after being
removed from EVs. They are either placed back into EVs, or
converted into stationary BESS products. o DATTZRY

SUFFLY CHAIN
oW Comparen LxTIery
Second life use cases are challenging because while they have iteiian | vengacaing A

reduced cost, the cells must be removed from the EV, tested,
incorporated into the new product, and re-sold. UL 1974 and S
IEC 6330 are standards for Evaluation for Repurposing Batteries rolLvwes cofera SOID
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The second-life EV batteries market is estimated at approximately

ENrnans

$2B in 2024, but is expected to grow quickly as EV market - preranne
penetration increases. Many automakers have started efforts to :
commercialize second-life BESS applications from their vehicles.

NOTABLE 2024 SECOND LIFE CORPORATE ACTIVITIES:

”; REPURPOSE

02 Dartovies 209

° 's collaboration with 's startup \
encore to repurpose EV batteries into energy storage systems ENERGY
° and 's energy storage project in Germany utilises ecobat /::\) Be Planet
batteries from electric cars. ) foxtiry
° and partnered to recycle, repair, and nLLVE v?’ moment energy

repurpose Nissan's EV batteries

Source: AD Little Second Life: Maximizing Life Cycle of EV Batteries
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https://www.adlittle.com/en/insights/viewpoints/second-life-maximizing-lifecycle-value-ev-batteries
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Commercial & Industrial (C&I) ESS - Market Trends

The C&I energy storage sector was estimated at $3B in 2023, with newly installed capacity reaching 2.4 GW / 4.9 GWh, or approximately 3% of the overall
market by power capacity. C&l is rising due to falling BESS costs, supportive government policies, rising costs for demands, and a trend of industrial facilities
building co-generation (and storage) on site together with new facilities (particularly among data centers).

TOP 5-TRENDS IN 2024 SHAPING FUTURE OF C& ENERGY STORAGE

1. Due to influx of many player entering the niche market for the C&lI space,
certifications bodies are increasing their grips on code & compliance such UL 9540A(edition 4) and 9540 ( edition
3), UL 1741 and 1741 SB, UL 5500 for remote software updates to counter cyber security threats for PCS,BMS and
EMS.

2. As in the utility-scale space, products with
higher lifespan provide higher edge on competition.

3. : Unlike utility-scale deployments, C&l requires greater customer engagement to explain its
value proposition and demonstrated return on investment to the offtaker, as the BESS it typically located on the
C&I customer's property. Rather than being funded directly by the offtaker, many C&l installations have instead
signed offtake agreements guaranteeing utility tariff savings, making the prospect less capital-intensive and more
attractive to potential customer.

4. As an added value stream, many C&l installations have used VPPs to add
increase the ROI of C&I BESS installations. Depending on the market, C&| BESS installations are able to aggregate
and optimize the BESS assets, allowing them to derive significantly greater revenue than if they were serving the
local offtaker only. See the VPP Slide later in this deck for more detail.

5. Effective C&I BESS must work closely with other energy
components like existing SCADA controls, PV controls (if applicable), and in conjunction with the grid and its
tariffs. Optimizing internal load versus external price curves to maximize profitability is key. Hence there is the
need to automate operation and maintenance to realize full system operation.

Source:https://energybase.com P.164
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Residential ESS - Markets And Motivations

@A CURRENT STATE Growth: All the leading markets ~ KEY MOTIVATIONS FOR INSTALLING RESIDENTIAL STORAGES:
have introduced incentives to
- . promote the installation of 1. Economic Benefits and Bill savings: The main reason is to
@ storages reduce costs and save on electricity bills
j: - Incentives: Subsidies, 2. Solar self-supply and Sustainability: Homeowners want to
- self-consumption incentives, and increase solar self-supply
w time-varying tariffs create
5 . = . economic benefits for battery 3. Resilience and Back-up Power: In regions with unreliable
a : B Al ) storage grids or frequent power outages, batteries provide a
2008 20 2021 2022 2WI 2024F valuable backup power source, ensuring continued energy
PV market: The mature supply during disruptions
Sawsw Becaloyhp: residential PV market supported
OUTLOOK the storage growth - especially in ", of cumiarver slerage sequests

oW s laly and Germany with an .
40 » Qe PV+storage rate of 77% and 75%,

- * Jagan respectively. Contrary to the US Sabr selit-zpnly _

20 v_ . * Aurtraita and Australia with PV+storage Dedlhanos _
e . . rates of only 9% to 15%
— T 0% 10% s 30% 40% Ser,

Ourmary Sowze: EnergySage. BoombarpNEF
2020 2022 2024 2026

BloombergNEF Sources: BloomberaNEF (Distinguished Partner), Estimate 2024, USA: WoodMac, WoodMac, ESS-News and assuming similar growth in WoodMac;
9 Battery-Charts: GER; Review-eneray; ITA
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https://assets.bbhub.io/professional/sites/24/Scaling-the-Residential-Energy-Storage-Market.pdf
https://www.woodmac.com/press-releases/2024-press-releases/us-energy-storage-market-sets-q1-capacity-installation-record/
https://www.woodmac.com/press-releases/us-grid-scale-energy-storage-market-beats-q2-record/
https://www.ess-news.com/2024/12/13/us-energy-storage-monitor-grid-scale-residential-q3-2024/
https://www.woodmac.com/press-releases/2024-press-releases/us-energy-storage-market-breaks-installation-record-in-q4-2023/
https://battery-charts.rwth-aachen.de/
https://www.review-energy.com/almacenamiento/energy-storage-boom-in-italy-over-650-000-systems-connected-by-june-2024
https://about.bnef.com/contact/
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Residential ESS - Selected Residential Storage Companies

Intensifying Competition: Established battery and solar manufacturers are entering the residential energy storage market.

Downstream Focus: Storage system providers are focusing on downstream activities like developing strong local installer networks, system integration and
advanced energy and battery management software.

Strategic Partnerships: Battery manufacturers often rely on white-label partnerships with local integrators to gain market access.

Market-Specific Solutions: As energy markets become more complex, there is a growing need for residential storage systems tailored to specific market
regulations and tariffs.
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Darker shading represents core business
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https://www.pv-magazine.com/2024/11/27/solaredge-announces-closure-of-its-energy-storage-division/
https://www.pv-magazine.com/2024/11/27/solaredge-announces-closure-of-its-energy-storage-division/
https://assets.bbhub.io/professional/sites/24/Scaling-the-Residential-Energy-Storage-Market.pdf
https://about.bnef.com/contact/
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Virtual Power Plants (VPPs) can help reduce load on the grid, but its participation

is largely dependent on regional policies

A Virtual Power Plant (VPP, also known as a Distributed Power Plant) is the
coordinated charge or discharge of stationary energy storage assets to act as a
larger BESS asset on the grid. VPPs are typically deployed using large numbers of
residential- or C&I-scale battery products. These systems are often owned by third
parties and participate in programs where the coordinator compensates the battery
owners. In return, the coordinator manages the fleet of assets to participate in
large-scale markets, such as utility capacity markets, which individual assets cannot
access.

VPPs can provide grid services, ensure market participation by consumers, reduce
grid congestion and provide additional revenue streams for consumers who want to
participate in the energy transition. Since they are distributed assets, they do not
rely on time-consuming interconnection issues, and are desirable to utilities since
they are reducing demand across the grid without introducing additional
stresses at specific points.

The success of VPP is dependent on the regulatory, policy and market rules. A
positive example is the program which was launched by Tesla and PG&E. The
formed VPP delivered 100 MW of power in July 2024 which limited the need to
deploy fossil-fuel peaker plants. However, many utilities do not have markets or
market rules that allow for VPPs to participate in these locations.

Source: |EA, Guidehouse Insights
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CPower Energy: 7 GW
Voltus: 7 GW

Up to 2024, the NA market contains
already 33GW

(incl. not only
batteries). Some of the top VPP
aggregators operating in this space are:

( ) sonnen

Certain manufacturers of residential
BESS products have offered VPP
participation as a voluntary,
compensated program for their
users.

Some notable publicized examples
of the larger VPP deployments are
shown here:

Enel NA: 5 GW

40 MW / September
2024 | Texas, US

FOUNDA

TION

~ MW / July 2024 /

California, US

MW / July 2024 /

California, US
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https://iea.blob.core.windows.net/assets/cb39c1bf-d2b3-446d-8c35-aae6b1f3a4a0/BatteriesandSecureEnergyTransitions.pdf
https://guidehouseinsights.com/reports/vpp-applications-for-managed-ev-charging-platforms
https://www.ev.energy/blog/ev-energy-leads-ev-virtual-power-plants-in-wood-mackenzie-market-report
https://www.prnewswire.com/news-releases/wood-mackenzie-confirms-cpower-as-the-virtual-power-plant-markets-ci-leader-for-second-year-in-a-row-with-most-flexible-capacity-in-the-us-302225719.html
https://www.globenewswire.com/news-release/2024/08/20/2932767/0/en/Voltus-Again-Recognized-as-a-Leading-Virtual-Power-Plant-Aggregator-in-2024-Wood-Mackenzie-VPP-Report.html
https://www.enelnorthamerica.com/about-us/newsroom/search-press/press/2024/08/virtual-power-plant
https://electrek.co/2024/07/12/teslas-california-virtual-power-plant-delivers-100-mw-to-help-the-grid/
https://www.utilitydive.com/news/any-utility-today-can-have-a-vpp-program-sunrun-virtual-power-plant-head/718137/
https://www.utilitydive.com/news/replicate-wattsmart-sonnen-ceo-aims-to-replicate-utah-success/711310/
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Vehicle-To-Grid (V2g) Tested In Pilot Programs, Faces Challenges To Scale

Vehicle to Grid ("V2G") is the

. There are
currently ~40m EVs on the road globally (including PHEVs and BEVs),
totalling over 1,300 GWh of energy storage (relative to approximately
340 GWh of stationary energy storage through end of 2024). As both
markets continue to grow, V2G technology continues to evolve to
allow EV owners to monetize their vehicles by connecting them to the
grid. As with VPPs, V2G is deployed by having thousands of
distributed storage batteries charging or discharging simultaneously.

V2G has been deployed extensively in pilot programs, it has yet to be
adopted widely at scale. There are many
to deployment:

° V2G requires charging and discharging, while some vehicles
do not physically allow for bi-directional power flow

° There is no standard across vehicle manufacturers, or
communication profiles, so most V2G programs must be run
by a specific manufacturer

° The technology requires a high number of vehicles
participating to result in significant economies of scale

Source: MDPI
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https://www.mdpi.com/energies/energies-15-00589/article_deploy/html/images/energies-15-00589-g001.png

| APPLICATIONS | BESS | VF-‘FJ'S?lLJT';; STIN
OUNDATION

Overview Of Global Policy Support for BESS

Accelerating Deployment Through Global Initiatives: Governments globally are supporting battery storage through subsidies, targets, and
regulatory reforms to accelerate renewable energy integration. More on this topic can be found in the Policy Section of the report.

Standardizing warranty practices reduces complexity, mitigates risks, and promotes BESS deployment build investor and consumer confidence.

BEHIND-THE-METER POLICY MEASURES IN

. . . SELECTED COUNTRIES
o Inflation Reduction Act: Up to 50% federal tax credits for battery storage ] —

e aee ol L -
o State-Level Targets: 50 GW of storage additions projected in 9 states over 20 - e — — e
years, including LDES targets in California and Massachusetts J Ipesm i
o Surpassed the 2020 national target of 30 GW by 2025; new regional plans target ; e u o - ~
80 GW by 2025 = .
o Mandates storage pairing (10-30%) with wind and solar projects; financial -~ T a ,t-, ''''' — = E .
incentives like feed-in tariffs and waived grid tariff s - = o — o
o National Framework for Energy Storage Systems: Requires 5% storage for new :" T L
renewable projects "
o Waived inter-state transmission charges for 12 years; Viability Gap Funding covers -
40% of project costs - -

o Targeting 45 GW by 2030 through National Energy and Climate Plans

- L

o Reforms to eliminate double taxation; mechanisms like Contracts for Difference -
(e.g., Greece, ltaly) N . . *
o EU Innovation Fund and Recovery Facilities offer financial support U e . - .

B awy bt AT Sl BN .

0 et e 11 vt e e e

Source: Batteries and Secure Energy Transitions World Energy Outlook Special Report, DNV, ESMAP P. 169



https://www.iea.org/reports/batteries-and-secure-energy-transitions
https://www.dnv.com/article/energy-storage-capacity-warranties-beyond-the-fine-print-200339/
https://www.esmap.org/sites/default/files/ESP/ESP%20Learning%20Academy/%281%29%20WG1_Warranties_Jan2021.pdf
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IRA Investment Tax Credit Guidelines

In the U.S., the Inflation Reduction Act has been a huge boost to the renewables industry through the Investment Tax Credit, which offers incentives
for construction of solar, wind, and storage projects by offering federal tax credits to offset a portion of the project's cost.

The original law had several vague provisions, which have been clarified by guidance that has gradually been issued by the Internal Revenue
Service (IRS). The table below shows the tax credits described in the IRA, which gradually decline from 2022 to 2036. Although there is concern that
the incoming Trump Administration would rescind these credits, this would require an Act of Congress, which is possible but difficult given the slim
majorities held by the Republican Party in the U.S. Senate and House of Representatives.

Base for All Projects

Sase [TC* 6% 6% 6% 6% % 6% 6% 5% 6% % 6% 6% 450% 3% %
Borus for Meating Doars™ 2% % 2% 2% 2% 2% 2% 2% 2% 2% 2%| 1.50% 15 e
Borws foe Sibngin "EC* 2% 2% 2% 2% 2% 2% % 2% 2% 2% 2% 1.50% 1% %
Adders for Projects that Meet Labor Requirements

Basa [TC* 24% 24% 24% 245% 24% 24% 24% 24% 24% 24% 24% 24% 16% 12% 0%
Borss Toe Meeting Dors™ 8% 8% 8% 5% 8% 5% 5% 8% 8% 8% B% 6% 4% %
Sorus for Siing in "EC” 8% 8% 8% &% 8% 8% &% 8% 8% 5% 8% % At 0%
Allocated Low-Income Bonus for Projects Under 5 MWac™*

Basa ITC™ 10% 10°% 10% 1% 0%  10%] 10°% 10% 1% 10%; 10%| 750% 5% e
Hoews for Maeting Doms™ 20%| 20%| 20%|  20%| 20%| 20%]  20%| 20%| 20%] 20%| 20% 15% 10% 0%
Sorws for Sisngin "EC’

* Actual phased down is based on the later of the dates shown or the year after electric sector CO2 emissions drop 75% below 2022 levels.

** Must include 100% domestic iron/steel and an increasing percent of manufactured goods over time.

*** Allocated credits will be based on an application and award process that will have to be developed by the Secretary. Maximum of 1.8 GWdc/year.
DCMS = Domestic Content Minimums; EC = Energy Community;

Source: |RA, HR5376 P.170



https://www.energy.gov/eere/water/inflation-reduction-act-tax-credit-opportunities-hydropower-and-marine-energy
https://www.congress.gov/bill/117th-congress/house-bill/5376
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IRA Domestic Content Bonus vs. Requirements

The IRA has provisions to provide additional tax credits for projects that can prove that a certain portion of the hardware used on the
project were manufactured in the U.S. The purpose of this is to incentivize US manufacturing of Li-ion batteries, in order to combat
China's dominance in this field. This section summarizes the terms of these incentives, including recent IRS guidance.

° Applies to project placed in service 2023 or later ° Applies to projects that begin construction in 2024 or later
° The values 40% of the total cost of the manufactured ° Eligibility is similar to Domestic Content Bonus
product used at the site must be from products mined, e If the Domestic Content requirements are not met, the portion of the credit
produced or manufactured in the US for projects that start available is reduced per the following schedule
construction through 2024 o . o 90% if project construction starts in 2024
o For projects that start construction in 2025, 45%,in ° 85% if projects starts in 2025

2026 50%, 2027 and thereafter 55% *
° To qualify, all iron and steel used in the project must be
sourced from the US
° There is no exceptions waiver available to private BESS
installations pursuing the domestic content bonus

o 0% if projects starts after 2025
° Treasury is required to provide exceptions under the following
circumstances:

o If the inclusion of steel, iron or manufactured products which are
produced in the US increases the overall cost of construction by
more than 25%

o If relevant steel, iron or manufactured products are not produced in
the US in sufficient and reasonably available quantities of
satisfactory quality

Source: Federal Solar Tax, HR5376 P. 171


https://www.energy.gov/eere/solar/federal-solar-tax-credits-businesses
https://www.congress.gov/bill/117th-congress/house-bill/5376
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BESS Safe Harbor Table

Another provision of the ITC is a new ‘safe harbor' table. This guidance from the
IRS allows taxpayers to determine a project's domestic content percentage by
relying on additive fixed percentages for specifically identified U.S.
manufactured components or subcomponents, rather than relying on the
manufacturer disclosing its actual direct cost to manufacture products.

Projects also can qualify for the domestic content bonus under earlier IRS
guidance in Notice 2023-38 by determining an energy project’s total
percentage of its manufacturer's U.S. direct costs of products over all
manufacturer’s direct costs of U.S. and non-U.S. products. However, the new
safe harbor will make it unnecessary to track down all manufacturer's costs for
many developers and sponsors of energy projects.

Source:Notice 2025-08 Domestic Content guidance
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APC MPC Grid.scale | Distributed
BESS BESS
Battery Pack/ | Cals 52.0 269
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https://www.irs.gov/pub/irs-drop/n-24-41.pdf
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ESS Industry Pain Points - Focusing On
WE NEED Commissioning And Project Planning

TQREBEgﬁ@ﬁ avﬁ sﬁ i En‘i’. 1. Tight timelines: Often caused by construction and equipment delivery
= -~ ' ' delays due to supply chain issues, it takes in average more than 1,000 days
1/ ‘ 4 " ol é M1r to bring a BESS online in competitive markets, like ERCOT in the US

oA / 2. Supply chain: Components from various regions lead to complex logistics,
especially transformers are low in stock with leads times of up to 120
weeks in 2024

3. Battery Management System (BMS) failures: Unreliable BMS can lead to
unexpected shutdowns, dangerous situations, and issues like overcharging
or deep discharging.

Octet optimizes your slectrolyte YesE | 4. Battery cell quality: Faulty cells can negatively impact rack performance

to transform your technology, CREASE and increase the risk of warranty claims and safety incidents.

no mechanical or electrical vy 5. State of Charge (SOC) estimation errors: Particularly challenging with LFP

changes needed. W HE AT batteries, inaccurate SOC estimates can lead to system imbalances.

6. Integration complexities: Underperforming auxiliary components and
faulty container design define temperature and moisture levels which can
lead to component damages and incidents

7. Permitting and grid interconnection approvals: Securing necessary
permits and approvals can significantly delay project timelines. In the
ERCOT market, the average delay time is larger than & months,

8. Knowledge and capability gaps: The rapid growth of the BESS market
highlights expertise shortages among developers and storage providers

Getting to your noxt level
shouldn’t take o next-
generation overhaul,

LET'S TALK ELECTROLYTES

Sponsored Content Sources: Eluence, Accure, TWAICE, |H| terrasun BATTERY REPORT 2024 | P.173


https://modoenergy.com/research/ercot-battery-energy-storage-interconnection-queue-gis-report-development-timeline-full-interconnection-study-interconnection-agreement
https://www.cisa.gov/sites/default/files/2024-06/DRAFT_NIAC_Addressing%20the%20Critical%20Shortage%20of%20Power%20Transformers%20to%20Ensure%20Reliability%20of%20the%20U.S.%20Grid_Report_06052024_508c.pdf
https://modoenergy.com/research/ercot-battery-energy-storage-system-buildout-2024-delay-times-new-capacity-commercially-operational
https://blog.fluenceenergy.com/common-energy-storage-project-deployment-challenges
https://www.accure.net/battery-knowledge/bess-commissioning-challenges
https://www.twaice.com/whitepaper/battery-energy-storage-system-safety
https://www.ihiterrasun.com/posts/battery-energy-storage-system-bess-commissioning-reaching-cod-safely-and-efficiently
https://www.octetsci.com/contact-us
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Notable Events

Industry Value Chain
Finance

Costs

Cell & Pack Manufacturing

Electric Vehicles (EV)
Battery Energy Storage Systems (BESS)

Safety
Legal
Chemistry
Cathode
Anode
Electrolyte & Separator
Solid State
Lithium - Sulphur
Non-Lithium Chemistries
Supply Chain & Raw Materials
Recycling & Reuse
Software
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Electric Aviation Leaders Approach Market Readiness Amid Funding Decline

Future Air Mobility (FAM) or Advanced Air Mobility (AAM) is an umbrella term encompassing
various advanced air transportation modes, including with
with eVTOL, eCTOL, and eSTOL aircraft, as

eVTOL aircraft,
well as , and supersonic flights.

A McKinsey report shows that as of August 2024, funding in the sector had reached $2.3
billion, with nearly 80% directed toward UAM and drones. While this indicates a potential to

match 2023's total of $3.9 billion by year-end, it also reflects a continued decline in
investments since the peak levels seen in 2021.
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This comes at a particularly challenging time for the industry,
as . This critical

phase demands substantial financial resources to ensure the safety, reliability,
and regulatory compliance. The lack of funding has been especially severe for
a few European companies that filed for insolvency in 2024.

Three will determine the success or failure of a company:
establishing a clear , achieving ,and
demonstrating strong .
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https://www.mckinsey.com/industries/aerospace-and-defense/our-insights/future-air-mobility-blog/bridging-the-gap-how-future-air-mobility-can-adapt-to-decreased-funding
https://aamrealityindex.com/aam-reality-index
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Notable Battery-Electrified Aviation Events In 2024

2024 was marked by contrasting fortunes in funding, new strategic partnerships, and moderate progress toward certifications.

S o

CATL announces a battery that is expected to
CATL power electric plane with 1,800-mile by 2028

NASA and Archer

partner on next-gen [
battery tech for electric

aircraft

y o

7 loty

Archer Receives FAA Certification to Begin
Operating Commercial Airline

The FAA and EASA release an updated and
@z p

harmonized guidance on certification criteria for
eVTOL

CATL

Archer receives an additional
$55M investment from
automotive giant Stellantis

Heart Aerospace raises $107M in Series B

Joby Aviation completes third stage of FAA
certification process

PROPEL -1K Program. The DOE announces

$15M to advance next-generation energy

storage for aviation

AUTOTLIGHT

AutoFlight and CATL sign a
strategic investment and
cooperation agreement worth
hundreds of millions of dollars LS
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__ Archer teams up with Anduril to build defense
L aircraft and raises $430 million

New investor consortium to save Lilium with €200
million

- aum

Volocopter files for insolvency while seeking
investors

@ voLocoeTen

Vertical Aerospace finalises $50m investment
agreement

7 Joby () Toyota to Invest $500 Million in Joby Aviation

«& yem Lilium officially files for insolvency

BETA Technologies raises more than $300M in additional equity
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https://www.axios.com/2024/01/22/nasa-archer-aviation-battery-technology
https://www.axios.com/2024/01/22/nasa-archer-aviation-battery-technology
https://www.axios.com/2024/01/22/nasa-archer-aviation-battery-technology
https://www.axios.com/2024/01/22/nasa-archer-aviation-battery-technology
https://heartaerospace.com/newsroom/heart-aerospace-raises-107-million-in-series-b-funding/
https://www.jobyaviation.com/news/joby-completes-third-stage-faa-certification-process/
https://www.jobyaviation.com/news/joby-completes-third-stage-faa-certification-process/
https://arpa-e.energy.gov/news-and-media/press-releases/us-department-energy-announces-15-million-12-projects-developing-high
https://arpa-e.energy.gov/news-and-media/press-releases/us-department-energy-announces-15-million-12-projects-developing-high
https://arpa-e.energy.gov/news-and-media/press-releases/us-department-energy-announces-15-million-12-projects-developing-high
https://evtol.news/news/evtol-leaders-deliver
https://evtol.news/news/evtol-leaders-deliver
https://evtol.news/news/evtol-leaders-deliver
https://techcrunch.com/2024/12/12/archer-teams-up-with-anduril-and-raises-430-million-to-build-defense-aircraft/
https://techcrunch.com/2024/12/12/archer-teams-up-with-anduril-and-raises-430-million-to-build-defense-aircraft/
https://www.electrive.com/2025/01/03/new-investor-consortium-to-fund-lilium-with-e200-million/
https://www.electrive.com/2025/01/03/new-investor-consortium-to-fund-lilium-with-e200-million/
https://www.volocopter.com/en/newsroom/volocopter-files-for-insolvency-in-germany
https://www.volocopter.com/en/newsroom/volocopter-files-for-insolvency-in-germany
https://aviationsourcenews.com/vertical-aerospace-finalises-50m-investment-agreement/
https://aviationsourcenews.com/vertical-aerospace-finalises-50m-investment-agreement/
https://www.jobyaviation.com/news/toyota-to-invest-500-million-in-joby-aviation/
https://www.electrive.com/2024/10/29/lilium-officially-files-for-insolvency/
https://www.businesswire.com/news/home/20241031872366/en
https://www.autoflight.com/en/news/autoflight-and-catl/
https://www.autoflight.com/en/news/autoflight-and-catl/
https://www.autoflight.com/en/news/autoflight-and-catl/
https://www.autoflight.com/en/news/autoflight-and-catl/
https://electrek.co/2024/06/25/catl-successfully-tests-electric-plane-1800-mile-model-nears/
https://electrek.co/2024/06/25/catl-successfully-tests-electric-plane-1800-mile-model-nears/
https://news.archer.com/archer-receives-faa-part-135-certification-to-begin-operating-commerical-airline
https://news.archer.com/archer-receives-faa-part-135-certification-to-begin-operating-commerical-airline
https://www.aaminsights.com/2024/06/25/one-step-closer-to-harmonized-evtol-certification-the-faa-and-easa-release-and-updated-guidance-on-certification-criteria-for-evtol/
https://www.aaminsights.com/2024/06/25/one-step-closer-to-harmonized-evtol-certification-the-faa-and-easa-release-and-updated-guidance-on-certification-criteria-for-evtol/
https://www.aaminsights.com/2024/06/25/one-step-closer-to-harmonized-evtol-certification-the-faa-and-easa-release-and-updated-guidance-on-certification-criteria-for-evtol/
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Major Battery-Electrified Aviation Players
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eVTOL eSTOL/eCTOL

Focusing solely on eVTOLs, the World eVTOL Aircraft Directory includes over 1,000 concepts from more than 400 designers. This slide presents a list of AAM
major players, divided between eVTOL and eSTOL/eCTOL. Automotive OEMs like Volkswagen and Honda, as well as airplane OEMs like Airbus, are also developing
their own models. Technical details of selected designs, which are more likely to reach production, as assessed by the Advanced Air Mobility Reality Index, are
discussed in the following slides.

Source: EVTOL News, AAM Reality Index P.177


https://evtol.news/aircraft
https://aamrealityindex.com/aam-reality-index
https://evtol.news/aircraft
https://aamrealityindex.com/aam-reality-index
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eVTOL (Electric Vertical Take-Off And Landing)

eVTOLs are primarily developed for UAM (Urban Air Mobility), though some also target RAM (Regional Air Mobility). Most battery specifications remain
undisclosed. Market-ready models rely on high-end lithium-ion batteries, while designs in development feature innovative chemistries like solid-state,
lithium-sulfur, or metal-air. Under investments pressure, the choice of chemistry is driven by the aircraft launch and certification timeline.

e
2 vi@
VoloCity - o ~ - I Prosperity 1- AE200 XO01 - VX4 - Vertical
AIRCRAFT Volocopter EH216-S - EHang S4 - Joby Aviation Midnight - Archer Autoflight Aerofugia Aerospace
MAX TAKE-OFF MASS 1000 kg 620 kg 2400 kg 3175 kg 1500 kg - -
# PASSENGERS 1+1 pilot 2 (autonomous) 4+1 pilot 4 +1 pilot 4 (autonomous) 4+1 pilot 4 + 1 pilot
RANGE 20 km 35 km 161 km 32-80 km 250 km - 161 km
POWER SUPPLY Battery Electric Battery Electric Battery Electric Battery Electric Battery Electric Battery Electric Battery Electric
CHARGING SYSTEM Battery Swap - - Fast Charge - - Fast Charge
Lithium-ion Lithium-ion (Molicel)
BATTERY Lithium-ion 17 KWh 235 Wh/kg (pack 142 KWh 160 kWh - Lithium-ion (Molicel)
level)
ENT';&?JT%'S:RLICE 2021 2018 2018 2023 2022 2023 2023
(ANNOUNCED) 2025 2023 2025 2025 2026 2026 2027

Source: Multiple, Company websites and announcements; Data compilation pP.178


https://drive.google.com/open?id=1Ga7rg7yLnnEGowFcNWszjpUrjxhQs5XfRVP1n4O2cp0
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eSTOL (Electric Short Take-Off & Landing), eCTOL (Electric Conventional Take-Off & Landing)

eSTOLs and eCTOLs are less discussed than eVTOLs, as they resemble conventional airplanes, but are key to RAM (Regional Air Mobility). Like eVTOLSs, they
currently rely on proven battery technologies and await further advancements in battery chemistries. As a result, some market-ready models are reporting
lower ranges than initially promised, and hybrid power systems are more common. Additionally, companies like ZeroAvia are working on hydrogen fuel cell
alternatives.

de

o

AIRCRAFT AL.ll.A CX300 - Beta Alice - Eviation Viceroy - Regent EL - Electra Aero ES-30 - Heart Velis Electro -
echnologies Aerospace Pipistrel
MAX TAKE-OFF MASS 3175 kg 8400 kg 7000 kg 1400 kg 30 + pilots 600 kg
#PASSENGERS 5+1 pilot 9 + 2 pilot 12 + 2 pilots 9 + 2 pilots 200 km (?ull el) - 1+ 1 pilot
RANGE 621km 463 km 290 km 800 km : 86 km
800 km (hy.)
POWER SUPPLY Battery Electric Battery Electric Battery Electric Hybrid Hybrid Battery Electric
CHARGING SYSTEM Fast Charge (1h) Fast Charge Y Y Fast Charge (0.5 h) Fast Charge (1h)
Lithium-ion
L ) 820 kWh . )
BATTERY INFO Lithium-ion 260 Wh/kg (cell - Lithium-ion - -
level)
AT R 2020 2018 2018 2023 2022 2023
Ay Lo sl 2025 2023 2025 2029 2026 2026

(ANNOUNCED)

Sources: Multiple, Company websites and announcements; Data Compilation
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https://drive.google.com/open?id=1Ga7rg7yLnnEGowFcNWszjpUrjxhQs5XfRVP1n4O2cp0
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Cargo Drones

Cargo drones are the most diverse category within advanced air mobility, with payloads ranging from a few kilograms to several hundred kilograms. The
service range also varies significantly, with models achieving the highest ranges typically using hybrid power systems. Many eVTOL and eSTOL designers
are active in this market, introducing new models or repurposing passenger designs for cargo transport. In some models, the cargo is stored within the

drone's fuselage, while in others, it is carried externally.

o

&
~ . Nuuva V300 - Chaparral C1 - Elroy o Zipline
AIRCRAFT CarryAll - AutoFlight Pipistrel Air EH216-L - Ehang Platforms 1, 2
MAX PAYLOAD 400 kg 460 kg 136 kg 220 kg 1.8 - 3.6 kg
RANGE 250 km 2500 km 483 km 35 km 38 km (2) - 190 km (1)
POWER SUPPLY Battery Electric Hybrid Hybrid Battery Electric Battery Electric
BATTERY INFO 160 kWh - - - -
ENT';%I\??JTFCI)-IS:RLICE 2023 2024 2023 2020 2016 (Platform 1)
ANROORSED] 2024 2025 2024 2021 -

Sources: Multiple, Company websites and announcements; Data Compilation P. 180


https://drive.google.com/open?id=1Ga7rg7yLnnEGowFcNWszjpUrjxhQs5XfRVP1n4O2cp0
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Marine Batteries - Overview

The marine battery market in EU is projected to grow from USD $0.42
billion in 2023 to more than USD $1.7 billion by 2032, with the global Exrops Marine Battery Masket Siee, 2019- 2002 (USD Billien)
demand reaching more than USD $5 billion.

Lithium ion batteries account for ~35% of all deployed marine storage,
followed closely by lead acid and fuel cells.
Applications include energy supply for auxiliary loads and/or propulsion, 2
in a range of vessels from ferries to recreational craft. They are o l I I
implemented in three main types of systems: - . (N S o te ‘ :
° The battery is installed as part of the ships auxiliary
system to provide a hybrid or full-electric grid.
o The battery is installed alongside a ship's main ‘ iy
engines, providing support or allowing the vessel to be operated I L) A Bems
under electric power for short periods of time. ‘ S
° The battery is the sole power source on the vessel, S v,

providing. In recreational boats, Some full-electric vessels use
hydrofoils to lift the boat out of the water, improving energy
efficiency by ~80% compared to displacement vessels.

Source: Fortune Business Insights P. 181


https://www.fortunebusinessinsights.com/marine-battery-market-106582
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Marine Battery - Applications
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Vessel Name MF Ampere Elektra
(Company) (Norled) (FinFerries)
In operation 2015 2017
Vessel Type Full-electric Hybrid-electric

B 1.04 MWh 1.0 MWh
Capacity

Typical Route 6 km crossing 1.6 km crossing
Vessel

Capacity

360 passengers
120 cars

375 passengers
90 cars

Source: Multiple, Company websites and announcements

Bastg Electric
(Bastg Fosen)

2021

Full-electric

4.3 MWh

10 km crossing

600 passengers
200 cars

Candela P-12
(Candela)

2024

Foiling Full-electric

0.25 MWh

Up to 74 km

30 passengers

N30
(Navier)

2024

Foiling Full-electric

0.11 MWh

Up to 140 km

4 to 6 passengers

Saint-Malo
(Brittany Ferries)

2025

Hybrid-electric

11.5 MWh

260 km crossing

1,300 passengers
470 cars

Artemis EF-24
(Artemis)

TBD

Foiling Full-electric

2.8 MWh

Up to 130 km

150 passengers

p.182
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Space Applications

SpaceX Starship rocket is expected to continue to reduce cost to orbit and enable larger battery applications to support expanded mission
capacity.

CELL CHEMISTRY AVG. MISSION AVG. DESIGN
APPLICATIONS AMBIENT PRESSURE | MISSION EXAMPLE EXAMPLE DURATION RADIATION TEMPERATURE CHALLENGES

H-3, Be-7, C-14,Na-22

EARTH 101.3 kPa Electric vehicle Graphite + NCM 8-12 years 0.21mSv/year

-30°C to +40°C Corrosion

He, Li- through Fe ions Neutrons Low temperatures. icin
UPPER ATMOSPHERE 200 Pa Stratostats Graphite + LCO <100 days 1-10 MeV -20°C to -60°C p €s, Icing,
1.2 Neutrons/cm*2/s, pressure variations

6 _ 109 . Graphite + NCA <30 days (humans) 1000-10 M _Aco ° Sealing under frequent
LOW EARTH ORBIT (LEO) 10 10 Pa ISP satellites or LFP 4 - 26 years (constellations) Protons and Electrons/cm?/s 65°Cto +125°C temperature variation
GEOSYNCHRONOUS ORBIT 12 ) ) Graphite + NCA or >7 years 400-500 km/s Protons & _10R0 o L .
(GEO) 107" Pa Media broadcasting Nickel Hydrogen (many operating past EOL) Electrons 30/cm™2/s 196°C to +128°C  Calendar life, high cycle-life
Pu-238 RTG 3 months design, _ .
LUNAR 3x10° Pa Lunar rover (radioisotope thermal 31 montns life T, e e O MY -130°C to +120°¢  Ejended fhration of ot
generator) (Jade Rabbit rover) P
. . 90 days NASA design Protons, Electrons B ° o Sealing under temperature
MARS 560 Pa Martian rover Graphite + NCA (Opportunity lasted ~15 years) 1-1000 MeV, 100-1000/s 153°Cto +20°C variation, RTG radiation
Pu-238 RTG Protons, Electrons . -
DEEP SPACE 1074 - 10" Pa Deep space probes  (radioisotope thermal 45+ years (Voyager) 1-10,000 MeV -270°C Ca'eg‘ff' life, RTGh'adt'?“O”
generator) 100-10,000/s and decreasing heating

Source: (1) NASA (2) Virtue Market Research (3) E3S (4) Zhang, J., et al. (5) ESA (6) Singh, L., et al. (7) NASA (8) IDA Org (9) Naito, M., et al. (10) Guo, J., et al. (11) NASA (12) Phys
Org (13) NASA (14) NASA (15) Space Flight BATTERY REPORT 2024 | P.183


https://ntrs.nasa.gov/api/citations/20090023862/downloads/20090023862.pdf
https://virtuemarketresearch.com/report/space-battery-market
https://www.e3s-conferences.org/articles/e3sconf/pdf/2017/04/e3sconf_espc2017_06004.pdf
https://nebula.esa.int/sites/default/files/neb_study/2694/C4000137476ExS.pdf
https://www.researchgate.net/publication/338508242_Low_cost_satellite_constellations_for_nearly_continuous_global_coverage?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoiX2RpcmVjdCJ9fQ
https://www.nasa.gov/humans-in-space/leo-economy-frequently-asked-questions/
https://www.ida.org/-/media/feature/publications/s/sc/schedule-and-cost-estimating-analysis-for-leo-satellite-constellations/d-33436.ashx
https://iopscience.iop.org/article/10.1088/1361-6498/abb120
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2023GL103069
https://radhome.gsfc.nasa.gov/radhome/papers/apl_922.pdf
https://phys.org/news/2016-08-china-jade-rabbit-lunar-rover.html
https://phys.org/news/2016-08-china-jade-rabbit-lunar-rover.html
https://www.nasa.gov/mission/artemis-i/
https://mars.nasa.gov/mer/mission/overview/
https://spaceflight101.com/change/change-3/
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Space Missions
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Missions completed in 2024 required batteries to operate in a variety of different space conditions. Planned space missions for the future
are expected to increase demand for space battery development and application-specific testing for the challenging environments.

COMMUNICATION SCIENTIFIC

COMPANY

MISSION(S)

LIFE EXPECTANCY

IMPLICATIONS FOR
BATTERY DESIGN

BATTERY
CHALLENGES

SpaceX

As of January 2025, there are

6,912 Starlink satellites in
orbit, of which 6,874 are
working. Larger V2 satellite is
expected to launch in 2025.

~5 years

Station containing fuel is the
system life-limiting factor.
Critical to prevent thermal
runaway in constellation orbit
to avoid Kessler syndrome.

Cell longevity, temperature
cycling

NASA

Artemis

~30 days

-130°C surface
temperatures over 14 day
lunar night and 120°C lunar
day requires specialized
thermal design.

Large long-duration
temperature variance,
radiation

Vast

Haven-1

3 year orbital
with 40 days crewed

90-minute temperature
swings. Battery's ability to
vent toxic gases from
micro-meteor impacts must
be isolated from crew.

Human life safety,
micrometeors

Varda

Pharmaceutical trial in
2024

~8 months
(previous W-1 test mission)

90-minute temperature
swings on the surface.
Continuous Power
consumption to maintain
process temperatures for
scientific capsules.

Thermal management in
LEO and re-entry capsule

Crunchlabs

Selfie camera in space;
launched January 2025

~0.1to 1year

120Wh cubesat battery.
Cell phone batteries must
survive LEO operating
conditions.

Mass-sensitive design that
requires basic operational
thermal stability

JAXA

MMX mission to Mars
moon Phobos to collect
and return sample

5 year return mission

Long duration mission
with QSO orbit. Cell
longevity over wide
temperature change.

Surface temperatures
range from -4°C to -112°
C, reduced solar
radiance
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https://www.space.com/spacex-starlink-satellites.html
https://www.mmx.jaxa.jp/en/science/
https://space.crunchlabs.com/?type=t-mobile
https://www.neowin.net/news/man-creates-his-own-satellite-to-take-space-selfies-with-earth/
https://www.neowin.net/news/man-creates-his-own-satellite-to-take-space-selfies-with-earth/
https://motivss.com/inside-artemis-whats-next-for-the-moon-and-beyond/
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Medical Device Batteries
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The global medical batteries market has been experiencing steady growth, driven by the increasing adoption of portable and implantable

devices. Itis expected to reach ~USD 2.64 billion by 2033, exhibiting a CAGR of 5.32% during the forecast period.3

The regulatory landscape for medical device batteries is rigorous. Manufacturers must adhere to both general battery standards and
medical-specific regulations to ensure safety, reliability, and compliance across global markets. Key standards include IEC 62133-2, UL 2054,

ISO 13485, ISO 14971, IEC 60601-1, and IEC 60601-1-11."

USE CASE COMMONLY USED EXPECTED EXPECTED

APPLICATIONS EXAMPLE KEY COMPANIES & DEVELOPMENTS CHEMISTRY CALENDAR LIFE CYCLE LIFE

llika is testing a medical solid-state battery for Rechargeable has been Li-ion is single use

Pacemakers, new sensing implant effectiveness.® tried but were short-lived in
IBIERN L sensors for pacemakers ~10 years
~ , )
BODY orthopaedic Brain implants, such as Neuralink, needs ago®. Li-ion primary cells Up t0 10 years Es;’;_ﬂ;{gaimm
BATTERY implants advancements such as wireless battery are more common in for 1000+ ¢ des%
technology.® pacemakers today.* Y

Disposable patches
EX;gI;I:AL with needles for Abbott Laboratories reported 21% increased

blood glucose sales in CGM glucose-monitoring products.?
BATTERY monitoring

MnO,, Ag,0 ~3 days (disposable) Single use

6

CHALLENGES

Surgical need for replacement of
battery in pacemakers. Wireless
rechargeable batteries for sensing
technologies are under
development and will require FDA
approval.

The absence of efficient recycling
pathways for disposable medical
devices means that these
materials are seldom reclaimed
and can result in soil and water
contamination.

Source: Regulations Summary', Abbot Labs?, Market Size®, Li-1*, Micro Solid-State Batteries®, External Body Chemistries®, Calendar Life’, Rechargeable Issues®, Neuralink® BATTERY REPORT 2024 | P. 185



https://www.csagroup.org/article/making-sense-regulations-medical-device-batteries/?utm_source=chatgpt.com
https://www.reuters.com/business/healthcare-pharmaceuticals/abbott-slightly-raises-profit-forecast-strong-medical-device-sales-2024-10-16/?utm_source=chatgpt.com
https://www.precedenceresearch.com/medical-batteries-market?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/abs/pii/B9780323378048000080
https://www.ilika.com/micro-solid-state-batteries
https://www.adces.org/education/danatech/glucose-monitoring/continuous-glucose-monitors-(cgm)/view-compare-cgms/product-detail/freestyle-libre-14
https://pmc.ncbi.nlm.nih.gov/articles/PMC1502062/
https://pmc.ncbi.nlm.nih.gov/articles/PMC1502062/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11076062/#:~:text=Neuralink%201%20is%20a%20device,different%20parts%20of%20the%20brain.
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Consumer Electronics

Batteries in consumer electronics include alkaline, zinc carbon,
lithium-ion, nickel metal hydride, and other chemistries.

There is an increasing demand for portable and household
electronic devices like power tools, increasing the need for easy
access to recycling options for consumers.

GLOBAL CONSUMER BATTERY MARKET SHARE, BY APPLICATION, 2023
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E-Cigarette (Vape) Batteries
From 2020 to 2023, the total e-cigarette unit sales in the U.S.

increased by 42.8%, of which 94% were disposable.! In the
UK, around 1.3M single-use e-cigarettes are disposed each
week, equivalent to 10 tonnes of batteries each year.?!

US NATIONAL E-CIGARETTE UNIT SALES BY PRODUCT TYPE,
ANNUAL ESTIMATES, 2017-2023*
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https://www.fortunebusinessinsights.com/consumer-battery-market-105526
https://www.cdcfoundation.org/Issue34-MonthlyECigaretteSalesDataBrief_12.31.2023.pdf?inline=&utm_source=chatgpt.com
https://www.cell.com/joule/fulltext/S2542-4351(23)00482-8?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2542435123004828%3Fshowall%3Dtrue

| OVERVIEW

Notable Events

Industry Value Chain

Finance

Costs

Cell & Pack Manufacturing

Applications
Electric Vehicles (EV)
Battery Energy Storage Systems (BESS)
Other

Legal
Chemistry
Cathode
Anode
Electrolyte & Separator
Solid State
Lithium - Sulphur
Non-Lithium Chemistries
Supply Chain & Raw Materials
Recycling & Reuse
Software

p.187
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Fire Events & Response
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Fire events underscore the importance of multi-front approaches in lowering the failure incidence rate of battery products. These include
validating propagation-resilient designs, proactive measures in quality, working standards, handling, storage, emergency response, and safe

disposal of EOL lithium-ion batteries to mitigate fire risks.

Otay Mesa, California, USA: A fire erupted at the Gateway Energy Storage facility. The fire persisted over several days, with batteries
reigniting multiple times. Firefighters implemented evacuation orders and worked to contain the blaze.

Fuzhou, Fujian, China: A fire burned down in a BYD dealership, marking the tenth BYD incident since 2021. BYD conducted an inspection,
stating no abnormalities were found in the vehicle batteries and denying that the fire originated from its vehicles.

Hwaseong, Gyeonddi, South Korea: A series of explosions at a lithium battery factory owned by Aricell resulted in a massive fire, killing 23
workers and injuring eight. Approximately 145 personnel and 50 units of firefighting equipment were deployed, extinguishing the fire after
about five hours. Subsequently, three company officials were investigated for violating industrial safety laws, and the CEO was arrested.

San Pedro, California, USA: A big rig carrying lithium-ion batteries overturned near the Port of Los Angeles, causing a fire that burned for
days. Firefighters allowed the fire to deplete its combustible material and burn out. The incident led to the closure of the Vincent Thomas
Bridge and several port terminals, disrupting operations.

Elorida, USA: 16 lithium-ion battery fires, including six EVs, caused by exposure to saltwater storm surge during Hurricane Helene.
Residents were advised to unplug and relocate damaged devices to open spaces, and agencies coordinated safe disposal measures. EV
manufacturers were urged to provide guidance for storm-prone areas.

Eredericktown, Missouri, USA: A massive fire erupted at the Critical Mineral Recovery facility, a lithium-ion battery recycling plant,
releasing thick, toxic smoke. Authorities ordered evacuations and shelter in place orders for residents.
The Missouri Department of Natural Resources assessed potential environmental impacts.
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Data from EPRI suggests failure rates of

BESS have decreased as more battery
systems have been deployed.
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https://www.kpbs.org/news/public-safety/2024/05/28/otay-mesa-battery-storage-fire-stokes-residents-fear-of-similar-facility-in-north-county?utm_source=chatgpt.com
https://www.carscoops.com/2024/05/byd-reportedly-sees-10th-showroom-fire-since-2021-as-another-store-burns-down-in-china/
https://en.wikipedia.org/wiki/Hwaseong_battery_factory_fire
https://www.theverge.com/2024/9/27/24256161/los-angeles-overturned-truck-battery-fire-lithium-ion-port-bridge-closed
http://news4jax.com/news/local/2024/10/02/patronis-confirms-16-lithium-ion-battery-fires-related-to-hurricane-helene-storm-surge/
https://fox2now.com/news/missouri/fire-emerges-at-fredericktown-mo-plant-evacuations-ordered/
https://storagewiki.epri.com/index.php/BESS_Failure_Incident_Database
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Root Cause Of BESS Failures
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While specific enumeration of root-cause failure modes of BESS thermal events is limited and can be highly nuanced, they can be broadly
grouped in the following categories:

ROOT CAUSE CATEGORIES

o | e
- hunisity) chm

Examples h 4
of root-cause Manufacturing Oeaign
risks by

Gl roel cotooss, NOO COPPAANOSTO Mgtony

category stondans [UL, IBCC, NEPAL

* Defectsinan * lficion enginsering

clemert of e 10 witlusaonl operational
BELS cyctom raveec o reasonsbly

: fonneimn minee Note: Event root causes can expand across different
Manufacturing Design categories and/or information to assess certain
root-causes may not be available.

UL- 171 thermal events

EPRI-26 with root-cause

Difficulty assessing damaged
components

Significant cost and time
needed to investigate,
hesitancy to provide root-case
for specific_event due to
litigation concerns

For most common BESS fire
root-causes see BESS section
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https://www.epri.com/research/products/000000003002030360
https://www.ul.com/insights/lithium-ion-battery-incident-reporting
https://www.epri.com/research/products/000000003002030360
https://www.mdpi.com/2571-6255/6/10/389#metrics
https://www.mdpi.com/2571-6255/6/10/389#metrics
https://www.mdpi.com/2571-6255/6/10/389#metrics
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Quality Assessments Of BESS Systems

A meta-analysis of quality audits of 320+ BESS units in five countries
reveals that when compared to cell- or module-level defects,
system-level defects are the most likely to lead to high-severity
failures and are the most common type of quality risks in BESS systems

Severity of Different Categories

Granular Categorization

s i e of
Quality Risks
T — — —

o 2 40 80 80 10Q

i Major

Module

Cell |

mCritcal = Mnor

VOLTA
VF l\ ALUNDATION

Outer rings in the diagram indicate individual categories of
the main risks. System defects from improper integration
procedures account for the
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Source: Clean Energy Report [Note: Report used data up to December 2023 Figures shown in slide were reproduced using data provided by authors, which takes into account

compiled quality audit data until November 2024.]
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https://info.cea3.com/hubfs/CEA%20BESS%20Quality%20Risks%20Report.pdf

| SAFETY| BESS |

/CLT
VDB erio

Case Study - New York State Interagency Fire Safety Working Group (WG)

A number of BESS fires occurred in NYC during early and mid 2023, prompting the creation of an inter-agency working group (WP) aimed at
investigating three high-profile fire events and creating a review of relevant Codes, Standards, and Regulations. The goal was to recommend
changes to the fire regulation and safety landscape.

After feedback from public and industry safety leaders, a Notice of Rule in Development was made public in July 2024. The full list of
recommendations and changes can be found here. Some key recommendations for BESS systems (>600 kWh) were:

FCNYS 1206.8

FCNYS 1206.7.1

FCNYS 1206.11.8

FCNYS 1206.2

FCNYS 12.07.05.4

Requirement of industry-funded independent peer reviews for all BESS projects.

On-call personnel with knowledge of installation must be available for dispatch within 15 minutes
and able to arrive on-scene within 4 hrs in case of a BESS Fire.

Extending safety signage requirements beyond the BESS unit.

No more BESS project fire code exemptions for utility-owned BESS projects.

Centralization of station service alarm for monitoring of fire detection systems for all BESS
installations.
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https://www.nyserda.ny.gov/All-Programs/Energy-Storage-Program/New-York-Inter-Agency-Fire-Safety-Working-Group
https://www.nyserda.ny.gov/-/media/Project/Nyserda/Files/Programs/Energy-Storage/Fire-Code-Recommendations-Report.pdf
https://dos.ny.gov/notice-rule-development
https://dos.ny.gov/system/files/documents/2024/07/2024-07-25_fcnys_nrd-final-draft-document.pdf
https://www.governor.ny.gov/news/governor-hochul-announces-draft-fire-code-language-addresses-recommendations-interagency-fire
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Aviation Safety Incidents
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Until December 2", 2024, there were a total of 65 incidents reported by the US FAA. This is about the same number of
incidents were reported in 2023 at the same time of the year (63).

Compared to 2023, e-cigarettes and similar devices created almost twice as many incidents.

Response to such incidents involve the cabin crew placing the faulty device(s) into thermal containment bags, with the flight
continuing to its destination.

Source: FAA P.192


https://www.faa.gov/hazmat/resources/lithium_batteries/incidents
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Root Cause Of EV Thermal Failures

Battery and charging malfunctions continue to be a concerning root-cause of EV battery fires.

While different datasets report variances in categorization of root-cause factors, vehicle faults and battery-management related factors
remain the major known root cause of EV thermal events.

ROOT CAUSE CATEGORIES ATTRIBUTED ROOT-CAUSES FOR EVENTS

< _ Human

.
Vehicles
Faults
m— Humen
| -
6 ¢ Foulia
Factors

Images adapted from [1]

Sources: [1] Tohir, M.Z.M., Martin-Gomez, C., Open. Res. Eur, [2] Zhang.Z., Dong, H., Wang, L., Wang, Y., He, X., Energ. Technol,, [3] EV Fire Safe BATTERY REPORT 2024 | P. 193



https://pmc.ncbi.nlm.nih.gov/articles/PMC10873543/
https://onlinelibrary.wiley.com/doi/abs/10.1002/ente.202400931
https://www.evfiresafe.com/_files/ugd/8b9ad1_1e058681d2e447fdbe00fce9c46d4ec8.pdf
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EV Thermal Failures During Charging

Of the 511 fire incidents analyzed by EV Firesafe since 2010, 90 incidents
occurred when the vehicle was charging. The cause of nearly half the
incidents is unknown post incident.

A fraction of incidents end in explosions, with a majority of those involving
cars parked in enclosed spaces.

Images taken from [3]

Locaon* ( RN Vapour clond explosso
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https://www.evfiresafe.com/_files/ugd/8b9ad1_1e058681d2e447fdbe00fce9c46d4ec8.pdf
https://ul.org/institutes-offices/electrochemical-safety/

| OVERVIEW

Notable Events

Industry Value Chain

Finance

Costs

Cell & Pack Manufacturing

Applications
Electric Vehicles (EV)
Battery Energy Storage Systems (BESS)
Other

Safety

Chemistry
Cathode
Anode
Electrolyte & Separator
Solid State
Lithium - Sulphur
Non-Lithium Chemistries
Supply Chain & Raw Materials
Recycling & Reuse
Software

P. 195


#

| LEGAL| PATENTS | VE VOLTA

FOUNDATION

Changes To The Battery Patent Landscape Between 2023 And 2024"

° The total number of international (PCT)
(From Moy
10,578 applications in 2023 to 11,021in 2024) = of trtal (2023
° of e | 0% of watal (2024)

PCT publications in 2024, with 12.6% and
11.6% share of total, respectively

° Notable increases in publications for EVE and
Hithium in 2024. Hithium particularly notable
due to their remarkable growth from a
negligible number in 2023 to a significant
share in 2024. Hithium now ranks just outside
the top 5 battery applicants.

° Bosch is the only non-Asian company in the

top 10 applicants for both years ‘ II | 1 | I | | I TR -l I a

,‘,¢ o P /'} b 7 o7 » O‘l.a': & /7 o "/
“Due to 18-month lag between patent application submission and ./ v"j}’ - )’gfi(ft s o ¥ & o"/t,:‘fi’: \’roop',/

publication, data for 2024 publications reflects applications submitted
between mid-2022 and mid-2023

720 4

3

Srure of Al Ista mations] baTLary et publi oatinss %)

Source: Espacenet search for PCT publications in 2023 and 2024 within CPC classification HO1M (batteries), filtered by applicant name and limited to the “top” applicants from P. 196
both years :


https://worldwide.espacenet.com/patent/
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Technical Areas Driving Innovation - Patent Data In 2023 And 2024"

e  The technical field with the biggest increase P RO R PRI ARSI PR
in 2024 was "intercalation of metals other Putlications n;mmnmmm
than lithium, e.g. Mg or Al" (CPC classification 2 ey i

HO1M 10/054)

e  General electrode innovations (HOTM 4/02)
and battery recycling methods (HOTM 10/54)
also experienced notable increases

° Methods of coating collectors for electrode

s

¥

]

Rt % shwrw o 20081 shaw 02T
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LT Y
manufacture (HOTM 4/0404) experienced the ‘ i
largest reduction 2
° In general, innovation seems to have shifted .
downstream from the cell component level to 5 B - : = =
the macro scale, e.g. maintenance, recycling, F R R O B R R S BN B R Sl BT S I R
g -ycling > o'; R 47 A 8 4 ST P i o Y &
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Source: Espacenet search for PCT publications in 2023 and 2024 within CPC classification HOTM (batteries), filtered by CPC sub-classes and limited to most popular sub-classes P. 197
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https://worldwide.espacenet.com/patent/
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Cell Chemistry Overview
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The performance of a lithium-ion battery is determined by the properties and interactions of its key components: the anode, cathode, electrolyte, and separator.

ANODE CATHODE ELECTROLYTE & SEPARATOR CELL DESIGN

The anode, typically
made from graphite or
silicon, affects energy
density, cycle life, and
charge rate by hosting
lithium ions in the
charged state.

The cathode,
composed of
materials, such as
lithium cobalt oxide or
nickel-manganese-co
balt (NMC),
determines the
battery's capacity,
voltage, and thermal
stability.

The electrolyte, often a liquid or gel
containing lithium salts in organic solvents,
facilitates ion transport between the
electrodes while maintaining
electrochemical stability.

The separator, a porous membrane,
prevents physical contact between the
anode and cathode, thereby avoiding short
circuits, while allowing ion flow.

Source: Battery Report 2023 Cell Chemistry, Battery Talk: Battery Application Break Down 1/01/2025 (Version 3.0

In addition to materials, battery design plays a
crucial role in performance. Factors like electrode
thickness, packing density, cell geometry, and
thermal management systems impact energy
output, heat dissipation, and overall efficiency.

An optimized cell design must balance
performance needs, such as energy capacity,
power delivery, and overall safety and reliability,
with the the cost of the system.

BATTERY REPORT 2024 | P. 199


https://volta.foundation/battery-report-2023
https://docs.google.com/spreadsheets/d/1BmUIc7glVppOUBByrKPAhSImwjPMJMecZis9XyAKiG8/edit?usp=sharing
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Timeline Of Battery Cell Chemistry Development
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https://www.energy.gov/eere/articles/battery500-progress-update
https://uscar.org/
https://www.rising.saci.kyoto-u.ac.jp/en/
https://battery2030.eu/
https://volta.foundation/battery-report-2023
https://docs.google.com/spreadsheets/d/1BmUIc7glVppOUBByrKPAhSImwjPMJMecZis9XyAKiG8/edit?usp=sharing
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* Cell design and components other than the cathode can make a very large difference in cell performance metrics

* Marker [-] indicates no spec sheet available to make judgement.

Ratings marked with "**"are based on published data but have no commercial cells
For more details and sources, please visit:_Battery Talk: Battery Application Break Down 1/01/2025 (Version 3.0)
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* Cell design and components other than the cathode can make a very large difference in cell performance metrics
Ratings marked with “**"are based on published data but have no commercial cells P. 202

For more details and sources, please visit:_ Battery Talk: Battery Application Break Down 1/01/2025 (Version 3.0
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Cathode Introduction

In lithium-ion batteries, the cathode chemistry refers to the composition of the positive electrode, typically made from transition metal oxides like lithium cobalt
oxide (LiCo02), lithium manganese oxide (LiMn204), lithium nickel manganese cobalt oxide (NMC), or lithium iron phosphate (LFP), each offering different
balances of energy density, cycle life, cost, and thermal stability depending on the specific metal combination used; the choice of cathode material
significantly impacts the battery's overall performance characteristics like voltage, energy density, and power capability.

During charging, lithium ions move from the cathode to the anode, storing energy; during Lithium-ion Cell
discharge, the process reverses with lithium ions moving back into the cathode.

Electrolyte

° Energy density: How much energy a battery can store per unit weight.

° Power density: How quickly a battery can deliver power.

° Cycle life: How many charge-discharge cycles a battery can withstand before
significant degradation. Curent

° Cost: The price of the cathode material. (ufwcto: [0

Research is focused on improving performance and reducing costs:
*High-nickel NMC compositions with reduced cobalt content to achieve higher Anode ‘™M™ ioM Cathode
energy densities while maintaining safety and cost-effectiveness. Separaton
*The development of LMFP, adding manganese to LFP, to increase voltage and
energy density.

Sources: Redwood, ANL, Nature-lithium-ion battery cathode chemistry, Battery Report 2023 Cell Chemistry, Battery Talk: Battery Application Break Down 1/01/2025 (Version 3.0 P. 204



https://www.redwoodmaterials.com/resources/cathode-and-anode/
https://www.anl.gov/argonne-scientific-publications
https://www.nature.com/articles/s41467-020-15355-0
https://volta.foundation/battery-report-2023
https://docs.google.com/spreadsheets/d/1BmUIc7glVppOUBByrKPAhSImwjPMJMecZis9XyAKiG8/edit?usp=sharing
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Chemistry Lithium Wh & Ah Cost Map - Drive Towards Cheaper Batteries

Litewes Cont Par W1

-

Lthaum Cost par A

L vl Bew LD

Current market conditions are demanding cheaper batteries for EV's at the same
performance of modern day NMC811 batteries.
° Cost Drivers
o Cathode active material (CAM) is major driver, accounting for >~50% of the cell cost
o Lithium Hydroxide (LiOH) or Lithium Carbonate (Li,CO,) accounts for > 50% of the
CAM cost excluding processing/overhead
° Enabling cheaper EVs
o LFP is the near-term solution for achieving the lowest lithium cost per kWh
o Beyond LFP, manufacturers will need to turn to advanced chemistries, such as
lithium-sulfur (LiS), to maintain cost reductions while improving performance

- NiSO4 26%
! Separator 7%
CoSO4 5%
i 1 o,
Manufactuzr:‘nng Overhead LiOH 66% MnSO4 2%
NasSO4 1%
NH4OH <1%
Anode 12% Cathode 51%
Fe(NO3)3 22%
Electrolyte 4% Li2CO3 68%
NH4H2P04 10%

For more details, please visit: Battery Talk: Battery Application Break Down 1/01/2025

Version 3.0)

Source: Battery Official Battery Report 2023 (pg 131) Battery Talk: Battery Application Break Down 1/01/2025 (Version 3.0

Casing 3%
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https://www.ufinebattery.com/blog/lithium-sulfur-battery-vs-lithium-metal-battery-what-is-the-difference/
https://volta.foundation/battery-report-2023
https://docs.google.com/spreadsheets/d/1BmUIc7glVppOUBByrKPAhSImwjPMJMecZis9XyAKiG8/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1BmUIc7glVppOUBByrKPAhSImwjPMJMecZis9XyAKiG8/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1BmUIc7glVppOUBByrKPAhSImwjPMJMecZis9XyAKiG8/edit?usp=sharing
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Impact Of Nickel Content On The Performance And Applications Of NCM And NCA Cathodes

NCM 5-series* NCM 6-series NCMS8-series NCM 9-series NCA 8-series

Polycrystal Single Crystal Polycrystal Single Crystal Polycrystal Single Crystal Polycrystal Single Crystal
CETEEY 155 185 176 190.8 210 195.8 217 214 195
(mAh/qg)
Price 13,588 15,237
(USD/mt) 11,386 (NEV, new 13,119 14,489 (consumables) n/a n/a 19,503
(consumables) energy (consumables) (NEV) 16,980
01/02/25 .
vehicles) (NEV)

High-Ni materials must be annealed in O,, whereas mid-Ni materials can be annealed in air.
Process difficulty High-Ni materials require LiOH as the lithium source, while mid-Ni materials can use Li,COs; LIOH may lead to equipment corrosion.
High-Ni materials are more sensitive to humidity compared to mid-Ni materials, resulting in higher lithium residuals.

Good energy density,

Advantage Good performance balance and Moderate erjergy density, good High energy q§n5|ty, high High energy density and therefore good rate capability,
relatively low cost cycle life, and safety stability lower cost per kWh .
better stability
.. Heavy duty EV EV, Powertools, two-
LRRlICSEolS EV EV EV Long range EV wheelers.

*5-series means there are ~50% Ni in the composition

Source: MTI, MSE, Fangzheng Report, SMM BATTERY REPORT 2024 | p. 207


https://mtixtl.com/collections/cathode
https://www.msesupplies.com/products/mse-pro-single-crystal-nmc-532-cathode-powder-500g-lithium-nickel-manganese-cobalt-oxide-lini-sub-0-5-sub-mn-sub-0-3-sub-co-sub-0-2-sub-o-sub-2-sub
https://finance.sina.cn/2022-06-15/detail-imizmscu6988066.d.html
https://www.metal.com/Lithium%20Battery%20Cathode%20Precursor%20and%20Material
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High-Voltage Cathodes - Opportunities, Challenges, And R&D Trends

NCM naturally delivers a higher
voltage than LFP because Ni, Mn, and Co ions have higher redox
potentials than Fe ions [1].

° The practical voltage limit can be increased by
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200
Specific capacity (mAh/g)

[1] Specific Capacity of Cathode Material Only

Source: Liu et al. Mater. Today 2016

, driven
by demand for long-range EVs, advanced consumer

electronics, and high-capacity energy storage. Higher voltage
enables greater capacity and more energy delivery per unit of

cathode material.

Current high voltage R&D trends focus on
,and

1]

o High-voltage LCO i |s ideal for hlgh energy applications
in consumer electronics, drones, and power supplies

for Al centers and supercomputers.

o Single-crystal mid-Ni NCM uses high voltage to offset

mid-Ni's lower capacity while offering enhanced
safety.

o LMFP boosts LFP's voltage while maintaining thermal

stability, making it suitable for blending with
high-voltage mid-Ni NCM.

However, high voltage brings challenges like gas evolution,
electrolyte compatibility, and heat generation, requiring
advanced thermal management techniques and cell-to-pack
(CTP) designs.

p. 208


https://www.sciencedirect.com/science/article/pii/S1369702115003181
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Nickel Manganese Cobalt (NMC) Basic Information

Lithium Nickel Manganese Cobalt
Oxide (NMC): One of the most
common cathode chemistries in
modern EVs, especially outside of

*Properties and «Safety *Broad range of use «Advances in lower .
performance: o High thermal cases cost and safer China.
o High energy release o Long alternatives
density o Dangerous side range/high-end o LFP, LNMO, Significant research progress:
o Lovxf/ temperature reaftions during EVS oat \ kSIOdil(ij-ignlt Improvements to NMC safety and
performance cycling uses, boats, «Nickel and coba :
o High voltage o Off-gassing, cell heavy-duty supply chain performance. Contlhue to .be.
« Strong battery supply swelling equipment, o Niand Co make researched, including variations
NMC chain o Ni, Co hazardous power tools NMC expensive such as high-voltage

medium-nickel chemistries as well
as new dopant and coating
formulations.

to human and « Broad market for despite metal
environmental recycling supply prices at all-time
health chain lows
«High cost of metals » Scalable process o NiMining
and processing « Continuing advances practices can be
in safety and environmentally
performance damaging

« High recycle value

Current industry leaders: Mostly
located in China, South Korea,
Japan, and Europe, but North
American capacity is in the
pipeline.

Source: F | Saaid et al. Heliyon Cell Press. 2024
P. 209


https://www.sciencedirect.com/science/article/pii/S2405844023111765
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NMC Cathode Active Material Synthesis Process

NMC CATHODE PRECURSOR NMC CATHODE
SYNTHESIS OVERVIEW * SYNTHESIS OVERVIEW

»

-Chelating agent +LiOH or Li,CO,
-Caustic solution / \ +Dopants & Coatings
+Heat Material Mixing

Co-Precipitation

T-x-y

NMC CATHODE r
PRECURSOR i g

NiMn Co,.  OH
Reagent Prep £
-Ni, Mn, Co salt
dissolution

NMC CATHODE

PRECURSOR

co,

1-X-y’

NMC POLYCRYSTAL NMC SINGLE +Heat

CATHODE LiNiMn, Co;...,0, CRYSTAL CATHODE +Oxygen

' Additional coating,
Calcination Idoping, and/or washing
. steps may be needed
« for high-nickel CAM

+Water

+Heat -Wastewater

Milling, Sieving,

Drying, Sievin Washin
Sl d -Multiple grain -Single continuous <

boundaries in each crystal lattice in each

particle particle
-Higher capacity -Higher stability
-Better rate capability -Better cycling

NMC CATHODE
PRECURSOR

NMC POLYCRYSTAL NMC SINGLE
CATHODE CRYSTAL CATHODE

Source: Comparison of Single Crystal and Polycrystal = Dahn et al. Chem. Mater. 2009, 21, 1500-1503 - https://pubs.acs.ora/doi/10.1021/cm803144d
Precursor Synthesis process - Jing Li et al. J. Electrochem. Soc. 2017, 164 A1534 - https://iopscience.iop.org/article/10.1149/2.0401714jes/pdf BATTERY REPORT 2024 | P. 210


https://pubs.acs.org/doi/10.1021/cm803144d
https://iopscience.iop.org/article/10.1149/2.0401714jes/pdf
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Ascend Elements targets
90% reduction of carbon
footprint of NMC622 CAM
using its Hydro-to-Cathode®
process by 2030

Cobalt Blue plans
cobalt-nickel refinery in
Kwinana, Australia, with
production estimated by
2026 to meet U.S. IRA & EU
CRMA

Orano and XTC New Energy
sign agreement for to build
two plants for CAM and
pCAM in Dunkirk, France

Huayou Cobalt announces
construction progress on
NMC CAM factory in Acs,
Hungary

Altilium delivers first
EcoCathode™ NMC to UKBIC
for production and
qualification of NMC811 cells

VOLTA
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Axens aims to
acquire land in
Saint-Saulve, France
for NMC CAM joint
plant with Hunan
Changyan Lico

‘ (‘ orano N Axens
F) ' °olhllum
e Cobal B o { o LERESUL e werras €3 mekoemnnnze

LG Energy Solution
Wroclaw (Poland)
plans to deliver
around 200k NMC
battery modules for

Green Li-ion launches first
US battery grade
pCAM-producing recycling
facility, capable of
processing 3 kt of black

LOHUM producer of NMC
CAM (India) is set to expand
second-life battery recycling
capacity from 5 to 30 GWh

NOVONIX and CBMM sign
joint development agreement
focused on Nb addition to
improve cycle life of NMC

by 2027 with $100M CAPEX CAM

Earspring Finland receives
environmental permit for
NMC battery plant project in
Kotka, Finland

Ascend Elements aims to
produce up to 3 kt of battery
grade lithium carbonate in
Covington, Georgia, starting

in 2025
e-buses by 2027 mass from NMC batteries .
NOVONDA ‘
@ LG Energy Solution LOHEM cBMM EASPRING ASCEND
Wekes % gy. i \ a ] ELEMENTS

Source: Various news articles linked above
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https://www.prnewswire.com/news-releases/ascend-elements-decarbonization-path-targets-90-reduction-in-ev-battery-material-carbon-footprint-by-2030-302048182.html
https://www.prnewswire.com/news-releases/ascend-elements-decarbonization-path-targets-90-reduction-in-ev-battery-material-carbon-footprint-by-2030-302048182.html
https://www.prnewswire.com/news-releases/ascend-elements-decarbonization-path-targets-90-reduction-in-ev-battery-material-carbon-footprint-by-2030-302048182.html
https://www.prnewswire.com/news-releases/ascend-elements-decarbonization-path-targets-90-reduction-in-ev-battery-material-carbon-footprint-by-2030-302048182.html
https://www.prnewswire.com/news-releases/ascend-elements-decarbonization-path-targets-90-reduction-in-ev-battery-material-carbon-footprint-by-2030-302048182.html
https://www.orano.group/en/news/news-group/2023/may/orano-and-xtc-new-energy-join-forces-to-manufacture-battery-components-for-electric-vehicles-in-france
https://www.orano.group/en/news/news-group/2023/may/orano-and-xtc-new-energy-join-forces-to-manufacture-battery-components-for-electric-vehicles-in-france
https://www.orano.group/en/news/news-group/2023/may/orano-and-xtc-new-energy-join-forces-to-manufacture-battery-components-for-electric-vehicles-in-france
https://www.orano.group/en/news/news-group/2023/may/orano-and-xtc-new-energy-join-forces-to-manufacture-battery-components-for-electric-vehicles-in-france
https://altilium.tech/2024/09/19/altilium-delivers-first-shipment-of-cam-from-ev-battery-recycling-for-cell-production-at-ukbic/
https://altilium.tech/2024/09/19/altilium-delivers-first-shipment-of-cam-from-ev-battery-recycling-for-cell-production-at-ukbic/
https://altilium.tech/2024/09/19/altilium-delivers-first-shipment-of-cam-from-ev-battery-recycling-for-cell-production-at-ukbic/
https://altilium.tech/2024/09/19/altilium-delivers-first-shipment-of-cam-from-ev-battery-recycling-for-cell-production-at-ukbic/
https://www.axens.net/resources-events/news/pr-axens-exclusive-negotiations-acquire-land-saint-saulve-59-construction-1
https://www.axens.net/resources-events/news/pr-axens-exclusive-negotiations-acquire-land-saint-saulve-59-construction-1
https://www.axens.net/resources-events/news/pr-axens-exclusive-negotiations-acquire-land-saint-saulve-59-construction-1
https://www.axens.net/resources-events/news/pr-axens-exclusive-negotiations-acquire-land-saint-saulve-59-construction-1
https://www.axens.net/resources-events/news/pr-axens-exclusive-negotiations-acquire-land-saint-saulve-59-construction-1
https://www.axens.net/resources-events/news/pr-axens-exclusive-negotiations-acquire-land-saint-saulve-59-construction-1
https://www.huayou.com/en/news/corporate-news/220
https://www.huayou.com/en/news/corporate-news/220
https://www.huayou.com/en/news/corporate-news/220
https://www.huayou.com/en/news/corporate-news/220
https://cobaltblueholdings.com/news/australia-answers-the-call-proposed-cobalt-blue-refinery-to-meet-us-eu-battery-metal-demand/
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https://www.fastmarkets.com/insights/green-li-ion-launches-first-us-battery-grade-pcam-producing-recycling-facility/
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https://www.fastmarkets.com/insights/green-li-ion-launches-first-us-battery-grade-pcam-producing-recycling-facility/
https://www.fastmarkets.com/insights/green-li-ion-launches-first-us-battery-grade-pcam-producing-recycling-facility/
https://www.novonixgroup.com/novonix-and-cbmm-enter-into-joint-development-agreement-focused-on-cathode-materials/
https://www.novonixgroup.com/novonix-and-cbmm-enter-into-joint-development-agreement-focused-on-cathode-materials/
https://www.novonixgroup.com/novonix-and-cbmm-enter-into-joint-development-agreement-focused-on-cathode-materials/
https://www.novonixgroup.com/novonix-and-cbmm-enter-into-joint-development-agreement-focused-on-cathode-materials/
https://www.novonixgroup.com/novonix-and-cbmm-enter-into-joint-development-agreement-focused-on-cathode-materials/
https://www.prnewswire.com/news-releases/ascend-elements-to-increase-us-production-of-lithium-carbonate-by-60-with-start-of-new-lithium-recovery-line-in-2025-302326381.html
https://www.prnewswire.com/news-releases/ascend-elements-to-increase-us-production-of-lithium-carbonate-by-60-with-start-of-new-lithium-recovery-line-in-2025-302326381.html
https://www.prnewswire.com/news-releases/ascend-elements-to-increase-us-production-of-lithium-carbonate-by-60-with-start-of-new-lithium-recovery-line-in-2025-302326381.html
https://www.prnewswire.com/news-releases/ascend-elements-to-increase-us-production-of-lithium-carbonate-by-60-with-start-of-new-lithium-recovery-line-in-2025-302326381.html
https://www.prnewswire.com/news-releases/ascend-elements-to-increase-us-production-of-lithium-carbonate-by-60-with-start-of-new-lithium-recovery-line-in-2025-302326381.html
https://www.kotka.fi/en/easpring-finland-receives-environmental-permit-kotka-hamina-region-strengthens-its-position-as-a-pioneer-in-the-battery-cluster/
https://www.kotka.fi/en/easpring-finland-receives-environmental-permit-kotka-hamina-region-strengthens-its-position-as-a-pioneer-in-the-battery-cluster/
https://www.kotka.fi/en/easpring-finland-receives-environmental-permit-kotka-hamina-region-strengthens-its-position-as-a-pioneer-in-the-battery-cluster/
https://www.kotka.fi/en/easpring-finland-receives-environmental-permit-kotka-hamina-region-strengthens-its-position-as-a-pioneer-in-the-battery-cluster/
https://energy.economictimes.indiatimes.com/news/power/lohum-to-boost-production-to-30-gwh-with-1200-crore-investment/111449916
https://energy.economictimes.indiatimes.com/news/power/lohum-to-boost-production-to-30-gwh-with-1200-crore-investment/111449916
https://energy.economictimes.indiatimes.com/news/power/lohum-to-boost-production-to-30-gwh-with-1200-crore-investment/111449916
https://energy.economictimes.indiatimes.com/news/power/lohum-to-boost-production-to-30-gwh-with-1200-crore-investment/111449916
https://energy.economictimes.indiatimes.com/news/power/lohum-to-boost-production-to-30-gwh-with-1200-crore-investment/111449916
https://polandweekly.com/2024/02/08/lg-energy-solution-wroclaw-to-supply-batteries-for-e-buses-in-europe/
https://polandweekly.com/2024/02/08/lg-energy-solution-wroclaw-to-supply-batteries-for-e-buses-in-europe/
https://polandweekly.com/2024/02/08/lg-energy-solution-wroclaw-to-supply-batteries-for-e-buses-in-europe/
https://polandweekly.com/2024/02/08/lg-energy-solution-wroclaw-to-supply-batteries-for-e-buses-in-europe/
https://polandweekly.com/2024/02/08/lg-energy-solution-wroclaw-to-supply-batteries-for-e-buses-in-europe/
https://polandweekly.com/2024/02/08/lg-energy-solution-wroclaw-to-supply-batteries-for-e-buses-in-europe/
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Medium-Nickel High-Voltage Technology Is Aimed At Enhancing Competitiveness of NMC

China NMIC market share by chemiztry, % B nproductien I devei
NMC 1 Sevies  SNMC 5 Series NG & Senes ’ 5 MNHV cathode offers th
. o cathode offers the energy
SNMCATENS  BNGA NG9 Gones density of NMC 811 with the low
100% cost of NMC 5/6 Series

° Enabled by single-crystal material

80% ° There is a higher risk of battery
degradation, but this is being

mitigated

° Developed at a time of high Ni/Co
prices and now increasingly

Naterial rsensty (pre yisd) n MIC. kg/kWn adopted in best-selling BEVs

40%
85 Series ° High-voltage chemistries dampen
6 g«'ﬂ the demand for expensive raw
=3 Series materials

PHVE Sanes

20%
° Several automakers are now moving

back away from high-nickel

0% chemistries
Jan-22 Jui-23 Jan-24 X124
L Ni Co Mo
Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. Modelled intensity for MNHV is P 212

based on NMC 631 variant


https://www.crugroup.com
https://www.crugroup.com/en/contact-us/
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Nickel Cobalt Aluminum (NCA) Basic Information

*High energy density
with excellent rate
capability

«Long calendar life and
structural stability

«No manganese
leaching or structure
deformation issues

NCA « Mature production
techniques

« Strong recycling value

«Washing step could
be omitted during
process

Source: Battery Report 2023, GEM Co., Ltd, ZHNANO

«High cost due to
higher Ni content and
Al price as well as the
manufacturing
process

« Thermal stability
concerns, particularly
at high temperatures

«Complex
manufacturing
process in that itis
difficult to evenly
incorporate
aluminum into CAM
particles

« High power
applications like
power tools, forklift,
e-trucks

« Application in electric
race cars

« Fast charging
capabilities for
consumer
electronics and EVs

« High-end electric
vehicles with
extended range

« ESS

« Competition from
NCM and NCMA
chemistries

«Emergence of high
voltage cathode
materials

* NCA technology and
products are not as
widely accessible or
cost effective as
NCM

VOLTA
VF ijfﬂ,.l‘-’l;f!.l‘-.‘ ION

Nickel Cobalt Aluminum (NCA):
Continues to be a prominent
technology in electric vehicles and
portable electronics.

Development progress: Optimizing
rate capability and thermal stability.

Leading companies: Panasonic and
Sumitomo have played key roles in
advancing and popularizing NCA
batteries across diverse applications
including Tesla vehicles. In addition,
Samsung SDI and EcoPro have made
significant investments in NCA
development in the past year.

Primary use: EV applications, with

power tools, e-bikes, and portable
electronics making up the rest.
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https://volta.foundation/battery-report-2023
https://en.gem.com.cn/Products/info.aspx?itemid=5821
https://www.hfzhnano.com/case-item-20.html
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EcoPro BM & Samsung SDI
sign $33.5B NCA CAM supply
deal for EV batteries between
2024-2028

Stellantis presents Dodge
Charger Daytona, the first
model based on STLA Large
architecture with a 100.5 kWh

Volvo Trucks uses
high-nickel NCA battery
packs, but continues to
explore other battery

Samsung SDI clinches
$724M deal with NextEra

Energy for Samsung Battery
Box 1.5 with a total capacity of

Next-Gen Energy
Technology and Siemens
sign MoU to support
Next-Gen's efforts to build
NCA CAM plant in Australia
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BloombergNEF report
shows that Redwood
Materials NCA CAM
production method

NCA battery chemistries
EcoProw es e
]
SETELLANTIS (v
SANSUNG 501 ahar o

Cirba Solutions and
EcoPro cooperate on
recycled materials for
pCAM and CAM
production.

EcoPro BM obtains
non-exclusive license on
GEMX®@ platform for high-Ni
CAM production (such as
gNMC®, gNCA®) from CAMX
Power

Ecofro | EcoPro s c‘”_

Source: Various news articles linked above

Samsung SDI obtains a
GEMX®@ platform
non-exclusive license for
gLNO®, gNMC®, gNCA® from
CAMX Power

Samsung SDI agrees with
General Motors to establish

a joint venture with $3.5B
capital to produce of 27 GWh
EV batteries in New Carlisle,
Indiana

< [gm

KAVRAG Oy

de
SIEMENS

Posco Future M begins NCA

cathode production at plant
with 30 kt/year capacity in
Pohang, South Korea

pPOSCO

FUTURE M

requires 60% less water
and 80% less energy than
mining and refining of
virgin materials

REDWOCD

MATERIALS

M2i Global partners with
Next-Gen Energy
Technology on setting up a
pilot plant of NCA CAM with
a capacity of 2-10 kt/year in
Australia
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https://www.evengineeringonline.com/ecopro-and-samsung-sdi-sign-cathode-materials-deal/
https://www.evengineeringonline.com/ecopro-and-samsung-sdi-sign-cathode-materials-deal/
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Nickel Cobalt Manganese Aluminum (NCMA) Basic Information

«Combines the
strengths of NCM and
NCA

*Reduces Co content,
lowering costs and
addressing supply
chain concerns

NCMA . )
«High energy density

« Suitable for various
cell formats, providing
flexibility in design
and application

Source: LG battery lab, Kim et al. J. Power Sources 2023

«Requires precise
control in synthesis
to maintain quality

« Structural instability
due to high Ni content

«High nickel content
drives up costs in raw
materials, CAM
production, and
manufacturing
processes like CTP.

« Thermal instability

« High-end EVs with
long range and fast
charging capabilities

« Power tools requiring
high output and fast
energy delivery

« Strong recycling
potential for valuable

« Competition from
NMC, NCA, and LFP

« Growing safety
concerns over high
nickel content

« High sensitivity to
nickel prices
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Lithium Nickel Cobalt Manganese
Aluminum Oxide (NCMA): Represent the
next-generation development in
lithium-ion batteries, combining the
strengths of both NCA and NCM.

Advantage: This chemistry prioritizes
high Ni, high energy density, improved
thermal stability, and reduced reliance on
cobalt. The ongoing research focuses on
optimizing its composition and long-term
performance.

NCMA Is Gaining Traction In High End
EVs: Industry leaders, such as LG
Energy Solution, Toyota, and Rivian, are
spearheading efforts to commercialize
NCMA batteries in EVs, with major
production facilities in initially in the US.
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LG Chem signs
$17B contract with
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LG Chem breaks ground for
NCMA CAM production plant
in Clarksville, Tennessee, that
will supply 60 kt/year starting
in 2026

.LG Chem

L&F wins $6.8B contract to
supply 176 kt of NCMA

LG Energy Solution R&D
investment exceeds $760M in
2023,with plans to increase
spending on development of
NCMA and LFP batteries

@ LG Energy Solution

Cadillac introduces OPTIQ

Kia unveils latest EV3 model

with 600 km range, equipped
NCMA battery cell produced

by HLI Green Power

<L
CHLIP

LA et Tt

LG Energy Solutions plans to LG Ener

HLI Green Power opens
$1.2B battery plant in
Karawang, Indonesia with
annual capacity of 10 GWt/h
of NMCA cells to power 150k
BEVs

=L

LA e T —

Solutions signs

LG Energy Solutions and
Toyota sign supply
agreement for 20 GWh/year
of NCMA modules for BEV
starting in 2025

@ LG Energy Solution

TOYOTA

VF | VOLTA
FOUNDATION

LG Energy Solutions
signs 5-year, $6.7B
deal to supply 67 GWh
of NCMA EV batteries
for Rivian R2 SUV, set
to debut in 2026

.LGl‘mmy':chtm
@ rivian

Ultium Cells celebrates

GM to supply 500
kt of NCMA CAM
from 2026 through
2035

cathodes to the European
battery cell producer from
2025 to 2030

& LG Chem |IT 1]« "L&F Co, Lid.

Source: Various news articles linked above

model with 300 mile driving
range based on Ultium
Platform with 85 kWh NCMA
battery pack

==

complete pilot line for dry
coating in Ochang, South
Korea by the end of the year,
aiming for mass production
in 2028

@ LG Energy Solution

two agreements, worth $9.5B
together, to supply Eord
Motor with a total of 109 GWh
of cells from 2026 through
2032

@ LG Energy Solution

e

production of their 100
millionth NMCA battery cell in
their Warren, Ohio facility

ultivme=cells
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Lithium Cobalt Oxide (LCO) Basic Information

«High energy density:
Ideal for portable
electronics

« Extensive real world
data availability;
perfect for medical
applications

« Higher voltage

LCO capability: Supports
voltages up to 4.5V

«Mature technology:
Longer track record
of use compared to
other cathode
chemistries

« Highest recycling
value

Source: LCO Overview, LEP Pros and Cons, LCO vs LFP, LCO Life Cycle, Congo's Cobalt Controversy,

e Lower thermal
stability

e Limited to lower C
rates due to
overheating

«Higher cost

«Reduced cyclability
under high power
demand

+Cobalt price
volatility and supply
instability

«Gas evolution

« Environmental impact
during manufacture
and mining

 Portable and
consumer
electronics
Industries requiring
10+ years of
reliability data

High recycling value
in domestic industry
Energy supply for Al
and supercomputers
needing high
capacity and energy
density

Blended with NCM in
lower-profit portable
devices

+High energy NCM
and NCA for high
performance
applications

«High voltage NCM
for energy intensive
use cases

« Ethical concerns and
supply instability of
cobalt due to
geopolitical factors

VOLTA
VF ijfﬂ,.l‘-’l;f!.l‘-.‘ ION

Lithium Cobalt Oxide (LiC00,):
Still a widely used cathode
material, especially in consumer
electronics like smartphones,
laptops, and medical devices, due
to its high energy density and
stable voltage.

Research focus: Increasing its
practical capacity, enhancing
thermal stability, improving cycle
life, and reducing its environmental
impact, particularly through
recycling initiatives.

Current industry leaders:

production primarily based in
China, Japan, and South Korea.
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Nanotech Energy 18650
2Ah LCO Safe Cell along
with their NMC (2.1Ah) and
LFP (1.5Ah) versions are
ready for production at
Chico 2 plant in Chico,

EaglePicher awarded GS
Yuasa contract to supply
Generation 4 LSE112 (112 Ah,
3.75V) LCO/Graphite cells for
space

Apple announces use of
100% certified recycled
cobalt in all Apple-designed
batteries by 2025

Ateios Systems announces
release of first PFA-free
RaiCore™ High-Voltage
Lithium Cobalt Oxide

VF

Nippon Foundation and the
University of Tokyo discover
200 mt of rare materials,
including 610 kt of cobalt,

VOLTA
FOUNDATION

Cobalt Blue and

Ecobatt announce

strategic partnership to
establish a domestic

California

Al
"1/ NANOIR

SIAT and CPDC show
that adding 5% of LCO
to 2"4gen LMFP paste
prevents catastrophic
failure at 4.5V in nail
penetration test

siar @8

"

EAGLEPICHER

(G5 Yuasa

Cobalt Blue Holdings plans
Cobalt-Nickel Refinery
Project near Perth, Australia,
the country's first
large-scale cobalt and nickel
refinery

®

Lobaltd e

Source: Various news articles linked above

L

TMC and SGS produce the
world's first cobalt sulfate
from deep-seafloor
polymetallic nodules,
demonstrate the viability of
this resource

scompany
¥ SG

electrodes around Minami-Tori-shima supply chain of critical
island harbors minerals by processing
black mass from
recycled batteries
J ATEIOS SE1& THE NIPPON D
oj == FOUNDANDON al -4 e

Electra Battery Materials
Corporation announces
$20M strategic investment
from DoD for first battery
grade cobalt refinery in North
America

N Etectrs

Niwo Mnw

Ateios Systems secures
$350k NSF Engines grant for
development of RaiCore™
LCO cathodes

O:J’Ar:-os

Ateios Systems signs strategic
partnership with several battery
manufacturers for its RaiCore™
High Voltage Lithium Cobalt
Oxide electrodes

J ATEIOS
=)
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Lithium Cobalt Oxide (LCO) Basic Information

Lithium cobalt oxide remains the leading cathode material for lithium-ion batteries in
portable electronics due to its high specific capacity and stable discharge platform. As
the demand for higher energy density and longer cycle life increases, raising the working
voltage has emerged as the most effective solution. By increasing the charge cut-off voltage
above 4.4V, more lithium is extracted, enabling additional Li+ ions to contribute to the
de-intercalation process and significantly boosting practical capacity. High-voltage LCO is
increasingly in demand for advanced consumer electronics, drones, and energy supply
solutions for Al centers and supercomputers.

Capacity (mAh/g) 140 155 170 185 220
Average Cell Voltage (V) 3.91 3.92 3.94 3.97 4.03
Specific Energy (Wh/kg) 457.3 607.6 669.6 733.5 885.9

Specific Energy (Wh/L) 2299 2552 2812 3081 3721
Increase % M% 10% 9.5% 21%

Source: Wu et al. J. Energy Chem. 2022, SMM1, SMM2
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In mid-2023, Shanghai Metals Market (SMM) began publishing prices
for high-voltage LCO to enhance market transparency and help
upstream and downstream industries manage price fluctuations and
risks. This move reflects the maturation of high-voltage LCO
technology and the increasing demand for higher energy density
in advanced electronic applications.

4.2 16,182.32
4.4 16,617.55
4.45 17161.6

4.48 17,639.15
4.5 18,062.3
4.53 20,888.55
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https://www.sciencedirect.com/science/article/pii/S2095495622003679
https://www.metal.com/Lithium%20Battery%20Cathode%20Precursor%20and%20Material
https://news.smm.cn/news/102182434
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Lithium Iron Phosphate (LFP) Basic Information

LFP

« Cost-Effectiveness: uses
abundant and relatively
inexpensive materials,
avoiding cobalt and nickel

« Safety: high thermal and
chemical stability, reducing
the risk of overheating and
fires

« Long Cycle Life: These
batteries can endure more
charge-discharge cycles
than other chemistries,
making them ideal for
applications requiring
durability over a long
lifetime

e Lower Energy Density
compared to NMC or NCA
cathodes, limiting the
range in EVs or capacity
in portable devices

« Volumetric Limitations: The
lower energy density
requires larger and heavier
battery packs for the same
capacity

« A significant portion of LFP
production is concentrated
in China

« Lower incentive to recycle
LFP batteries

« EV Market Growth: The
demand for affordable and
safe batteries aligns well
with LFP technology for
entry-level and commercial
EVs

Stationary Energy
Storage: long cycle life and
safety make LFP ideal for
renewable energy storage
systems, a rapidly growing
market

Cell to Pack technology:
Helps offset energy density
concerns and reduces pack
costs due to lower
complexity

» Higher energy density
alternatives like NMC
chemistries surpass LFP in
performance-critical
applications

Market Saturation: Rapid
adoption could lead to
oversupply and declining
profit margins, impacting
producers heavily reliant
on LFP cathodes

Minimal recycling value
of LFP batteries could be
problematic with
recycling mandates
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Lithium iron phosphate (LFP):

Solidified their dominance in the

global battery industry in 2024,

capturing 56% of the lithium ion

cathode market share [1].

Recent surge: Primarily driven by
extensive adoption in China, with
LFP batteries supplying over 70%
of the country's electric vehicle

(EV) demand.

The appeal of LFP technology:

Lies in its cost-effectiveness,

safety, and environmental

benefits, as it avoids the use of

scarce and expensive materials

like nickel and cobalt.

Global expansion: International
manufacturers, including those in

Europe and the United States,
have begun exploring LFP
solutions to enhance EV
affordability and sustainability.

Source: Battery Report 2023 (pa125), Nature-lithium-ion battery cathode chemistry, Battery Talk: Battery Application Break Down 1/01/2025 (Version 3.0 pP. 220


https://volta.foundation/battery-report-2023
https://www.nature.com/articles/s41467-020-15355-0
https://docs.google.com/spreadsheets/d/1BmUIc7glVppOUBByrKPAhSImwjPMJMecZis9XyAKiG8/edit?usp=sharing

LG Energy Solutions
signs agreement to
purchase 160 kt of
LFP CAM from
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Eirst Phosphate Corp. enter
agreement with American
Battery Factory Inc. &
Integrals Power Ltd. to
produce 40 kt LFP CAM
annually

SF)
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Jiangsu Lopal Tech
launches LFP production
plant with initial output of 30
kt at Kendal Industrial Park in

SK announces mass
production of LFP batteries in
2026, dependent on demand

g

Gotion High Tech plans $1.3B
plant for LFP cells in Kenitra,
Morocco, aiming to start

Hunan Yuneng announces
$135.5M investment in 50

ktpa LFP battery production
plant in Extremadura, Spain

67

AESC Spain begins
construction of LFP

gigafactory with annual
capacity of 30 GWh in
Caceres, Spain

NESC

Morrow Batteries opens StB Giga Factory Inc, an
first GWh LFP battery cell
factory Arendal, Norway,

Australian-Chinese joint
venture, opens $124.6M

First Phosphate selects
Saguenay-Lac-St-Jean,
Québec, Canada for 10 kt
LFP CAM plant, transforming
phosphate from mines
located 80-120 km away

ERSY
PHOSPHATE
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Ford plans 20 GWh
LFP battery plant in
Marshall, Michigan in
2026 to be run by
subsidiary BlueOval
Battery Park Michigan

Stellantis and CATL
announce plans to invest up
to €4.1B in joint venture for

production in Q3 2026 with

China-based Indonesia initial capacity of 20 GWh
Changzhou Liyuan
by 2029 -
() &3 LOPAL &
@ LG Energy Solution - Eean

Source: Various news articles linked above

with plans to deliver product
by the end of the year

MORHOW

plant for LFP batteries in
New Clark City, Philippines
with 300 MWh capacity

StB
1= GiGA

large-scale LFP CAM plant
in Zaragoza, Spain

SETELLANTIS

CATL
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https://www.stellantis.com/en/news/press-releases/2024/december/stellantis-and-calt-to-invest-up-to-4-1-billion-in-joint-venture-for-large-scale-lfp-battery-plant-in-spain
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High-Compaction-Density Cathode Is The Next Evolution In LFP Technology
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Enables fast-charging in LFP batteries
Higher energy density

Requires new tooling & processes
Commands a premium

Already in several BEVs in China

CEMs supglied by CATL
HCO LFP batteries
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m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit hitps://www.crugroup.com.

High compaction density (HCD) LFP
cathode material - improves

by addressing the trade-off between
electrode thickness and performance.

In China, it may accelerate the
phase-out of old LFP capacity, as
manufacturers must upgrade equipment
and modify processes. HCD LFP
involves a shift from single-sintering to a
double-sintering process that ensures
precise particle control, fewer impurities,
and uniform carbon coating.

Although the new process increases
production time and costs,

for high-quality materials and
help struggling LFP producers to invest
in new-generation production lines.

Also referred to as '4th Gen LFP’, HCD is
specifically carved out in China's recent

proposal to restrict technology exports
for high-end LFP.
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https://www.yicaiglobal.com/news/chinas-catl-to-exit-lithium-battery-materials-firm-but-keep-buying-from-it
https://www.catl.com/en/news/6239.html
https://www.crugroup.com
https://www.crugroup.com/en/contact-us/
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Lithium Manganese Iron Phosphate (LMFP) Basic Information

LMFP

*Higher energy
density than LFP

« Lower cost per kWh
than NMC

+«Abundance and low
cost of Mn

« Higher voltage

« Better low
temperature
performance than LFP

« Thermal stability

« High voltage platform

«Leverage existing LFP
manufacturing
processes and
infrastructure

«Reduced cycle life

compared to LFP, due

to the Jahn-Teller
distortion of Mn and
metal dissolution into
electrolyte.

+Poor electrical
conductivity
lithium-ion diffusion

«Like LFP, SOC
estimation is
challenging

«Dual voltage plateau
worsens cell
consistency, causing
mileage data
fluctuations in BMS

» Mid-to-Long Range
EVs

« Heavy-duty vehicles
(trucks and buses)

 Blend cathode with
NCM for
high-voltage
batteries

« Potential to replace
LFPin EV
applications

Source: Battery Report 2023 (pa125) Battery Talk: Battery Application Break Down 1/01/2025 (Version 3.0

« Lack of industry
standardization
causes product
inconsistencies

» Scaling challenges

» Advanced
modifications required
for LMFP increase
process complexity

« Underdeveloped
supply chain
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Lithium Manganese Iron
Phosphate (LMFP): Emerging
cathode material offering high
energy density, safety, and
cost-effectiveness, ideal for
heavy-duty EVs and energy
storage systems (ESS)

Research focus: Improving
electrical conductivity and
lithium-ion diffusion through
coating, doping, and size
reduction

LMFP development: Led by major
Chinese battery manufacturers,

with new North American

companies also advancing LMFP

technology for EV and ESS
applications
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https://volta.foundation/battery-report-2023
https://docs.google.com/spreadsheets/d/1BmUIc7glVppOUBByrKPAhSImwjPMJMecZis9XyAKiG8/edit?usp=sharing
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LMFP v. LFP
° LMFP partially replaces Fe in LFP with Mn.
° Incorporating Mn into the system raises the redox voltage, resulting in increased overall

energy density.

4.1
10°
34 (5]
I . U

° LMFP's capacity at low-temperature performance is compared to LFP.
° Both chemistries exhibit similar safety profiles.
° LMFP-64 (60% Mn content) is the most widely available composition in the market, with Theotetical Capacits ) ¢t
research efforts now shifting towards 70% Mn content. (AN
° LMFP is often blended with NMC due to its similar voltage, which improves the safety and
reduces the cost relative to NMC. goctie e
Mn/Fe ratio in LMFP (nominal voltage, , energy density)
LFP (0% Mn) 20% Mn* 40% Mn 60% Mn 80% Mn LMP (100%Mn)
3.4V 3.44V 3.48V 3.64V 3.96V 3.95V
161.0 mAh/g 161.7 mAh/g 157.4 mAh/g 142.4 mAh/g 126.3 mAh/g 63.0 mAh/g
534.9 Wh/kg 553.5 Wh/kg 557.0 Wh/kg 515.8 Wh/kg 459.9 Wh/kg 230.6 Wh/kg

*20% Mn: LiMn, ,Fe PO,

Source : Guoyuan Securities, Battery Report 2023 (pg125 P. 224


https://www.sohu.com/a/768687932_121640652
https://volta.foundation/battery-report-2023
https://manu70.magtech.com.cn/dyjs/CN/10.3969/j.issn.1002-087X.2023.04.007
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Integrals Power

SiAT announces strategic
partnership with CPDC to
launch 2" gen LMFP paste
with phosphazene to
enhance safety

Mitra Chem and
Saint-Gobain Ceramics
enter strategic partnership to
commercialize IRA-compliant
LMFP cathodes in 2026

Jitendra EV launches high
performance Primo S and
Primo Plus scooters with
LMFP and NMC batteries

LOHUM plans to develop
LMFP as part of a new
recycling and CAM
production facility with
capacity 20 GWh by 2027,
supported by $136M
investment

Firebird Metals receives
permits to operate battery
grade manganese sulphate
and tetroxide plant in Jinshi,
Hunan, China targeting
initial production in late
2025

begins distributing
samples of LFP and
LFMP battery cathode
materials customers in
Europe and the U.S.
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Tesla validates LMFP
battery cells (M3P)
from CATL, which
are already being
used in EV's from
Chery and Huawei

BYD announces launch of
2" gen of Blade Battery
based on LFMP with 220
Wh/kg cell level density and
190 Wh/kg pack level
gravimetric density

Gotion InoBat Batteries
receives €214M from
Slovakia for construction of
L(M)FP battery plant in
Slurany, Slovakia

Wildcat Discovery
Technologies and Austin
Elements set up collaboration
to recycle LMFP batteries and
battery scrap

REPT BATTERO exhibits
430-520 Wh/L LMFP cell
with Wending® technology
for enhanced fast-charging
performance and safety at
90" Paris Motor Show

Ronbay Technology completes
construction of 10 gt LMFP
Solid-State Capacity Project
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Source: Various news articles linked above
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Lithium Manganese Oxide (LMO) Basic Information

« LMO has better thermal
stability compared to
NMC and NCA

« LMO-based batteries
have longer cycle life

» Good power density for
EVs and power tools

« Cost-efficient in
production due to low
manganese cost

LMO *Manganese is more
abundant and less toxic
than cobalt

« LMO is one of the more
promising materials for
solid-state batteries

« High efficiency at
low cost

Source: Battery Report 2023 (pa130),

« LMO has lower energy
density compared to
NMC and NCA

« Lower charge cutoff
voltage at 4.2V

« LMO batteries may have
a higher rate of
self-discharge

« LMO may suffer from
capacity fade and and
poor efficiency at high
power

« Relatively poor
performance at low
temperatures

«Over long cycles,
capacity fade occurs
due to structural
degradation

* LMO batteries balance
cost and performance,
potentially leading to
more affordable EVs
LMO is more sustainable
and requires no cobalt
LMO stability could be
interesting for
solid-state batteries
Partnerships with OEM
could increase LMO
adoption

The rise of electric two
wheelers, light vehicles,
and drones presents an
opportunity for LMO
technology

» Rapid advances in
more mature
chemistries, such as
NCA, NMC and
L(M)FP

With consumer
demand for long-range
EVs, higher energy
CAM, such as NMC or
NCA might outpace
LMO

L(M)FP has lower
costs and better
thermostability and
performance

Since manganese is
more abundant, its
extraction might lead
to greater
environmental impact
and pollution

VOLTA
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Lithium manganese oxide (LMO):
Originating from John B. Goodenough's
group, LMO emerged into the market in
early 1990s and was used in earlier
generations of the Nissan Leaf.

Advantage: LMO's advantages lie in its
cost-effectiveness, safety, and
environmental benefits, as well as the fact
that it avoids the use of scarce and
expensive materials, such as cobalt or
nickel.

LMO does not current have a big market
share: LMO suffers from short cycle life
due to high self-discharge rate and
capacity fade over many charge/discharge
cycles, caused by manganese dissolution
and structural degradation. However, some
companies have been able to manage this
issue with a variety of techniques.
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https://volta.foundation/battery-report-2023

Stabilization Of The LMO (LiMnZO
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4) Spinel Structure

Cation and anion substitution may enhance LMO CAM performance:

introduced a novel
multi-substituted spinel by partially replacing manganese (Mn**) with
titanium (Ti**) and oxygen (0%7) with sulfur (S*7) at specific sites. This
approach stabilized the structure by mitigating Jahn-Teller distortion and
maintained capacity integrity throughout the spinel's operational lifespan [1].

issued a patent proposing substitution of lithium (Li*) with an alkaline or
alkaline-earth cation M™ (e.g. n = 1: Na* or K* or n = 2: Mg?* or Sr?*), (Mn**)
with a group 13 element M'™* (such as B3* or AI**) and oxygen (0%7) with an
anion dopant X (such as F~ or CI~ or SO,? ) in L, MM, M 0, o X, t0
improve cycle life by stabilizing the splnel structure and reducmg Mn
dissolution [2].

improved cycle life and increased the
capacity of LMO CAM by introducing non-metallic elements, such as boron
(B%*) and phosphorus (P%*), into interstitial sites. Boron doping stabilizes the
crystal structure, leading to a longer battery life. Phosphorus increasing
battery capacity by allowing more Li* storage, which leads to higher energy
density [3].

Source: [1] O. Nyamaa et. al. Mater. Adv., 2024,5, 2872-2887; [2] WO patent 2024147993A1; [3] Toyota Central R&D Labs
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Jupiter Mines extracts and
sells manganese ore from
South African Tshipi Borwa
mine and exploring
techniques for refining it into
battery-grade Mn material

&= NPTERMNESLTD

Ghana Manganese
Company Ningxia and
Tianyuan Manganese
Industry Group form $450M
joint venture for Mn refinery

Cp ®Fiueen

Talent New Energy claims
to set a new record in
energy density, offering
>1300 mile range with a new
all-solid-state battery using
a lithium-rich manganese
based cathode

- AMEEEN
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Tesla patents new “doped
manganese-rich cathode
active materials” with better
cycle life and reduced Mn
dissolution

T
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South32 receives $166M
U.S. DoE grant for Hermosa
Clark project in Arizona to
support development of
commercial-scale
manganese production

Manganese X Energy
plans to become first
mining company in
North America for
sustainable high-purity
Mn for EV batteries

£
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e il

manganese
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Calix Ltd. produces a novel
LMO CAM using Calix flash
calcination. CXL LMO/Li metal
shows reversible capacity of
10OmAh/g with 86% capacity
retention over 500 cycles

Qycalix

Source: Various news articles linked above

Stratus Materials
announces a key
performance milestone for
LXMO™ pouch cells,
surpassing 1k full DoD
cycles with >80% of initial
capacity

@) sTRATUS

Giyani Metals receives 15-year
mining license to Kgwakwe Hill,
Botswana for battery-grade

Eirebird Metals receives
permission to operate its
battery grade manganese
sulphate and tetroxide plant in
Jinshi, Hunan, China, targeting
late 2025 for production

= FIREIED MITALS
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Mn Battery Minerals
Pty Ltd plans to
become a global
producer of High
Purity Manganese
Sulphate Monohydrate

S

MN

Giyani Metals reports
progress on commissioning
demo plant of battery grade
manganese ore in
Johannesburg, South Africa
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Lithium Manganese Nickel Oxide (LMNO) Basic Information

« LMNO has higher energy
density than LMO,
approaching that of NMC
and NCA

« Could be used in
long-range EVs and high
performance consumer
electronics

« LMNO offers better
thermostability than
other high-energy CAM

« Higher charge voltage
cutoff at 4.7 V

« LMNO-based batteries
exhibit good cycle life,
with minimal capacity
fade over many
charge/discharge cycles

LMNO

« Growing demand for
mid/long range EVs

» Thermostability and long
cycle life are advantages
for BESS

« |deal candidate for next
generation of solid-state
batteries

» Good choice for
electric aviation,
drones and lightweight
mobile applications

« Mitigate supply chain
risk from cobalt

« Lower capacity than
NMC-based cathodes

« Voltage instability at high
charge rates

« Higher production cost
than for LFP or LMO

« Difficult manufacturing
process requires
precise control of
material composition

« Poor performance at low
temperatures compared
to LIM)FP

« LMNO can suffer from
Mn dissolution and
structural degradation
during cycling

« Lack of low cost
electrolytes stable at
LMNO's charge voltage

Source: Battery Report 2023 (pg130),Battery Talk: Battery Application Break Down 1/01/2025 (Version 3.0

NMC has higher energy
density and L(M)FP has
lower production cost
Alternative Cobalt-free
chemistries such as
L(M)FP could offer
superior performance at
lower costs

Due to advances in
solid-state batteries, other
CAM may become more
competitive

Increasing demand for
nickel in battery
manufacturing could
reduce
cost-effectiveness of
LMNO

VOLTA
VF: Fji')?,.l‘-’l;ﬁ.f‘-.‘ ION

Lithium manganese nickel oxide
(LMNO): LMNO emerged as
advanced version of LMO CAM. With
the addition of nickel, it offers a
higher energy density and higher
cutoff voltage than LMO (4.7 V vs.
4.2°V),

Development of LNMO technology:
Began in the mid-2000s, but still
exists primarily in cell prototypes and
not currently used in EVs. However,
growing concerns about the
sustainability of cobalt mining and
supply chain risks may speed up its
adoption.

Key players: This technology may
soon be implemented in mid/long
range EVs, lightweight aviation,
drones and BESS. Morrow batteries,
Topsoe and NanoOne are aiming to
commercialize LMNO technology.
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LMNO vs. LMO

In LMNO compared to LMO, Mn is partially replaced by Ni

Incorporating Ni into the system raises the redox voltage, resulting in

increased overall energy density

° LMNO offers a higher energy density, typically around 180-200 Wh/kg,
whereas LMO possess a moderate energy density 140-160 Wh/kg

e | MNO has a higher cutoff voltage of 4.7 V, whereas LMO has a cutoff
voltage of 4.2 V

e | MNO has improved low-temperature performance compared to LMO

Ni/Mn ratio in LMO (cell voltage, practical capacity, energy density)

LMO (0% Ni) 30% Ni 50% Ni 70% Ni 80% Ni LNO (100% Ni)
40V 4.3V 4.7V 4.8V 4.9V 4.4V

120.0 mAh/g 170.0 mAh/g 200.0 mAh/g 220.0 mAh/g 230.0 mAh/g 250.0 mAh/g
180.0 Wh/kg 230.0 Wh/kg 300.0 Wh/kg 330.0 Wh/kg 360.0 Wh/kg 380.0 Wh/kg

Source: K. Mukai et al. RSC Adv., 2013, 3, 11634-11639 BATTERY REPORT 2024 | P. 230
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Topsoe inaugurates LNMO
CAM pilot in Frederikssund,
Denmark with designed
capacity of 200 t/year

TOPSOE

Echion Technologies and
Topsoe published a white
paper on high performance
3V LNMO-XNO™ cell system

L ECHION TOPSOE

Morrow Batteries opens

Norway's largest battery
research center in Grimstadt,
Norway

MORHOW

COBRA project concludes by
producing a prototype
featuring an LNMO cathode
and Si/C anode

-
2]

South 8 Technologies’s
LiGas® liquefied gas
electrolyte named to TIME's
Best Inventions of 2024 for
improving safety, cost, and
performance of LiB cells

_4SOUTH B

V r_— VOLTA
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Morrow Batteries
receives $131M loan
for scale-up and
development of LFP
and LNMO
chemistries

MORHOW

South 8 Technologies
develops LiGas®
liquefied gas
electrolyte and
demonstrates full
compatibility with 4.6V
LNMO batteries

_4SOUTH B

Echion Technologies and
Morrow Batteries sign
multi-year supply agreement
for XNO™ anodes to be used
in Morrow's LNMO-X
technology

FECHION

MORHOW

Source: Various news articles linked above

3beLiEVe Project
demonstrates recycling
process for LNMO cells

‘-

3BEL.IE'L

conRa

IREC and Topsoe collaborate
on developing aqueous
processable LNMO materials
and electrodes

torsoe |RECY

HyList project receives
funding from Horizon Europe
to develop Generation 4b
all-solid-state LiB based on
LNMO CAM

HyLiST

ety

a Mo ey

Nano One secures 11 new
patents in 2024, including on
One-Pot synthesis of LNMO
CAM
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Anode Summary And Key Points 2024

In 2024, graphite remains the primary anode material due to its affordability, reliability, and dominance in the global supply chain. However,
research is heavily focused on developing silicon-based anodes for higher energy density, either for blending with or replacing graphite
anodes. While silicon offers a much higher capacity, its large volume expansion during lithium insertion poses challenges like cracking and
pulverization. This requiring solutions such as nanostructuring, advanced binders, and optimized electrode designs to enable practical
application in commercial cells.

Key points about lithium-ion battery anodes in 2024:

Graphite is still the most commonly used anode material due to its affordability and reliable performance. Global supply
is heavily dependent on China which represents 70% of natural graphite production and 90% of processing capacity.

Silicon-based anodes have gained significant attention due to their potential for much higher energy density
compared to graphite, but without the safety concerns of lithium metal or the cost and manufacturing complexities of solid-state lithium
metal.

Companies are actively developing and patenting silicon-based anode technologies to address the challenges of silicon
anodes, including volume expansion during charging, with nano-structuring, incorporating binders and conductive additives, and optimizing
electrode and cell design.

Graphite supply and availability concerns have sparked initiatives to expand graphite production outside of China and
brought focus on building out the supply chain for alternatives anode materials (e.g., silicon, lithium metal, LTO, and hard carbons).

»¥BENCHMARK Source: Ufine, Benchmark Minerals, Battery Report 2023 (pg133-42), Battery Talk: Battery Application Break Down 1/01/2025 (Version 3.0 P. 234
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Anode Key Performance Metrics

The choice of anode material in lithium-ion batteries is a critical decision that depends on the specific requirements of the application and significantly influences the overall performance,
safety, and cost-effectiveness of the battery. Graphite is a reliable and cost-effective option, while silicon and lithium metal offer higher energy density but face challenges related to stability
and safety. LTO, while lower in energy density, excels in terms of safety and cycle life. Several factors are considered when selecting an anode material:

Anode materials with higher energy
density can store more lithium ions,
resulting in batteries with greater
overall energy storage capacity.
Different materials, such as graphite,
silicon, and lithium metal, offer varying
energy densities, and the choice
depends on the specific application
requirements.

Fast charging involves high charge and
discharge rates, and the anode
material must efficiently facilitate the
rapid movement of lithium ions to and
from the anode, which is an important
metric in applications such as electric
vehicles and consumer electronics.

The number of charge-discharge
cycles a battery can undergo without
significant degradation is crucial for
long-lasting and reliable energy
storage. Anode materials must exhibit
stability and durability over multiple
cycles to ensure the battery's
longevity.

Both the anode and cathode materials
must be compatible to ensure efficient
lithium-ion transport and maximize
battery performance. The overall
electrochemical compatibility of the
materials contributes to the efficiency
and reliability of the battery.

Source: Battery Report 2023 (pg133), Battery Talk: Battery Application Break Down 1/01/2025 (Version 3.0

The cost of materials plays a crucial
role in determining the overall
cost-effectiveness of the battery.
Anode materials should be
economically viable for large-scale
production while maintaining
acceptable performance levels.

The chosen anode material should be
suitable for cost-effective and scalable
manufacturing processes. Ease of
processing and integration into battery
production lines is a practical
consideration for commercial viability.

Safety is a paramount concern in
battery design. Anode materials
should minimize the risk of dendrite
formation, which can lead to internal
shorts, overheating, and potential
safety hazards. Stable anode materials
contribute to the overall safety of
lithium-ion batteries.

There is increasing emphasis on
choosing anode materials that are
environmentally friendly and
sustainable. The industry is exploring
materials that minimize environmental
impact during production, use, and
disposal of lithium-ion batteries.
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Commonly Used Anode Materials & Performance Tradeoffs

Graphite has been the traditional
choice due to its stability,
cost-effectiveness, and
well-established manufacturing
processes.

Description

Widely used in lithium-ion
batteries, stable, low cost, and
exhibits good cycling
performance.

Pro

Limited energy storage capacity,
can hinder the development of
Con high-energy-density batteries.

Source: Ufine, Batter ort 2023 134

Silicon offers higher energy density
than graphite but comes with
challenges related to volume
expansion.

High theoretical capacity, leading to
higher energy density compared to
graphite.

Higher cost than graphite (per kg)
and significant volume expansion
during charge/discharge cycles
leads to mechanical degradation
and reduced cycle life.

LTO offers lower energy density
but longer cycle life.

Exceptional cycle life, high rate
capability, and excellent safety
characteristics.

Lower energy density
compared to graphite and
silicon.

Lithium metal offers the highest
energy density but comes with

challenges related to safety and
cycle life, often due to dendrite

formation.

Highest theoretical capacity,
potentially leading to significantly
increased energy density.

Prone to dendrite formation during
cycling, posing safety risks and
reducing cycle life. Ongoing
research focuses on addressing
these challenges.
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Graphite Basic Technology And Information
Graphite is the industry standard anode active material (AAM) for Li-ion batteries (LIBs)

Graphite, an allotrope of carbon, occurs naturally but can also be synthesized. Lithium ions intercalate into
its layered structure. Fully lithiated graphite (LiC6) offers a theoretical maximum capacity of 372 mAh/g.
Fully processed natural graphite for AAM is called uncoated spherical purified graphite (USPG). Carbon

coating, applied to both natural and synthetic graphite, enhances electrical conductivity, minimizes surface

reactions, and boosts coulombic efficiency during cycling.

Production process: Mining of flake graphite, grinding, beneficiation
(e.g. flotation), purification and spheroidization to produce USPG.

4 Capacity and rate capability can be slightly better than synthetic graphite.

= Mining can cause environmental degradation. Chemical purification (e.g. HF) can be hazardous.

Production process: Carbonaceous precursors (e.g. petroleum coke and
coal tar) are processed at high temperatures and refined.

=+ Cycle life and thermal stability can be slightly better than USPG.

=  Energy-intensive production process. Precursors are byproducts of the petrochemical industry.

Sources: Jakob Asenhaeur et al (2020) The su tory of graphit lithium-ion an: material... Sustainable Energy & Fuels, 4(11), 5387-5416. K Zaghib et al (2003
Purification pr f natural graphite... Journal of Power Sour: 119-121, 8-15. na Jin An et al (2016) The state of understanding of the lithium-ion-battery graphit: i

electrolyte interphase... Carbon, 105, 52-76.
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Leading suppliers of both natural
and synthetic graphite include
BTR, Shanshan and Putailai
(China), Posco (Korea), and
Resonac (Japan).

Blending natural graphite and
synthetic graphite, and
sometimes incorporating a small
amount of silicon monoxide
(SiOx), is common. Other forms
of silicon, blended with graphite
or as a replacement, are in
limited use but under extensive
development.
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Major Graphite AAM Producers
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POSCO diversifies Automakers win Graphite One links Aurubis and Talga to NOVONIX and PowerCo SE
graphite supply for extension on use of Alaska to EV industry develop battery-grade sign binding offtake
battery anodes Chinese graphite in EV recycled graphite agreement
tax credits
Urbix graphite processing NOVONIX and Stellantis
facility selected by US DoE sign binding offtake
for $125 million funding agreement
negotiation under
POosCO Geophite One (51 Bipartisan Infrastructure NOVONI®
Law
i Panasonic Energy signs UP Catalyst secures Northern Graphite and UP Catalyst sets a new
Panasonic  5grcement for synthetic graphite additional €2.3 Million to Rain Carbon announce industry standard for
for EV batteries accelerate scale-up of agreement to jointly low-emission, high purity
battery raw material develop natural graphite carbon nanotubes and
... NMG to supply GM with graphite production from CO, battery anode material battery-grade graphite
- anode material for EV battery emissions
= production
NOETHERN m
Wearaver ¢ Wesrwrsr

Source: Company announcements (each linked in source) P. 239
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https://www.northerngraphite.com/northern-graphite-and-rain-carbon-announces-agreement-to-jointly-develop-natural-graphite-battery-anode-material/
https://www.northerngraphite.com/northern-graphite-and-rain-carbon-announces-agreement-to-jointly-develop-natural-graphite-battery-anode-material/
https://upcatalyst.com/up-catalyst-sets-a-new-industry-standard-for-low-emission-high-purity-carbon-nanotubes-and-battery-grade-graphite/
https://upcatalyst.com/up-catalyst-sets-a-new-industry-standard-for-low-emission-high-purity-carbon-nanotubes-and-battery-grade-graphite/
https://upcatalyst.com/up-catalyst-sets-a-new-industry-standard-for-low-emission-high-purity-carbon-nanotubes-and-battery-grade-graphite/
https://upcatalyst.com/up-catalyst-sets-a-new-industry-standard-for-low-emission-high-purity-carbon-nanotubes-and-battery-grade-graphite/
https://upcatalyst.com/up-catalyst-sets-a-new-industry-standard-for-low-emission-high-purity-carbon-nanotubes-and-battery-grade-graphite/
https://www.novonixgroup.com/novonix-and-powerco-agreement/
https://www.novonixgroup.com/novonix-and-powerco-agreement/
https://www.novonixgroup.com/novonix-and-powerco-agreement/
https://www.novonixgroup.com/novonix-and-stellantis-sign-binding-offtake-agreement/
https://www.novonixgroup.com/novonix-and-stellantis-sign-binding-offtake-agreement/
https://www.novonixgroup.com/novonix-and-stellantis-sign-binding-offtake-agreement/
https://hamburg-business.com/en/news/aurubis-and-talga-develop-battery-recycling-for-graphite
https://hamburg-business.com/en/news/aurubis-and-talga-develop-battery-recycling-for-graphite
https://hamburg-business.com/en/news/aurubis-and-talga-develop-battery-recycling-for-graphite
https://www.urbix.inc/post/urbix-graphite-processing-facility-selected-by-us-doe-for-125-million-funding-negotiation
https://www.urbix.inc/post/urbix-graphite-processing-facility-selected-by-us-doe-for-125-million-funding-negotiation
https://www.urbix.inc/post/urbix-graphite-processing-facility-selected-by-us-doe-for-125-million-funding-negotiation
https://www.urbix.inc/post/urbix-graphite-processing-facility-selected-by-us-doe-for-125-million-funding-negotiation
https://www.urbix.inc/post/urbix-graphite-processing-facility-selected-by-us-doe-for-125-million-funding-negotiation
https://www.urbix.inc/post/urbix-graphite-processing-facility-selected-by-us-doe-for-125-million-funding-negotiation
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Lithium Metal History - The Progenitor Of Lithium-lon

Lithium metal anodes have a long history as in rechargeable batteries, offering an

(3,862 mAh/g) and low electrochemical potential, making them attractive . Early
research in the 1970s and 1980s focused on their potential in lithium-based batteries, but these efforts were hindered by ,
primarily the growth of dendrites—needle-like lithium deposits that form during repeated charge-discharge cycles. These dendrites can
pierce the separator, leading to short circuits and thermal runaway, posing significant risks. As a result, the development of lithium-ion
batteries (Li-ion), which use graphite anodes, gained momentum in the 1990s. While graphite offers lower energy density (372 mAh/qg), its
stability, safety, and longevity made it the standard for commercial applications, enabling the widespread adoption of portable electronics
and electric vehicles (EVs).

In recent years, due to the growing demand for batteries with higher energy density
. Advances in materials science and battery design have led to innovations aimed at
mitigating the safety and stability challenges of lithium metal. Techniques such as solid-state electrolytes, protective coatings, and
advanced separators are being developed to suppress dendrite formation and enhance cycle life. The lithium metal anode's
makes it a key focus for next-generation battery research. Its successful integration
into solid-state batteries and lithium-sulfur systems would represent a major step forward, signaling a shift in the lithium-ion industry toward
higher-performance solutions while addressing long-standing challenges like safety and scalability.

Source: Lithium Metal Anodes in Solid-State Batteries, high safety Li-metal anodes, safer lithium metal batteries P. 240


https://link.springer.com/article/10.1007/s41918-024-00230-z
https://pubs.rsc.org/en/content/articlelanding/2020/cs/c9cs00636b
https://www.oaepublish.com/articles/energymater.2023.24
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Lithium Metal Anode Basic Technology And Information

«High energy
density

« Lightweight

«Enables other
advanced battery
chemistries, such
as solid-state and
lithium-sulfur

LI METAL

« Limited cycle life

« Cost (higher)

«Low Coulombic
efficiency

« Manufacturability
of lithium metal

« Safety (dendrite
formation and high
reactivity)

« Demand for high
energy density
batteries

» Aerospace

« High-end automotive

« Defense-related
applications (drones)

« Advancements in
solid-state
technology

« Competition from
other technologies
(NMC/silicon
batteries) and next
gen chemistries such
as metal-air or lithium
sulfur

« Safety regulations

«Increasing lithium
costs and supply
chain concerns

Source: Lithium Metal Anodes in Solid-State Batteries, high safety Li-metal anodes, safer lithium metal batteries, Battery Report 2023 (pg 140-142)
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Lithium metal anodes offer extremely high energy
density due to lithium's low weight and high
theoretical capacity. However lithium metal
technology faces major challenges, primarily
related to safety. Lithium metal anodes are prone to
dendrite formation during charging, which can
cause short circuits, thermal runaway, and fires.
Additionally, their reactivity with electrolytes can
reduce cycle life and efficiency.

Compared to traditional graphite anodes used in
lithium-ion batteries, lithium metal anodes can
theoretically delivery much higher capacity but are
significantly less stable and more challenging to
commercialize. When compared to silicon anodes,
lithium metal offers higher capacity but lags in
safety and durability. In contrast to lithium-sulfur
batteries, which may use lithium metal anodes,
these batteries share similar safety concerns but
can provide lower production costs and weight
advantages. Many companies are working or have
worked to mitigate the safety challenges inherent
to lithium metal anodes, using techniques such as
solid state materials, electrolyte design, protective
coatings, and dendrite suppression.

p. 241


https://link.springer.com/article/10.1007/s41918-024-00230-z
https://pubs.rsc.org/en/content/articlelanding/2020/cs/c9cs00636b
https://www.oaepublish.com/articles/energymater.2023.24
https://volta.foundation/battery-report-2023
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Manufacturers Who Have Announced Or Plan To Work With Lithium Metal
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AUTOMOTIVE MANUFACTURERS
LITHIUM METAL PRODUCERS BATTERY MANUFACTURERS INTERESTED
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Sion Power raises $75M in
early stage funding round,
led by LG Energy Solutions.

= Sion Power

SLAC publishes a study on
atomic-scale calender aging

mechanisms for lithium-metal

anodes, highlighting the
electrolyte design as a key
factor.

ol AL
- P

Adden Energy demonstrates
<10 min fast charge of
lithium-metal battery at room

temperature in a lab-scale cell..

PowerCo & Quantumscape
announce joint venture to
manufacture solid-state
lithium metal batteries.

Pawerco

Li-Metal announces
proposal to delist from the
Canadian Stock Exchange,
amidst “challenging market
conditions.”

LimETAL
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Lyten announces
acquisition of Cuberg
production facilities in
San Leandro, CA to
build a 200 MWh
lithium-sulfur
production facility,
commercial in 2025.

24M announces
Eternaltye, an
electrolyte formulated
for lithium-metal, with
improved cycle life
and rate capability.

246

SES Al to begin developing
B-samples in accordance
with Hyundai Motors and Kia
JDA. The B-sample line will
build cells for Urban Air
Mobility.

®SES

Source: Various news articles linked above

SK On announces a gel
polymer electrolyte that can
facilitate lithium metal
performance at room
temperature, with good fast
charging and cell safety.

sr?’

0D Adden

SES Al's 100Ah cell passes
GB38031-2020, China's EV
battery safety standard.

Cuberg, a Northvolt
subsidiary, shuts its doors as

tech is transferred to Sweden.

& CUBERG

GQ:)ntumS(ope

Lyten announces plan for
world's first lithium-sulfur
gigafactory near Reno,
Nevada, commercial in 2027,
using a lithium-metal anode.

T LY TEN

Techno-economic analysis
of lithium-metal anodes
suggests that thermal
evaporation, compared to
extrusion and atomic layer
deposition, is a more
economically-viable method
for producing lithium metal
anodes at scale.

P. 243


https://www.reuters.com/technology/battery-startup-sion-power-raises-75-mln-funding-round-led-by-lg-energy-2024-01-24/
https://www.businesswire.com/news/home/20240513532541/en/Adden-Energy-Announces-World%E2%80%99s-Fastest-Lithium-Metal-Battery-Has-Achieved-Breakthrough-Low-Temperature-Performance
https://finance.yahoo.com/news/li-metal-announces-intention-voluntarily-223000405.html
https://pv-magazine-usa.com/2024/11/18/californian-lithium-sulfur-battery-maker-lightens-the-load-for-northvolt/
https://ir.quantumscape.com/resources/press-releases/news-details/2024/PowerCo-and-QuantumScape-Announce-Landmark-Agreement-to-Industrialize-Solid-State-Batteries/default.aspx
https://sustainability.stanford.edu/news/first-closeups-how-lithium-metal-electrode-ages
https://www.businesswire.com/news/home/20240424554153/en/SES-AI-Hyundai-Motor-and-Kia-Agree-to-Enter-the-Next-Phase-of-Their-Joint-Development-Contract
https://lyten.com/2024/10/15/lyten-announces-plans-to-build-the-worlds-first-lithium-sulfur-battery-gigafactory-in-nevada/
https://skinnonews.com/global/archives/18283
https://www.nature.com/articles/s41560-024-01676-7#Sec6
https://24-m.com/eternalyte-press-release/
https://investors.ses.ai/news/news-details/2024/SES-AIs-100-Ah-Li-Metal-Is-First-to-Successfully-Pass-the-Global-Electric-Vehicle-EV-Safety-Standard-Test-GB38031-2020/default.aspx
https://www.reuters.com/business/autos-transportation/battery-maker-northvolt-shift-rd-california-sweden-2024-08-20/
https://24-m.com/
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Silicon Basic Technology And Information
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Engineered silicon increases anode specific capacity as a blend with or replacement for graphite in Li-ion batteries (LIBs)

Lithium is a metal that forms an alloy with silicon. Fully lithiated silicon (Li15Si4) has a theoretical maximum capacity of 3,572 mAh/g—29.6 times that of

graphite. However, silicon undergoes up to 400% volume expansion when lithium is inserted. Volume expansion and contraction during cycling can cause

mechanical degradation and capacity fade. Materials engineering strategies aim to curb these issues, though often with a compromise in capacity compared

to silicon’s theoretical maximum.

Production process: Vaporizing Si and SiO2 then condensing; and ball milling Si and SiO2 powders.
+ Established production methods and in widespread use for several years.

= Limited to < 10% in the anode for reasonable cycle life.

Production process: CVD of silane to form nano-silicon particles in engineered carbon structures.
+ Structures are designed to restrain volume expansion and degradation.

— Energy cost of thermal process required to produce the carbon micro-structures.

Production process: Grinding MGS (for p Si); and CVD of silane on current collector or in graphite (for n Si).

+ No inactive anode material means higher specific capacity.

= Potential for volume changes and degradation.

Sources: Mazir Ashuri et al (2023) Silicon oxides for Li-ion battery anode... Journal of Power Sources, 559. Iwamura, S. et al (2015) Li-Rich Li-Si Alloy as a

Lithium-Containing... Sci Rep, 5, 8085. Zhang et al (2023) Recent advances of SiOx-based anodes... Nano Research Energy, 2(3). Zuo, Xiuxia et al (2017) Silicon based

lithium-ion battery anodes... Nano Energy, 31(1), 113-143. P.U. Nzereogu et al (2022) Anode materials for lithium-ion batteries... Applied Surface Science Advances, 9.

Leading suppliers of SiOx include Daejoo
Electronic Materials (Korea), BTR (China),
and Shin-Etsu Chemical (Japan).

Silicon is considered to be the most
promising anode material for LIBs due to
its very high theoretical capacity. R&D to

mitigate the capacity fade problem

continues, e.g. with composites,
micro-structures, nano-structuring, and
coatings.

p. 244


https://www.sciencedirect.com/science/article/abs/pii/S0378775323000356
https://www.nature.com/articles/srep08085%23:~:text=For%20example%2C%20silicon%20(Si),developed7%2C8%2C9%2C
https://www.nature.com/articles/srep08085%23:~:text=For%20example%2C%20silicon%20(Si),developed7%2C8%2C9%2C
https://www.researchgate.net/publication/370563732_Recent_advances_of_SiOx-based_anodes_for_sustainable_lithium-ion_batteries
https://zenodo.org/records/1197134
https://zenodo.org/records/1197134
https://www.sciencedirect.com/science/article/pii/S2666523922000253
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From Sand To MGS And Silane To Silicon Anodes

Essential in semiconductor and PV manufacturing, MGS and silane are increasingly used in Li-ion battery (LIB) anodes

o
SIO, {quartz) Metallurgical-grade silicon (MGS) Silane (.4
Launc iy Todi v ¥ sand g iy ~ Coloress, v raphork, towc 3as ) b
Cin O R i Mt H Cloanmal v L ——— =
miucbios padunc hoam with g degzaareun (VD) Ddr e Coeductiog servcardictiog Semiconductor
H 1. : vl srwdtm g propenbes

Si and Si0, thin films

Salar
(A" 1)
nsS
Fngmsmad C o OVD
S.-( Pl Chw g Capecaly
Sl ming
WSl
Yaporgason/condensyor & Eal midng S g 902 - T ‘_'-,‘:
# S0x
Li-icn battery
Smelting quartz to produce MGS Si anode materials

Sources: Favors, 7. et al (2014) Scalable Synthesis of Nano-Silicon from Beach Sand for Long Cycle Life Li-ion Batteries, Sci Rep, 4, 5623. Zuo, Xiuxia et al (2017) Silicon based
lithium-ion battery anodes... Nano Energy, 31(1), 113-143. P.U. Nzereogqu et al (2022) Anode materials for lithium-ion batteries... Applied Surface Science Advances, 9. Elkem p. 245
2023) From quartz to silicon to silicones. Mazir Ashuri et al (2023) Silicon oxides for Li-ion battery anode... Journal of Power Sources, 559



https://www.nature.com/articles/srep05623
https://zenodo.org/records/1197134
https://zenodo.org/records/1197134
https://www.sciencedirect.com/science/article/pii/S2666523922000253
https://magazine.elkem.com/material-science-insights/from-quartz-to-silicon-to-silicones
https://magazine.elkem.com/material-science-insights/from-quartz-to-silicon-to-silicones
https://www.sciencedirect.com/science/article/abs/pii/S0378775323000356

| CHEMISTRY | ANODE |

VOLTA
VF F(‘)i,.l*-’l;fi;l‘:.? ION

Silicon Anode Players Continue Development, Qualification, Scale-Up, And Production (10f 2)

The top 10 include anode active material (AAM) manufacturers and battery manufacturers with proprietary silicon

AAM or Battery

HQ

Year Founded
Employees

Type

Total $ Raised
Funding Stage, Date
Valuation / Market Cap

Technology Approach

Application(s) Targeted

GROUPIE ENCVIX * Sila

AAM Battery AAM
Woodenville, WA Fremont, CA Alameda, CA

2015 2007 20M
350 561 409

Startup Public NAS:ENVX Startup

$683M $616M $1,310M

PE Growth, Sep 2023 PIPE, Jul 2021 Series G, Jun 2024
$3,000M $2,100M $1,970M

Thick silicon, stacked and
constrained

Silicon encapsulated in

) Nano-composite silicon
hard carbon matrices P

EV, consumer electronics EV, energy storage Consumer electronics, EV

4y storeDot

Battery
Herzliya, Israel
2012
140
Startup
$191M
Series E, not listed
$1,270M

Silicon-based anode,
layered structure

EV

Sources: Top 20 by post-money valuation found in Pitchbook (Jan 2025). Crunchbase, DealRoom and company websites. Excluding large, established AAM and battery

manufacturers with an interest in Si.

GPENEVATE

Battery
Irvine, CA
2005
76
Startup
$202M
Series E, 2021
$501M

Silicon-dominant anode,
porous

EV

p. 246
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Silicon Anode Players Continue Development, Qualification, Scale-Up, And Production (2 of 2)

7 of the top 10 are headquartered in the western US

OneD R

AAM or Battery AAM Battery

HQ Palo Alto, CA Fremont, CA

Year Founded 2013 2008
Employees 45 84
Type Startup Public NYSE:AMPX

Total $ Raised $99M $305M

Funding Stage, Date Series C, Jun 2023 PO, Jun 2022
Valuation / Market Cap $366M $360M

Silicon nanowires in Silicon nanowires on

[EC SO d VIS BRISEEY graphite particles current collector
Application(s) Targeted EV Aviation
Others in Top 20 SICONA ~ NEC (e

NANO

Lz

nexeon Zhitefiarrery
AAM AAM
Abingdon, UK Jinhua, China
2006 2018
108 Not listed
Startup Startup
$99M $197M

PE Growth, Aug 2022 Series D1, Aug 2024

$352M $197M

Silicon nano-particles in
carbon matrices

Silicon-based powders,
porous

EV, wearable, medical

¢maﬂam

Consumer electronics, EV

Sources: Top 20 by post-money valuation found in Pitchbook (Jan 2025). Crunchbase, DealRoom and company websites. Excluding large, established AAM and battery

manufacturers with an interest in Si. Others in top 20 are in order of valuation found in Pitchbook (Jan 2025).

g\ GruEnergy

AAM
San Jose, CA

2017
43

Startup
$20M

Series A3, Mar 2023
$120M

Silicon-carbon composite,
coating

Consumer electronics, EV

&) galien

p. 247


https://pitchbook.com/profiles/
https://pitchbook.com/profiles/
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Prelithiation Of Silicon Anodes

Prelithiation is a process that adds lithium directly to silicon anodes in
lithium-ion batteries to compensate for lithium loss during first cycle
loss. This process can improve the battery's energy density, cycle
life, and rate performance.

Silicon anodes offer much higher energy density than traditional
graphite, but their high capacity leads to extensive lithium
consumption during the formation of the solid electrolyte interphase
(SEl) and structural instability due to volumetric expansion.
Prelithiation compensates for this loss by introducing lithium to the
anode before the first charge, ensuring the cathode retains more of
its potential capacity. Techniques for prelithiation include chemical
methods, electrochemical deposition, and the use of lithium-rich
additives. While effective in improving energy density and cycle life,
challenges remain in scaling the process, such as high costs,
ensuring safety, and managing the reactivity of lithium during
production.

Sources: Prelithiation Effects, Pre-Lithiation of Silicon Anodes, Prelithiation strategies
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BENEFITS OF PRELITHIATION

Prelithiation can improve the energy
density of the battery.

Prelithiation can improve the
battery's cycling stability.

Prelithiation can reduce side reactions
between the anode and electrolyte.

: Prelithiation can prevent the silicon-based
particles from breaking and pulverizing.

p. 248


https://pubs.acs.org/doi/10.1021/acsaem.3c00713
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/adfm.202201455
https://www.sciencedirect.com/science/article/pii/S2468025722001273
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Prelithiation Of Silicon Anodes - Methods

v
In-situ prelithiation: This method places an ultra-thin layer of lithium foil on the e ka9
bottom of the anode during battery fabrication. . T

Dng corset vy

Direct contact prelithiation: This method involves adding lithium directly to the = I UAN

anode. = l ‘m ' | o i e vk
Thermal evaporation: This method uses thermal evaporation of lithium metal to ’ ‘-"‘"’“’"’“
prelithiate the anode. Aboa e swn sbuing Srevirad wwalegy
Transfer printing: This method uses electrodeposition equipment to produce I s TRANSFER PRINTING

relithiated anodes. .
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https://pubs.acs.org/doi/10.1021/acsaem.3c00713
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/adfm.202201455
https://www.sciencedirect.com/science/article/pii/S2468025722001273
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Notable Events
Industry Value Chain
Finance
Costs
Cell & Pack Manufacturing
Applications
Electric Vehicles (EV)
Battery Energy Storage Systems (BESS)

Other
Safety
Legal
Cathode
Anode
Solid State

Lithium - Sulphur
Non-Lithium Chemistries
Supply Chain & Raw Materials
Recycling & Reuse
Software

P. 250
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Electrolyte - The Adaptable Battery Material Unlocking Cost, Performance, and Safety Potential

Liquid electrolytes in lithium-ion batteries facilitate the transport of lithium ions between the cathode and anode. Electrolytes are optimized for ionic
conductivity, thermal/voltage stability, and compatibility with electrode materials. Well-designed electrolytes form a stabilizing SEI on the electrodes that
protect the electrodes while allowing ions to pass freely through both the SEl and electrolyte.

Salts

Solvents

Additives
(<~10% by
weight)

Source: 1. Electrolytes and Interphases in Li-lon Batteries and Beyond, Kang Xu, Chemical Reviews. 2014. Link

Add conductivity to
allow for ion
transport.
Decomposition
products can
participate in SEl
formation.

Medium for ion
conduction, wets
separator and
electrodes.
Participates in SEI
formation.

Tune performance.
Modify SEl, enable
greater stability,
suppress gas
formation, etc.

Higher conductivity and solubility increase rate
capability, a key aspect for high power or fast charge.
Thermal and electrochemical stability can decrease
Li* inventory and affect lifetime. Lithium salts are a
major cost component of most conventional
electrolytes.

Viscosity and freezing point: Higher viscosity slows
ion conduction, which worsens with lower
temperature, decreasing rate capability. Solvation:
Solvents are chosen to increase ionic conductivity
and solubility. Solvent blends must also efficiently
de-solvate ions at the electrode surface. Compatibility
with electrode materials.

Compatibility: Careful balancing of cell chemistry with
the needs of the application. Additives often enhance
one aspect of performance while negatively affecting
another. Concentration: additives are often help form
the SEI, but overly thick SEl layers can deplete Li
inventory and decrease rate performance.

LiPF,: most common due to its solubility, stability, and cost. Highly moisture sensitive, releasing deleterious fluoride. Degrades
>60 °C and >4.3-4.5V. LiFSI, LiTFSI are favored for greater stability (thermal and electrochemical) and higher conductivity but
cost prohibitive.

Less common: LiBF ,(lower conductivity). LiCIO,, (good conductivity, oxidizer), LiAsF (high conductivity and stable, toxic and
expensive), LINO3 (Li metal stabilizer, safety concerns). Good SEI formers, stable, expensive: LiBOB, LiDFOB, LiPF,0,. Salts are
used in low concentrations as additives to offset downsides.

Carbonates: most common for cost, compatibility with common active materials, and ability to solvate salts. Solvent blends
include: Cyclic: EC (high freezing point, graphite stabilizer), FEC (adds F~ to SEI, enables Si anodes).) Linear: DMC (improves
viscosity and conductivity), DEC (enhances low temperature performance), EMC (similar to previous with lower volatility),
fluorinated (emerging, more expensive but enables high voltage).

Esters (MP, EA, etc.) and Ethers (DME, DOL, glymes) have good compatibility with Li metal but high flammability. Nitriles
(acetonitrile, succinonitrile, etc.) have improved high temperature performance as well and a broader voltage window with
some concerns related to toxicity and reactivity with other components.

Additives span a wide range of chemistries and often contain multiple functional groups: Unsaturated additives are the
prototypical (VC, VEC) and undergo electroreduction to form SEl at the anode and it is generally accepted that they play a role
at the cathode as well. FEC is often used as an additive to add LiF to SEI.. Fluorination of molecules containing other functional
groups is also common.

Sulfur-containing additives such as PS or DTD can form an advanced SEl and improve the stability of the system. Toxicity and

regulatory concerns sometimes limit use. Phosphorous compounds mitigate flammability at high concentrations but can form
too thick SEls. Nitriles and isocyanates form films often applicable to high voltage.
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https://pubs.acs.org/doi/10.1021/cr500003w
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24M (US) unveils
Eternalyte designed for
improved cycle life and
rate capability in Li metal
batteries.

24

India's GECL announces
LiPFg plant intended to be
operational by end of
year.

China's Al start-up Chemix in the U.S.
Do-Fluoride forms | announces $20M Series A
joint venture with | toward data-driven electrolyte
Soulbrain to deliver | development.

LiPFg salt.

US-based Koura
announces expansion
of custom electrolyte
business with low lead
time after beta testing.

OFD

. chemix

Source: Various news articles linked above

South8's LiGas (US)
demonstrates LMNO
electrolyte that improves
the historical challenge
with high voltage
breakdown.

_4SOUTH B

Asahi Kasei (Japan)
announces
acetnitrile-based
electrolyte promising
excellent "ultrawide
temperature”
performance.

AsahiKASEI

Sepion Technologies

publishes video of its new

electrolyte with a

self-extinguishing time "25x

better than commercial
electrolytes”.

&y serion

U.S. startup Eeon
announces $6.1 seed
funding for advanced
electrolyte discovery and
UN 38.3 certification of
their Li metal batteries.

v Feon

German E-lyte announces
opening of first electrolyte
plant in Germany capable of
producing 20 KT per year.

EXYTE

VOLTA
FOUNDATION

VF

The South Korean material
company, EnChem will be
supplying 70% of the
electrolyte spent at AESC's
factory in Orda City.

enchem

Mitsubishi announces recycling pilot with
partner T2M that includes electrolyte

recovery from EV batteries.

S FUSO
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https://cen.acs.org/business/investment/Japans-Ube-studies-US-plant/100/i25
https://www.yicaiglobal.com/news/chinas-do-fluoride-to-team-with-south-koreas-soulbrain-to-add-battery-material-output
https://www.kouraglobal.com/orbia-fluor-energy-materials-scales-up-custom-electrolyte-production-strengthens-u-s-supply-chain-for-lithium-ion-batterie
https://www.webwire.com/ViewPressRel.asp?aId=320895
https://www.asahi-kasei.com/news/2024/e240607.html
https://www.prnewswire.com/news-releases/feon-energy-secures-6-1m-seed-round-for-electrolyte-innovation-and-achieves-un-38-3-certification-for-li-metal-batteries-302183796.html
https://www.mitsubishi-fuso.com/en/news-main/press-release/2024/09/10/mftbc-to-build-pilot-facility-for-recovering-materials-from-ev-batteries/
https://e-lyte.de/e-lyte-opens-first-german-production-plant/
https://www.thelec.net/news/articleView.html?idxno=5057
https://24-m.com/eternalyte-press-release/
https://www.gfl.co.in/upload/pages/eb3a47e3b29519eae0830d753c4eb478.pdf
http://source/
https://www.businesswire.com/news/home/20240430847880/en/Sepion-Advances-EV-Battery-Safety-with-AI-Driven-Non-Flammable-Electrolyte
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Electrolyte Types And Research Areas

In the electrolyte industry, technological advancements look toward overcoming key battery challenges: liquid electrolyte reactivity, temperature

performance and lifetime of Li-ion; enabling emerging anodes (Si, Li metal, “anode free").

Borrowing from non-liquid technologies:

All solid-state batteries are a significant industry
thrust and are covered elsewhere, but semi-solid
gels (polymer + liquid electrolyte) and liquified gases

are being commercialized.

Expanding molecular library:

Following the existing model for liquid electrolyte,

advancements focus on discovery of new
molecules to add to the blend.

Advancing salt chemistry:

LiPF4is the most commonly used electrolyte salt, but

modifying concentration or chemistry to enhance
performance.

Liquified gas: South8's LiGas, named Times' best
invention of 2025, non-toxic gases have a reduced fire
risk and high rate capability (low viscosity + high
conductivity).

-

Al Discovery: Companies such as Chemix or Sepion
use Al and machine learning to discover new battery
materials.

High salt concentrations: SES advertises "salt in
solvent” electrolytes (shown left) with high salt
concentrations, promising higher Coloumbic efficiency
and enabling lithium metal cells with a liquid electrolyte.
PNNL popularized localized high concentration
electrolytes (LHCEs) which use a second solvent
(diluent) where the salt is poorly soluble to achieve a
similar effect. This concept is moving to industry, such
as Giner Inc's advertised development work.

Semi-solid and gel electrolytes: A step toward solid polymer
electrolytes, a polymer matrix is saturated with liquid (solvent +
salt). They are less flammable and often have higher temperature

stability. Like solid electrolytes, ionic conductivity is lower

compared to traditional liquids and advancements often seek to
increase conductivity In Li metal cells, they exhibit less dendrite

formation. Source

24M, Anthro Energy, QuantumScape, and others use gel polymers.
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Nitrile chemistry: Recently several companies have announced nitrile solvents and
additives. Asahi Kasei announced acetonitrile as a solvent to widen the optimal temperature
range for electrolytes. Tesla publishes nitrile sulfites in a 2019 patent with Prof. Jeff Dahn
while Sila publishes a 2023 patent. Ascend Performance materials manufactures Trinohex
Ultra (shown on the left), a tritrile additive after winning a challenge with Samsung in 2021.

Dual salt electrolytes: While LiPF is cost effective, adding secondary salts in the electrolyte

improves performance while mitigating the the cost or solubility challenges with more
appealing options. Several publications and patents*2 mention the concept and several

industrial electrolyte suppliers offer dual salt options.

lonic liquids (ILs) show promise for their stability and non-flammability, but cost and

viscosity limit their utility. Recently, IL have been used as additives or cosolvents to balances

to advantages against these challenges. Source
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https://www.sciencedirect.com/science/article/abs/pii/S2352152X21003984
https://www.asahi-kasei.com/news/2024/e240607.html
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2019241869&tab=PCTBIBLIO
https://patents.google.com/patent/US20230238581A1/en
https://www.greencarcongress.com/2021/08/20210806-ascend.html
https://www.mdpi.com/2073-4360/15/4/803
https://time.com/7094815/south-8-ligas/
https://time.com/7094815/south-8-ligas/
https://24-m.com/technology/
https://www.anthroenergy.com/technology
https://www.bestmag.co.uk/quantumscape-and-vw-commercialising-solid-state-battery-technology/
https://economictimes.indiatimes.com/industry/renewables/ai-powered-ev-batteries-the-next-welcome-change/articleshow/109572894.cms?from=mdr
https://www.evdesignandmanufacturing.com/news/new-liquid-electrolyte-can-reduce-risk-severity-fires-ev-batteries/
https://web.stanford.edu/group/cui_group/papers/1-s2.0-S2542435121005870-main.pdf
https://patents.google.com/patent/WO2022124985A1/en
https://patents.google.com/patent/US20200220220A1/en
https://www.ses.ai/li-metal-batteries
https://www.pnnl.gov/available-technologies/localized-high-concentration-electrolytes-stable-cycling-electrochemical
https://www.ginerinc.com/electrolyte
https://www.ginerinc.com/electrolyte
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Key Players In Li-lon Battery Electrolytes
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Battery Separator Types And Technologies

Lithium-ion battery separators physically separate the positive and negative electrodes while allowing the transport of lithium ions. The most commonly used
lithium-ion battery separators are typically made of polyolefin materials (typically PE or PP) coated with ceramic. There are many other different types of
separators used in lithium-ion batteries with different performance traits and trade offs., and are broadly categorized below.

Polyolefin Polyethylene (PE) and/or polypropylene (PP) Polyolefin separators are widely used due to their cost-effectiveness, chemical stability, and ease of
manufacturing. They are commonly found in commercial lithium-ion batteries

Ceramic-Coated Polyethylene or polypropylene separators Ceramic-coated separators provide enhanced thermal stability and safety. The ceramic layer helps prevent
with a ceramic coating thermal runaway by inhibiting the growth of internal shorts and dendrites

Composite Combination of different polymers, ceramics, Composite separators leverage the strengths of multiple materials to achieve a balance of properties, mainly to
or other materials add electrochemical stability, prevent shorts, and inhibit growth of lithium dendrites.

Microporous Often composed of polyethylene or Microporous separators have a porous structure, allowing for efficient ion transport while maintaining good
polypropylene with added fillers or ceramic mechanical strength. The addition of fillers or ceramic coatings can enhance thermal stability and reduce the risk
coatings of thermal runaway

Glass Fiber Glass fibers combined with a polymer matrix Glass fiber separators offer good mechanical strength and can be used in high-temperature applications. They are

known for their resistance to puncture and excellent thermal stability

Nonwoven Fabric Nonwoven materials made of synthetic fibers Nonwoven fabric separators provide good mechanical strength and are often used in flexible and lightweight
battery designs. They can offer flexibility and conformability to different battery shapes

Composite Membrane Combination of polymer and ceramic Composite membrane separators aim to provide a balance between mechanical strength, thermal stability, and ion
materials conductivity. They are designed to enhance safety and performance in lithium-ion batteries

Sources: Celgard, Sepion, Review on Lithium-lon Battery Separators, 24M, Battery Report 2023 (pg 132) P. 255


https://www.celgard.com/storage/components/celgard-battery-separator-brochure_2026.pdf
https://sepiontechnologies.com/transition-metal-blocking/
https://www.mdpi.com/1420-3049/26/2/478
https://www.businesswire.com/news/home/20240910403110/en/24M-Unveils-New-Test-Data-for-the-24M-Impervio%E2%84%A2-Battery-Separator-Highlighting-Breakthrough-Innovation-to-Reduce-Battery-Fires
https://volta.foundation/battery-report-2023
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Development Focuses In Separators
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The separator is a thin membrane that electronically isolates the positive and negative electrodes while providing a porous medium for ion transport via the
electrolyte. It can also serve safety functions like slowing dendrite penetration to the opposing electrode and, in the event of a short, slowing thermal

runaway.

Areas of technology development in 2024 included wettability, ion selectivity, and safety.

demonstrates a separator with improved

wettability vs typical controls, potentially
decreasing required cell soak time.

Sources: Celgard, Sepion, 24M
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Key Players In Li-lon Battery Separators
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https://entek.com/
https://sepiontechnologies.com/
https://www.asahi-kasei.com/
https://www.toray.com/global/
https://www.sumitomo-chem.co.jp/english/
https://www.skinnovation.com/
https://www.semcorp.com/
https://www.freudenberg.com/
https://24-m.com/
https://www.celgard.com/
https://global.hengli.com/
https://www.senioreurope.com/
https://www.sinomatech.com/
https://www.zimt.com.cn/
https://www.ube.com/ube/en/contents/chemical/battery_materials/separator.html
https://magnera.com/
https://www.ahlstrom.com/
https://www.gessner-filtration.com/
https://soteriabig.com/
http://www.gellec.com/English/
http://www.hqnem.com/
https://www.linkedin.com/company/pulead-technology-industry-co-ltd-/about/
http://www.cz-mz.com/
http://www.htldgm.cn/
http://www.lanketu.com/
https://www.quantumscape.com/
https://microporous.net/
https://microporous.net/
https://noco-noco.com/
https://www.gnem.com/
https://prologium.com/
https://metamaterial.com/
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SK ie technology explores
Canada for battery separator
manufacturing plant. Ontario
and Quebec are under
consideration.

S e

noco-noco and Neogen
Chemicals Ltd signs 3-year
marketing and distribution
license for X-SEPA™ battery
separators in India

CD(%V%“

Green New Energy Materials
to build a first U.S. $140M
battery separator
manufacturing facility in
Denver, North Carolina

%D GNem.

[T
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ENTEK receives a conditional
$1.2B loan for EV battery
separator manufacturing plant
in Terre Haute, Indiana, U.S.

< ENTEK

24M unveils new tested data
for the transformative
battery separator Impervio™
that could significantly
improve battery safety
during overcharge

24
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Asahi Kasei
Corporation breaks
ground on $1.6B Li-ion
battery separator
manufacturing plant in
Port Colborne, Ontario,
Canada

Asah I KASE)

Trent Capital
Partners acquires full
control of battery
separator company

Microporous.

s 4 L Pan

M MICROPOROUS

Honda had reached a basic
agreement with Asahi Kasei
Corporation on collaboration
for the battery separators
production in Canada

HONDA

AsahIKASE!

Source: Various news articles linked above

Prologium delivers 8k
samples of Li-ion ceramic
solid state battery of
Logithium™ technology with
innovative ceramic separator.

Prd.oglf"ll.

Semcorp completes the first
construction phase of wet Li
battery separator production
plant in Debrecen, Hungary.

SEMCORP

QuantumScape releases
Cobra, new-generation
equipment for ceramic
solid-state battery separator

Sepion Technologies
secures $17.5M to build
battery separator
manufacturing plant in

Western Sacramento, production
California, U.S.

e
'6’ sEnieN QuantumScope
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https://www.businesswire.com/news/home/20240910403110/en/24M-Unveils-New-Test-Data-for-the-24M-Impervio%E2%84%A2-Battery-Separator-Highlighting-Breakthrough-Innovation-to-Reduce-Battery-Fires
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https://www.businesswire.com/news/home/20240910403110/en/24M-Unveils-New-Test-Data-for-the-24M-Impervio%E2%84%A2-Battery-Separator-Highlighting-Breakthrough-Innovation-to-Reduce-Battery-Fires
https://www.businesswire.com/news/home/20240910403110/en/24M-Unveils-New-Test-Data-for-the-24M-Impervio%E2%84%A2-Battery-Separator-Highlighting-Breakthrough-Innovation-to-Reduce-Battery-Fires
https://www.asahi-kasei.com/news/2024/e241118.html
https://www.asahi-kasei.com/news/2024/e241118.html
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https://www.asahi-kasei.com/news/2024/e241118.html
https://www.reuters.com/business/autos-transportation/entek-gets-conditional-12-billion-us-loan-ev-battery-separator-plant-2024-07-09/
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https://www.reuters.com/business/autos-transportation/entek-gets-conditional-12-billion-us-loan-ev-battery-separator-plant-2024-07-09/
https://ir.noco-noco.com/news-releases/news-release-details/noco-noco-and-neogen-forge-strategic-partnership-unleash-x
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https://ir.noco-noco.com/news-releases/news-release-details/noco-noco-and-neogen-forge-strategic-partnership-unleash-x
https://global.honda/en/newsroom/news/2024/c240425beng.html
https://global.honda/en/newsroom/news/2024/c240425beng.html
https://global.honda/en/newsroom/news/2024/c240425beng.html
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https://www.businesswire.com/news/home/20241002491036/en/Sepion-Technologies-Secures-17.5-Million-to-Build-Advanced-Battery-Separator-Manufacturing-Facility
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https://www.businesswire.com/news/home/20241002491036/en/Sepion-Technologies-Secures-17.5-Million-to-Build-Advanced-Battery-Separator-Manufacturing-Facility
https://www.eenewseurope.com/en/prologium-details-solid-state-battery-as-it-readies-production/
https://www.eenewseurope.com/en/prologium-details-solid-state-battery-as-it-readies-production/
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Key Trends Of The Current State Of The Solid-State Battery Industry

Almost all the automotive OEMs are actively participating in ° There is no consensus on the
the solid-state battery race with varying strategies: electrolyte to be used, although
polymers have achieved the
e In-house research in SSB (e.g. Toyota) highest level of maturity.
Significantly, there is a growing
° Strategic partnerships with SSB companies (e.g. Nio trend towards employing
with WeLion) semi-solid polymer electrolytes
to enhance workability with the
° Direct investments in one (e.g. BMW, Ford, cathode
Stellantis) or multiple SSB companies (e.qg.
Mercedes, Hyundai, Kia) ° Notably, there is a substantial
focus on Sulfide SSBs in the
e  Publicly disclosed mixed strategy, combining Asia-Pacific region

in-house development with investments in other
companies (e.g. Honda)

Source: Company Announcements and News Reports,Battery Report 2023 (pg 158-165
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The majority of startups in this sector

were founded between 2010 and

2016 and are now either public or in

the late stages of investments

Several companies have recently

announced pilot scale lines opening

in January 2025 (e.g.
Hyundai/SES-AI, Honda)

The Start of Production (SOP) for
most players is forecasted or

announced to be between 2025 and

2030
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Types of Solid Electrolytes

Solid-state batteries differ from classical lithium-ion batteries due to their use of a solid
electrolyte. However, a consensus on the preferred chemistry for the solid electrolyte
has not been reached, as each type comes with distinct pros and cons.

The two most common families of electrolyte used are:

(including Oxides and Sulphides)
(solid, composite, or gel; the latter often referred to as a semi-solid
electrolyte)

Key properties of a good solid-state electrolyte include high ionic conductivity, a robust
electrode-electrolyte interface, high thermal and electrochemical stability, the ability to
suppress dendrites, high processability, and low manufacturing cost.

Ceramic electrolytes exhibit high ionic conductivity and mechanical strength but suffer
from poor interfacial properties. Their rigid nature also In contrast, organic polymers
boast good interfacial properties but struggle with low ionic conductivity and
mechanical strength.

So far, polymers have achieved a higher level of technology readiness owing to their
superior processability.

Source: BatteryBits,Battery Report 2023 (pg 158-165)
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https://medium.com/batterybits/a-brief-introduction-to-solid-state-batteries-37ee3eeb6587
https://volta.foundation/battery-report-2023
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Manufacturing Differences With Respect To Traditional Li-lon With Liquid Electrolyte

CHEMISTRY ANODE PRODUCTION CATHODE PRODUCTION SEPARATOR PRODUCTION CELL ASSEMBLY

Li-ion with Liquid Electrolyte

Oxide Solid State Battery

Sulfide Solid State Battery

Polymer Solid State Battery

Anode slurry mixing and coating,

drying, calendering

Lithium foil extrusion, calendaring,

lamination

Lithium foil extrusion, calendaring,

lamination

Lithium foil extrusion, calendaring,

lamination

Cathode slurry mixing and

coating, drying, calendering

Cathode slurry mixing and

coating, drying, LT sintering

Cathode slurry mixing and

coating, drying, calendering

Extrusion, calendaring

Extrusion process, can be both

dry and wet

Slurry mixing and coating, HT

sintering, lamination, LT sintering

Slurry mixing and coating, drying,

calendering

Extrusion, calendering

Stacking, packaging, electrolyte

filling and degassing, aging

Stack pressing, aging

Stack pressing, aging

Stack pressing, aging

Key Manufacturing
Differences

Source: Fraunhofer IS

Remarkable difference in
comparison to Li-ion, primarily
attributed to the extrusion
process of the lithium metal foil.
Notably, the process for Si-based
anodes is more akin to traditional
Li-ion methods.

For Oxide and Sulfide, the
cathode undergoes a process
similar to traditional Li-ion, but
solid electrolyte particles are
mixed in the slurry. Additionally,
Oxide SSBs need the expensive
sintering step. On the other hand,
Polymer SSBs necessitate
extrusion.

In Oxide and Sulfide SSBs, the
wet processing of the separator
markedly differs from the
traditional extrusion process
employed in Li-ion batteries.

Unlike Li-ion batteries, SSBs do
not require electrolyte filling and
degassing, marking one of the

distinctive advantages of SSBs.
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https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2022/SSB_Roadmap.pdf
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Solid-state batteries share common components with liquid electrolyte-based ones but differ in resource demand due to the choice of
solid electrolyte and anode materials. There are two main distinctions: the inclusion of new metals in the electrolyte and the increased

lithium content.

Source: Fraunhofer ISI

The inclusion of new metals like lanthanum, germanium, or
zirconium in solid-state batteries sets them apart from
traditional lithium-ion batteries:

. Zirconium is common and poses no significant
supply chain issues. (present in oxide solid
electrolyte)

o Lanthanum, while abundant among rare earth
metals, could face increased demand with growing
SSB adoption. (present in oxide solid electrolyte)

. Germanium, being relatively scarce and costly, may
not be suitable for widespread use in batteries.
(present in oxide and sulfide solid electrolyte)

Regarding lithium demand:

Cathode materials show no major changes
compared to those in conventional lithium-ion
batteries

Noteworthy changes occur in the electrolyte, with a
solid electrolyte resulting in an average additional
demand for lithium ranging from 10 to 20 g/kWh
compared to liquid organic electrolytes

Lithium metal in the anode demands an additional
lithium content, roughly equivalent to the transition
from a liquid to solid electrolyte. The additional
amount varies depending on the anode thickness
and the excess lithium added to the cell to improve
its performance
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https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2022/SSB_Roadmap.pdf
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Solid State Batteries - Latest Developments
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2024 was dominated by news of announced solid state battery production facilities
beginning to ramp up production of A and B sample cells.
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MARCH

ships six-layer
Alpha-2-sample cells to their
OEM partners with larger cathode

JUNE

Eactorial delivers B- sample cells to
Mercedes-Benz, less than 1 year
after delivering their A-Sample cells

OCTOBER

Stellantis announces a demo fleet of Dodge
Chargers on the road by 2026
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Prologium inaugurates the
world's first GWh-level solid
state lithium ceramic battery
factory, with mass production
planned for 2027

)

ProlLogmum

e —

JANUARY

Source: Company Announcements and News Reports, Battery Report 2023 (pg 158-165

Hyundai announces a new
B-sample factory in South
Korea to begin SSB
production in 2024 (now
Jan. 2025)

APRIL

Boston-based lonic
Materials declares
bankruptcy after 12 years
in business

R ONC

malerie

JUNE

STELLANTIS

024——()—(24 2024 O

Honda announces a pilot
scale SSB factory /
demonstration line opening in
January 2025.

H)

NOVEMBER
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https://volta.foundation/battery-report-2023
https://prologium.com/prologium-opens-the-worlds-first-giga-level-solid-state-lithium-ceramic-battery-factory/
https://theevreport.com/ses-ai-advances-with-hyundai-and-kia
https://global.honda/en/newsroom/news/2024/c241121eng.html
https://www.theverge.com/2024/10/23/24277832/dodge-charger-ev-semi-solid-state-mercedes-stellantis-demo-2026
https://www.canarymedia.com/articles/climatetech-finance/the-cleantech-companies-that-didnt-make-it-through-2024#:~:text=Ionic%20Materials%2C%20a%2040%2Dperson,Renault%2C%20Nissan%2C%20and%20Mitsubishi
https://electrek.co/2024/03/27/quantumscape-delivers-alpha-2-solid-state-prototypes-ev-automakers/
https://www.businesswire.com/news/home/20240605083004/en/Factorial-Delivers-B-Samples-of-Lithium-Metal-Solid-State-Battery-Cells-to-Mercedes-Benz
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Main Solid State Players

AMERICAS EMEA ASIA-PACIFIC
[ wwveconnent || QMg || & R Salurians || BASQUECT Brotogum || GTDIK || 72 2usan
EREEE || 10N° [ uemsre lika | 1T=n [57) o | svorr
24 || mscacrower || s Adden coimes || LionVolt {2 Panasonic || HONDA
m = TNIURGE @_s_:g © LiNa Enverpy & storecon _;“;: G HYUNDRAL || 800 by schioson
Fowerca “a souwis CATL
ELECTROLYTE CHOICE o~ #m
OXIDE UNDISCLOSED [ POLYMER ]
SULPHIDE SEMI-SOLID

Source: Pitchbook, Crunchbase, Company Announcements, and News Reports
Note: $10M in funding has been chosen as the threshold for the map
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Main Solid State Players And OEM Investments

The solid-state battery industry has seen significant investment and growth, with diverse electrolyte technologies and notable funding milestones
achieved by both established players and emerging startups. We include here only companies mainly focused on solid state batteries.

COMPANY ELECTROLYTE TECHNOLOGY LAUNCH DATE FUND, STAGE NOTABLE OEM INVESTORS

Blue Solutions Polymer Solid Electrolyte 1998 $496M - Public oo
llika Oxide Solid Electrolyte 2004 $30M - Public -
Ensurge Oxide Solid Electrolyte 2005 $180M - Public @/
Prologium Oxide Solid Electrolyte 2006 $538M - Series E &
QuantumScape Oxide Solid Electrolyte 2010 $1.58 - Public @
24m Semi-Solid Electrolyte 2010 $185M - Series H @
Solid Power Sulfide Solid Electrolyte 20m $387M - Public (@ @ S SO W
Iten Oxide Solid Electrolyte 20Mm $110M - Series C -
Source: Dealroom, Crunchbase, Pitchbook BATTERY REPORT 2024 | P. 266

Note: $10M in funding has been chosen as the threshold for the table


https://dealroom.co/
https://www.crunchbase.com/
http://my.pitchbook.com/
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Main Solid State Players And OEM Investments Cont.

The solid-state battery industry has seen significant investment and growth, with diverse electrolyte technologies and notable funding
milestones achieved by both established players and emerging startups. We include here only companies mainly focused on solid state batteries.

SES Semi-Solid Electrolyte 2012 $600M - Public o ALA HONDA (4| @LG P el
StoreDot Semi-Solid Electrolyte 2012 $190M - Series D ‘. Plivind \/ 1L G OLAELECTRIC
Factorial Energy Polymer Solid Electrolyte 2014 $240M - Series D .',& L E * e
$46M - Series
Blue Current Polymer Solid Electrolyte* 2014 -
Unknown
lon Storage Systems Oxide Solid Electrolyte 2015 $85M - Debt Financing '\:)
Sakuu Undisclosed 2016 $84M - Series C -
Svolt Sulfide Solid Electrolyte 2016 $2.9B - Series B B xiaomi
Welion Semi-Solid Electrolyte 2016 $287M - Series D B xiaomi ve
Tailan New Energy Oxide Solid State Electrolyte* 2018 $55M - Series B (V]

*Composite Electrolyte

Source: Dealroom, Crunchbase, Pitchbook

Note: $10M in funding has been chosen as the threshold for the table

{


https://dealroom.co/
https://www.crunchbase.com/
http://my.pitchbook.com/
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Main Solid State Players And OEM Investments Cont.

The solid-state battery industry has seen significant investment and growth, with diverse electrolyte technologies and notable funding milestones
achieved by both established players and emerging startups. We include here only companies mainly focused on solid state batteries.

COMPANY LAUNCH DATE FUND, STAGE NOTABLE OEM INVESTORS

LionVolt Oxide Solid Electrolyte 2020 $20M - Series A
Solivis Sulfide Solid Electrolyte 2020 $19M - Series B
Solithor Oxide Solid Electrolyte 2021 $10M - Seed
Soelect Polymer Solid Electrolyte 2021 $13M - Series A VENTURES
Adden Energy Undisclosed 2021 $20M - Series A
BasqueVolt Polymer Solid Electrolyte 2022 $30M - Seed
Riieg; Dealioa, Crunahioase. Bilchibogk BATTERY REPORT 2024 | P. 268

Note: $10M in funding has been chosen as the threshold for the table


https://dealroom.co/
https://www.crunchbase.com/
http://my.pitchbook.com/
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Lithium-Sulfur Battery - Basic Information

7 e Cost e Cycle life

= e Safety e Energy density

= e Specific energy e Battery supply

5 e Abundance of chain

Y= sulfur e Power

5; e Difficult to read
state of charg

S

2

e

&=

|

e Low/ mid-range
/entry-level EV's

e e-Bus

e e-Trucking

e Cost sensitive
applications

NMC/high-voltage
LNMO

Na-ion battery
Regulations on
energy density and
pack cycle life
Increasing material
cost
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In 2024, lithium-sulfur (Li-S) batteries
remained a promising technology for
next-generation energy storage, with
advancements addressing key challenges
such as the "shuttle effect" and limited
cycle life. Efforts included improved
cathode designs, advanced electrolytes,
and nanostructured sulfur materials to
enhance stability and energy density.

Li-S batteries offer significant advantages,
including higher theoretical energy
density, reduced weight, and
cost-effectiveness due to the abundance
of sulfur. They are particularly attractive
for applications requiring lightweight
energy storage, such as drones, aviation,
and long-range electric vehicles.

However, Li-S batteries face competition from established lithium-ion chemistries, such as lithium iron phosphate (LFP), which offer better cycle life, safety,
and proven scalability, albeit with lower energy densities. Additionally, lithium-metal batteries present another competitive technology, boasting comparable
energy densities but facing challenges related to dendrite formation and safety. Despite these competitors, ongoing research and industry partnerships signal

that Li-S batteries could become a key player in the future of sustainable energy storage.

Source: Reuters, ,Argonne, UFine ,Battery Official Battery Report 2023 (pg 143-146
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https://www.reuters.com/business/autos-transportation/stellantis-zeta-energy-agree-jointly-develop-lithium-sulfur-ev-batteries-2024-12-05/
https://www.anl.gov/article/unlocking-the-potential-of-lithiumsulfur-batteries?utm
https://www.ufinebattery.com/blog/lithium-sulfur-battery-vs-lithium-metal-battery-what-is-the-difference/
https://volta.foundation/battery-report-2023
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Lithium-Sulfur Battery Bill Of Materials

MATERIAL CAPACITY/( VOLTAGE TAP DENSITY
ACTIVE PROPERTIES mAh/g) RANGE (V) (g/cm?) CYCLELIFE PROSPECTS & CHALLENGES

Safety is better relative to conventional Li-ion
Sulfur Carbon 1100 - 1674 1.5-3.0 0.3-0.7 50-300 - Voltage window prohibitive to pack design
« Poor volumetric energy density due to tap density
Cathodes SPAN/Inverse »  Poor volumetric and gravimetric energy

Vulcanization 800 -600 2.5 04-06 100-600 « Limited power density due to nominal voltage

« High moisture sensitivity leads to higher costs

Lithium Sulfide 1000 - 1166 1.5-3.0 0.3-0.7 50-300 . X
«  Poor volumetric energy due to tap density
Silicon 3000 - 4200 031 0.8-1.0 100-1000 + Poor volumetric energy due to tap density
« Feedstock limits costs & quality
Anodes . o .
Lithium/ Lithium 3200 - 3800 0-02 0.5-0.7 50-600 *Need to manage high volume change
Alloy « Limited cycle life reported
INACTIVE MATERIAL PROPERTIES DESCRIPTION PROSPECTS & CHALLENGES
Ether based LiTFSI salt in ethers / fluoro Ethers solubility allows for a broad use of additives and salts for anode stability
ethers «  Ethers dissolve active CAM material within the cell
Electrolyte ) ) S
Carbonate based LiPF, salt in chllc/Lmear « Good oxidative stability, but need to manage gas generation/accumulation
carbonate mixtures
. ’ e At< 1V aluminum will react with Lithium
Current Aluminum Foil Used at Cathode «  Weight of Al significant vs cathode loading
Collector . . ) ,
Copper Foil Used at Anode Copper weight is a significant impact on overall cell weight

« Due to chemistry window - Copper should be ok at OV

Sources: 1. Yao, A. Benson, S.M., Chueh, W.C. How quickly can sodium-ion learn? Assessing scenarios for technoeconomic competitiveness against lithium-ion batteries.
arXiv::2403.13759v3 (2024) ; 2. Shanghai Metals Market (SMM). Metals.com. ; 3. Omenya, A. Sodium-lon Battery Development. DOE-OE Peer Review (2024). ; 4. Lee, J. Low Cost BATTERY REPORT 2024 | P. 271
Sodium-lon Battery to Enable Grid Scale Energy Storage: Prussian Blue-Derived Cathode and Complete Battery Integration; 2013.
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Lithium-Sulfur - A Geographically Agnostic Battery Chemistry

US, EU
China (99%)
Rest of World
China (60%) US, EU
China Rest of World US, EU, AU
China Rest of World US, EU, AU

*** Sodium lon is highly dependent on which cathode/anode pairing.
*** Certain cathode/anode pairings supply chain is heavily leaned towards china

Source: Reuters, ,Argonne, UFine Battery Official Battery Report 2023 (pg 143-146 p. 272



https://www.marketresearchfuture.com/reports/nickel-manganese-cobalt-battery-market-25825#:~:text=Global%20Nickel%20Manganese%20Cobalt%20Battery,(USD%20Billion)%20by%202032.
https://www.fortunebusinessinsights.com/lithium-ion-li-ion-phosphate-batteries-market-102152
https://www.fortunebusinessinsights.com/sulfur-market-102143
https://www.glass-international.com/features/a-global-overview-of-the-soda-ash-market#:~:text=Soda%20ash%20plays%20a%20key,and%2034%25%20in%20the%20US.
https://www.reuters.com/business/autos-transportation/stellantis-zeta-energy-agree-jointly-develop-lithium-sulfur-ev-batteries-2024-12-05/
https://www.anl.gov/article/unlocking-the-potential-of-lithiumsulfur-batteries?utm
https://www.ufinebattery.com/blog/lithium-sulfur-battery-vs-lithium-metal-battery-what-is-the-difference/
https://volta.foundation/battery-report-2023
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Vast Abundance Of Sulfur Is Key To Addressing Long Term Battery Supply Chain Challenges

Source: Reuters, ,Argonne, UFine Battery Official Battery Report 2023 (pg 143-146)

Sulfur : 70M Tons
Lithium:15M Tons

Sulfur & Lithium or decentralized by region. It is globally available in
each country at varying quantities

Sulfur naturally exists in abundant forms, such as elemental sulfur
and sulfide minerals, and is often obtained as a byproduct of fossil
fuel refining and natural gas processing. Its established role as a raw
material commodity reduces processing requirements, making it an
efficient and cost-effective resource for industrial applications like
sulfuric acid production and fertilizer manufacturing.

Lithium-Sulfur batteries adopt manufacturing methods identical to
lithium ion, allowing immediate scalability compared to other
emerging next generation technologies. Although lithium handling
removes mixing, coating, calendering process for anode

Common advantages: Low temperature operation, 0% or 100% SOC,
storage/transport, High Energy, Low Cost, Material Availability

Common disadvantages: Lower power density vs lithium ion, higher
near-term costs, lower nominal voltage, uncertainty around safety
and manufacturing claims.
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https://onlinelibrary.wiley.com/doi/abs/10.1002/aenm.202001274
https://www.reuters.com/business/autos-transportation/stellantis-zeta-energy-agree-jointly-develop-lithium-sulfur-ev-batteries-2024-12-05/
https://www.anl.gov/article/unlocking-the-potential-of-lithiumsulfur-batteries?utm
https://www.ufinebattery.com/blog/lithium-sulfur-battery-vs-lithium-metal-battery-what-is-the-difference/
https://volta.foundation/battery-report-2023
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Lithium-Sulfur Battery Players By Region
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Zeta Energy awarded US Department of Energy US startup Lyten to invest over Lyten acquires Cuberg's Lyten secures $650M LOI from
grant for $4 million project to advance $1 bIn in Nevada lithium-sulfur facility to boost US the Export-Import Bank of the

higher-performing, domestic Lithium-Sulfur battery factory

Lithium-Sulfur battery United States in support of
batteries for greater range in EVs production for drone and expanding Lithium-Sulfur battery
defense applications manufacturing in the U.S.
L~ 7N\ 7\ 7\
<‘Zeta LY TEN (LY TEN C"LY TEN
Australia’s Federal Minister for Lyten’s Lithium-Sulfur China's GNE develops Ultra-fast charging Stellantis, Zeta Energy agree to
Industry and Science opens Li-S battery technology chosen lithium-sulfur battery with lithium-sulfur battery is capable jointly develop lithium-sulfur EV
Energy Battery Plant and to be demonstrated on the energy density of 700Wh/kg. of powering long-haul EVs and batteries
announces $AUD1.7M industry International Space Station.

commercial drones
growth program grant

€)Lis O LYTEN < Zeta

Source: Various news articles linked above
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https://dronelife.com/2024/11/13/lyten-acquires-cubergs-facility-to-boost-us-lithium-sulfur-battery-production-for-drone-and-defense-applications/?utm_source=chatgpt.com
https://www.prnewswire.com/news-releases/zeta-energy-awarded-us-department-of-energy-grant-for-4-million-project-to-advance-higher-performing-domestic-lithium-sulfur-batteries-for-greater-range-in-evs-302057838.html?utm_source=chatgpt.com
https://finance.yahoo.com/news/australia-federal-minister-industry-science-130000123.html?guccounter=1&guce_referrer=aHR0cHM6Ly93d3cuZ29vZ2xlLmNvbS8&guce_referrer_sig=AQAAAF0ykv9Letgcgh1GsadjiKg3V6-Wm8Qi0hqxoVw7Rtfs_5K8WgQirdlo8E8YXdBt-q_MbUSE6r8lA2x6yUF1y3jisqfOTnGC-73VopSLNW6hkr_2GwGSNuIQENGfsELbzQeBlLlkCzNZo_mu-b3naSkBoPYLzz7Cuk_jVEN95LzV
https://lyten.com/2024/09/12/lyten-lithium-sulfur-battery-technology-chosen-to-be-demonstrated-on-the-international-space-station/?utm_source=chatgpt.com
https://www.reuters.com/technology/us-startup-lyten-invest-over-1-bln-nevada-lithium-sulfur-battery-factory-2024-10-15/?utm_source=chatgpt.com
https://www.businesswire.com/news/home/20241218723582/en/Lyten-Secures-650M-LOI-from-the-Export-Import-Bank-of-the-United-States-in-Support-of-Expanding-Lithium-Sulfur-Battery-Manufacturing-in-the-U.S.
https://techxplore.com/news/2024-11-ultra-fast-lithium-sulfur-battery.html?utm_source=chatgpt.com
https://www.reuters.com/business/autos-transportation/stellantis-zeta-energy-agree-jointly-develop-lithium-sulfur-ev-batteries-2024-12-05/?utm_source=chatgpt.com
https://www.pv-magazine.com/2024/10/23/chinas-gne-develops-lithium-sulfur-battery-with-energy-density-of-700wh-kg/?utm_source=chatgpt.com
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Na-ion Form Factors & Reported Energy Densities
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https://www.greencarcongress.com/2023/10/20231030-tiamat.html
https://natron.energy/files/bluepack_critical_datasheet_rev_3.1-1729858597.pdf
https://natron.energy/products/bluetray-4000
https://www.evlithium.com/LiFePO4-Battery/10000cycles-280ah-lifepo4-battery-cell.html
https://selianenergy.com/products/18650-lifepo4-3-2v-2000mah-rechargeable-battery-for-diy-12v-24v-48v-battery-pack-flashlight-power-bank?variant=44044512723177&country=US&currency=USD&utm_medium=product_sync&utm_source=google&utm_content=sag_organic&utm_campaign=sag_organic&com_cvv=8fb3d522dc163aeadb66e08cd7450cbbdddc64c6cf2e8891f6d48747c6d56d2c
https://ecoteardown.top/wp-content/uploads/2024/01/71173204E-220-220Ah-3.1V-Sodium-ion-Na-ion-Prismatic-Battery-Cell-Specification-Datasheet.pdf
https://ecoteardown.top/wp-content/uploads/2024/01/SIB-50160118-75Ah-75Ah-3.0V-Sodium-ion-Na-ion-Prismatic-Battery-Cell-Specification-Datasheet.pdf
https://ecoteardown.top/wp-content/uploads/2024/01/PARAGONAGE46145-19Ah-3.0V-Sodium-ion-Na-ion-Cylindrical-Battery-Cell-Specification-Datasheet.pdf
https://ecoteardown.top/wp-content/uploads/2024/01/PARAGONAGE32140-10Ah-3.0V-Sodium-ion-Na-ion-Cylindrical-Battery-Cell-Specification-Datasheet.pdf
https://www.evlithium.com/hot-lithium-battery/210ah-prismatic-sodium-ion-battery-for-sale.html
https://wis-tek.com/products/sodium-ion-battery-cells-for-sale-3-1v-210ah-eve-lf210k#images-1
https://ogsolarstore.com/products/sodium-ion-cells-3-1v-battery-cell
https://ogsolarstore.com/products/sodium-ion-cells-3-1v-battery-cell
https://www.sunpowernewenergy.com/product/18650-na-ion-battery-nnr1/
https://www.gobelpower.com/29v-200ah-na-sodium-ion-battery-cell_p140.html
http://cetcsolarenergy.com/b&r/sodium-ion_battery.html
https://srikobatteries.com/product/sodium-ion-46145-3-0v-18ah-54wh-5c-rechargeable-battery/
https://sodiumbattery.com/products/3-6v-50ah-sodium-ion-cell-high-performance
https://sodiumbattery.com/products/3-6v-20ah-sodium-ion-cell-ms-sib-p12141240yn-20ah
https://www.linkedin.com/pulse/latest-nfpp-sib-cathode-material-research-update-jerry-jjgzc/?trackingId=M1hkjBPplgPAZK%2FaIvhhXA%3D%3D
https://www.linkedin.com/posts/jerry-wan-sodium-ion-battery-069b41105_highstar-nacp71173208-160e3-nfpp-3v-160ah-activity-7237103550915342336-O5k7?utm_source=share&utm_medium=member_desktop
https://drive.google.com/file/d/1GnuM-ek2kvQSMosKs9tfJwMQeh_ByHeb/view?usp=sharing
https://drive.google.com/file/d/15b_faItA70_TLEHyivFm2WysCGdVx7QF/view?usp=sharing
https://drive.google.com/file/d/1M-EakwHVfF8n_cuuGBhLpVhKjQFX1F1N/view?usp=sharing
https://www.linkedin.com/pulse/180ah-blade-nfpp-sodium-ion-battery-mass-launching-jerry-tuhlc/?trackingId=lS2%2FMXroEUvMQ0vfPC5E5w%3D%3D
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Vast Abundance Of Sodium Is Key To Addressing Long Term Battery Supply Chain Challenges

SOURCES OF ECONOMICALLY RECOVERABLE
SODIUM / LITHIUM. 1

Cile 0,600 &
Argentine 1 TOM

Sodium : 26 Billion Tons
Uthium : 15 Million Tons

Acatrwls 2 00M

$150 to $300/

Sodurn Carboaats

Sources: See references above

$15,000 to $80,000/t

Ut e Codonak

United States holds >90% of world's sodium material reserves.

Sodium naturally exists in Soda ash (NaZCOS) form, and is already an
established raw material commodity, reducing processing
requirements.

Massive abundance & ease of processing translate into 100x lower raw
material prices vs equivalent Li,CO,. Potentially achieving <$40/kWh
at scale.

Sodium ion batteries adopt manufacturing methods identical to lithium
ion, allowing immediate scalability compared to other emerging next
generation technologies.

Common advantages: Low temperature operation, potential for OV or
0% SOC storage/transport, high power / rate, long cycle/calendar life.

Common disadvantages: Lower energy density vs lithium ion, higher

near-term costs, wider voltage ranges, uncertainty around safety
claims.
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https://www.statista.com/statistics/1074019/sodium-carbonate-reserves-worldwide-by-country/
https://carnewschina.com/2023/04/20/catl-and-byd-sodium-ion-batteries-will-be-put-into-a-mass-produced-car-in-q4-2023/
https://www.nature.com/articles/s41560-020-00748-8#citeas
https://onlinelibrary.wiley.com/doi/abs/10.1002/aenm.202001274

BYD breaks ground on
30 GWh sodium battery
plant in cooperation with
Huaihai, making world
largest sodium ion plant.
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Stellantis Invests in
Sodium-lon: announced
plans to fund Tiamat, aiming
to diversify its EV battery

portfolio.

‘-

BYELLANTIN

B sl
P nasls
.
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JAC Motors launches
Sodium-lon EV exports
under its YiWei brand, ships
10,000 vehicles to Latin
America.

South Korean material
giant Ecopro BM to
produce sodium ion
cathodes for a South
Korean carmaker.

Natron Energy announces
plans for $1.4 Billion, 1.2
million sq. ft. Giga-Scale
Sodium-lon battery
manufacturing facility in

CATL launched Freevoy
Super Hybrid Battery,
hybrid vehicle battery to
contain both LFP and
Na-ion chemistry.

V F | VOLTA
FOUNDATION

Chinese EV giant BYD
has launched
sodium-ion grid-scale
BESS product, using its
Long Blade Battery

©@

mus

Pone BT T

Farasis Energy rolls iut
Sodium-lon powered
EV: the JMEV EV3,
offering 250km range
for urban commute.

W

JAC

CATL announced that Chery
Auto would be the first EV

company to use their

mass-produced sodium-ion

batteries.

CATL <>

EcoPro:.

North Carolina.

World's Largest Sodium-lon

battery operational in China:
The Datang Group
announced a 100 MWh
sodium-ion battery system in
Hubei province.

(O] A

AR
Cwdwon ol

nmuon Energy

CATL

Reliance acquires 100% of
UK-based Faradion,
proposed gigafactory as part
of its Dhirubhai Ambani
Green Energy Giga Complex.

o

Retianee

U.S. Department of Ener:
awards $50 million to
establish Na-ion Storage
(LENS) consortium. Led by
DOE's Argonne National
Laboratory.

Argonne &

LI = el
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https://electrek.co/2024/01/05/byd-breaks-ground-first-sodium-ion-ev-battery-plant/
https://electrek.co/2024/01/05/byd-breaks-ground-first-sodium-ion-ev-battery-plant/
https://electrek.co/2024/01/05/byd-breaks-ground-first-sodium-ion-ev-battery-plant/
https://electrek.co/2024/01/05/byd-breaks-ground-first-sodium-ion-ev-battery-plant/
https://electrek.co/2024/01/05/byd-breaks-ground-first-sodium-ion-ev-battery-plant/
https://electrek.co/2024/01/05/byd-breaks-ground-first-sodium-ion-ev-battery-plant/
https://www.batteriesinternational.com/2024/07/12/worlds-largest-sodium-ion-bess-starts-operation/
https://www.energy-storage.news/first-half-world-largest-200mwh-sodium-ion-project-comes-online-china/
https://www.energy-storage.news/first-half-world-largest-200mwh-sodium-ion-project-comes-online-china/
https://www.energy-storage.news/first-half-world-largest-200mwh-sodium-ion-project-comes-online-china/
https://www.energy-storage.news/first-half-world-largest-200mwh-sodium-ion-project-comes-online-china/
https://www.energy-storage.news/first-half-world-largest-200mwh-sodium-ion-project-comes-online-china/
https://www.energy-storage.news/first-half-world-largest-200mwh-sodium-ion-project-comes-online-china/
https://www.farasis-energy.com/en/the-worlds-first-ev-powered-by-farasis-energys-sodium-ion-batteries-rolls-off-the-assembly-line/
https://www.farasis-energy.com/en/the-worlds-first-ev-powered-by-farasis-energys-sodium-ion-batteries-rolls-off-the-assembly-line/
https://www.farasis-energy.com/en/the-worlds-first-ev-powered-by-farasis-energys-sodium-ion-batteries-rolls-off-the-assembly-line/
https://www.farasis-energy.com/en/the-worlds-first-ev-powered-by-farasis-energys-sodium-ion-batteries-rolls-off-the-assembly-line/
https://www.farasis-energy.com/en/the-worlds-first-ev-powered-by-farasis-energys-sodium-ion-batteries-rolls-off-the-assembly-line/
https://www.farasis-energy.com/en/the-worlds-first-ev-powered-by-farasis-energys-sodium-ion-batteries-rolls-off-the-assembly-line/
https://www.electrive.com/2024/02/22/jac-yiwei-starts-first-exports-electric-cars-with-sodium-ion-batteries/
https://www.electrive.com/2024/02/22/jac-yiwei-starts-first-exports-electric-cars-with-sodium-ion-batteries/
https://www.electrive.com/2024/02/22/jac-yiwei-starts-first-exports-electric-cars-with-sodium-ion-batteries/
https://www.electrive.com/2024/02/22/jac-yiwei-starts-first-exports-electric-cars-with-sodium-ion-batteries/
https://www.electrive.com/2024/02/22/jac-yiwei-starts-first-exports-electric-cars-with-sodium-ion-batteries/
https://www.electrive.com/2024/02/22/jac-yiwei-starts-first-exports-electric-cars-with-sodium-ion-batteries/
https://www.businesswire.com/news/home/20240815622233/en/Natron-Energy-Announces-Plans-for-1.4-Billion-Giga-Scale-Sodium-Ion-Battery-Manufacturing-Facility-in-North-Carolina
https://www.businesswire.com/news/home/20240815622233/en/Natron-Energy-Announces-Plans-for-1.4-Billion-Giga-Scale-Sodium-Ion-Battery-Manufacturing-Facility-in-North-Carolina
https://www.businesswire.com/news/home/20240815622233/en/Natron-Energy-Announces-Plans-for-1.4-Billion-Giga-Scale-Sodium-Ion-Battery-Manufacturing-Facility-in-North-Carolina
https://www.businesswire.com/news/home/20240815622233/en/Natron-Energy-Announces-Plans-for-1.4-Billion-Giga-Scale-Sodium-Ion-Battery-Manufacturing-Facility-in-North-Carolina
https://www.businesswire.com/news/home/20240815622233/en/Natron-Energy-Announces-Plans-for-1.4-Billion-Giga-Scale-Sodium-Ion-Battery-Manufacturing-Facility-in-North-Carolina
https://www.businesswire.com/news/home/20240815622233/en/Natron-Energy-Announces-Plans-for-1.4-Billion-Giga-Scale-Sodium-Ion-Battery-Manufacturing-Facility-in-North-Carolina
https://www.businesswire.com/news/home/20240815622233/en/Natron-Energy-Announces-Plans-for-1.4-Billion-Giga-Scale-Sodium-Ion-Battery-Manufacturing-Facility-in-North-Carolina
https://www.catl.com/en/news/6301.html
https://www.catl.com/en/news/6301.html
https://www.catl.com/en/news/6301.html
https://www.catl.com/en/news/6301.html
https://www.catl.com/en/news/6301.html
https://www.catl.com/en/news/6301.html
https://carnewschina.com/2023/04/16/catls-sodium-ion-batteries-will-debut-in-chery-auto-evs/
https://carnewschina.com/2023/04/16/catls-sodium-ion-batteries-will-debut-in-chery-auto-evs/
https://carnewschina.com/2023/04/16/catls-sodium-ion-batteries-will-debut-in-chery-auto-evs/
https://carnewschina.com/2023/04/16/catls-sodium-ion-batteries-will-debut-in-chery-auto-evs/
https://carnewschina.com/2023/04/16/catls-sodium-ion-batteries-will-debut-in-chery-auto-evs/
https://carnewschina.com/2023/04/16/catls-sodium-ion-batteries-will-debut-in-chery-auto-evs/
https://www.electrive.com/2024/06/21/ecopro-to-produce-cathode-material-for-sodium-ion-batteries/
https://www.kedglobal.com/batteries/newsView/ked202406200013
https://www.kedglobal.com/batteries/newsView/ked202406200013
https://www.kedglobal.com/batteries/newsView/ked202406200013
https://www.kedglobal.com/batteries/newsView/ked202406200013
https://www.kedglobal.com/batteries/newsView/ked202406200013
https://www.anl.gov/article/a-new-era-for-batteries-argonne-leads-50m-sodiumion-innovation-push
https://www.anl.gov/article/a-new-era-for-batteries-argonne-leads-50m-sodiumion-innovation-push
https://www.anl.gov/article/a-new-era-for-batteries-argonne-leads-50m-sodiumion-innovation-push
https://www.anl.gov/article/a-new-era-for-batteries-argonne-leads-50m-sodiumion-innovation-push
https://www.anl.gov/article/a-new-era-for-batteries-argonne-leads-50m-sodiumion-innovation-push
https://www.anl.gov/article/a-new-era-for-batteries-argonne-leads-50m-sodiumion-innovation-push
https://www.anl.gov/article/a-new-era-for-batteries-argonne-leads-50m-sodiumion-innovation-push
https://www.ess-news.com/2024/10/30/reliance-new-energy-acquires-sodium-ion-battery-maker-faradion/
https://www.energy-storage.news/byd-launches-sodium-ion-grid-scale-bess-product/
https://www.energy-storage.news/byd-launches-sodium-ion-grid-scale-bess-product/
https://www.energy-storage.news/byd-launches-sodium-ion-grid-scale-bess-product/
https://www.energy-storage.news/byd-launches-sodium-ion-grid-scale-bess-product/
https://www.energy-storage.news/byd-launches-sodium-ion-grid-scale-bess-product/
https://www.energy-storage.news/byd-launches-sodium-ion-grid-scale-bess-product/
https://www.energy-storage.news/byd-launches-sodium-ion-grid-scale-bess-product/
https://www.stellantis.com/en/news/press-releases/2024/january/stellantis-ventures-invests-in-tiamat-and-affordable-sodium-ion-battery-technology
https://www.stellantis.com/en/news/press-releases/2024/january/stellantis-ventures-invests-in-tiamat-and-affordable-sodium-ion-battery-technology
https://www.stellantis.com/en/news/press-releases/2024/january/stellantis-ventures-invests-in-tiamat-and-affordable-sodium-ion-battery-technology
https://www.stellantis.com/en/news/press-releases/2024/january/stellantis-ventures-invests-in-tiamat-and-affordable-sodium-ion-battery-technology
https://www.stellantis.com/en/news/press-releases/2024/january/stellantis-ventures-invests-in-tiamat-and-affordable-sodium-ion-battery-technology
https://www.stellantis.com/en/news/press-releases/2024/january/stellantis-ventures-invests-in-tiamat-and-affordable-sodium-ion-battery-technology
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Sodium lon Battery Bill of Materials

ACTIVE MATERIAL $/KG EXAMPLE CHEMICAL FORMULAS PROSPECTS & CHALLENGES

Layered -13" 03 - NaNi Fe MnZO2 , 03 -NaCu FeyMn 0, Material stability at high voltage may limit useable capacity and require
Oxide 4.3 823 P2 - Na Fe Mn O P2 - Na_Ni, Mn 0, nickel, but relatively high energy and high tap density
. Na,V,(PO,), Na,V,( Volumetric & Specific energy density is poor, but improved safety could
-6 12 32 4 3 '
Celliniie Polyanion 4-6 Na,Fe,(P 04)2( ,0,), Na Fe (ZSO yield cost-downs at pack level
Prussian 25-354 e[Fe( N) ] Moisture sensitivity may increase costs in material and cell
White/Blue (projected) n[Fe(CN) ] manufacturing
4 - 11 (realistic) '? Growing supply chain is driving lower costs, but many feedstock
Hard Carbon 4-32128 c choices could limit cost and volume.
High theoretical volumetric energy density, but expansion must be
- 12
PIEEED Alloys 8-20 P, Sn, Sb, Pb, Sn,P, managed and could limit practical energy density
Anodeless n/a Na (Note: No commercial Na foil available) High energy density with minimal processing, but expansion must be

managed and could limit practical energy density

INACTIVE MATERIAL $/KG EXAMPLE CHEMICAL FORMULAS PROSPECTS & CHALLENGES

NaPF A L ) ) )
5 1113 ) Good oxidative stability, but generates volatile/toxic gas at high
CarBt;c;r;z(ajte 7-m NaPFgin EC/PC/DEC/DMC/EMC voltage/during thermal runaway. NaPF, forms soluble SEI species.
Electrolyte
NaPF, Unknown, but glymes ) Superior SEI stability and lower Na plating risk/ compatibility with Na
6
Ether-based are 2-3x cost of PC NaPFgin DEE/DME/DEG/TEG/THF metal, but limited oxidative stability. NaPFforms soluble SEI species.

Sources: 1. Yao, A. Benson, S.M., Chueh, W.C. How quickly can sodium-ion learn? Assessing scenarios for technoeconomic competitiveness against lithium-ion batteries.
arXiv::2403.13759v3 (2024). ; 2. Shanghai Metals Market (SMM). Metals.com. ; 3. Omenya, A. Sodium-lon Battery Development. DOE-OE Peer Review (2024). ; 4. Lee, J. Low Cost BATTERY REPORT 2024 | P. 281
Sodium-lon Battery to Enable Grid Scale Energy Storage: Prussian Blue-Derived Cathode and Complete Battery Integration; 2013.
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Key Findings From Na-ion vs Li-ion - ARC / Thermal Ramp Testing

Tamperatue Rate ("Cmin)

Na-ion layered oxide (NFM) show similar thermal runaway

properties (>1°C / min) to Li-ion NMC/NCA.

Na-ion polyanion (NVPF) and Prussian blue avoids thermal

runaway (<1°C / min).

Na-ion Prussian blue generates hydrogen cyanide during cell

abuse.

Thermal runaway risk is correlated to energy density / cell capacity.
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Na-ion's New Capabilities Reported

OV OR 0% STORAGE &
TRANSPORT

Reports found the potential for no detrimental
effects during over discharge to 0% or 0V, this
is mainly due to absence of Cu Foil.

LOW TEMPERATURE

OPERATION

Na-ion can operate up to -40°C or lower. This is
mainly due to the electrolytes used that avoid
sluggish effects seen in Li-ion.

HIGH POWER / FAST CHARGE

EXCEEDING LI-ION

Discharge rates >10C, and charge rates >4C
commonly reported, this is mainly due to the rate
capabilities of Hard carbon (vs graphite).
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https://spj.science.org/doi/10.34133/2021/9798460?permanently=true
https://www.linkedin.com/pulse/sodium-battery-technical-analysis-hina-nacr32140-mp10-blice-hu-ydpqc/
https://www.linkedin.com/pulse/highstar-sib-publish-day-jerry-wan/
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Sodium-lon Batteries Hold Promise For Adoption In Two-Wheelers & Hybrid Integration With
Li-lon In EVs

= —

JMEV rolled out the world's first
sodium-ion-powered EV, JMEV EV3 (Youth
Edition). Equipped with Farasis Energy's 140-160

'
China-based TAILG has revealed its new TR
sodium-ion battery technology in its luxury

e-bikes, capable of reaching 115 kilometers in

temperatures below 0 C, while maintaining a ' Wh/kg sodium-ion batteries, this AOO-class EV
speed of 25 km/h, with a lifecycle exceeding offers a range of 251 km.
2,000 cycles.

CATL's Freevoy battery pack for hybrid vehicles.
Komatsu has developed and unveiled a concept

Integrated with sodium-ion batteries and lithium-ion

machine for a 1.5-ton electric forklift powered by batteries, it can deliver more than 280 kilometers on a
sodium-ion batteries, which is ready to start proof of 10-minute charge and normal operations at <-20C
concept tests at job sites beginning in March 2024. low-temperatures.
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https://www.pv-magazine.com/2023/12/28/tailg-launches-two-wheelers-powered-by-sodium-ion-batteries/
https://technode.com/2024/11/01/interview-catl-executives-on-hybrid-vehicles-sodium-ion-batteries-and-more/
https://theevreport.com/chinas-jmev-ev3-first-ev-powered-by-sodium-ion-batteries
https://www.heavyequipmentguide.ca/article/41521/concept-komatsu-electric-forklift-powered-by-sodium-ion-batteries
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Sodium lon Battery Players By Region / Areas Of Focus
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Sodium-lon Batteries Demonstrate Strong Progress In Various Energy Storage Applications And
Serve As Potential Lead-Acid Replacements Across Diverse Scenario

BYD's recently-launched Australian company PowerCap Natron scales up production Biwatt scaled the commercial
sodium-ion BESS product, using its has recently unveiled an capacity of sodium-ion batteries deployment of its residential
proprietary form factor Long Blade innovative sodium-ion battery to 600 megawatts annually, sodium-ion storage systems in
Battery cell, which has an energy z%losrt:g;ti':)c;irggsf?ar:goi;”geffggr%yll addressing the energy storage 2024. Beyond that, Biwatt is
storage capacity of 2.3MWh a KWh to ’20_4 Wh. ' needs of data centers powering introducing tool-oriented
voltage range from 800V-1400V. the surge in Artificial Intelligence. sodium-ion products, including

the lead-acid replacement P1 (12V
100Ah), the starter battery P2 (12V
70Ah), and the jump starter.
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https://www.prnewswire.com/news-releases/biwatt-showcases-advanced-sodium-ion-energy-solutions-at-solar-solutions-dusseldorf-302318128.html
https://www.businesswire.com/news/home/20240428240613/en/Natron-Energy-Achieves-First-Ever-Commercial-Scale-Production-of-Sodium-Ion-Batteries-in-the-U.S.
https://www.energy-storage.news/byd-launches-sodium-ion-grid-scale-bess-product/
https://sodiumbatteryhub.com/2024/12/06/powercap-unveils-sodium-ion-battery-for-homes/
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Redox Flow Batteries

VOLTA
VF | eaunbarion

Redox flow batteries (RFBs) come in variations in form factor and chemistry giving a wide range of performance leading in long lifetime and

safety and opportunity for advancement.

r... = —'1 Cell-level energy
, — density
‘ ' . ':" Volumetric energy

density

PR l-.'-

HYBRID RFBS METAL AIR Cycle life

Calendar life

Efficiency

Other Features

22-30 Wh/kg

30-40 Wh/L

>10,000

20 years

60-90%

Non-flammable

20 Wh/kg (Fe-air)
150-300Wh/kg (Zn-air)

28 Wh/L (Fe-air)
100-200 Wh/L (Zn-air)

500
25 years
59-64%

Non-flammable, high
sustainability
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https://www.energy.gov/sites/default/files/2023-09/4_Technology%20Strategy%20Assessment%20-%20%234%20Flow%20Batteries_508.pdf
https://acrobat.adobe.com/link/review?uri=urn:aaid:scds:US:3435d861-d0b6-3308-94d1-5747be8d0287
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Flow Battery Companies Are Rapidly Emerging In The Americas And Emea

AMERICAS EMEA ASIA - PACIFIC
[ ne. on ] &ESS” feem voltstorage REDOX ¥ allegro l- RKP EETI—.]
e ENERVEN UL gcmb“ R @U_ﬂ
f wd VRA redox/!-; [ ell D&
LARGO L ENERGY | v Lc LS METAL AIR

— a ———————
ABOUNB D!N!’N!L. e elestor VANADIUM
o — J  ——————
—
SINERGY
[ FL W ] RJ.VHE ORGANIC
IRON
Looking to establish themselves as leaders of long duration grid storage technologies.
These technologies are widely varied and at a range of development from R&D to commercial deployment. | OTHER

p. 288


https://www.noon.energy/
https://essinc.com/
https://voltstorage.com/en
https://www.redoxone.com/
https://formenergy.com/
https://enervenue.com/
https://www.cmblu.com/en/home/
https://kemiwatt.com/technology/
http://www.pinflowes.com/Products-industry.html
https://www.allegro.energy/
https://redoxblox.com/
https://www.cellcube.com/
https://www.stryten.com/
https://invinity.com/
https://www.largoinc.com/overview/default.aspx
https://vrbenergy.com/
https://rkpstorage.com/
https://thesuncompany.com/
https://www.e-zinc.ca/
https://www.abound.energy/
https://elestor.com/
https://www.sinergyflow.com/
https://rivus-batteries.com/
https://i-battery.com/en/about.html
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$1 Billion Has Been Invested Into Metal Air/Flow Batteries In 2024
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Led by government funding signaling a growth in the energy storage market and the need for safer, longer duration options

Allegro Energy
CleanTech Strategies LLC
CMBIu Energy
e-Zinc
ESS, Inc
Form Energy
Invinity Energy Systems
NextEra Energy Resources Development
Noon Energy
Redflow
Redox One
RedoxBlox
Stryten Energy

VRB Energy

$11
$5.0
$315
$31.0
$115.0
$475.0
$29.7
$49.1
$8.8
$39.0
$40.0
$74.5
$5.0

$55.0

The Grantham Foundation
US Department of Energy
Greece Ministry of Environment and Energy
Evok Innovations
EXIM MMIA, Queensland Gov't and Private
US Department of Energy, T Rowe Price
US Department of Energy
US Department of Energy

California Energy Commission

California Energy Commission, US Department of Eneray

Tharisa

Khosla Ventures, California Energy Commission, Prelude Ventures

US Department of Energy
Shaxi Red Sun Co. Ltd.

Series A
Project Grant
Manufacturing Grant
Series A2
Manufacturing Grants
Project Grant, Series F
Project Grant
Project Grant
Project Grant
Project Grants
Series A
Project Grants, Series A
Manufacturing Grant

Strategic Investment

TIOON

JiIN
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https://www.allegro.energy/news/australian-redox-flow-battery-manufacturer-ramps-up-capacity
https://www.energy.gov/oe/articles/doe-awards-15m-launch-innovations-long-duration-energy-storage-earthshot
https://www.cmblu.com/en/press-and-media/30-mio-funding-greece/
https://www.e-zinc.ca/pressrelease/e-zinc-secures-usd-31m-in-series-a2-financing-to-advance-commercialization-initiatives/
https://essinc.com/ess-celebrates-50m-manufacturing-expansion-at-oregon-headquarters-funded-by-u-s-export-import-banks-make-more-in-america-initiative/
https://www.pv-magazine-australia.com/2024/09/25/65-million-boost-for-queensland-long-duration-battery-manufacturing-plant/
https://www.energy.gov/sites/default/files/2024-07/FactSheet_LDESAward_Xcel_7.15.24.pdf
https://formenergy.com/form-energy-secures-405m-in-series-f-financing-to-expand-iron-air-battery-business-and-operations/
https://www.energy.gov/sites/default/files/2024-11/Factsheet_LDES_Dairyland_11.18.24.pdf
https://www.energy.gov/sites/default/files/2024-07/FactSheet_LDESAward_NextEra_PhaseOne.pdf
https://www.utilitydive.com/news/california-cec-long-duration-energy-storage-redflow-noon-redoxblox/719264/
https://www.utilitydive.com/news/california-cec-long-duration-energy-storage-redflow-noon-redoxblox/719264/
https://www.energy.gov/sites/default/files/2024-09/FactSheet_LDESAward_ChargeBliss_PhaseOne_9.4.24.pdf
https://www.redoxone.com/pdf/media/2408-redoxone-swissbatterydays-final.pdf
https://www.businesswire.com/news/home/20240111260321/en/RedoxBlox-Receives-25M-to-Demonstrate-Its-Pioneering-Long-Duration-Thermochemical-Energy-Storage-Technology
https://www.utilitydive.com/news/california-cec-long-duration-energy-storage-redflow-noon-redoxblox/719264/
https://www.globenewswire.com/news-release/2024/10/30/2971544/0/en/Redoxblox-Closes-40-7-Million-Series-A-to-Support-Industrial-Decarbonization-and-Grid-Storage-with-Next-Gen-Thermochemical-Energy-Storage-System.html
https://www.stryten.com/stryten-energy-awarded-doe-make-it-prize-phase-2-funding/
https://vrbenergy.com/ivanhoe-electrics-vrb-energy-subsidiary-secures-55-million-investment/
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Partnerships To Deploy And Further Develop Commercial Flow Battery Technology Drove The Headlines

Stolthaven and XL Batteries
announce partnership

Batteries

N
5

Stolthaven Ternsinals L", @ 2 cmblu

ACWA Power and

VoltStorage
collaborate on Iron

Salt Battery innovation

cret
voltstorage et
ﬁt.-u n‘:un'.\.

Mercedes-Benz orders First

Octet Scientific forms key
Partnership with e-Zinc to
boost energy storage

4MWh Sale to PowerFlex for

sustainable SolidFlow California PV+Storage project

energy storage system by
CMBIu Energy

[JINVINITY

FuRmOV AVETIUSR

o powerflex

California Agency awards
$26.7M for LDES projects

agreement

ne °“redo;;5\m

ENERGY - LWL EVEAL L

EnverVenue accelerates
Australian expansion with
AVID Group master supply

S AvD

CellCube receives $19M for
MW Scale Vanadium Redox
flow battery system

Invinity official opens new
UK manufacturing facility

culicoutOm

[ JINVINITY

FAMRROAY RvETRIUAR

EnerVenue provides RWE
with LDES vessels for pilot
project

LHEEVEAY m

Stryten Energy and
Largo launch LDES
company Storion
Energy

ﬁ STAYTEN

LARGO

Argonne and Idaho National
Labs partner with CMBIu
Energy for LDES Project

Zemblu Argonne S

D,
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https://voltstorage.com/en/news/acwa-power-and-voltstorage-collaborate-on-iron-salt-battery
https://voltstorage.com/en/news/acwa-power-and-voltstorage-collaborate-on-iron-salt-battery
https://voltstorage.com/en/news/acwa-power-and-voltstorage-collaborate-on-iron-salt-battery
https://voltstorage.com/en/news/acwa-power-and-voltstorage-collaborate-on-iron-salt-battery
https://xlbatteries.com/2023/01/17/stolthaven-and-xl-batteries-announce-partnership/
https://xlbatteries.com/2023/01/17/stolthaven-and-xl-batteries-announce-partnership/
https://www.cmblu.com/en/press-and-media/mercedes-benz-batterieprojekt-rastatt/
https://www.cmblu.com/en/press-and-media/mercedes-benz-batterieprojekt-rastatt/
https://www.cmblu.com/en/press-and-media/mercedes-benz-batterieprojekt-rastatt/
https://www.cmblu.com/en/press-and-media/mercedes-benz-batterieprojekt-rastatt/
https://www.environmentenergyleader.com/stories/octet-scientific-forms-key-partnership-with-e-zinc-to-boost-energy-storage-innovation,1263#:~:text=Environment%2BEnergy%20Leader-,Octet%20Scientific%20Forms%20Key%20Partnership%20with%20e,to%20Boost%20Energy%20Storage%20Innovation&text=Octet%20Scientific%2C%20Inc.%2C%20a,long%2Dduration%20energy%20storage%20developer.
https://www.environmentenergyleader.com/stories/octet-scientific-forms-key-partnership-with-e-zinc-to-boost-energy-storage-innovation,1263#:~:text=Environment%2BEnergy%20Leader-,Octet%20Scientific%20Forms%20Key%20Partnership%20with%20e,to%20Boost%20Energy%20Storage%20Innovation&text=Octet%20Scientific%2C%20Inc.%2C%20a,long%2Dduration%20energy%20storage%20developer.
https://www.environmentenergyleader.com/stories/octet-scientific-forms-key-partnership-with-e-zinc-to-boost-energy-storage-innovation,1263#:~:text=Environment%2BEnergy%20Leader-,Octet%20Scientific%20Forms%20Key%20Partnership%20with%20e,to%20Boost%20Energy%20Storage%20Innovation&text=Octet%20Scientific%2C%20Inc.%2C%20a,long%2Dduration%20energy%20storage%20developer.
https://www.environmentenergyleader.com/stories/octet-scientific-forms-key-partnership-with-e-zinc-to-boost-energy-storage-innovation,1263#:~:text=Environment%2BEnergy%20Leader-,Octet%20Scientific%20Forms%20Key%20Partnership%20with%20e,to%20Boost%20Energy%20Storage%20Innovation&text=Octet%20Scientific%2C%20Inc.%2C%20a,long%2Dduration%20energy%20storage%20developer.
https://finance.yahoo.com/news/california-agency-awards-26-7m-110917894.html
https://finance.yahoo.com/news/california-agency-awards-26-7m-110917894.html
https://invinity.com/4-mwh-sale-powerflex-edf-north-america-california-pv/
https://invinity.com/4-mwh-sale-powerflex-edf-north-america-california-pv/
https://invinity.com/official-opening-new-manufacturing-facility-motherwell-scotland/
https://invinity.com/official-opening-new-manufacturing-facility-motherwell-scotland/
https://enervenue.com/enervenue-accelerates-australian-expansion-with-avid-group-master-supply-agreement/
https://enervenue.com/enervenue-accelerates-australian-expansion-with-avid-group-master-supply-agreement/
https://enervenue.com/enervenue-accelerates-australian-expansion-with-avid-group-master-supply-agreement/
https://enervenue.com/enervenue-accelerates-australian-expansion-with-avid-group-master-supply-agreement/
https://www.cellcube.com/cellcube-inc-receives-a-19-million-for-megawatt-scale-vanadium-redox-flow-battery-system/
https://www.cellcube.com/cellcube-inc-receives-a-19-million-for-megawatt-scale-vanadium-redox-flow-battery-system/
https://www.cellcube.com/cellcube-inc-receives-a-19-million-for-megawatt-scale-vanadium-redox-flow-battery-system/
https://enervenue.com/enervenue-provides-rwe-with-long-duration-energy-storage-vessels-for-pilot-project/
https://enervenue.com/enervenue-provides-rwe-with-long-duration-energy-storage-vessels-for-pilot-project/
https://enervenue.com/enervenue-provides-rwe-with-long-duration-energy-storage-vessels-for-pilot-project/
https://www.businesswire.com/news/home/20241219703037/en/Stryten-Energy-and-Largo-Launch-Long-Duration-Energy-Storage-Company
https://www.businesswire.com/news/home/20241219703037/en/Stryten-Energy-and-Largo-Launch-Long-Duration-Energy-Storage-Company
https://www.businesswire.com/news/home/20241219703037/en/Stryten-Energy-and-Largo-Launch-Long-Duration-Energy-Storage-Company
https://www.businesswire.com/news/home/20241219703037/en/Stryten-Energy-and-Largo-Launch-Long-Duration-Energy-Storage-Company
https://www.businesswire.com/news/home/20231204931739/en/Argonne-and-Idaho-National-Laboratories-Partner-with-CMBlu-Energy-for-Innovative-Long-Duration-Energy-Storage-Project
https://www.businesswire.com/news/home/20231204931739/en/Argonne-and-Idaho-National-Laboratories-Partner-with-CMBlu-Energy-for-Innovative-Long-Duration-Energy-Storage-Project
https://www.businesswire.com/news/home/20231204931739/en/Argonne-and-Idaho-National-Laboratories-Partner-with-CMBlu-Energy-for-Innovative-Long-Duration-Energy-Storage-Project
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Zinc-ion Batteries

Advancing the design of primary household batteries, Zinc Manganese Dioxide batteries have had significant development as cheap, safe and
sustainable rechargeable batteries.

Zinc-ion batteries are being developed using both near neutral and basic LDES: NYSERDA Awards Nearly $15M to Four Demonstration Projections
electrolytes. These batteries have a pathway to $50/kWh cell cost level due to

the low cost of materials and existing supply chain for the primary battery DHS Announces First Winners, Awards $835k "Clean Power for Hours
market. The manufacturing process emits 70% less CO,, during manufacturing Challenge" in Celebration of Earth Day 2024

and is fully recyclable. With the theoretical max specific capacity of 308 mAh/g,

a lot of up and coming companies and research is being performed to advance OCED Awards LDES STORED project, led by UEP in Collaboration with
zinc-ion batteries to solve manganese dioxide dissolution and improve the NYPA and EPRI

rechargeability.

Zn-ion

Vol Com b
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https://urbanelectricpower.com/2024/04/04/long-duration-energy-storage-nyserda-awards-nearly-15-million-to-four-demonstration-projects/
https://urbanelectricpower.com/2024/04/29/dhs-announces-first-winners-awards-835000-clean-power-for-hours-challenge-in-celebration-of-earth-day-2024/
https://urbanelectricpower.com/2024/04/29/dhs-announces-first-winners-awards-835000-clean-power-for-hours-challenge-in-celebration-of-earth-day-2024/
https://urbanelectricpower.com/2024/07/29/oced-has-awarded-the-ldes-stored-project-led-by-urban-electric-power-uep-in-collaboration-with-the-new-york-power-authority-and-epri/
https://urbanelectricpower.com/2024/07/29/oced-has-awarded-the-ldes-stored-project-led-by-urban-electric-power-uep-in-collaboration-with-the-new-york-power-authority-and-epri/
https://www.energy.gov/sites/default/files/2023-09/4_Technology%20Strategy%20Assessment%20-%20%234%20Flow%20Batteries_508.pdf
https://www.enerpoly.com/technology
https://www.researchgate.net/publication/381331060_Zinc_systems_Rechargeable_zinc-manganese_dioxide_batteries
https://www.researchgate.net/publication/381331060_Zinc_systems_Rechargeable_zinc-manganese_dioxide_batteries
https://urbanelectricpower.com/2022/04/18/urban-electric-power-installs-1000-kwh-alkaline-battery-backup-system-for-san-diego-supercomputer-center/

TINDUSTRY | CHEMISTRY | ZINC BROMINE | TECHNOLOGY VF gghﬁmmon

Zinc Bromine Batteries

Zinc Bromine batteries have gained commercial traction utilizing the zinc-based aqueous electrolyte to provide safe, durable, and flexible
energy storage for 3-12 hour intraday applications

NON FLOW CHEMISTRY FLOW CHEMISTRY USE CASE: GRID STORAGE

Inspired by zinc plating baths ,I = I Eos Energy and Pine Gate Renewables Sign
25 T U | OO S04 b M Agreement to Expand Existing Relationship
NGy Shrough 2 cepastan O BE
“:',’_::;:J::J"':',{,:?‘: ';’:"‘;':" 's Eos Energy Announces Expansion of Existing
CrOvIes Sramic Lepanye of the g; Project with Indian Energy and the California
SROTO0eS. Turng tharge snd 1Ecage, . Energy Commission
WG Mo BVDUYn T 0ROy le © T 3~
PN SRCIode 1 donati o actast . . . P
SIS, CYSLINg & S TRt Ao e ogh raeans s —gyEos Ener Slgns .Agreeme.m with City Utilities of Features:
tre bapolar wack Sprinfield, Missouri to Provide 216 MWh of
Energy Storage _ :
Combining electrolyte tanks with 4 9 Non flam'mable, no HVAC/fire
Charge Discharge plating of zinc on the anode side of suppression needed

Eos Energy and FlexGen Partner to Accelerate a

the battery, the flow battery design Fully Integrated American Made Stationary
ffers flexibilit d lability in th i
offers flexibility and scalability in the Storage Solution for LDES Applications Domestically manufactured and sourced

storage of electricity. (Eos claims >85% from USA)

Work on these batteries started with
Exxon in the 1970s with companies
like Primus Power and Redflow
furthering the design though both
(-] st bt companies are no longer active

Duration times: 3-12 hours today
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https://www.eose.com/eos-energy-and-pine-gate-renewables-sign-agreement-to-expand-existing-relationship/
https://www.eose.com/eos-energy-and-pine-gate-renewables-sign-agreement-to-expand-existing-relationship/
https://www.eose.com/eos-energy-announces-expansion-of-existing-project-with-indian-energy-and-the-california-energy-commission/
https://www.eose.com/eos-energy-announces-expansion-of-existing-project-with-indian-energy-and-the-california-energy-commission/
https://www.eose.com/eos-energy-announces-expansion-of-existing-project-with-indian-energy-and-the-california-energy-commission/
https://www.eose.com/eos-energy-signs-agreement-with-city-utilities-of-springfield-missouri-to-provide-216-mwh-of-energy-storage/
https://www.eose.com/eos-energy-signs-agreement-with-city-utilities-of-springfield-missouri-to-provide-216-mwh-of-energy-storage/
https://www.eose.com/eos-energy-signs-agreement-with-city-utilities-of-springfield-missouri-to-provide-216-mwh-of-energy-storage/
https://www.globenewswire.com/news-release/2024/12/19/2999855/0/en/Eos-Energy-and-FlexGen-Partner-to-Accelerate-a-Fully-Integrated-American-Made-Stationary-Storage-Solution-for-Long-Duration-Storage-Applications.html
https://www.globenewswire.com/news-release/2024/12/19/2999855/0/en/Eos-Energy-and-FlexGen-Partner-to-Accelerate-a-Fully-Integrated-American-Made-Stationary-Storage-Solution-for-Long-Duration-Storage-Applications.html
https://www.globenewswire.com/news-release/2024/12/19/2999855/0/en/Eos-Energy-and-FlexGen-Partner-to-Accelerate-a-Fully-Integrated-American-Made-Stationary-Storage-Solution-for-Long-Duration-Storage-Applications.html
https://www.eose.com/technology/
https://www.eose.com/solutions/eos-cube/
https://www.eose.com/technology/
https://www.energy.gov/sites/default/files/2023-09/4_Technology%20Strategy%20Assessment%20-%20%234%20Flow%20Batteries_508.pdf
https://acrobat.adobe.com/link/review?uri=urn:aaid:scds:US:0440ca09-8256-300a-99ff-c7dba6d29a5f
https://www.energy-storage.news/flow-battery-maker-redflow-out-of-business-with-administrators-unable-to-find-buyer/#:~:text=Redflow%20claimed%20its%20zinc%2Dbromide,from%20rival%20flow%20battery%20manufacturers.
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Nickel Zinc Batteries
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Nickel Zinc batteries are growing as alternatives to lead acid batteries for critical infrastructure providing higher power densities, indoor fire safety,

and lower total cost of ownership.

Plscharging

e L e o
- ke " x .
.

Zn + 2NiOOH + 2H20 - Zn(OH)2 +
Ni(OH)2

Features:
3x power density to lead acid, ¥z size, V3
weight

T

Companies such as AEsir technologies are
able to use manufacturing lines used by
lead acid battery manufacturers due to the
similarity in design.

EnZinc similarly plans to utilize existing
manufacturing lines through selling their
anode sponge and Zinc Nickel design to
existing manufacturers.

Vertiv and ZincFive Collaborate to Deliver
Safe and Reliable Nickel-Zinc Battery Energy
Storage for Data Center UPS in North America
and EMEA

ZincFive Announces 1GW of Mission Critical
Data Center Power Solutions Delivered and
Contracted

Kohler Uninterruptible Power and ZincFive
Team Up to Deliver Safe, Sustainable
Nickel-Zinc Energy STorage Solutions for Data
Centers

EnZinc Opens Critical Battery Component
Manufacturing Center to Meet Growing
Customer Demand

.
-
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https://www.aesirtec.com/projects/Socio
https://enzinc.com/technology/
https://zincfive.com/news/vertiv-and-zincfive-collaborate-to-deliver-safe-and-reliable-nickel-zinc-battery-energy-storage-for-data-center-ups-in-north-america-and-emea/
https://zincfive.com/news/vertiv-and-zincfive-collaborate-to-deliver-safe-and-reliable-nickel-zinc-battery-energy-storage-for-data-center-ups-in-north-america-and-emea/
https://zincfive.com/news/vertiv-and-zincfive-collaborate-to-deliver-safe-and-reliable-nickel-zinc-battery-energy-storage-for-data-center-ups-in-north-america-and-emea/
https://zincfive.com/news/vertiv-and-zincfive-collaborate-to-deliver-safe-and-reliable-nickel-zinc-battery-energy-storage-for-data-center-ups-in-north-america-and-emea/
https://zincfive.com/news/zincfive-announces-1-gw-mission-critical-data-center-power-solutions-delivered-and-contracted/
https://zincfive.com/news/zincfive-announces-1-gw-mission-critical-data-center-power-solutions-delivered-and-contracted/
https://zincfive.com/news/zincfive-announces-1-gw-mission-critical-data-center-power-solutions-delivered-and-contracted/
https://zincfive.com/news/kohler-uninterruptible-power-and-zincfive-team-up-to-deliver-safe-sustainable-nickel-zinc-energy-storage-solutions-for-data-centers/
https://zincfive.com/news/kohler-uninterruptible-power-and-zincfive-team-up-to-deliver-safe-sustainable-nickel-zinc-energy-storage-solutions-for-data-centers/
https://zincfive.com/news/kohler-uninterruptible-power-and-zincfive-team-up-to-deliver-safe-sustainable-nickel-zinc-energy-storage-solutions-for-data-centers/
https://zincfive.com/news/kohler-uninterruptible-power-and-zincfive-team-up-to-deliver-safe-sustainable-nickel-zinc-energy-storage-solutions-for-data-centers/
https://enzinc.com/enzinc-opens-critical-battery-component-manufacturing-center-to-meet-growing-customer-demand/
https://enzinc.com/enzinc-opens-critical-battery-component-manufacturing-center-to-meet-growing-customer-demand/
https://enzinc.com/enzinc-opens-critical-battery-component-manufacturing-center-to-meet-growing-customer-demand/
https://zincfive.com/our-chemistry/
https://zincfive.com/our-chemistry/
https://zincfive.com/our-chemistry/
https://zincfive.com/
https://www.vertiv.com/en-us/products-catalog/critical-power/uninterruptible-power-supplies-ups/zincfive-bc2-nickel-zinc-battery-cabinet2/

| CHEMISTRY | ZINC BATTERY |

Zinc Batteries Comparison

@) LT-
VDB erio

Safety, sustainability, long storage durations and long battery life are major drivers for growth of zinc battery technologies.

Commercial Application

Gravimetric Energy Density (Wh/kg)
Volumetric Energy Density (Wh/L)
Voltage (V)

Cycle Life
DoD
Calendar Life
Safety

Sustainability Assessment Score

Stationary Storage UPS Stationary Storage
(3-12 hrs) (<1hr)® (3-12 hrs)?
150" 140’ 60-75°
100-400' 300! 60-70°
1-1.5 1.2-1.98 1-1.82
5-10,000' 500’ 10,0002
100%
15-20 years' 15 years?® 20 years?

Non-flammable, not reactive to air or water?

9.4/10 9.5/10

Source: 1DOE Eneray Earthshots Technology Strateqy Assessment Zinc Batteries ; 2 https://www.eose.com/technology/ ; 3 Zinc Battery Initiative Presentation

Stationary Storage

Electric Vehicles;
Stationary Storage

(24+ hrs) (1-4 hrs)
100-400° 250-300
135-1000° 650-800
0.9-1.43 2.5-4.2

500 1500
80-95%

15-20 years' 10
Poor
Poor
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https://www.energy.gov/sites/default/files/2024-02/Technology%20Strategy%20Assessment%20-%20Zinc%20Batteries_rev.pdf
https://www.eose.com/technology/
https://acrobat.adobe.com/link/review?uri=urn:aaid:scds:US:14a31ece-93ec-3c23-b269-5a536c5f9f54
https://zincfive.com/news/zincfive-nickel-zinc-battery-technology-achieves-9-4-10-score-in-climate-impact-profile/
https://www.eose.com/eos-znyth-battery-outperforms-competition-in-sustainability-assessment/
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The Americas And EMEA Have The Opportunity To Lead Zinc Battery Manufacturing With Not
Only Many Battery Manufacturers Present, But Also Much Of The Supply Chain

AMERICAS EMEA ASIA - PACIFIC
BATTERY MANUFACTURERS
ZINC ION
[ e || P EOS. || #- enerpoly || Sidats * gelion | FiPMB
y , : | ZINC NICKEL
A | ENZING ™ Ymunmne,
SALIENT || | ‘:‘N";_R: ':{T ZEL@S ZINC HALIDE
R ZINC AR
SUPPLY CHAIN ZINC SALTS
Zoc I Octer | TING 4 ; || nwron
‘- Sdenufic (———H‘GARD aversi . 2 m | SEMw. o ELECTROLYTE
- MR Roi 5 :
l i, ll D TETRA 8 Ilox ELECTRODE
‘ - MATERIALS
{Easyiainc 18 == |[#5 vedanta ————
: : SEPARATORS
S —

P. 295


https://zincfive.com/
https://www.eose.com/
https://urbanelectricpower.com/
https://www.e-zinc.ca/
https://www.aesirtec.com/
https://enzinc.com/
https://www.google.com/search?sca_esv=5cf0ee39a289ec1c&rlz=1C1VDKB_enUS1024US1024&sxsrf=ADLYWIIBc6UfePo8V4FHKXyRCl8iDs0wKA:1735851815770&q=Salient+Energy&udm=2&fbs=AEQNm0Aa4sjWe7Rqy32pFwRj0UkWtG_mNb-HwafvV8cKK_h1a-aRpNV3VwRSMnTlqIbZe21BBv14h-NoyUlCQxjmyooZsmBEdlPHEjmAwqob9oeb6cIfE1z9wj-Zn0672JgJ0gCjOAogs4wflo3OkE3t0uK-2ECWsinPuPFoyPIi7W_aCYnc9_uqDQfO-uGA1O-imnWs2GqqnXFIPX1SSF07p7_x9dbrcQ&sa=X&ved=2ahUKEwjjgvL299eKAxW2HzQIHY_jDD8QtKgLegQIEhAB&biw=956&bih=722&dpr=1.25
https://ccldesign.com/News_Articles/Imprint-Energy-Accelerates-Innovation-with-New-RandD-Facility
https://www.zelos.energy/
https://thesuncompany.com/
http://www.abound.energy/
https://www.hilabs.de/en/
https://www.enerpoly.com/
https://www.sunergybattery.com/
https://gelion.com/
https://pmbdefence.com.au/services/engineering/new-technology/
https://zochem.com/
https://www.octetsci.com/
https://www.everzinc.com/en/
https://www.brueggemann.com/en/about-us
https://grillo.de/en/
https://www.imr-metalle.com/en/company/mission-values
https://jgchem.com/
https://www.shokubai.co.jp/en/
https://silox.com/
https://www.diamonchem.com.tw/en
https://www.hzlindia.com/
https://www.vedantalimited.com/eng/
https://www.easylzinc.com/
https://www.celgard.com/
https://www.celgard.com/
https://www.sabic.com/en
https://onetetra.com/
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Major Players In The Zinc Battery Market Have Announced More Commercial Deployments In
The Grid Storage And Data Center Market

LDES: NYSERDA Awards Nearly

$15M to Four Demonstration
Projections

o

AT | NYSEROA
. —1

Eos Energy and Pine Gate
Renewables Sign
Agreement to Expand
Existing Relationship

% eos
i EE

ABB Introduces
Innovative Nickel-Zinc
Battery for Leading
Data UPS Solution

? ZincFive
HH3

DHS Announces First
Winners, Awards $835k
"Clean Power for Hours
Challenge" in Celebration of
Earth Day 2024

Eos Energy Successfully
Launches Commercial
Production on First
State-of-the-Art
Manufacturing Line

< eos

Vertiv and ZincFive
Collaborate to Deliver Safe
and Reliable Nickel-Zinc
Battery Energy Storage for
Data Center UPS in North
America and EMEA

ZincFive &

VERTIV

Eos Energy Announces
Expansion of Existing Project
with Indian Energy and the
California Energy Commission

[E @ #eos

OCED Awards the LDES
STORED project, led by UEP in
Collaboration wtih the NYPA
and EPRI

I m—— Y Pewer
U Aty

-

&Pl

Kohler Uninterruptible Power and
ZincFive Team Up to Deliver Safe,
Sustainable Nickel-Zinc Energy
Storage Solutions for Data
Centers

C= e

ZincFive

Eos Energy Signs Agreement with
City Utilities of Springfield, Missouri
to Provide 216 MWh of Energy

Storage

“eos

@ City
Utilities

Eos Energy and FlexGen
Partner to Accelerate a Fully

Integrated American Made
Stationary Storage Solution
for LDES Applications

FLEXGEN 4 eSS

Eos Energy Secures
400MWh Order with
International Electric
Power to Deliver Critical
Resilience in California

b b W

I Yeos

P. 296


https://www.eose.com/eos-energy-and-pine-gate-renewables-sign-agreement-to-expand-existing-relationship/
https://www.eose.com/eos-energy-and-pine-gate-renewables-sign-agreement-to-expand-existing-relationship/
https://www.eose.com/eos-energy-and-pine-gate-renewables-sign-agreement-to-expand-existing-relationship/
https://www.eose.com/eos-energy-and-pine-gate-renewables-sign-agreement-to-expand-existing-relationship/
https://urbanelectricpower.com/2024/07/29/oced-has-awarded-the-ldes-stored-project-led-by-urban-electric-power-uep-in-collaboration-with-the-new-york-power-authority-and-epri/
https://urbanelectricpower.com/2024/07/29/oced-has-awarded-the-ldes-stored-project-led-by-urban-electric-power-uep-in-collaboration-with-the-new-york-power-authority-and-epri/
https://urbanelectricpower.com/2024/07/29/oced-has-awarded-the-ldes-stored-project-led-by-urban-electric-power-uep-in-collaboration-with-the-new-york-power-authority-and-epri/
https://urbanelectricpower.com/2024/07/29/oced-has-awarded-the-ldes-stored-project-led-by-urban-electric-power-uep-in-collaboration-with-the-new-york-power-authority-and-epri/
https://urbanelectricpower.com/2024/04/29/dhs-announces-first-winners-awards-835000-clean-power-for-hours-challenge-in-celebration-of-earth-day-2024/
https://urbanelectricpower.com/2024/04/29/dhs-announces-first-winners-awards-835000-clean-power-for-hours-challenge-in-celebration-of-earth-day-2024/
https://urbanelectricpower.com/2024/04/29/dhs-announces-first-winners-awards-835000-clean-power-for-hours-challenge-in-celebration-of-earth-day-2024/
https://urbanelectricpower.com/2024/04/29/dhs-announces-first-winners-awards-835000-clean-power-for-hours-challenge-in-celebration-of-earth-day-2024/
https://urbanelectricpower.com/2024/04/29/dhs-announces-first-winners-awards-835000-clean-power-for-hours-challenge-in-celebration-of-earth-day-2024/
https://www.eose.com/eos-energy-successfully-launches-commercial-production-on-first-state-of-the-art-manufacturing-line/
https://www.eose.com/eos-energy-successfully-launches-commercial-production-on-first-state-of-the-art-manufacturing-line/
https://www.eose.com/eos-energy-successfully-launches-commercial-production-on-first-state-of-the-art-manufacturing-line/
https://www.eose.com/eos-energy-successfully-launches-commercial-production-on-first-state-of-the-art-manufacturing-line/
https://www.eose.com/eos-energy-successfully-launches-commercial-production-on-first-state-of-the-art-manufacturing-line/
https://zincfive.com/news/kohler-uninterruptible-power-and-zincfive-team-up-to-deliver-safe-sustainable-nickel-zinc-energy-storage-solutions-for-data-centers/
https://zincfive.com/news/kohler-uninterruptible-power-and-zincfive-team-up-to-deliver-safe-sustainable-nickel-zinc-energy-storage-solutions-for-data-centers/
https://zincfive.com/news/kohler-uninterruptible-power-and-zincfive-team-up-to-deliver-safe-sustainable-nickel-zinc-energy-storage-solutions-for-data-centers/
https://zincfive.com/news/kohler-uninterruptible-power-and-zincfive-team-up-to-deliver-safe-sustainable-nickel-zinc-energy-storage-solutions-for-data-centers/
https://zincfive.com/news/kohler-uninterruptible-power-and-zincfive-team-up-to-deliver-safe-sustainable-nickel-zinc-energy-storage-solutions-for-data-centers/
https://www.globenewswire.com/news-release/2024/12/19/2999855/0/en/Eos-Energy-and-FlexGen-Partner-to-Accelerate-a-Fully-Integrated-American-Made-Stationary-Storage-Solution-for-Long-Duration-Storage-Applications.html
https://www.globenewswire.com/news-release/2024/12/19/2999855/0/en/Eos-Energy-and-FlexGen-Partner-to-Accelerate-a-Fully-Integrated-American-Made-Stationary-Storage-Solution-for-Long-Duration-Storage-Applications.html
https://www.globenewswire.com/news-release/2024/12/19/2999855/0/en/Eos-Energy-and-FlexGen-Partner-to-Accelerate-a-Fully-Integrated-American-Made-Stationary-Storage-Solution-for-Long-Duration-Storage-Applications.html
https://www.globenewswire.com/news-release/2024/12/19/2999855/0/en/Eos-Energy-and-FlexGen-Partner-to-Accelerate-a-Fully-Integrated-American-Made-Stationary-Storage-Solution-for-Long-Duration-Storage-Applications.html
https://www.globenewswire.com/news-release/2024/12/19/2999855/0/en/Eos-Energy-and-FlexGen-Partner-to-Accelerate-a-Fully-Integrated-American-Made-Stationary-Storage-Solution-for-Long-Duration-Storage-Applications.html
https://zincfive.com/news/vertiv-and-zincfive-collaborate-to-deliver-safe-and-reliable-nickel-zinc-battery-energy-storage-for-data-center-ups-in-north-america-and-emea/
https://zincfive.com/news/vertiv-and-zincfive-collaborate-to-deliver-safe-and-reliable-nickel-zinc-battery-energy-storage-for-data-center-ups-in-north-america-and-emea/
https://zincfive.com/news/vertiv-and-zincfive-collaborate-to-deliver-safe-and-reliable-nickel-zinc-battery-energy-storage-for-data-center-ups-in-north-america-and-emea/
https://zincfive.com/news/vertiv-and-zincfive-collaborate-to-deliver-safe-and-reliable-nickel-zinc-battery-energy-storage-for-data-center-ups-in-north-america-and-emea/
https://zincfive.com/news/vertiv-and-zincfive-collaborate-to-deliver-safe-and-reliable-nickel-zinc-battery-energy-storage-for-data-center-ups-in-north-america-and-emea/
https://zincfive.com/news/vertiv-and-zincfive-collaborate-to-deliver-safe-and-reliable-nickel-zinc-battery-energy-storage-for-data-center-ups-in-north-america-and-emea/
https://www.eose.com/eos-energy-announces-expansion-of-existing-project-with-indian-energy-and-the-california-energy-commission/
https://www.eose.com/eos-energy-announces-expansion-of-existing-project-with-indian-energy-and-the-california-energy-commission/
https://www.eose.com/eos-energy-announces-expansion-of-existing-project-with-indian-energy-and-the-california-energy-commission/
https://www.eose.com/eos-energy-announces-expansion-of-existing-project-with-indian-energy-and-the-california-energy-commission/
https://investors.eose.com/news-releases/news-release-details/eos-energy-secures-400-mwh-order-international-electric-power
https://investors.eose.com/news-releases/news-release-details/eos-energy-secures-400-mwh-order-international-electric-power
https://investors.eose.com/news-releases/news-release-details/eos-energy-secures-400-mwh-order-international-electric-power
https://investors.eose.com/news-releases/news-release-details/eos-energy-secures-400-mwh-order-international-electric-power
https://investors.eose.com/news-releases/news-release-details/eos-energy-secures-400-mwh-order-international-electric-power
https://www.eose.com/eos-energy-signs-agreement-with-city-utilities-of-springfield-missouri-to-provide-216-mwh-of-energy-storage/
https://www.eose.com/eos-energy-signs-agreement-with-city-utilities-of-springfield-missouri-to-provide-216-mwh-of-energy-storage/
https://www.eose.com/eos-energy-signs-agreement-with-city-utilities-of-springfield-missouri-to-provide-216-mwh-of-energy-storage/
https://www.eose.com/eos-energy-signs-agreement-with-city-utilities-of-springfield-missouri-to-provide-216-mwh-of-energy-storage/
https://new.abb.com/news/detail/115662/abb-introduces-innovative-nickel-zinc-battery-for-leading-data-center-ups-solution
https://new.abb.com/news/detail/115662/abb-introduces-innovative-nickel-zinc-battery-for-leading-data-center-ups-solution
https://new.abb.com/news/detail/115662/abb-introduces-innovative-nickel-zinc-battery-for-leading-data-center-ups-solution
https://new.abb.com/news/detail/115662/abb-introduces-innovative-nickel-zinc-battery-for-leading-data-center-ups-solution

| CHEMISTRY | ZINC BATTERIES | VE VOLTA

FOUNDATION

Zinc Battery Manufacturers Face The Challenging Transition From R&D

Pilot projects to commercial production, striving to scale up by enhancing manufacturing processes, strengthening supply chain
partnerships, and securing funding to advance their operations.

Celgard and AEsir Technologies Form Strategic Allianc
2 5 Hindustan Zinc and US-based AEsir Technologies join hands for developing Zinc Batteries
Vedanta NI nd AEsir Technologies Partner to Revolutionize EV B ry Technol with Nickel-Zinc B i

|gm e-Zinc Raises $31 Million for Manufacturing Facility

Zinc-lon Battery Innovator Enerpoly Acquires Full Cell Production and Pack Assembly Lines to Boost European Energy Resilience

EnerpOlg Sweden's Enerpoly Opens World's First Zinc-lon Battery Megafactor:

ENZlNC- EnZinc Opens Critical Battery Component Manufacturing Center to Meet Growing Customer Demand

Eos Energy Enterprises and TETRA Technologies, Inc. Extend Partnership, Expanding Electrolyte PRoduction Capacity
Eos Energy Successfully Launches Commercial Production on First State-of-the-Art Manufacturing Line

:"’_.‘-'- eos Eos Ener: igns MOU with Wabash to Dramatically Accelerate the Supply Chain Ecosystem for American Made Ener torage Solutions

Eos Energy Enterprises Join Forces with SABIC Specialties to Produce Specialty Current Collectors

. DOE Awards $15M to Prize Winners for Domestic Clean Energy Manufacturing Facilities
ZhneFlve ZincFive Accelerates Investment in U.S. Manufacturing
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https://www.aesirtec.com/celgard-and-aesir-technologies-form-strategic-alliance
https://www.hzlindia.com/media_press_releases/hindustan-zinc-and-us-based-aesir-technologies-join-hands-for-developing-zinc-batteries/
https://www.aesirtec.com/vedanta-nico-and-aesir-technologies-partner-to-revolutionize-ev-battery-technology-with-nickel-zinc-batteries
https://www.zincbatteryinitiative.com/e-zinc-raises-31-million-for-pilot-manufacturing-plant/
https://www.enerpoly.com/article/enerpoly-acquires-cell-production-and-pack-assembly-lines
https://www.enerpoly.com/article/enerpoly-opens-worlds-first-zinc-ion-battery-megafactory-sweden
https://enzinc.com/enzinc-opens-critical-battery-component-manufacturing-center-to-meet-growing-customer-demand/
https://www.eose.com/eos-energy-enterprises-and-tetra-technologies-inc-extend-partnership-expanding-electrolyte-production-capacity/
https://www.eose.com/eos-energy-successfully-launches-commercial-production-on-first-state-of-the-art-manufacturing-line/
https://www.eose.com/eos-energy-signs-mou-with-wabash-to-dramatically-accelerate-the-supply-chain-ecosystem-for-american-made-energy-storage-solutions/
https://www.eose.com/eos-energy-enterprises-join-forces-with-sabic-specialties-to-produce-a-specialty-light-weight-conductive-composite-thermoplastic-for-eos-z3tm-battery/
https://www.energy.gov/technologytransitions/articles/doe-awards-15-million-prize-winners-domestic-clean-energy
https://zincfive.com/news/zincfive-accelerates-investment-in-u-s-manufacturing/
https://zincfive.com/
https://www.eose.com/
https://urbanelectricpower.com/
https://enzinc.com/
https://www.enerpoly.com/
https://www.e-zinc.ca/
https://www.aesirtec.com/
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A Total Of $805M Was Invested In Zinc Battery Technologies Led By The US Government
Largely For Deployments And Scale Up Of Leading Manufacturers

New Lab LLC
Urban Electric Power
Redflow
Eos Energy Enterprises
e-Zinc
Urban Electric Power
NextEra Energy Resources Development
Redflow
Urban Electric Power

Eos Energy Enterprises

EnZinc

Eos Energy Enterprises

$5.0
$0.4
$9.0
$315.5
$31.0
$6.5
$491
$30.0
$5.0
$303.5
$8.0
$42.0

US Department of Energy
US Department of Homeland Security
California Energy Commission
Cerberus Capital Management
Evok Innovations

US Department of Energy

US Department of Energy

US Department of Energy

US Department of Energy

US Department of Energy Loan Programs Office

TOVC

California Energy Commission

Project Grant
Project Grant
Project Grant
Strategic Investment
Series A2
Project Grant
Project Grant
Project Grant
Project Grant
Loan Commitment
Series A

Project Grant

ON
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https://www.energy.gov/oe/articles/doe-awards-15m-launch-innovations-long-duration-energy-storage-earthshot
https://urbanelectricpower.com/2024/04/29/dhs-announces-first-winners-awards-835000-clean-power-for-hours-challenge-in-celebration-of-earth-day-2024/
https://www.utilitydive.com/news/california-cec-long-duration-energy-storage-redflow-noon-redoxblox/719264/
https://www.eose.com/eos-energy-announces-strategic-investment-of-up-to-315-5-million-from-cerberus-to-propel-eos-expansion-and-path-to-profitability/
https://www.e-zinc.ca/pressrelease/e-zinc-secures-usd-31m-in-series-a2-financing-to-advance-commercialization-initiatives/
https://urbanelectricpower.com/2024/07/29/governor-hochul-announces-long-duration-energy-storage-demonstration-using-fire-safe-battery-technology/
https://www.energy.gov/sites/default/files/2024-07/FactSheet_LDESAward_NextEra_PhaseOne.pdf
https://www.energy.gov/sites/default/files/2024-09/FactSheet_LDESAward_ChargeBliss_PhaseOne_9.4.24.pdf
https://www.energy.gov/technologytransitions/articles/doe-awards-15-million-prize-winners-domestic-clean-energy
https://www.energy.gov/articles/biden-harris-administration-announces-3035-million-loan-guarantee-eos-energy-enterprises-0
https://enzinc.com/enzinc-secures-8-million-in-series-a-funding-to-drive-innovation-in-renewable-energy-storage/
https://www.energy.ca.gov/news/2024-12/cec-awards-42-million-grant-long-duration-energy-storage-project-camp-pendleton
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High Temperature Batteries

High temperature batteries use molten electrodes separated by a solid ceramic electrolyte separator. They were developed for stationary
storage applications for discharge durations of up to 8 hours.

SYSTEM OVERVIEW USE CASE: GRID STORAGE

High temperature batteries operate at temperatures over 250°C to ensure High temperature batteries typically have cell energy densities of 100 to 200

that the electrodes remain in a molten state and are electrochemically Wh/kg, and operate at round-trip efficiencies of around 70 to 80% when
active. The electrolyte is typically sodium beta-alumina. There are two operating at temperature. They have been widely deployed in energy storage
high temperature battery chemistries which have been successfully applications for discharge durations of up to 8 hours, making them suitable for
commercialised as of 2024: pairing with solar PV installations.

Sodium-sulfur [1] batteries, where molten Sodium nickel chloride [2] batteries, sometimes

sulfur and molten sodium are separated called ZEBRA batteries, which use nickel

from a beta-alumina electrolyte layer. chloride and molten sodium electrodes.

e
— -

Source: [1] NGK Insulators - Product, [2] EASE - Technologies BATTERY REPORT 2024 | P. 299


https://www.ngk-insulators.com/en/product/nas.html
https://ease-storage.eu/energy-storage/technologies/

| OVERVIEW

Notable Events
Industry Value Chain
Finance
Costs
Cell & Pack Manufacturing
Applications
Electric Vehicles (EV)
Battery Energy Storage Systems (BESS)

Other
Safety
Legal
Chemistry
Cathode
Anode
Electrolyte & Separator
Solid State

Lithium - Sulphur
Non-Lithium Chemistries

Recycling & Reuse
Software
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| SUPPLY CHAIN & RAW MATERIALS | SUMMARY

Section Summary - Overview

e 2024 has been a challenging year for raw material

Major downstream manufacturers are accelerating

producers and the midstream, but a boon for anyone vertical integration strategies and directly investing
buying materials. in raw materials

e  Supply growth has continued to overshoot demand, e Chinais the only major market to see raw material
pushing prices down further. import growth in 2024.

e Now many mining and refining operations — e Lithium demand from batteries is a long-term
especially higher-cost ones — are curtailing supply, certainty, but the speed and scale at which it
and adjusting CapEx to realign with demand growth. grows outside China is now at more risk than ever

due to policy changes and industry pullbacks.
e However, investment continues to drive supply

growth at a global level, with stakeholders keen to e All battery raw materials are being thrifted over
secure their positions in a bright future for battery time, and —in the case of nickel and cobalt — being
raw materials. substituted out.
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Battery Raw Material Prices Stay Low In 2024

Battery chemical prices, DAP China, '000 RMB/t, indexed to Dec-22

Dec-22=1C0

120 | [thium Carbonate e Lithium Hydrox ice - Nikel Sulphate ° Mining investments have increased
wCobalt Sulphate —=Manganese Sulphate supply of battery materials

100 Focy

e  Rate of growth supply has outpaced
EV and battery demand

A0

60 ° Companies have struggled to draw
down on inventories

40

° Continued shift to LFP in EVs has
softened demand for nickel and cobalt

A . N T S 4

T | Y |

2 & L SR - S S ,
0@' Qy o 3\5{ ?:)5 o oé QP @ 5&“ ?!\) & oé'

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. p. 302


https://www.crugroup.com
https://www.crugroup.com/en/contact-us/
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Lithium - Low Prices Are Great For Battery Costs, But Risks Long-Term Supply

Supply outpacing demand has pushed lithium prices to their lowest level in 38

...all of which increases the risk of supply not keeping
months. While low prices enable cheaper batteries, this also means (generally

up with demand.
speaking, as there are exceptions): This means continuing cycles of volatility, albeit not as
° Further demand feedback from EVs and BESS severe as in the past.
° Operating mines are curtailed in the short-term
[ ]

Project investment in the short-to-medium term is dampened

Surplus supply continues ...which pressures margins for
to weigh on prices...

...which results in
the highest-cost mines

curtaliments to mining suppiy
Lithum marke! balance and prce. KL LCE &3t LCE

Vahe-siusted cath mining costs®, $ Mt conc. Res=ed mne curtaiments, ki LCE a3 of Dec-24
-y arce Pl

sAuz-Nov 24 B fnlorw Aug 246

02z 2023 224 w— IO« m—

a2 202¢ 2028 2027

Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. *Cost curve shows only
pegmatite operations.

Cost
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https://www.crugroup.com
https://www.crugroup.com/en/contact-us/

| SUPPLY CHAIN & RAW MATERIALS | LITHIUM

Latest Trends In The Lithium Industry

The average lithium ore grade is

Supply is emerging from new sources,
decreasing over time, which increases

Many producers keep operations going,
such as Argentina, Africa, and China’s

despite curtailments elsewhere, and mine

permits continue to be granted

High-cost miners and non-integrated
refiners are struggling to be profitable

Lithium intensity in batteries is
decreasing, requiring less material per
kWh over time

Leading battery manufacturers gain
influence over lithium prices as they
accelerate vertical integration

Sichuan province

Chinese lithium refineries are the
lowest-cost but also underutilized

Much more lithium is being consumed in
CAM than end-use due to overproduction,
especially for LFP

Price discovery is gaining momentum on
the physically settled Guangzhou Futures
Exchange

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com.

the cost of producing lithium chemicals

Individual mining operations of all sizes are
optimizing processes and scaling up
production to bring costs down

China leads imports & refining, but CAM is
expanding overseas, precipitating a shift
in regional lithium chemical consumption

Mergers & acquisitions are heating up,
but supply is still diversifying by region
and resources
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Indonesia Is Consolidating Its Dominance In The Nickel Industry

Indonesia Ni exports have increased from $4B to

B Ao P are (A LR ST LT O NN

i5 .«
56 44 smelters are currently in operation and 26 are still under construction. This condition

o pushes down Nickel prices in 2024 as low-cost supply floods the market.

- To mitigate the oversupply condition and risks that could undermine investments and the

1 31 country’s lead in the market, Indonesia has:
" ° Imposed a moratorium on RKEF Nickel Pig Iron smelters
o ° Considered removing the tax holiday for RKEF smelters
° Considered a future policy that favors higher-grade nickel smelters (HPAL, which
' . . . . is relevant for the battery industry)

s x

-

Nickel ore production in 2024 also had bureaucratic delays, resulting in massive imports

TOP NICKEL PRODUCERS 2024 NICKEL RESERVES (Millions mt) from the Philippines

Australia

Canada

Russia

New Caledonia

Philippines
™ PP

Indonesia is working to design ESG frameworks tailored to its local conditions, balancing
sustainable nickel production with global market demands, and environmental
responsibilities.

Indonesia

Source: S&P Global, SMM ' o S P. 305
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| SUPPLY CHAIN & RAW MATERIALS | NICKEL

Latest Trends In The Nickel Industry

Investments in Indonesian supply
continue, but Western-backed projects in
the country are being cancelled

Leading battery manufacturers gain
influence over nickel & cobalt payables as
they accelerate vertical integration

Nickel consumption in pCAM has been
stagnant for 3 years

Nickel intensity in batteries is
decreasing, requiring less material per
kWh over time

Indonesia is enacting curtailment policies
to mitigate oversupply and protect
higher-grade operations

Sluggish nickel demand in batteries has
pushed pCAM and NiS producers to move
into (non-battery) metal refining

Stainless steel remains by far the largest
demand driver for nickel

China leads refining, but pCAM is
expanding overseas, precipitating a shift
in regional nickel demand

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com.

Project curtailments, especially in
Australia, have brought ex.Indonesia
supply to its lowest level in years

Non-integrated nickel sulphate and pCAM
producers are struggling to be profitable

Battery- and auto-makers now moving
away from high-nickel chemistries towards
high-voltage medium-nickel

Nickel sulphate capacity expansions are
slowing in China but accelerating in
Indonesia and South Korea
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| SUPPLY CHAIN & RAW MATERIALS | NICKEL & COBALT

Cobalt Demand Relies On Batteries, While Stainless Steel Drives Nickel Demand

Nckel Demandg (2023 vs, 2024), Unit: kt N costaned
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Source: Content & analysis provided courtesy of Benchmark Minerals Intelligence (Distinguished Partner)

L
ABENCHMARK https://www.benchmarkminerals.com/cobalt.
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Cobalt Is In A Severe Oversupply Situation

Refined cobalt market balance & price
xtand 31b Co
DRC, Indonesia, and China driving oversupply and
— oo Price overcapacity
Almost all cobalt is mined as a byproduct of nickel or

Sl 15 [Feeeming Sver mer sanE e copper. As such, miners are not deterred by low Co

several Australian and US projects curtailed prices and will continue production as long as Ni and
Cu markets incentivize it. Curtailments are far from
Cobalt demand diversifying beyond China with new being enough to balance the market.
pCAM projects, but mainly in low-risk and low-cost
222 2023 2024 countries like Indonesia

Very little supply outside the Chinese-controlled DRC-Indo-China triumvirate

Additiena mine supply kt Ca Addtional refined supely K1 Co
-— - LI Shift to Co-free LFP and improvements to NMC
- cathode materials are heavily dampening demand for
. Co in batteries - average Co intensity has dropped by
two thirds in five years.
= - . A - - B
022 ORAC  Incosec China Othe 200 2022 Chm noceesy Cther 2mr

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. P. 308
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Manganese Due For Great Influx Of Demand In Batteries

CANADIAN @
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m Source: [1] Manganese Metals Company, [2] CRU Group (Distinguished Partner)

Mn chemicals used to make
Li-ion and Na-ion CAM[2!;

° for NMC, NMCA, LMFP,
future LNMO and LMR

e for LMFP and layered-oxide
Na-ion

e for LMFP and layered-oxide
Na-ion
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Manganese Mines Are Concentrated In Asia (China & Ex-China) In 2024

2030 forecasts based on company announcements
and publicly available information

;FZBENCHMARK Source: Content & analysis provided courtesy of Benchmark Minerals Intelligence (Distinguished Partner). For more information, visit BATTERY REPORT 2024 | P. 310
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Graphite 101

NATURAL GRAPHITE IS MINED FROM THE EARTH
SYNTHETIC GRAPHITE IS DERIVED FROM PETROLEUM COKE

B Natursl arode matarial B Synthatic anode material
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Source: S&P/Battery Materials Review

OVER 85% OF BATTERIES USE SYNTHETIC
GRAPHITE

Natural graphite has (historically) been cheaper and
much less carbon-intensive to produce.

Synthetic graphite is favored for its high purity and
predictable performance, with benefits of fast charging
and long cycle life.

Lead time on a synthetic graphite plant is much shorter
than natural graphite mine.

Synthetic graphite has consolidated its market share,
but it is sometimes blended with small amounts of
natural graphite.

China controls 85-96% of production depending on the
product in question.

BATTERY REPORT 2024 | P. 31
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| SUPPLY CHAIN & RAW MATERIALS | GRAPHITE

Synthetic Graphite Costs Have Fallen Significantly

Abundant feedstock and low energy
prices keep Chinese costs low

Avarage synthatc graphite AAM production
oosl, China, nominal, Sy

u Labour, capnal cosls. maintance

R Energy & procassing

Needia coke

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). AAM = Anode Active Material. Price margin not shown.

...but geopolitics and higher costs
ox.China pose arisk to supply & prices

Frocuchion share in SG anode supply chain, 2024

s Chna zesChina

Patrodmum coke

l

Synhatc graphte JEREN

!

Syrthetic graptete
arode

Underlying costs are driven by
, as SG production is an energy- and
oil-intensive process.

There has long-been a massive abundance of capacity for
petroleum coke and graphite anode in China.

Similar to the CAM market, AAM in China is in a state of

, while
producers are currently commanding higher prices
outside China.

The main upside risk to ex.China prices is if China bans
exports outright or if punitive tariffs are applied elsewhere.

ex.China production is converging on Indonesia,
Morocco, and limited parts of the US and Europe, for
which underlying costs can reach similar levels to that of
China.
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High Costs Are The Main Hindrance To Synthetic Graphite Production Outside China

Production costs in China are lower than the rest of the world, mainly due to cheap energy and abundant feedstock materials.

Syrithetic Graphite Cost Curve 2024 (C1 cost), Unit: §t
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Notes:
e C1costincludes feedstock, processing cost, G&A cost, power cost, labor cost, logistics cost and other cost (if any)
o Different operations on the cost curve produce material with different types of anode materials and electrodes in terms of quality and carbon content, thus will not receive the same prices for all material sold
44 BENCHMARK ﬁour;e;N(\ZA?Wntenrt]&hanr]warliiisnprrO\llldedmcou:e;]syiof BrenEPmark Minerals Intelligence (Distinguished Partner). For more information, visit BATTERY REPORT 2024 | P 313
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Leading Battery Manufacturers Gain Influence Over Material Prices

Example: Battery manufacturers involvement in lithium upstream supply

a Cperstirg menes
New projecis
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Karhlen Valiey @ LGEnergy Sokstion

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit hitps://www.crugroup.com.

To reduce the impact of price volatility on costs, and to gain an
additional competitive edge, battery producers have sped up their
vertical integration strategies by acquiring equity stakes in lithium,
nickel, and cobalt resources and refineries.

This trend has several implications:

° More mined feedstock is removed from the open market and
moved in-house, allowing battery manufacturers to control
costs and secure supply.

° Manufacturers have less reliance on the spot market, making
spot prices less representative.

° Cathode producers are increasingly relegated to a tolling
role, with margins set by battery makers.

Influencing power in the supply chain can shift throughout time,
depending on where supply availability is tight compared to demand.
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Downstream Manufacturers Continue Direct Supply Sourcing Efforts In 2024
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Source: Company announcements p. 315
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Diversification Of p/CAM Supply Is Gradually Shifting Regional Battery Material Consumption
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m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). Showing only major planned pCAM/CAM/AAM
bases. 'Integrated pCAM' includes precursor iron phosphate and ternary precursor.

Precursor and cathode material
production - the first point of
consumption for refined battery
chemicals - is gradually
expanding outside China

Asian producers are pivoting their
strategies to capture overseas
markets, where they can
command higher margins

European and North American
trade policies are also aimed at
incentivising ex.China supply

The higher costs and investment
risks outside China are deterring
more profound overseas
investments

Therefore, supply clusters are
forming in what are seen as
low-cost, low-risk countries like
South Korea, Morocco, and
Indonesia to supply major markets
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| OVERVIEW

Notable Events
Industry Value Chain
Finance
Costs
Cell & Pack Manufacturing
Applications
Electric Vehicles (EV)
Battery Energy Storage Systems (BESS)

Other
Safety
Legal
Chemistry
Cathode
Anode
Electrolyte & Separator
Solid State

Lithium - Sulphur
Non-Lithium Chemistries
Supply Chain & Raw Materials

Software
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Recyclers Consider Their Business Models Carefully To Withstand Long-Term Challenges

In short-term, the profit margins of pure-play
recyclers are under pressure from low raw
material prices.

- "Buy & sell” Closed - "Racycling-as-a-Service (RaaS)" )
Ppen ™ ' Aﬂ yeling ( ) ‘ Those that operate in a
* Regyclers buy bataries or got ovon mul to w»m « Reayelors hecome cervice providers and chorgo tol are more protected from current
{esp. &r LFP) fmn QEN neworks and'or ndspendert colecions manfacturems or DENS & lee to recyce the material ket d .
« Bome secydars buy sddliors biack mass from irdegendant ~ Call manutadturors of OEMS own the nputs (scrmp, Ecl batories) marxet dynamics.
shickeers o cutpess (recyclod melerials) of he recyding prooess
- 4 ki . .
+ Recyoens sell racycled materiats/matals £ opon market (0 5., S NS0 qpii s shoand M pasalm In the long-term, as end-of-life batteries become
0 refieers or PCAMCAM producers) « While Rnas has arcady been nroduced in China, 1 s noc yat .
« Exzomre of moycers 1o fucdialng rew materisls prioss wioely adeplot n ELF and NA 25 It rogures: more abundant than manufacturing scrap,
Largo capadcy nstalatons (asp. tor hydromomiugy) companies will want to seize the opportunities of
~ Stpady stroam of suficiend volumes 10 ensure asset utlizasen
- Estabished doaed kop partrerabips & reviise bgishe nelaorks the
mﬁ ‘s X X )
To increase value add and improve margins, black
‘s : . e T ' mass refiners are in both
- O “T'he sorvice 265 Mmool warks in China, but i has mot been . . . . .
' ' ' S 25 WSS IITOICHD 1N EUIGe® & NOMh AMGncs — Likely % b directions - into collection, shredding/black mass
Sopies more by e ond U he decese production, and precursor cathode production
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B Reoycen W partes

Roland Source: Content & analysis provided courtesy of Roland Berger (Distinguished Partner). For more information, visit P 318
Berger https://www.rolandberger.com/en/Insights/Global-Topics/Battery/. .
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Process Scrap Availability Currently Exceeds End-Of-Life Scrap

B Euwope Chinese scrap accounts for more than 80% of global
U Nanh Amanica recycling scrap in 2024. The large majority of this is
M China

W Fest o A

China has scaled its battery manufacturing capacity to

W Restof World . S
Pm keep pace with global battery demand, resulting in
. Pmont N process scrap being the dominant contributor to its
End ot Bte scrwp regional scrap pool.
Chinese scrap European scrap As the rest of the world has accelerated

contibution electrification, but is still establishing regional
manufacturing capacity, end-of-life scrap - even if
relatively small - dominates over process scrap.

confrbution

¥

Source: Content & analysis provided courtesy of Benchmark Minerals Intelligence (Distinguished Partner). For more information, visit P. 319
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| RECYCLING & REUSE | PRE-TREATMENT CAPACITY

Recycling Pre-Treatment Capacity Growth Slows In 2024

Global annual pre-treatment capacity by plant status, million tonnes
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anﬁon Source: Rho Motion (Distinguished Partner), Eastmarkets
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| RECYCLING & REUSE | RECYCLED CONTENT MANDATES VF ! ;{Oll-JT';‘; ATION
QUNDATION

EU Recycled Content Mandates Likely To Have Minimal Impact On Battery Costs

impact of l'fﬂ‘.):(ﬂ&d content and recycled premium on cedl produchan cost, The EU Battery Regu|ation mandates a minimum recyc|ed content in
2024, % $&kWh batteries used in the EU in the future.

Automakers and battery makers will
and if this is combined with a lack of available feedstock, it is
possible that secondary material commands a premium.

However, the impact on overall battery cell production costs is likely
to be minimal, and is less for LFP than that of NMC, as only lithium
carbonate is affected.

£U Samery Reguiation tamet
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2ot e § European manufacturers are particularly concerned about the
T 5% 00s 01% 1% 0.2% = economics of recycling LFP. Given the comparatively lower value of
3 3 constituent materials, it may deter black mass refiners in the region
Saseine prceassumpion € qpy, gym  02% 029  05% 3 from establishing LFP recycling capacity and producing lithium
Litrium o g carbonate.
st T ' =
< & 20% 2% 0.5 0.6% 1w @ The most likely scenario is that regulations force LFP recycling to
:;':‘,“’_“’oe $24.1 %9 . ) . = take place and the burden placed on the downstream manufacturer.
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Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit hitps://www.crugroup.com. p. 322
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Recycling Processes - 95% Of Global Capacity Uses Hydromet Or Variants Thereof
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Pyromet: more established and more flexible with feedstock, but emissions-intensive
Hydromet: higher material recovery rate, but more complex process flows
Both pyro- and hydromet have environmental concerns, and the requirements for

treatment can be costly
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Recycling Processes Are Evolving To Improve Recovery Rates And Minimize Costs

PRE-TREATMENT PROCESSES INDUSTRIAL RECYCLING PROCESSES DEVELOPING RECYCLING PROCESSES
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Second-Life Batteries - An Overview

° Second-life batteries consist of cells,
modules, and packs that are repurposed into
less power-intensive applications when they
approach their end of life

e  The end of life of a battery is typically taken
at 70-80% state of health (SoH). Beyond this
value, performance degradation is
accelerated and such batteries can only be
used effectively at a lower C-rate, for
instance in residential storage systems

° Some second-life batteries make their way
back into EVs, if a similarly aged battery pack
needs one of their cells/modules being
replaced. This operation is named
remanufacturing

Source: [DTechEx

VOLTA
VF | fainnation

Repramening

Neyuing

Tettvy ot
Nemaratactanng

©

Tevtvy ol
st

pack bevel)

‘/

BATTERY REPORT 2024 | P. 325


https://www.idtechex.com/en/research-article/the-second-life-ev-battery-market-to-reach-us-4-2b-in-value-by-2035/32294
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Second-Life Batteries - Current Applications

° Generally speaking, any product where a new battery is used is also suitable for a second-life battery.

° Most common applications are where a new Li-ion battery may be too expensive, or where low volumes exclude interested buyers
from purchasing batteries from traditional vendors

° Second-life batteries are also appealing for projects with ESG requirements

° So far, used batteries have found their way into such as off-grid power banks and wheeled energy storage
systems, all the way up to more

@)

Source: E-Enerqy, Reefilla, B2 P. 326



https://www.e-energysrl.it/prodotti/#battery-bag
https://www.reefilla.com/en/fillee/
https://www.b2uco.com/technology
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Battery Repurposing - A Budding Industry Facing Fierce Competition

Upstream competition from ever cheaper new
batteries coming out of China

Downstream competition from battery recycling
companies scrambling for feedstock for their
plants

The industry is mostly developed in Europe,
where the Battery Regulation enables lawful
battery repurposing through the provisions listed
in Article 73

Source: |DTechEx
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https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32023R1542#art_73
https://www.idtechex.com/en/research-article/the-second-life-ev-battery-market-to-reach-us-4-2b-in-value-by-2035/32294
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Reuse And Recycling Results In Significant CO, Emissions Reduction And Cost Savings

° Today's battery recycling technologies can recover 80%-95% of the
critical minerals.

° Manufacturing costs for a vehicle battery can be 5-30% lower when
using recycled cathode material.

° Reusing end-of-life EV batteries as BESS can lower production
costs by ~40% and reduce its emissions footprint by ~50%
compared to all-new BESS.

e  Avreused EV battery can last 5+ years, depending on its SOH and
second-life application.

° Second-life BESS avoided emissions are realized in the
manufacturing process, however round-trip efficiency is lower.

e  The second-life EV battery market is
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peur ty 2020,
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https://www.energy.gov/sites/default/files/2021-06/FCAB%20National%20Blueprint%20Lithium%20Batteries%200621_0.pdf
https://www.energy.gov/sites/default/files/2021-06/FCAB%20National%20Blueprint%20Lithium%20Batteries%200621_0.pdf
https://www3.weforum.org/docs/GBA_EOL_baseline_Circular_Energy_Storage.pdf
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/second-life-ev-batteries-the-newest-value-pool-in-energy-storage
https://www.sciencedirect.com/science/article/pii/S254243511930474X#:~:text=use%20in%20EVs.-,Industry%20Demonstrations,cost%20of%20using%20new%20batteries.
https://evmagazine.com/technology/second-life-ev-batteries-pioneering-sustainability-growth
https://www.systemiq.earth/wp-content/uploads/2023/11/Systemiq_Sustainable_Battery_Recycling_Full_Study_WEB-1.pdf
https://thebatterypass.eu/assets/images/content-guidance/pdf/2023_Battery_Passport_EOL_Analysis.pdf
https://recellcenter.org/2020/06/23/recell-center-could-save-costly-nickel-and-cobalt-transform-battery-recycling-worldwide/
https://www.iea.org/reports/recycling-of-critical-minerals/executive-summary
https://www.energy.gov/sites/default/files/2021-06/FCAB%20National%20Blueprint%20Lithium%20Batteries%200621_0.pdf
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Lack Of Standardization Leads To Complexity In Battery Dismantling

e  Wide distribution of very different EV pack architectures
leads to complexity in terms of uniform battery
dismantling strategies

° More complex or tedious dismantling processes
constitute additional costs

° Even within similar battery architectures, differences may
exist in terms of how to safely handle battery packs that
have aged differently

e  The low volumes of dismantled batteries have led this to
be a mostly manual process to date

° However, several European projects have been started to
look into automated battery disassembly, such as
CarE-Service, DemoRec, and DemoBat

° The use of image recognition software, ML, and Al are
deemed as quintessential to maximize the capabilities of
automated battery disassembly systems

Source: RWTH Aachen P. 329


https://www.youtube.com/watch?v=vHX2HWYNWmI
https://www.pem.rwth-aachen.de/go/id/bdowgm/lidx/1
https://www.ipa.fraunhofer.de/en/press-media/press_releases/new-technologies-for-the-disassembly-of-electric-vehicle-batteries-and-motors.html
https://www.pem.rwth-aachen.de/go/id/bdowgm/lidx/1

| RECYCLING & REUSE | BATTERY MARKETPLACES VI: VOLTA

FOUNDATION

Consolidation Is Happening On Where To Source Second-Life Batteries

. . ) BD
e  Used batteries can originate from a number of sources: used EVs, test vehicle

batteries, scrap yards, overproduction stocks, struggling OEMs NoviD) ng
° The complexity in managing such a disparate number of sources, as well as different e

battery architectures, can only be solved through meticulous product documentation,
performance testing and validation, and logistics know-how Ue

° A number of companies have stepped up to deal with this complexity and smooth out
the whole purchasing experience, and many of them have not made it to 2025

° The BatteReverse project keeps track of all second-life battery stakeholders within ’ G @
wider EU, and only four marketplaces are listed, namely Circunomics (Germany), B
Cling Systems (Sweden), GBD (Norway), and Second Life EV Batteries (UK)

° Some repurposers source their batteries directly from OEMs, although this creates a
vendor lock-in problem

Source: BatteReverse P. 330


https://www.battereverse.eu/insights
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Electrolyte & Separator
Solid State

Lithium - Sulphur

Non-Lithium Chemistries
Supply Chain & Raw Materials
Recycling & Reuse
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Software Player Overview
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https://aboutenergy.io/
https://brillpower.com/
https://www.qnovo.com/battery-energy-storage
https://batemo.com/
https://chemix.ai/
https://energsoft.com/
https://zitara.com/
https://ansys.com/
https://coulomb.ai/
https://www.electroder.cn/
https://www.volytica.com/?gclid=Cj0KCQiAkeSsBhDUARIsAK3tiee5NrxRB70gSsIKX0X9__BWzT_8z5lvfU-UT7DETYNfWZ6b4cYi-uYaAlwzEALw_wcB
https://www.twaice.com/?utm_term=twaice&utm_campaign=EN+%7C+Brand+Awareness&utm_source=adwords&utm_medium=ppc&hsa_acc=3069272335&hsa_cam=18383338057&hsa_grp=142430672158&hsa_ad=622881920139&hsa_src=g&hsa_tgt=kwd-1496273908783&hsa_kw=twaice&hsa_mt=b&hsa_net=adwords&hsa_ver=3&gad_source=1&gclid=Cj0KCQiAtOmsBhCnARIsAGPa5yYzBQcvWuy18huIJLGfPtQ1_vtYLvmBdp4WJNcRQK2Y6HL8IOlLntUaApHhEALw_wcB
https://ion-works.com/
https://www.monolithai.com/
https://www.gtisoft.com/gt-autolion/
https://www.voltaiq.com/
https://pybamm.org/
https://hexagon.com/resources/resource-library/battery-design-and-manufacturing-solution?tabId=tab-80AA63582269447385CB30C9E3C6AC8C-3-2
https://www.accure.net/
https://www.siemens.com/
https://www.byterat.io/
https://www.mat3ra.com/
https://www.batalyse.com/
https://www.wildcatdiscovery.com/
https://brillpower.com/
https://battgenie.life/
https://elysia.co/
https://www.indie.energy/
https://elysia.co/
https://www.tyba.ai/
https://modoenergy.com/
https://www.pdf.com/battery
https://inficon.com/
https://www.siemens.com/
https://www.rockwellautomation.com/
https://global.abb/group/en
https://camline.com/industries/battery-manufacturing/
https://www.se.com/us/en/work/solutions/for-business/automotive-and-emobility/ev-battery-manufacturing.jsp
https://us.mitsubishielectric.com/fa/en/solutions/industries/battery/
https://www.beckhoff.com/en-us/industries/automotive-industry/battery-production/
https://process.honeywell.com/us/en/industries/sheet-manufacturing/lithium-ion-batteries
https://inductiveautomation.com/downloads/?utm_medium=Google-ad&utm_source=google-ad&utm_campaign=02-product-download&AdvertisingTouch=google-ad-product-download&Lead_Source=google-ad-product-download&gad_source=1&gclid=Cj0KCQiA4fi7BhC5ARIsAEV1YiYG5MSJ2xSg2nHNm7iaaFFs3OcrLiHrTEyznMp72NuRlL5C6lKNjMMaAlwJEALw_wcB
https://www.pdf.com/battery
https://www.appliedmaterials.com/
https://www.eyelit.com/industries/
https://www.voltaiq.com/
https://hexagon.com/resources/resource-library/battery-design-and-manufacturing-solution?tabId=tab-80AA63582269447385CB30C9E3C6AC8C-3-2
https://glimp.se/
https://www.astrolabe-analytics.com/
https://citrine.io/
https://www.liminalinsights.com/
https://www.titanaes.com/
https://amplabs.ai/
https://www.siemens.com/
https://www.gridmatic.com/
https://www.equilibriumenergy.com/
https://www.ascendanalytics.com/
https://www.enspired-trading.com/
https://habitat.energy/
https://arenko.group/
https://www.enertel.ai/
https://www.drivepowerline.com/
https://www.entrixenergy.com/en/home/
https://www.trlyr.com/
https://auroraer.com/
https://www.storlytics.net/
https://www.infyos.com/
https://cellectenergy.com/
https://fractalems.com/
https://www.flexgen.com/
https://powin.com/
https://fluenceenergy.com/
https://amplabs.ai/
https://www.electravehicles.com/
https://powerup-technology.com/
https://www.polaron.ai/
https://www.comsol.com/
https://www.keyence.ca/
https://www.lumafield.com/
https://exacom.tech/
https://www.excillum.com/
https://www.isravision.com/en-en
https://www.bakerhughes.com/waygate-technologies
https://en.nikon.ca/
https://www.palantir.com/
https://www.sick.com/ca/en/about-sick/w/about-sick/
https://aionics.io/
https://aionics.io/
https://eatron.com/
https://eatron.com/
https://www.accure.net/
https://micantis.io/
https://www.noble.ai/
https://www.electravehicles.com/
https://www.leadintelligent.com/en/
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Organizing, Cleaning, And Prepping Battery Data For Analysis Takes Significant Time And Effort

Medium © oo
Battery researchers have a problem...

I

‘ TIMCCEAD Wraie 24610y

Source:
Executives from Electra Vehicles, lonworks, Form Energy

is the #1 problem.”

"Without [good data], you can't make good models. It's
very hard and costly to get [good data] yourself."

"We absolutely do want to model this, but you can't
validate your model without ... collecting all that data.”

Al For EV Battery Validation

165 decision makers in the automotive industry responsible for EV
battery testing, validation, and development in the US and Europe

cite deciphering
complex relationships in vast,
multiparameter datasets as a significant
barrier [to battery validation].

of time
savings from Al-powered cell
characterization testing that leverages
standardized data sets.

Sources: Medium: Battery Researchers have a problem... , Forrester: Al for Battery Validation / Doc,
Anaconda: State of Data Report 2023 / Doc, Big Data Wire: Data Prep Still Dominates Data Scientists’ Time, Survey Finds

) ANACONDA

DATA
SCIENCE

° o ° °
N ==

SURVEY: Data Prep and Cleaning reported as the
for data

practitioners.

Scope = 1,071 respondents

BIGDATAWIRE

Data Prep Still Dominates Data
Scientists' Time, Survey Finds

Alex Woodie

Data scientists spend about 45% of their time on
data preparation tasks, including loading and
cleaning data, according to a survey of data
scientists conducted by Anaconda.
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https://www.bigdatawire.com/author/alex/
https://medium.com/@grethermurray.theodore/battery-researchers-have-a-problem-2ccd5e06cec2
https://www.monolithai.com/ev-battery-validation-ai-study
https://drive.google.com/file/d/11-fG8w1ByxTITgvmffBoFpx_rtvxmEBm/view?usp=sharing
https://www.anaconda.com/lp/state-of-data-science-report-2023
https://drive.google.com/file/d/1103p_j73LR4o3MMQz0E5FF7QzpbdSNsS/view?usp=sharing
https://www.bigdatawire.com/2020/07/06/data-prep-still-dominates-data-scientists-time-survey-finds/
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Standards - Battery Laboratories Aim To Establish Industry Standards For Battery Data,
Facilitating Use Of Open-Source Physics-Based And Al Models In Battery Science
BATTERY DATA ONTOLOGY BATTERY DATA FORMAT (BDF)
BattInfo established an ontology for attributes of batteries and battery Battery Data Alliance** a Linux Foundation
materials, facilitating standardization of metadata Project, launches the Battery Data Format -
a new standard for formatting battery
cycling data
2021 2022 2023 2024+
BATTERY ARCHIVE BATTERY DATA GENOME
Launch of the first public data repository to visualize, Argonne National Lab publishes Call to Action to establish uniform data acquisition
analyze and benchmark battery data in a standard way and sharing practices across battery science community

across battery labs
BATTERY PARAMETER EXCHANGE
The Faraday Institution launches BPX standard, to standardise the reporting and
measurement of physics based model parameters.

@ Al For EV Battery Validation "Over half (57%) of respondents cite deciphering complex relationships in vast, multiparameter datasets
Industry Study - May 2024 as a significant barrier [to Al-powered battery validation].” The majority (61%) estimated months to years
B o oot e UL b for £V of time savings from Al-powered cell characterization testing that leverages standardized data sets.

Sources: Forrester: Al for Battery Validation / Doc , ** Battery Data Alliance/Linux Foundation P. 334


https://www.batteryarchive.org/
https://www.sciencedirect.com/science/article/pii/S2542435122004093
https://www.sciencedirect.com/science/article/pii/S2542435122004093
https://bpxstandard.com/
https://github.com/BIG-MAP/BattINFO
https://www.monolithai.com/ev-battery-validation-ai-study
https://drive.google.com/file/d/11-fG8w1ByxTITgvmffBoFpx_rtvxmEBm/view?usp=sharing
https://lfenergy.org/projects/battery-data-alliance/
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Importance Of Software In Cell Manufacturing - Digitalization Is Key For Ramp Up & Quality

Ramping up cell manufacturing is very complicated, often resulting in high scrap rates, delays, and quality issues. Early scrap rates can reach 15-30%, costing
up to €900,000 daily for a 40 GWh factory, while delays in production readiness average seven months, with daily losses of €1.1 million.

These challenges are due to the complexity battery production, which involves up to 140 interconnected steps, strict quality demands, and limited industry
standardization. Addressing these hurdles requires advanced digital tools and data-driven strategies to optimize processes, reduce waste, and
accelerate production stabilization.

e Pie . L St e il Digital Traceability (Electrode to Cell)
~rgin, L e The ability to trace the electrode and cell across production allows for effective monitoring,

defect identification, root cause analysis, and process optimization. This area is one of the
biggest pitfalls of cell manufacturers to date.

Lanien

’ . . Root Cause Analysis and Optimization
A robust data collection, storage, and analysis infrastructure allows for systematic root
cause analysis (RCA). This will help manufacturers understand interdependencies between
process parameters, catch errors early in production, and optimize cell quality.

Efficiency and Learning Rates
Software helps accelerate the production learning curve by offering insights into processes
through advanced data analytics and machine learning by integrating & analyzing image,

T » Sotey sensor, and other data.

Cypramianar S Ve A oo e g Samprt

Integration and Standardization
Modular IT architectures and standardized data models streamline machine integration,
enabling seamless communication across various production systems, tools, and lines.

Sources: Mastering Ramp-up of Battery Production, Fraunhofer; Internal Expertise p. 335


https://www.ffb.fraunhofer.de/content/dam/ipt/forschungsfertigung-batteriezelle/Bilder/presse-medien/whitepaper-ramp-up/Whitepaper_Mastering%20Ramp-up%20of%20Battery%20Production.pdf
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Typical Manufacturing Data Infrastructure

OFFICE

PLANT

Enterprise Resource

Planning

Manufacturing
Execution System

Operations Command
Center

Electrode Area
Server

!
D CraInz TN LITTING ATl a0
Sources: PDF Solutions; Graph from Internal Experts
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Some Core Examples:
Equipment sensor data collection
Analytics Statistical Process
Server Control Server
Metrology, run card, materials, MES, etc.
1
| Warehouse X-ray, CCD image, Optical, etc.
Alarm Server | !
! Management System
: SCADA
f_S_y_St_eT ________________________ . End-of-line: formation, aging, QC and beyond
1
1
. 1 Each data type is unique, requiring its own data storage and
Assembly Area Formation Area | characterization strategy. For example, images take up a lot of
Server Server : space and may require a unigue storage approach.
1
A A . R Manufacturers must have all the correct
ottt ] S By sensors, inspection, and test systems
SAEESESS installed on the production line to enable
W—— — IS e e sufficient data traceability and analysis
P. 336


https://www.pdf.com/battery
https://www.pdf.com/battery
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Data Storage Options - Cloud, On-Prem, Or Hybrid Solutions

Battery manufacturing generates enormous volumes of data (up to

VOLTA
VF FOL l“lj;",.".f ION

), with a significant portion coming from critical image
data used for cell and electrode inspection. In addition, automotive customers often require 10 years of data storage from their suppliers.

Managing & storing such vast amounts of data is crucial for ensuring efficient and scalable operations.

Advanced industries like semiconductors have

Scalability

Limited by infrastructure

Cost High upfront and maintenance costs

Data Sharing
Security
Flexibility

Adoption

Complex Analytics

Sources: "Cloud Vs. On-Premise Analytics”,

Restricted to local access
High physical control
Limited

Mature but less agile

Harder to scale

, with many embracing the hybrid approach for a balance between

Highly scalable
Pay-as-you-go, cost-effective
Centralized and accessible globally
Often has superior encryption and protocols
High flexibility

Gaining traction

Supports Al/ML for advanced insights

"What is tiered storage?”, "Automotive Optocouplers—Beyond Meeting the Electrical Performance at High Temperature”

TIERED DATA STORAGE APPROACH

To manage & store large data volumes,
many companies use tiered data storage
systems. This moves less critical data from
high-speed Tier 1 storage to more
cost-effective Tier 2 or cloud-based
storage over time.

This approach reduces costs, allows for
efficient long-term data archiving, and
ensures seamless access and re-archiving
when needed for analytics or other
purposes.

p. 337


https://docs.broadcom.com/doc/1210914943347
https://semiengineering.com/cloud-vs-on-premise-analytics/
https://semiengineering.com/cloud-vs-on-premise-analytics/
https://www.druva.com/glossary/what-is-tiered-storage-definition-and-related-faqs
https://docs.broadcom.com/doc/1210914943347
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Advanced Analytics
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"A proliferation of sensors everywhere [...] is generating an enormous amount of data. Much of that data is useless, but within that data also are patterns, or
pieces of patterns, that are not always obvious.[...] It can be used as a

unnoticed.” (Semiengineering, 2024)

In big data, the focus used to be data mining, but the next evolution is advanced data analytics, applying Al to data to detect patterns. Let's explore how this can
be applied in cell manufacturing.

You need to collect
for advanced
data analytics

loT/FDC
Equipment sensor
data collection

Process

Metrology, run card,

materials, MES, etc.

Image
X-ray, CCD image,
Optical, etc.

Testing
End-of-line:
formation, aging,
QC and beyond

Data Storage

Data
Characterization:
Extract
characteristics from
raw information

Data alignment
and
harmonization:
Align data from
electrode to
stacked electrode
to assembled cell

that previously had gone

Many cell problems are found at end of line or during formation/aging. Insights generated via
AI/ML data analytics enable manufacturers to identify problems earlier, saving time.

Overall Yield Dashboard
Centralize data through yield
trends, key parameters, and
equipment performance

A EDC (Fault Detection &
Classification) - Identify key
control indicators

Predictive Maintenance
Minimize downtime across all
equipment old and new

27{9 Defect Management System
(DMS)

Connect all visual inspection to a
central system and visualize
defects along the electrode,
layer, and cell

) C Advanced Process Control

Use tool information and Al to,

lanes to higher performing
winders/stackers
\§

for example, direct thick electrode

Al

@, )Predict Quality Excursions

Utilize AI/ML to recognize problems early

on, before formation/aging

issues

Process Control & Tool to Tool Matching
Determine out of spec tools, match tool
performance, & identify root cause of tool

Analytics for Formation/Aging

formation/aging data

Extract key parameters out of complicated

p. 338


https://semiengineering.com/knowledge_centers/test/data-analytics/
https://aws.amazon.com/what-is/data-lake/
https://averroes.ai/blog/fault-detection-classification-system-fdc-explained
https://intelliarts.com/blog/predictive-maintenance-in-manufacturing/
https://www.pdf.com/products/exensio-analytics-platform/products/exensio-battery/
https://precog.co/glossary/process-control/
https://www.pdf.com/products/exensio-analytics-platform/products/exensio-battery/
https://www.voltaiq.com/platform
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Bridging The Skills Gap With Large Language Models

L]
@

Implementing LLM based intermediate

A shortage of skilled engineers, agents can scale up gxpertise, Experts can shift focus from handling inquiries
technicians, and tool operators has anresslng user queries to advancing the company technology and
created bottlenecks, with a small number with efficiency. enriching the knowledge base for
of experts o :OOO continuous improvements.
overwhelmed by demands. o0—oRoR

O—OOOO

Oo~0O
T Knoweogagws > Chueet > e > rwgaoces
= 9 Rovo 3¢ # sra

T
< ©) Sk @3
Noe-iegrated ( Ogen Scurte
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Sources: "How LLMs Are Transforming The Customer Support Industry”, “How Large Langu. m Is (LLM) help enterpri nhan ustomer experien: P 339
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https://www.forbes.com/councils/forbestechcouncil/2024/09/20/how-llms-are-transforming-the-customer-support-industry/
https://www.researchgate.net/profile/Alekya-Jonnala-3/publication/385696315_How_Large_Language_models_LLM_help_enterprises_enhance_customer_experiences_Alekya_Jonnala_Software_Development_Manager_in_Amazon/links/6730de3e2326b47637d6f267/How-Large-Language-models-LLM-help-enterprises-enhance-customer-experiences-Alekya-Jonnala-Software-Development-Manager-in-Amazon.pdf
https://www.researchgate.net/profile/Alekya-Jonnala-3/publication/385696315_How_Large_Language_models_LLM_help_enterprises_enhance_customer_experiences_Alekya_Jonnala_Software_Development_Manager_in_Amazon/links/6730de3e2326b47637d6f267/How-Large-Language-models-LLM-help-enterprises-enhance-customer-experiences-Alekya-Jonnala-Software-Development-Manager-in-Amazon.pdf
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Building Industrial Al Pipelines For Reliability, Scalability And Cost Efficiency
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enables deep insights for battery manufacturing, by discarding the paradigm of single modal, single task, and training on limited
[1]. But and staff training hinders

datato a
adoption [2].

e Real time micro-defect
image analysis

e Real time macro-defect
image analysis

e LLM enabled Out of
Control Action Plan
(OCAP)

e LM enhanced PM
(Preventative
Maintenance)

e Root cause analysis

Example Method

Reliability: Ensures Al systems consistently perform as expected in
factory operations, even under varying conditions or workloads.

Scalability/Availability: Enables Al systems handle increasing data
volumes or compute demands and guarantees that Al systems are
operational and accessible whenever required for critical factory
processes. [3]

Heterogeneous Computing: Leverages diverse hardware (e.g.,
CPUs, GPUs, FPGAs) to optimize the performance of different types @_
and sizes of models.

Model Lifecycle Management: Forces model and data traceability to kubernectes

ensure continued relevance in the face of rapid product and process
innovation.

Sources: [1] Zhang, Large Scale Foundation Models for Intelligent Manufacturing Applications: A Survey, Zhang et al.; [2] “High Cost Hinders Al Adoption
Among IT Clients”, Consultia; [3] Edge Al: A Taxonomy, Systematic Review and Future Directions, Jill et al.

Al Training

Model Pruning

Model Quantization

Edgebox
Configuration
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https://kafka.apache.org/
https://arxiv.org/pdf/2312.06718
https://www.consultia.co/high-cost-hinders-ai-adoption-among-it-clients/
https://www.consultia.co/high-cost-hinders-ai-adoption-among-it-clients/
https://doi.org/10.1007/s10586-024-04686-y
https://www.pdf.com/
https://kubernetes.io/
https://neptune.ai/blog/modelops
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Electrode To Cell Traceability - Challenges & Methods

Upstream variations, such as mass loading inconsistencies, can impact cell cycling -
stability. However, variations in batch slurry mixing and roll-to-roll electrode :;t ,
manufacturing are difficult to trace during downstream unit cell assembly. ' g

In-spec N/P ratio

Batch-level (ex. total slurry viscosity, composition) and roll-to-roll
level (ex. mean mass loading, thickness) aggregate quality metrics are tied to child :
cells; localized traceability is lost. R R " -

Periodic data matrix codes (DMCs) that are laser-marked on
electrode rolls encode localized quality metrics that can be parsed during cell

assembly. This improves the resolution of loading & N/P traceability from roll-basis to S . . z
individual cells. I 3.“_1 e (R

Hooypde St

SLURRY MIXING ELECTRODE MANUFACTURING CELL ASSEMBLY Comns Acca
BATCH PROCESS ROLL-TO-ROLL PROCESSES UNIT PROCESSES
- - - - = 3 - e =
= & - . / pre
LLL, [ﬂ, D oS!/ ® € N I\ )
¢ || elSle o~ 3 > -
- wellISREp— e -
MINING COATING CAIZNDARING SLITTING/NOTOAING WINDING/STACKING FELLING FONMATION & AGING 20

Sources: Chemistry Europe, Advanced Science News, Mastering Ramp-up of Battery Production P. 341


https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/batt.202400127
https://drive.google.com/drive/folders/1jHxeuVqIi8T79Ws7Wmu9it7OW1qA4LIU
https://www.ffb.fraunhofer.de/content/dam/ipt/forschungsfertigung-batteriezelle/Bilder/presse-medien/whitepaper-ramp-up/Whitepaper_Mastering%20Ramp-up%20of%20Battery%20Production.pdf
https://www.pdf.com/battery
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Quality Control Solutions

Quality control is crucial in battery manufacturing, as companies like CATL aim for ambitious standards like 1 Part Per Billion (PPB) defect rates. Achieving this
is challenging due to the unpredictability of batteries, making it essential to catch issues across every stage of production to avoid costly recalls and

warranties.

Incoming quality control and
in-line characterization with
chemical analysis tools,
microscopes, imaging tools, etc.
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In-line manufacturing quality
control tools that monitor and
regulate equipment while tracking
machine parameters to ensure
consistent production standards.
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formation data to analyse defects
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End-of-line testin? and grading
equipment to analyze performance
and quality based on test data.
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End-of-line cell build inspection
using techniques such as CT
scanning, ultrasound, X-ray, and
optical scanning to ensure structural

umm v . integrity and quality compliance.
rerroved (pouch
-. mvrml orty)
Womgow @ 1 IMPSE
=t lumafieid
Electrical EXACOM
; TITAN

ACIR arti witace
oy

Nikor
it ecillum lminal

BATTERY REPORT 2024 | P. 342


https://inside.lgensol.com/en/2023/06/infographics-3-battery-making-at-a-glance/
https://www.catl.com/en/news/6030.html
https://www.pdf.com/battery
https://www.pdf.com/battery
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BMS - Overview

MODERN BATTERY MANAGEMENT SYSTEMS (BMS) MUST MEET FAR GREATER DEMANDS THAN IN THE PAST.

They now handle advanced functions such as Remaining Useful Life
(RUL) prediction, diagnostics, and faster charging, while also being
robust and accurate—even for LFP chemistries. BMS must support

L L

emerging battery chemistries, enhance safety, and comply with new Vobteps pat [ e ‘ vy

. . preoeasy procssaing Prxauing
regulations like the Battery Passport. | ] | resery
Key challenges include enabling wireless solutions (requiring eyeny | g | | hooxe o el || ;.;::.. s PoTRER
sophisticated networking software), ensuring cybersecurity (such as (raesing ‘ \ procssg || L Il B lf -y § B l (]
tamper-proof battery history and secure data for Battery Passport B I B PRI o
compliance), and supporting over-the-air (OTA) updates. BMS must T —

. . P . s ocovannd
also adapt to battery swapping scenarios, where it interfaces with iapd TR D P
atlidaeivg -

diverse vehicles and drivers, integrate new measurement technologies

like in-operando EIS, and align with domain and zonal architectures (e.g.,
x-in-1 systems with software running outside the battery). Cloud Ceviztw
analytics integration further adds to this complexity.

Finally, Alis revolutionizing BMS by enabling solutions to previously
unattainable challenges in safety, functionality, and time-to-market,
driving a new era of innovation.

OVERVIEW OF A MODERN BMS SW STACK

Sources: (1) Exploring next-generation Al battery management systems with Infineon and Eatron technologies, In the New Era of Wireless
Battery Management Systems (wBM curity Takes th tlight | Analog Devices, Driving the future: A comprehensive review of BATTERY REPORT 2024 | P. 343
utomotiv ttery management system technologi nd future trends - ScienceDirect, Softwar: n unlock hi n potential in EV batteri


https://www.infineon.com/dgdl/Infineon-Exploring_next_generation_AI_BMS_with_Infineon_and_Eatron-Whitepaper-v01_00-EN.pdf
https://www.analog.com/en/resources/analog-dialogue/articles/in-the-new-era-of-wireless-battery-management-systems-wbms-security-takes-the-spotlight.htm
https://www.analog.com/en/resources/analog-dialogue/articles/in-the-new-era-of-wireless-battery-management-systems-wbms-security-takes-the-spotlight.htm
https://www.sciencedirect.com/science/article/pii/S0378775324017798
https://www.sciencedirect.com/science/article/pii/S0378775324017798
https://www.forbes.com/sites/jamesmorris/2024/10/26/elysia-better-software-can-unlock-hidden-potential-in-ev-batteries/
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BMS - Estimation

ESTIMATING BATTERY STATES AND LIFETIME AT THE EDGE IS A CHALLENGING TASK, PARTICULARLY WITH
CHEMISTRIES LIKE LFP.

Accurate estimation is critical for each cell, as the i m Bermsirey © bntlal Comsturs Ol of Spec Uperatisn
B :

overall performance of the pack depends on its

weakest cell. seeldl (B8 1 ==l o ponp—

t ‘?—‘?—l?J —_—.l el
Historically, state estimation requirements for El F_? L I‘Fi J B as ','
automotive, mobility, and energy storage | S1=1= @ B ? J —
applications have been around 2% for NMIC and wo/ -L._U —J___.. P e /—L
5% for LFP for State of Charge (SoC), and under ‘ w0 i > o »
5% for State of Health (SoH). However, recent @] [Eﬂ @ IE] @ ﬂ 3 2 :
expectations demand accuracy better than 2% for S {
both SoC and SoH across chemistries like NMC and { lﬂ! @ @ E} l:] . [;] =l‘m'
LFP. T §rocem | batem Qidos  Cloaivoe o i~ Sl Ysitage V)

C - -l

Meeting these stringent requirements has driven the :‘m;;"w :‘;‘.:3:;;;’“ ."':h":mm - ;-:‘"m‘;u.“;f :;':::‘:;::hm"m
adoption of advanced physical models and T ek s ok e
data-driven approaches, leveraging the latest The batten =3 5 >
developmens in A to achieve Unprecedented
precision. Graphic sourced from (1)
Sources: (1) Accelerating eMobility with Automotive Grade Al for Batteries - EE Times, Exploring next-generation Al battery management systems with Infineon and Eatron BATTERY REPORT 2024 | P 344
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https://www.eetimes.com/accelerating-emobility-with-automotive-grade-ai-for-batteries/
https://www.infineon.com/dgdl/Infineon-Exploring_next_generation_AI_BMS_with_Infineon_and_Eatron-Whitepaper-v01_00-EN.pdf
https://www.infineon.com/dgdl/Infineon-Exploring_next_generation_AI_BMS_with_Infineon_and_Eatron-Whitepaper-v01_00-EN.pdf
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BMS - Diagnostics

Machine learning has transformed diagnostics by enabling real-time detection and prediction capabilities that were previously unattainable
with conventional algorithms, leveraging increased compute capabilities onboard and in the cloud.

It is now possible to detect li-plating, torn cell tabs, and predict risk of thermal runaway with real-time capable machine learning models in
a BMS.

Infineon Aurix TC4 with PPU Accelerator Software Updates Over Replacements
e Achieves >95% speedup for ML features like lithium plating detection and remaining useful Safety recalls are increasingly handled by diagnostic software updates
life (RUL) prediction. rather than full battery replacements.

Syntiant Edge Al Accelerator
e Supports a wide range of applications: Consumer electronics; E-bikes; Micro light
commercial vehicles (LCVs); Forklifts with low power ML acceleration capability.

Example: The Porsche Taycan recall

LG Energy Solution (LG ES) & Qualcomm

Edge and Cloud Compute to increase accuracy

e Linked ecosystem approach to diagnostics, prognostics, SOH, and RUL e LG ES diagnostics software deployed on Qualcomm automotive

e Adaptive BMS SoCs. ' . . ' ‘

e | everages online and offline compute capacity for batch analytics and increased accuracy, e Leverages high compute capacity for improved diagnostics and
reduced false positives and negatives performance.

p. 345


https://www.eetimes.com/accelerating-emobility-with-automotive-grade-ai-for-batteries/
https://www.lgensol.com/assets/file/202312_LGES_Commercial_EV_Catalog_en.pdf
https://www.emobility-engineering.com/thermal-runaway-prevention/
https://www.eetimes.com/accelerating-emobility-with-automotive-grade-ai-for-batteries/
https://www.eenewseurope.com/en/edge-ai-chip-adds-battery-management-models/
https://www.electrive.com/2024/03/12/lges-aims-to-improve-battery-management-with-the-help-of-qualcomm/
https://theevreport.com/porsche-taycan-recall-for-high-voltage-battery-issue
https://www.forbes.com/sites/jamesmorris/2024/10/26/elysia-better-software-can-unlock-hidden-potential-in-ev-batteries/
https://www.nature.com/articles/s44296-024-00011-1
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BMS - Auxiliary Controls

THERMAL MANAGEMENT HAS EVOLVED TO ENABLE FASTER CHARGING, AND
IS GETTING MORE WIDESPREAD

Historically, thermal management focused on maintaining the battery within ‘ W ST e ' Y
its optimal temperature range. However, with the increasing demand for —_———————— '
faster DC charging, modern thermal management systems must now ki Bk Mo

anticipate and manage the heat generated during a DC charging session. e——

Automakers like Tesla, Porsche, Audi and Hyundai have implemented : e }___

to enable fast charging. These systems ! o ;‘ | e —
precondition the battery, either by cooling or heating, ensuring the battery i 7l
is at an optimal temperature upon arrival at the station. Typically the system . s | wl o
either starts preconditioning when a driver selects a DC charging station on ,,,-.-"r Loy e o
the navigation system™, or based on factors such as navigation routes, Jich e . T =
departure timers, and the driver's usage behavior?. - — Lt -

, as shown by e 73 [N - e

a Tesla Model 3 example on the right'®. . . ] M —— e

Figure 11 from (3): A Preconditioned Tesla Model 3 on the left, and an unconditioned
case on the right.

Sources: (1) Hyundai lonig 5 battery preconditioning, (2) High-performance, compact, and intelligent: the high-voltage battery for the Premium
Platform Electric | Audi MediaCenter (3) Quantifying the State of the Art of Electric Powertrains in Battery Electric Vehicles: Comprehensive P. 346
Analysis of the Tesla Model 3 on the Vehicle Level, Porsche reveals predictive thermal management system - electrive.com



https://www.mdpi.com/2032-6653/15/6/268
https://newsroom.porsche.com/en/2020/innovation/porsche-engineering-thermal-management-batteries-22494.html
https://www.audi-mediacenter.com/en/press-releases/high-performance-compact-and-intelligent-the-high-voltage-battery-for-the-premium-platform-electric-15926
https://www.electrive.com/2023/03/24/hyundai-ioniq-5-battery-preconditioning-is-it-worth-the-upgrade/
https://www.electrive.com/2023/03/24/hyundai-ioniq-5-battery-preconditioning-is-it-worth-the-upgrade/
https://www.audi-mediacenter.com/en/press-releases/high-performance-compact-and-intelligent-the-high-voltage-battery-for-the-premium-platform-electric-15926
https://www.audi-mediacenter.com/en/press-releases/high-performance-compact-and-intelligent-the-high-voltage-battery-for-the-premium-platform-electric-15926
https://www.mdpi.com/2032-6653/15/6/268
https://www.mdpi.com/2032-6653/15/6/268
https://www.electrive.com/2020/10/05/porsche-reveals-thermal-management-system-details/
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Battery Fleet Management Software Consolidates Into Five Key Areas

ASSET MANAGEMENT PERFORMANCE ANALYTICS MARKET OPTIMIZATION END-OF-LIFE MANAGEMENT
Platforms for overall operational Software for battery revenue optimization
management of battery fleets, combining ‘3"ACCURE T \NAICE through algorithmic trading, aggregation i
technical and commercial performance. o e —— circunomics
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https://acrobat.adobe.com/id/urn:aaid:sc:VA6C2:a579bcf3-e822-4c30-b492-a083839c2a58?viewer%21megaVerb=group-discover
https://eatron.com/
https://www.electravehicles.com/
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SOC Estimation - Performance Analytics Can Reduce BMS SOC Estimation Errors In LFP Battery
Systems

Flat OCV curve of LFP systems results in BMS SOC estimation
50+ MWh LFP BESS errors

° The BMS uses coulomb counting (integrated current) to
001 _ , estimate SOC, but sensor errors accumulate over time
B . p - & ° Resting periods are used to re-calibrate coulomb counting
_ ; ° Recalibration in LFP systems difficult, due to flat OCV curve
75 of LFP systems

e Cloud-based SOC estimator can reduce SOC estimation errors

S0C (%)

e  SOC error detection system identifies errors, allowing for

26 recalibration during low-value time slots

° Continuous cloud-based SoC correction can minimize SOC
estimation errors to +/- 3%

M

The BMSisreporting a 45% lower SOC ‘
than the actualbattery SOC.

Sources: "Overcoming SOC Inaccuracies in LFP Batteries: How to Increase Revenue and Simplify Operations”, “"Ho

State of Charge Estimations Can Make or Break Your BESS Project” p. 348



https://www.accure.net/battery-knowledge/white-paper-soc-accuracy
https://www.twaice.com/best-practices/how-state-of-charge-estimations-can-make-or-break-your-bess-project
https://www.twaice.com/best-practices/how-state-of-charge-estimations-can-make-or-break-your-bess-project
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Imbalances - Predictive Maintenance Can Reduce Imbalances In Bess And Recover Reversible

Capacity Losses

80 MWh+ LFP BESS

oo 16.4%
0.9%
14.59%
B45%
: = M Irreversible
B Reversible
Nominal capacity After] Loss of capacity
year
° Irreversible capacity losses due to aging

° Reversible capacity loss due Imbalances and SOC estimation errors

Source: "Reclaiming Lost Capacity: Understanding Reversible Battery Degradation”

Mitigation strategies for irreversible capacity losses

° Exchange of battery modules
e  Battery energy storage system augmentation

Mitigation strategies for reversible capacity losses

Internal BMS balancing

Forced balancing (e.g. balancing cycle)
Recalibration of SOC estimator
External balancing with balancer unit

Predictive battery analytics enables predictive maintenance to
recover reversible capacity losses

p. 349


https://www.accure.net/battery-knowledge/white-paper-reclaiming-capacity
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Cybersecurity Vulnerabilities

25

Compromised Sensors: Attackers can tamper with temperature

sensors (e.g., adding resistors) to cause overcharge or
over-discharge, damaging cells.

Software Modifications: Malicious actors may alter BMS
software or use underpowered chips to disrupt operations.

Hardware Trojans: Circuit modifications during
design/fabrication (e.g., in microprocessors) can be triggered
externally or internally.

State Estimation Attacks: Targeting calculations by
manipulating methods or locations within the system.

Firmware Alterations: Firmware can be tampered with to
compromise functionality.

Wireless Communication: Susceptible to EMI and
cyberattacks that disrupt CMU-PMU data.

CAN Bus: Older versions lack authentication and encryption,
making it vulnerable to manipulation.

loT Platforms: Protocols like MQTT can be exploited via fake
routers or unauthorized nodes, compromising the network.

External Communications: BESS portals, cloud services, and
HMIs are potential entry points for attackers.

V2X Communications: Emerging technologies (e.g., V2C,
V2G) are vulnerable to reliability and security risks.

EVSE: Attacks can bypass credentials, send malware, or
deactivate chargers.

Sources: Cybersecurity of Battery Management Systems, In the New Era of Wireless Battery Management Systems (WBMS), Security Takes the Spotlight | Analog

Devices, Cyber-Physical Cloud Battery Management Systems: Review of Security Aspects, Cybersecurity of Battery Energy Storage Systems, Cybersecurity of Battery

Energy Storage Systems
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OBD Ports and USBs: Serve
as attack entry points
through connected devices.

Supply Chain: Malware or
hardware trojans introduced
during manufacturing can
compromise systems.
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https://static.horiba.com/fileadmin/Horiba/Company/Readout/E53/R53E_18_082.pdf
https://www.analog.com/en/resources/analog-dialogue/articles/in-the-new-era-of-wireless-battery-management-systems-wbms-security-takes-the-spotlight.html
https://www.analog.com/en/resources/analog-dialogue/articles/in-the-new-era-of-wireless-battery-management-systems-wbms-security-takes-the-spotlight.html
https://www.mdpi.com/2313-0105/9/7/382
https://www.osti.gov/servlets/purl/1855330
https://www.sandia.gov/app/uploads/sites/82/2024/08/PR2024_405_Obrien_Victoria_Regulatory.pdf
https://www.sandia.gov/app/uploads/sites/82/2024/08/PR2024_405_Obrien_Victoria_Regulatory.pdf
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Cybersecurity Attack Types, Impacts And Countermeasures

Confidentiality Attacks: Unauthorized access to sensitive data Encryption: Use TLS and database encryption to secure sensitive data.

via spyware, malware, brute-forcing, or cloning. Resilient Software Design: Implement secure algorithms, robust state estimators,
Integrity Attacks: Malicious data modification, including false data and secure coding practices.

injection, random delays, and replay attacks. Hardware Security Modules (HSMs): Ensure software authenticity, integrity, and

Availability Attacks: Disruption of system functions, such as secure communication.

denial-of-service (DoS) attacks. User Authentication: Require multifactor authentication for sensitive data access.

Cross-Verification: Compare onboard and cloud BMS computations to detect
anomalies.

Physical Protection: Secure housing, remove unnecessary ports, and hardwire
components.

Functional Impacts: Malfunctions, such as "denial-of-charging" attacks. Data Transparency: Involve human oversight in data and algorithmic decisions.

Financial Loss: Premature maintenance or battery replacement due to Wireless BMS Security: Secure keys, Authenticate and Encrypt wireless
degradation. communication and secure debug ports.

Safety Risks: Overcharging, over-discharging, or compromised cooling Anomaly Detection: Combine battery modeling, state estimation, and statistical
systems causing thermal runaway or fires. methods to detect false data injection attacks.

Side Impacts: Corrupted data affecting future battery models and algorithms. Defense-in-Depth: Layer physical, network, and device security with a zero-trust

Grid Instability: V2G attacks disrupting frequency and voltage in the power approach.

grid.

Sources: Cybersecurity of Battery Management Systems, In the New Era of Wireless Battery Management Systems (WBMS), Security Takes the Spotlight | Analog
Devices, Cyber-Physical Cloud Battery Management Systems: Review of Security Aspects, Cybersecurity of Battery Energy Storage Systems, Cybersecurity of Battery P. 351
Energy Storage Systems



https://static.horiba.com/fileadmin/Horiba/Company/Readout/E53/R53E_18_082.pdf
https://www.analog.com/en/resources/analog-dialogue/articles/in-the-new-era-of-wireless-battery-management-systems-wbms-security-takes-the-spotlight.html
https://www.analog.com/en/resources/analog-dialogue/articles/in-the-new-era-of-wireless-battery-management-systems-wbms-security-takes-the-spotlight.html
https://www.mdpi.com/2313-0105/9/7/382
https://www.osti.gov/servlets/purl/1855330
https://www.sandia.gov/app/uploads/sites/82/2024/08/PR2024_405_Obrien_Victoria_Regulatory.pdf
https://www.sandia.gov/app/uploads/sites/82/2024/08/PR2024_405_Obrien_Victoria_Regulatory.pdf
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Cybersecurity Standards And Regulations

NERC CIP: Standards protecting cyber assets of the electrical grid, potentially
including energy storage systems.

NIST Cybersecurity Framework: Voluntary framework for improving cybersecurity,
covering identification, protection, detection, response, and recovery.

|IEEE Standards:

2030-2011 & 2030.2-2015: Smart grid interoperability framework, referencing security
standards like ISO/IEC 27000 and NISTIR 7628.

1547-2018: Addresses interconnection and interoperability of distributed energy
resources (DER), including cybersecurity for communication mandating protocols like
IEEE 2030.5 (SEP2), IEEE 1815 (DNP3), and Sunspec Modbus.

P2686 (Draft): Recommended practice for Battery Management Systems in Energy
Storage Applications, covering physical and software interfaces.

ISA/IEC 62443 (ISA-99): BESS relevant standard for industrial automation and control
system security, covering requirements for operators, service providers, and
manufacturers.

DHS NCCIC and ICS-CERT: Resources providing guidance on improving industrial
control system cybersecurity with defense-in-depth strategies.

CIS Critical Security Controls: Prioritized cybersecurity actions for organizations.
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ISO/SAE 21434:2021: "Road Vehicles - Cybersecurity Engineering” Defines

requirements for managing cybersecurity risks throughout the lifecycle of vehicle

electrical and electronic systems, from development to end-of-life. Introduces Automotive
Cybersecurity Integration Levels (ACILs) to quantify cybersecurity requirements.

UN Regulation No. 155: Mandates cybersecurity management systems in vehicles in many
countries.

1SO 15118-20:2022: "Road Vehicles - Vehicle to Grid Communication Interface” Specifies
secure communication between electric vehicles and the charging grid, including digital
certificates and TLS-based encryption.

Graphic sourced from (1)
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https://static.horiba.com/fileadmin/Horiba/Company/Readout/E53/R53E_18_082.pdf
https://www.analog.com/en/resources/analog-dialogue/articles/in-the-new-era-of-wireless-battery-management-systems-wbms-security-takes-the-spotlight.html
https://www.analog.com/en/resources/analog-dialogue/articles/in-the-new-era-of-wireless-battery-management-systems-wbms-security-takes-the-spotlight.html
https://www.mdpi.com/2313-0105/9/7/382
https://www.mdpi.com/2313-0105/9/7/382
https://www.osti.gov/servlets/purl/1855330
https://www.sandia.gov/app/uploads/sites/82/2024/08/PR2024_405_Obrien_Victoria_Regulatory.pdf
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Right To Repair Act

The right to repair movement is , With

US: Multiple states, including California, Colorado, Minnesota, and

New York, are introducing "Right to Repair" legislation, granting independent repair shops
access to tools and documentation.

European Union: The EU s actively actively promoting repairability and circularity with
regulations like:

a. Battery Regulation: Includes provisions on recycled content, carbon footprint,
battery passport (containing information on repair, disassembly and carbon
footprint), performance and durability, the state of health, and recycling efficiency.

b. EU Right to Repair Directive (2024/1799): Requires manufacturers to offer repairs,
incentivizes repair during the liability period, and extends warranties by 12 months
post-repair.

France: A repairability index has been adopted, scoring products from 0-10.

South Africa: The government has signed a "Right to Repair" position statement.

Germany: A draft repair act would require manufacturers to stock spare parts for 10 years and
make them available within 14 days at reasonable prices.

VOLTA
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Independent Repair Enabled: The EU bans software and other practices that restrict
independent repair, ensuring access to compatible and reused spare parts.
Information and Tools Accessible: Repairers and consumers will have improved
access to repair information and tools, including software and diagnostics.

Online Repair Platform: A European platform will connect consumers with local repair
services, potentially including software information.

Mandatory Repairs: Manufacturers must repair technically repairable goods beyond
the warranty period, possibly including software updates and patches necessary for
proper battery function after replacement.

Replaceable Batteries: New portable devices and light transport must have
replaceable batteries, designed without software locks.

Battery Passport: From February 2027, EV batteries require a digital passport with
repair and disassembly details.

State of Health (SoH) Data: Battery management systems must provide accessible,
up-to-date SoH information. Harmonized SoH determination standards are expected
by June 2027.
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https://www.no-burn.org/wp-content/uploads/2024/06/03-Battery-Infosheet-The-Right-to-Repair-of-Electric-Vehicle-Batteries.pdf
https://ecostandard.org/wp-content/uploads/2024/05/ECOS-EU-Batteries-Regulation.pdf
https://ecostandard.org/wp-content/uploads/2024/05/ECOS-EU-Batteries-Regulation.pdf
https://www.no-burn.org/wp-content/uploads/2024/06/03-Battery-Infosheet-The-Right-to-Repair-of-Electric-Vehicle-Batteries.pdf
https://www.europarl.europa.eu/news/en/press-room/20240419IPR20590/right-to-repair-making-repair-easier-and-more-appealing-to-consumers
https://ecostandard.org/wp-content/uploads/2024/05/ECOS-EU-Batteries-Regulation.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L_202401799
https://www.eunews.it/en/2024/07/30/eu-directive-right-repair-products/
https://www.no-burn.org/wp-content/uploads/2024/06/03-Battery-Infosheet-The-Right-to-Repair-of-Electric-Vehicle-Batteries.pdf
https://www.no-burn.org/wp-content/uploads/2024/06/03-Battery-Infosheet-The-Right-to-Repair-of-Electric-Vehicle-Batteries.pdf




2 ACADEMIA | OVERVIEW

2 ACADEMIA

Lithium-ion Batteries/Solid-state

e Research on lithium-ion cathodes uncovers how atomic structure, microstructure, doping, coatings, and electrolytes
stabilize nickel-rich and lithium-rich phases.

e Anode material research is revisiting the roots of lithium batteries, focusing on stable lithium metal stripping and plating.

e Solid-state battery reproducibility is a challenge—proposed standards and methodologies aim to push the field forward.

Sodium-ion Batteries

e Na-ion batteries are moving from academia to commercialization. While hard carbon seems to be the preferred anode, the
best cathode—Prussian whites/blues, NASICONSs, layered oxides—remains uncertain.

e The next few years will reveal key challenges and innovations, including progress in sodium-ion solid-state cells.

Novel Materials

e Academia is fueling the discovery of new crystal structures, materials, and breakthroughs.

e Turning lab innovations into commercial products takes time—but past discoveries like LCO, NMC, and LFP have paved the
way.

e Deep learning is ramping up to uncover next-gen cathode and electrolyte compositions.

e Molecular electrolytes are prime candidates for high-speed research methods.

Call to Action

e Academic research complements industrial activities. Academia has more freedom to explore unproven ideas and
materials, and to do in-depth studies of battery mechanisms. Academia can share best practices and produce
open-source tools.

e Academic research should be a place for discovery and understanding. The creation is knowledge in posterum, not a
product for immediate sale.
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Growth In Publications Driven By China And India; Sodium And Zinc Gain Popularity

e  The number of publications continues to increase in 2024, including a larger number of review articles

e  Thereis growing interest in alternative chemistries such as Na, K and Zn
° China publishes more papers than the US, India, South Korea, and Germany combined

ANNUAL PUBLICATION VOLUMES
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Source : Queried from https://www.webofscience.com/, accessed 2025-01-09

Queries: (TS=("lithium-ion batter* " OR "Lithium ion batter*" OR "Li ion batter*" OR "Li-ion batter*" OR "lithium-ion cell*
" OR "Sodium ion cell*"

" OR "K'ion cell*"

"sodium-ion batter* " OR "Sodium ion batter*" OR "Na ion batter*" OR "Na-ion batter*" OR "sodium-ion cell*
"potassium-ion batter* " OR "Potassium ion batter*" OR "K ion batter*" OR "K-ion batter*" OR "potassium-ion cell*

"magnesium-ion batter*
"zinc-ion batter* " OR "Zinc ion batter*" OR "Zn ion batter*" OR "Zn-ion batter*" OR "zinc-ion cell*

BATTERY CHEMISTRY FOCUS

" OR "Magnesium ion batter*" OR "Mg ion batter*" OR "Mg-ion batter*" OR "magnesium-ion cell*
" OR "Znion cell*" OR "Zn ion cell*" OR "Zn-ion cell*"))
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OR

OR "Liion cell*"
OR "Naion cell*" OR "Na-ion cell*"
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" OR "Mg ion cell*" OR "Mg ion cell*" OR "Mg-ion cell*" OR

" OR "Lithium ion cell*"
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Safety Is The Most Published Topic, System-Level Design The Most Patented

2024 PUBLICATIONS BY TOPIC 2024 PATENTS BY TOPIC
e  Safety surpasses BMS and % Ty e m——
electrolyte as the most published 2
research topics in 2024 = -
% 0%
° Materials-level research topics - | I I l -
malnta|n.the|r order ranking from 0% ) . 20% l I. ™
the previous year. SIS , f/'/,///"
° BMS and battery pack innovations, 0% 10%
both system-level topics, remain
the most patented areas. . I
o% il & Imn=

0%
N
«w;ffg R S
&
For more details on patent breakdown, visit Legal Section

Source: Queried from https://scholar.google.com, accessed 2025-01-05
Queries: (battery X) after:priority:20240101, where X = topic of interest BATTERY REPORT 2024 | P. 358


https://scholar.google.com/
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Research Pivoting From NMC To L(M)FP Batteries

° The percentage of patents filed for
NMC has been decreasing since
2016, with LFP taking a majority
from 2020

° The percentage of publications on
LFP compared to NMC follows the
same trend as patents but roughly
5 years later

e  The trend is far stronger in China
compared to the rest of the world:
in 2022, 62% of battery patents
filed in China were LFP, compared
to 41% in the rest of the world

SHARE OF FILED PATENTS OF NMC AND LFP

2006 08 10 2 14 16 18 20 22 2024
B B

1. Search terms: battery AND cathode AND ("LFP" OR "LMFP" OR "iron phosphate" OR "FeP04")
2. Search terms: battery AND cathode AND ("NMC" OR "NCM" OR "NCA" OR "nickel manganese cobalt" OR "LiNiMnCo02")

3. Not all filed patents are already published
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TOTAL NUMBER OF PATENTS PER PATENT
OFFICE

~3,800

i

~2.000

|

~1,600

rrrrrr

2014 15 16 17 1B 1 20 21 22 23 2024

W NMC ec-Cine [l LFP ex-Ching
B NMC Criina LEP Chira
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Source: McKinsey, Patents queried from Google Scholar and Publications queried from Web of Science, accessed 2024-09-01. Queries: for LFP: battery AND cathode AND
("LFP" OR "LMFP" OR "iron phosphate" OR "FeP0O4"); for NMC: battery AND cathode AND ("NMC" OR "NCM" OR "NCA" OR "nickel manganese cobalt" OR "LiNiMnC002")



2 ACADEMIA | OVERVIEW

2 ACADEMIA

Macro Research Trends
Seminal Literature
Lithium-ion

Cathode

Anode

Electrolyte
Sodium lon
New & Alternative Chemistries
Fast & Extreme Fast Charging
Fundamentals
Life Prediction and Modelling
Testing & Analysis Techniques
Recycling
Battery Safety

p. 360



2 ACADEMIA | SEMINAL LITERATURE | INVENTION OF BATTERIES

Milestones In The Invention Of Rechargeable Lithium-lon Batteries

Stanley Whittingham
demonstrates the first cathodes
capable of intercalating lithium
using TiS, and other
dichalcogenides ™2 [1970s].

[1] Whittingham. Science. 197
[2] Whittingham, Pr li hem 197

John Goodenough employs the
use of cathode materials (LiCoOz)
capable of reversibly intercalating
Li* at high voltages 4. [1980].

[4] Mizushima et al. Mater. Res. Bull. 1980

Rachid Yazami shows successful
intercalation of lithium into
graphite using polymer
electrolytes ©®' [1983].

[5] Yazami, J. Pow. Source. 1983

- 1970s

Michel Armand introduces the
concept of a “rocking-chair”
battery, which stores energy by
shuttling ions between different
anode and cathode
intercalating materials!®),
[1970s]

[3] Mauger et al. J. Electrochem. Soc. 2020

Sony releases the first successful
commercial Li-ion battery [1991].

~
fa
g -
N v
Picture taken from Sony Archives
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2019 Nobel prize in Chemistry
awarded "“for the development of
lithium-ion batteries”.

(- 1980s

Akira Yoshino demonstrates a
rechargeable Li-ion battery using a
carbonaceous material as the
anode while working for Asahi
Kasei Corporation(®!. [1985 patent].

[6] Profile of Akira Yoshino

O- 1990s

Advances in lithium-ion
materials, now ubiquitous,
continue with new cathode
chemistries, such as LTO 7},
NMC 8 and LFP!.

[7] Eer: I J. Electrochem 1994
[8] Delmas et al. Solid State lon. 1992
[9] Padhi et al J. Electrochem. Soc. 1997

O- CURRENT

Continued development of
fundamentals, materials, and
applications of Li-ion batteries
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https://www.science.org/doi/abs/10.1126/science.192.4244.1126
https://www.sciencedirect.com/science/article/abs/pii/0079678678900031
https://iopscience.iop.org/article/10.1149/2.0072007JES/meta
https://www.sciencedirect.com/science/article/abs/pii/0025540880900124
https://www.asahi-kasei.com/asahikasei-brands/interview/yoshino/profile/pdf/lithium-ion_battery.pdf
https://iopscience.iop.org/article/10.1149/1.2059324
https://www.sciencedirect.com/science/article/abs/pii/016727389290402B
https://iopscience.iop.org/article/10.1149/1.1837571
https://www.sciencedirect.com/science/article/abs/pii/0378775383870402?via%3Dihub
https://web.archive.org/web/20160304224245/http:/www.sonyenergy-devices.co.jp/en/keyword/#anchor01
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TiS2 - The First Lithium-lon Intercalation Electrode And The Invention Of The Lithium-Based
Battery

25
In 1972, Stanley Whittingham conducted the first lithium-ion battery "
electrochemical measurements at Exxon Research and Engineering zer '°\
Co. Whittingham's invention was disclosed in patents in 1973 and in '\
academic journals in 1976. s~ '\
.
- . . . L . g N,
Whittingham's cell design, TiS,//Li, used a positive electrode that did g 22t ~.
not initially contain lithium, meaning the cell was in a pre-charged L I
stage and relied on lithium insertion during operation. Due to the 9 b
moderate electronegativity of sulfur, TiS //Li has a modest average
voltage of 2.2V. Incredibly, his first reported cell cycled 1100 times a0k \.
with more than 80% capacity retention! |
1t
While neither his cathode (TiSZ) nor his anode (Li metal) would go on to be adopted in '
commercial rechargeable lithium batteries, this battery left an indelible mark on human history. ...; T A T paa T )
L RS P
In 2019, Whittingham was awarded the Nobel Prize in Chemistry “for the development of Ty, 1. Partial moler free ssergy of fwemctian of L, 10

lithium-ion batteries”.
Those familiar with the Nernst equation will
recognize that the y-axis is simply the familiar E(V)

Source : Whittingham, Chalcogenide battery. US patent 4,009,052, 1973. Whittingham Science 1976. Whittinaham J. Electrochem. Soc. 1976. Whittingham Nat. Energy 2021.;
Image - Binghamton University P. 362


http://doi.org/10.1126/science.192.4244.1126
http://doi.org/10.1149/1.2132817
http://doi.org/10.1038/s41560-020-00765-7
https://www.binghamton.edu/chemistry/faculty/profile.html?id=stanwhit
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LiCoO, (LCO) - The First High-Voltage Intercalation Cathode

5.0¢
17«.
N 6
n e
4
-
LiCo0y ;’
™ FIs 1 C
Ldealiond srovinures of Ltoo, e LT, <
' ) 3
R
In 1980, John Goodenough's team at Oxford unveiled the oxide cathode LiCoO, as a s
high-voltage lithium-ion intercalation material.
There is no more powerful way to describe this discovery/invention than as follows:
45 years later, one can safely bet that the device you are using to read this Battery
Report is powered by LiCoO,. B
FIG, 3
The layered structure of LiCoO,, not unlike that of LiTiS,, would later be compositionally Open circuit voltage versus composition x
altered through elemental substitutions to form the NMC and NCA material classes. for LigCol,010p/Li

Source : Mizushima, Jones, Wiseman, Goodenough Mat. Res. Bull. 1980. Manthiram, Goodenough Nat. Energy 2021.; Image - UChicago P. 363


http://doi.org/10.1016/0025-5408(80)90012-4
http://doi.org/10.1038/s41560-020-00764-8
https://news.uchicago.edu/story/how-john-goodenough-sparked-wireless-revolution
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LiFePO, (LFP) And LiMn Fe._ PO, (LMFP) - Olivine Phosphates With Two-Phase (De)Lithiation

Goodenough's group in UT-Austin reported various metal phosphates in three publications in J. Electrochem. Soc. in 1997. Amongst these,

they identified LiFePO, and LiMn Fe, PO, as inexpensive and non-toxic candidates for Li-ion battery cathodes.

Li atoms in LFP can be reversibly
extracted at 3.4 V vs. Li*/Li

Insertion voltage is independent of
state-of-charge

Similar olivine crystal structure
between LiFePO, and FePO,

Voltage (Fe3*/?* = 3.4 V, Mn®*/2* = 41V) is
within the carbonate electrolyte stability
window

Mechanism is proposed to be an
inwardly moving two-phase
coexistence of LiFePO, and FePO,

Capacity [mAh'g)
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0185 mAGn’, 21 mAe
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Source : Padhi, Nanjundaswamy, Goodenough J. Electrochem. Soc. 1997, 4, 1188. Padhi, Nanjundaswamy, Masquelier, Okada, Goodenough J. Electrochem. Soc. 1997, 5, 1609.

Padhi, Nanjundaswamy, Masquelier, Goodenough J. Electrochem. Soc. 1997, 8, 2581
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LiMn,O, (LMO) - A Cheaper Alternative To LCO That Struggles With Transition Metal Dissolution

Despite its limited capacity and Mn dissolution, LiMn,0, remains an economically attractive cathode that has found use in lower-end applications in China.

LiMn, O, exists as cubic structure and can Cubic structure allows for isotropic LiMn,O, has poor stability with
reach a theoretical capacity of 148 expansion and contraction electrolyte due to Mn dissolution
mAh/g
When Li stoichiometry is > 1, cubic Jahn-Teller distortion leads to
Mn,O, spinel provides tetrahedral sites symmetry reduces to tetragonal non-isotropic expansion and loss of
for Liinsertion at 4.1V and 3.9V structural integrity

M g opny = M i) = M (i)
v
’ , e r)‘!)mulunnww L ",
/ - —_ — ," '
i iy 7 3 . .
¢ - ‘ b o ‘
bis . 3 K\ //. o \ X ')
Y i ’ '} o i d sl
Cagosty (mARg) ‘i" . ‘
Typical charge and discharge curves for a Li || Srwird tok s
LiMn,0, cell operated between 3.0 V and 5.0 V [4]

Source : [1] Thackeray, M. M., et al. Materials Research Bulletin 19.2 (1984): 179-187.
[2] Asl,H. Y., & Manthiram, A, (2020). Science, 369(6500), 140-141

[3] Thackeray, M. M., Shao-Horn, Y., Kahaian, A. J., Kepler, K. D., Skin
[4] Yonayao Xia et al 1997 J. Electrochem. Soc, 144 2593

[5] Gummow R J De Kock A &Thackera M. M. (1994) Imoroved capacny retem\on in rechargeabIeAVIlthlum/hthlum manganese oxide (spinel) cells. Solid State lonics, 69(1), 59-67.

ner. E. Vaughey, J. T.. & Hackney. S. A. (1998). Electrochemical and Solid-State Letters, 1(1), 7.
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https://doi.org/10.1016/0167-2738(94)90450-2
https://doi.org/10.1016/j.mattod.2014.10.040
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MnxCoy]O2 (NMC): Layered Metal Oxide High Energy / Power Cathode

First reported in 1999, after a decade of research into unary and binary transition metal oxides, ternary NMC has become one of the most
commonly used cathode classes from the layered oxide materials because it offers both high voltage and high capacity.

Li atoms in NMC can be reversibly
extracted at ~3.8 V vs. Li*/Li

Specific capacities of up ~220 mAh/g
have been reported

Layered crystal structure similar to LCO

Li intercalates between the layers, not all
Li can be removed or the structure would
collapse

Compositional versatility allows tuning
performance and stability

Ni improves capacity, Co improves
conductivity, and inactive Mn stabilizes
the structure
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Source : [1] J. Power Sources 1999, 81-82, 416-419: [2] Nat. Commun.

Materials 2016, 9, 595

. o

o

2020, 11, 1550; [3] Adv. Energy Mater. 2020, 10, 1903864, [4] J. Power Sources 2003, 119, 644 [5]
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https://www.sciencedirect.com/science/article/pii/S0378775399002219
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1st Commercially Viable Li-ion Battery Using Petroleum Coke As A Stable Anode

In 1985, Akira Yoshino at Asahi Kasei 100 yreperer e o rr———
Corporation developed the first ——p=is that of graghiie. Graphite was Lrusabie beca.se t reacts wih PC.
commercially viable lithium-ion W= p =218 T8 086 ocumiaiod DRSO LerS of Sciiie MENMEL CRY
battery, using petroleum coke as the 8 Low 1200 — 2278 B G s sovers baey amoda
anode. A byproduct of petroleum ==lo1204 =508
refining, petroleum coke can reversibly e gt {} / N
intercalate Li-ions at a low potential of _® PR ei —
~0.5V v. Li*/Li without structural < / i) Serton diectvely
degradation. 3 e AL [ iz form

R Carbon swad for —‘V
lts amorphous carbon regions acts as / peoRted Libs T
joints, pinning the layers together to this range. 1 found. it
provide structural integrity. While these 20 et <:‘.v‘ = ‘:> ;‘;".:',‘&?;':,".3%?;,‘ sty
regions limit capacity, the material's :
stability and durability made it the first
commercially adopted anode, paving
the way for reliable, long-lasting

rechargeable batteries.
Figure 4. Carbonaceous material suitable for LIB
discovared by Dr. Yoshino In 1985

Source : Yoshino, A. Nat Energy 6, 449 (2021), Xie, A retrospective on lithium-ion batteries. Nat Commun 11, 2499 (2020); [1] Nobel Prize, [2] Asahi Kasei P. 367



https://idp.nature.com/authorize/casa?redirect_uri=https://www.nature.com/articles/s41560-021-00801-0&casa_token=Z2ebGVz79BAAAAAA:8XGjIxDhyeg_S09nUIghk6nk1Z8AZqSIaKS7opJvy6EoISO3wjDhoo3pgDsRQwoDZgo8M7m4iBYuJZS4wA
https://www.nature.com/articles/s41467-020-16259-9
https://www.nobelprize.org/prizes/chemistry/2019/yoshino/facts/
https://www.asahi-kasei.com/asahikasei-brands/interview/yoshino/profile/pdf/lithium-ion_battery.pdf
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Discovery And Commercialization Of The Graphite Anode

Yazami and Touzain first demonstrated the electrochemical intercalation of lithium into graphite with a polymer electrolyte in 1983 [1].
Since then, graphite has become the preferred anode in lithium-ion batteries.

FUNDAMENTALS CHALLENGES RECENT DEVELOPMENTS
Graphite is an allotrope of carbon with sp? hybridization Limited rate capability in the lithiation process (charging) Natural vs. synthetic graphite: while synthetic
where graphene sheets are linked together through can result in lithium plating on the graphite surface, graphite is often more expensive than natural graphite,
relatively weak Van der Waals forces [1]. Li intercalates leading to short circuits [2]. it benefits from higher purity, better thermal stability,
into graphite (inserts itself between graphene layers) in First cycle irreversible capacity loss due to electrolyte and independence from natural resources [2].
stages. In the final stage, a stoichiometry of LiCG is reduction and formation of solid electrolyte interphase
reached, corresponding to a theoretical specific (SEI). L ) - Embedding silicon/silicon oxide for increased energy
capacity of 372 mAh g™'[2]. Graphite is unable to be recycled via traditional densities. Silicon has a theoretical energy density of
pyrometallurgy or hydrometallurgy [2]. 3578 mAh g™ [2].
disch,
LiC, =  Li;_,Cg*xLi" + xe” é
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Source: [1] Yazami, R., and Ph Touzain. "A reversible graphite-lithium negative electrode for electrochemical enerators Journal of Power Sources 9.3 (1983): 365 371

composites." Sustainable Energy & Fuels 411 (2020): 5387-5416.


https://doi.org/10.1016/0378-7753(83)87040-2
https://pubs.rsc.org/en/content/articlelanding/2020/se/d0se00175a
https://pubs.rsc.org/en/content/articlelanding/2020/se/d0se00175a
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Carbonate Electrolytes - The Most Used Solvents For Commercial Li-lon Batteries

CYCLIC CARBONATES LINEAR CARBONATES
Propylene carbonate (PC) .O Linear carbonates are typically used as co-solvents with their cyclic
Between 1950s and 1990s, typical electrolytes consisted of various J counterparts. In 1994, Tarascon and Guyomard first added DMC as a cosolvent
lithium salts dissolved in P’C [1]. PC demonstrates strong solvating 0 O to EC [3] [4]. Linear carbonates have relatively low boiling points, viscosities,
o : e , and dielectric constants. Therefore, they are often used to improve ionic

gglgz:r;iiﬁ:ri:lg; %iflhalt;;/r‘eij:ralti)mtoy;rt)e‘c;ovrr;ﬁiti‘ole\/;aiﬁgfgtunateIy ( transport in the electrolyte. Surprisingly),, when combined with Eyclic

ki : e i : R carbonates, the stability window of the resulting mixture is increased to 5.0 V
exfoliation, which limits fts practical application. propylene carbonate (PC) 151 | the present, cycﬁ/c and linear carbonate rgnixtures are commonly used.
Ethylene carbonate (EC) O Other popular linear carbonates include DEC, EMC, and PMC.
Initially, PC was preferred over EC because EC has a melting point o
of 37 C. To overcome this high melting point, EC is often mixed with )L
linear carbonate esters such as dimethyl carbonate and diethyl O O 0 = 0. 0O S
carbonate [1]. Dahn et al.'s discovery that EC's forms a stable \ T o : ; !
solid electrolyte interphase (SEI) was key to enabling the graphite | — o 0 v v
anode [2]. EC based electrolytes combined with graphite anodes ethylene carbonate (EC) dimethyl carbonate (DMC) diethy! carbonate (DEC) ethyl methyl carbonate (EMC)

increased energy density of LIBs by 30-50%.

“Within the various brands of lithium ion cells, ... the formulas remain proprietary information; however, the overwhelming majority of these are apparently
based on two indispensable components: EC as the solvent and LiPF as the solute. In most cases, one or more linear carbonates, selected from DMC,
DEC, or EMC, are also used as cosolvents to increase the fluidity and reduce the melting point of the electrolyte.” [5]

: i-i 10.1038/s41
[2]_Rosamaria Fong etal 1990 J. E\ectrochem Soc. 137 2009, DOI 101149[1 208685
[3] Guyomard, D.; Tarascon, J. M. J. Electrochem. Soc. 1993, 140, 3071, DOI: 10.1149/1.2220987 P. 369
[4] Tarascon, J. M.: Guyomard, D. Solid State lonics 1994, 69, 293, DOI: 10.1016/0167-2738(94)90418-9
[5] Xu, Kang. "Nonagueous liquid electrolytes for lithium-based rechargeable batteries." Chemical reviews 10410 (2004): 4303-4418.



https://doi.org/10.1038/s41560-021-00841-6
https://iopscience.iop.org/article/10.1149/1.2086855/meta?casa_token=ShNvmmImWM8AAAAA:KpXGj4Ej_KQk5NDoOcG9MCppkHN9g1XBCl3NY8uj8VDkBywanDAyx7_qIQja9DPPe0HK3d4JUGkEwax422X1EcRiBb6k
https://doi.org/10.1149/1.2220987
https://doi.org/10.1016/0167-2738(94)90418-9
https://pubs.acs.org/doi/10.1021/cr030203g
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Deep Learning Of Experimental Electrochemistry For Battery Cathodes Across Diverse
Compositions

The rapid expansion of machine learning in battery research is revolutionizing materials discovery, performance prediction, and process optimization, but its
transformative potential hinges on addressing the need for high-throughput experimental validation. Zhong et al. present a machine learning framework,
DRXNet, for optimizing battery cathodes with disordered rocksalt (DRX) materials. Leveraging a dataset of over 19,000 discharge voltage profiles covering 14
metal species, the model predicts electrochemical properties and guides the discovery of novel compositions for DRX cathode materials, such as Li-Mn-O-F
and high-entropy systems.
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DRXNet enables rapid identification of promising materials for high-performance and sustainable lithium-ion batteries, addressing challenges like data
scarcity and complex optimization.

Source : Zhong et al. Joule 2024 P. 371


https://www.sciencedirect.com/science/article/abs/pii/S2542435124001454
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Revealing The Degradation Pathways Of Layered Li-Rich Oxide Cathodes

Liu et al. investigate the degradation pathways of layered lithium-rich transition metal oxides (LRTMO) as high-energy-density cathodes for lithium-ion
batteries. LRTMO suffers from structural instability and irreversible changes during cycling, leading to capacity fading and voltage decay. Using
multi-dimensional analytical tools such as X-ray tomography and STEM, the study reveals two distinct degradation mechanisms at different cycling rates.
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The degradation of LRTMO follows distinct pathways driven by cycling rate: oxygen defects dominate at low rates, while lattice distortions and ion
diffusion constraints take precedence at high rates. Homogenizing reaction kinetics and enhancing structural stability are key to improving performance.

Source : Liu et al. Nat. Nanotechnol. 2024 p. 372


https://www.nature.com/articles/s41565-024-01773-4
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Towards A Better Understanding Of The Cathode Electrolyte Interphase (CEl) For Enhanced
Stability

MODEL CATHODE MATERIALS ELECTROLYTES & ADDITIVES TO STABILIZE CEI SIMULATING THE CEI

Model cathode materials are needed to establish a Electrolyte components and their oxidative stability Combining ab initio simulation techniques with machine

convincing baseline and isolate effects on the determine the composition of CEl. When the cathode is learning will aid the understanding of complex results

cathode. Suitable candidates include single crystal polarized, the inner Helmholtz plane is dominated by from advanced characterization techniques. A caveat of

Ni-rich NMC and commercial polycrystalline NMC811. anions, suggesting that salt engineering may be helpful. applying atomistic simulations is that the results and
Other solutions involve additives or more stable solvents. predictive power depend heavily on the accuracy and

complexity of the underlying models.
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"Full understanding of CEl formation and evolution at varied length and time scales, especially at high voltages, is still lacking in the battery community. Progress is urgently
needed to better tune CEl properties at the atomic scale to further stabilize the electrochemical energy storage system.”

p. 373


https://www.nature.com/articles/s41560-024-01639-y
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Reconstructing Inorganic-Rich Interphases By Nonflammable Electrolytes For High-Voltage And
Low-Temperature LiNi, .Mn, .O, Cathodes
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Source; Adv. Funct. Mater. 2024, 34, 2400996

25 °C cycling: The capacity retention during
long-term cycling is up to 95.8% after 500 cycles
at2C

-20 °C cycling: When cycled at =20 °C, LNMO
exhibits a reversible capacity of 114 mAh g™ at 0.2
C with a capacity retention of 97.5% even after 180
cycles

—~——

Li,Ti,O,, (LTO) is known as a “zero-strain
material”, which is suitable for pairing with LNMO
for high-power applications

LNMO]|LTO coin cells were fabricated over the
voltage range of 2.0-3.5 V. Even at -30 °C,
~96.0% capacity retention is achieved after 200
cycles.
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STRUCTURE-PERFORMANCE CORRELATION:
A Li,CO,/LiF-rich heterostructured CEl layer, which possesses the electron blocking
capability of LiF, the fast Li+ transport kinetics of Li,CO, and good mechanical stability, is
generated by the synergistic decomposition of hybrid solvents.

The robust, homogeneous, and well-balanced CEl layers subsequently prevent catalyzed
parasitic side reactions, prohibit transition-metal dissolution, and ensure fast interfacial
reaction kinetics crossover to the LNMO cathode, thus improving cycling stability of the cell.

p. 374


https://advanced.onlinelibrary.wiley.com/doi/abs/10.1002/adfm.202400996
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Layered/Olivine (NMA/LMFP) Blended Cathodes For Cost And Performance

Blending layered oxide with olivine is an effective alternative for delivering energy density and cycling stability comparable to lower-Ni cathodes with
moderate charging voltages. Blending with 30 wt% olivine LiMn .Fe, PO, (LMFP) virtually eliminates the diffusion limitation of layered oxides at low
state-of-charge, with enhanced pulse power characteristics rivaling high-Ni systems.

Kinetics The impedance decreases once the discharge voltage becomes low enough for the LFP or LMFP to be electrochemically active. Due
to its higher average voltage and flatter voltage profile, LMFP will become electrochemically active at a higher discharge voltage (3.6 V) than
for LFP (3.4 V)

Performance & Cost Blending olivine cathodes with high-Ni cathodes allows the cathode Ni content and materials cost to be reduced below
80% while maintaining energy density and cycling stability. Comparable volumetric energy densities suggest that the optimal blend of Ni80/LMFP
contains at most 30% LMFP.
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Source; Adv. Energy Mater. 2024, 2403002) p. 375


https://onlinelibrary.wiley.com/doi/abs/10.1002/aenm.202403002
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Degradation Of NMC Cathodes Via Hydrogenation From Carbonate Solvents

The prevailing theory of cathode degradation self-discharge in carbonate-containing electrolytes centers around the diffusion of lithium from the electrolyte
into the cathode. However, using computational techniques such as Density Functional Theory (DFT), and spectroscopy techniques such as DFT, XANES,
NEXAFS, XRD and XAS, Wan et al. discovered that insertion of protons into a charged cathode can occur via decomposition of -CH,, containing species in
the electrolyte. This hydrogen transfer from the the carbonate solvent to the delithiated cathode accelerates at higher cut-off voltages (>4.3V).

TOF-SIMS DEPTH PROFILES
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A) Pristine NMC-532 film in LP57
B) NMC-532 filmcycled to 4.46V in LP57

*Note the change in H- concentration as a function of film depth for
the charged electrode (Figure B)

Source: Wan et al. Science 2024
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Wan et al. present a new mechanism of cathode degradation and self-discharge for
NMC cathodes via solvent-mediated hydrogenation of the cathode.

p. 376
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How To Avoid Plating And Dendrites While Fast Charging Graphite Anodes

Mazhae oy ef Liplaeg
Using ab initio simulations, Bhandari et al. predict that Li deposition occurs in the following stages: at

B4 U e gt

positive voltages vs. Li, surface deposition of Li* ions is the dominant process; below a critical cross-over

1 e n g
. -
—————y & voltage (=12 mV on the basal plane of unlithiated graphite and -29 mV on lithiated graphite), the reduction
of aggregated Li* ions and the formation of metallic Li clusters takes over.

._!....A._.l._.! i 1 _—_&“ The authors encourage experimentalists to verify these results.
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On the same subject, Liu et al., wrote a review of the fundamentals of dendritic metallic Li
formation and strategies for suppressing metallic Li plating. They describe the entire Li*
transport pathway at the anode including effects from the electrolyte, pore structure of

electrode, and surface and bulk of the materials.

KEY TAKEAWAYS:
SEl on graphite is still not fully understood.

Reversible, uniform lithium plating might be the best strategy for fast charging graphite.

Source: Bhandari et al, J Mat Chem A, 2024 ; Liu etal. J. En Chem, 2024

Safety and fast-charging batteries

Triggey \Achievemen!

Dendritic Ii' plating Strategy No dendritic LI Uniform Li plating
./ ¢ —_— @ &
Eloctrolyte (9, 1, &)
Electrode (v, £}
Solid edectrolyte interphase
Materials {size, morphology)
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https://pubs.rsc.org/en/Content/ArticleLanding/2024/TA/D4TA04834B#:~:text=We%20find%20that%20Li%20deposition,metallic%20Li%20clusters%20takes%20over.
https://www.sciencedirect.com/science/article/abs/pii/S2095495624000457
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Continued Increase In Publications On Si Anode. Mechanism Disclosed For Si Anode In Ssb As

One Of The 2024 Highlights

GENERAL TREND
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In the past 10 years, the number of research publications with “Si anode,
lithium-ion battery” as key words has increased by 96.3% (from 489 to 960),
suggesting continued interested in the area

PROS AND CONS:
° High theoretical specific capacity (3590 mAh/g, Li,.Si at RT), low
lithiation potential and low lithium dendrite risk (only 0.3 V vs. Li*/Li)
° Severe volume expansion during lithiation leads to Si particle
pulverization and continuous SEI formation

Source; Web of Science, Nat. Mater. 23, 543-551(2024))

PROGRESS HIGHLIGHT
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Rapid growth of the solid electrolyte
interphase (SEl) at the Si|Li6PSSCI interface
causes large increases in resistance of the
composite anodes, leading to rapid capacity
decay.

Pure silicon anodes without intermixed solid
electrolyte demonstrate sufficient ionic and
electronic conductivities, enabling high
specific capacity.

Microscale void formation during delithiation
causes larger mechanical stress at the 2D
interfaces of these pure silicon anodes
compared to the interconnected 3D
interfaces of the silicon anode/ solid
electrolyte composite.

p. 379


https://www.nature.com/articles/s41563-023-01792-x
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Unlocking The Use Of Silicon-Containing Anodes Via Different Techniques

Particle coating mitigation strategies are aimed at
accommodating the extensive volume expansion of silicon
(~320%) and thereby minimizing particle cracking/
pulverization, which can lead to loss of electrical contact

and/or low active material utilization and therefore low capacity

retention. The following articles highlight recent publications

that employ three of the most commonly-used particle coating

mitigation strategies:
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Li et al. [1] employed a ball-mill method to
systematically create various high-entropy
silicon-metal particles from SiP spherulites and thus
generating various lithium-storing active materials from
the silicon base. Of these, InZnSiPs achieved a capacity
of ~720 mAh g™ after 1500 cycles (2 Ag™) and
maintained a similar capacity at a high C-rate (10 A g7).
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DIFFERENT TECHNIQUES

Volume expansion in the silicon anode leads to
severe degradation of cycling performance during
lithiation/ delithiation, so various techniques are
under consideration for improving the performance
of silicon-containing anodes.

Sun et al. |2] created a biomimetic 3-D interwoven
conductive binder employing PAA as a backbone and
PEG/PEI as connections that mitigated Li* resistance
and relieved volumetric lithiation stress. A rate
capability of ~1900 mAh g™'was achieved at 8.0 A g™
and a capacity retention of 85%+ for 150 cycles at a
high areal capacity loading (3 mAh cm™).
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Wu et al. [3] synthesized a yolk-shell architecture
from microsized silicon particles using an alkali etch
step that creates a void on the surface of the silicon
between a double-walled “shell” layer to better
accommodate the volume expansions. This
strategy allowed for a high capacity-retention of
95% after 100 cycles in a full cell.
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https://pubs.acs.org/doi/full/10.1021/jacs.4c01711?casa_token=RJhnssAwG3gAAAAA%3A_B_2n21JCKJku5Jg3XCq3OWt9hbGc3lQgXarhoINBp3odlesAGt9vkI2iCYcO-tUJBn9tdWCpTCkYv7T
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01549
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.202311779?casa_token=GlELnezOoqsAAAAA%3AyGcw_p8HMk8x_7nPpR_ni7C7Qn_OS-vSZd1d-7vd7t5TdIFrQRji5_hxCOZqCtT0qnYYe8edaCQw9jfA
https://www.nature.com/articles/natrevmats201613/figures/2
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Imaging The Microstructure Of Lithium And Sodium Metal In Anode-Free Solid-State Batteries

Using Electron Backscatter Diffraction

Fig. $:Schematic evolation and the origin of the observed columnas microsiructure
of doposited allall metal Mims in RECs during electrochemical deposition and
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Source: Fuchs et al, Nature Mat., 2024

In this research, metal growth and dissolution were investigated using in situ electron
backscatter diffraction, yielding new insights:

° It is possible to tune the electrochemical properties, such as available stripping
capacity, by controlling the deposited microstructure, with a preference for
small grains in the microstructure

° Controlling the microstructure of the current collector or solid electrolyte may
not be a successful path to influencing the deposited metal microstructure.
Lithium plated on the lithium foil matches the microstructure of neither the
solid electrolyte nor the foil

° The merging of grains in electrodeposited alkali metals is driven by grain
boundary movement. Tailored impurities, such as seed layers or particles,
can influence this mobility and be used to modify the microstructure.

a-g Aschemacic voltage profile of ane cycle of a meta electrode [a) wieh the corresponding
sehematized mer microstructures upon roclestion (b) fodlowed by grai growth a2 £ le), Hidband 75
(@], after ctorage ) and after pore Formation isduced by dlectrochemical dissolution (gh b, The
schema of the metal microstructiure placed ona Hehium reservolr.
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https://www.nature.com/articles/s41563-024-02006-8
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Ternary Salt-Solvent Electrolytes For 5 V-Class Anode-Less Li-Metal Batteries
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A three-salt combination of LiTFSI, LIDFOB, and LiPF in
carbonate solvent (FEC/EMC) was developed for
high-energy-density Li-metal batteries.

LiTFSI is highly corrosive to aluminum surfaces, which can
be mitigated by passivating the Al current collector with the
addition LiIDFOB salt. However, the dual-salt combination of
LiTFSI and LiDFOB does not deliver long-term cycling due to
the rapid consumption of LiDFOB.

Adding LiPF improves cycling stability and long-term
performance by creating a LiF-dense layer, enhancing ionic
conduction.

The electrolyte was tested in a cobalt-free LiNi, .Mn, .O,-Li

anode-less cell, which completed 65 cycles W|th Iesst an
20% capacity loss.

BATTERY REPORT 2024 | P. 382
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Electrolyte Development For Li-Rich High-Voltage Batteries

Wang et al. proposed a novel approach to suppress both voltage decay and capacity

fade in Li, ,Mn (Ni, ,O, (LMR) cathodes by examining how different electrolyte solvents | y ‘\
affect oxygen loss from the cathode surface.

The study focused on the effect of EC on surface oxygen loss from the cathode. While
EC solvent does not affect bulk oxygen (SXRD and GITT), there is an increase in s
surface oxygen loss (XAS, EELS, and Raman), which they further found to correlate
with increased Ni and Mn dissolution (leakage current analysis and OEMS).

Galvanostatic cycling test of LMR versus LTO cells showed that an electrolyte F
composed of only EMC solvent has 75% better capacity retention after 400 cycles
when compared to an electrolyte containing both EC and EMC.

Using EC-free electrolytes (e.g. pure EMC) reduces surface oxygen loss 3
and transition metal dissolution from the cathode, while minimizing ' P
capacity degradation and voltage fade for Li-rich high voltage batteries i

Source: Wang, Rui, et al. "Influence of Carbonate Electrolyte Solvents on Voltage and Capacity Degradation in Li-Rich Cathodes for Li-ion Batteries." Advanced Energy Materials

(2024): 2401097, P. 384
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Salt Inhomogeneity Induced By Electrolyte Motion — A Novel Aging Mechanism In Large-Format

Lithium-lon Cells

Researchers at BWM, Solchenbach et al., propose an underexplored mechanism for degradation in cells - electrolyte motion induced salt inhomogeneity

(EMSI).

In the proposed mechanism, the electrolyte expelled from the jellyroll
upon charge is at a lower than average salt concentration.

Source: Solchenbach et al. Energy Environ. Sci. 2024,

HYPOTHESIS
SUPPORTED BY:

X-ray CT

Moment of inertia
Cell dissection

IC & LC-MS of salt
and solvent amount
sampled along
jellyroll height
(z-axis)

Capacity, DCIR, DCh
end slippage over
cycles

P2D simulation

Over cycles, a polarization in salt concentration builds because it takes weeks
to months for the salt concentration to re-equilibrate along the height of the
jellyroll (~95mm).

£ 200ty e WY, rosare st o v Ui cdiny

The polarized salt distribution leads to localized degradation and Li-plating,
accelerating capacity fade and internal resistance growth. This is
exacerbated in cells with larger dimensions, subject to higher C-rates.

The effects are not as pronounced in cells with lower electrolyte loading
(no net electrolyte expelled out of the jellyroll even at 100% SOC)

p. 385
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Reproducibility Of All-Solid-State Battery Cell Performance

In this study, the interlaboratory comparability of all-solid-state battery cycling data was investigated. Commercial NMC 622, Li6PS5CI and
indium foil were sent to 21 different groups. The groups were asked to assemble and cycle ASSB cells under defined conditions but using their
individual cell set-ups and preparation procedures.

The initial discharge capacities at 0.1C after pretreatment range from 23.7 mAh/g to 143.1mAh/g. Thus, the comparability of ASSB cell data
originating from different groups and cell set-ups is limited.

- Table 1] Set of ASSE assembly parametes
- 28 e n:12
To improve the comparability, we oy ‘: . Fonmeter Usk
recommend reporting all processing and s | > ;m“;"{:,m;m;n;‘—w“:_j?' APz min
cell parameters in Table 1. 3 o . reetne ecTode)
;5 = : . S Compesssicn grofe o1 each tteg thet iz Scw lact the pressurw wes
Moreover, with a cell failure rate of 43%, £ . ( rovnodmi s e
this study shows that the assembly of ¥ .l i & R
el selendn e .| N N
g the number of failed 3 £ . P Sosesates saertd (AW ading .
cells to better assess the reproducibility >} by A PP T T VL0
and robustness of the assembly protocol. ® o - Rl L
v ":":.'U' e f":"‘V‘ ..-:'-:’.'" ":’?I‘—’ Rawt tevee |, befospcyliog mnce h
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Source: Puls et al, Nat Energy, 2024 P. 386
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Strong Lewis-Acid Coordinated PEO Electrolyte Achieves Over 580 Wh/kg In 4.8 V-Class
All-Solid-State Batteries

L metal anode

PEO-LITFSI

PEO-Mg-Al-LITFS| stability Polyethylene oxide (PEO)-based electrolytes are one of the go-to materials for solid-state

e IR B iy batteries, but typically have poor oxidation resistance at high voltages, limiting energy
density.

The introduction of Mg?* and AI** ions improves cyclic stability by weakening electron
T o density in ether oxygen chains, reducing undesirable interactions with cathodes.
Al solid-state Li metal batteries

7 The authors used Lewis-acid coordinated electrolytes and Ni-rich cathodes to achieve
= - 10

high-voltage stability at 4.8V over 300 cycles. Further, the demonstration of industrial-scale
| electrolyte membrane, and Ah-level pouch cells over 586 Wh kg, including one with good

0.9 mah cm 1 cycling stability, suggests the potential for practical applications in all-solid-state batteries.
&0

&

~
3

|

Discharge capacity [mAh g?)
v
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Source: An et al, Nature Comm., 2024
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Superionic Conducting Vacancy-Rich B-Li3n Electrolyte For Stable Cycling Of All-Solid-State
Lithium Metal Batteries

Li et al. utilize a vacancy-mediated superionic diffusion mechanism to achieve room temperature ionic conductivity of 2.14 x 107 S cm™ in B-Li;N along
with extremely stable cycling performance, surpassing almost all reported nitride-based solid state electrolytes.

‘t-??.uu._mm:v.:’»vc-v - - .w M
lonic Conductivity of Vacancy-Rich 3 — ﬁ_&" T
B-LisN Compared to Other . PN st rree e, 2 e
Nitride-Based Solid-State Electrolytes w ; . e ——— e
FULL-CELL APPLICATION: .
00T
LCO Cathode:_1capa<:|ty retention of 82.05% NCM83 Cathode: capacity retention of 92.5%
at 95.2 mAh g~ over 5,000 cycles at 1.0 C at 153.6 mAh g™ over 3,500 cycles at 1.0 C
C:™ T ~ "“mh
Lo g -
- ol ) : e 3 }
z- ® oty "'2' ' s ‘(‘
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Source: Li et al, Nature Nanotech, 2024 P. 388
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In Situ Li,CO, Conversion in Solid State Batteries For Improved Interfacial Contact

Li-intercalated ceramics, such as LLZTO, often spontaneously form a layer of Oas = i3 =
inactive Li,CO, upon contact with moisture or CO,, hindering kinetics in cycling. m ) 2o
Conventional Li,CO, removal methods usually involve high temperature or \ In-sity
acid-based treatments, which can often damage the underlying ceramic LLZTO i ] - | '
J lm'rluﬂrllja J
electrolyte. . 4 tigy, . /
P ————————— :

Researchers at Tianjin University have developed a low-temperature Li,CO, -> il .
decarbonization—fluorination strategy to address this issue. By reacting in situ _\
Li,COs with LiPFg at 60°C, they successfully construct ultrastable, LiF-rich f ';u:‘-;:" | , A s o 5 |
interphases throughout the cell. ity = “ 5 TR0 Wi SaC e 2 5 o e

— . - e e > \.\”‘"’
Notably, this fluorination strategy is capable of removing a significant fraction of _—y o
Li,CO, across all interfaces, even within grain boundaries. The fluorination of all > 1 V' /; ™,
interfaces also suppresses parasitic reactions while reducing the interface [ Dnssen Brwane) .'v‘ "‘" L Fa '\ f )
resistance, eliminating gas evolution within the cycling window of up to 4.5V, I / _‘Q . gy amie’” o L revrete |
and demonstrating a cycling stability of up to 7,000 h. s - = wosy. o ¥ <

UL, *AGENELAD, & NOWINGLFR! | Leanteniis & LITY

Li,CO, is a common Li-battery degradation product that inhibits cell cycling. The in-situ conversion of Li,CO, to LiF-rich regions creates a protective
interphase with stable electrochemical cycling.

Source: Guo, Pan, Yi, Chi, Yin, Geng. Yin, Zhan, Zhao, Jin, Fang, He, Kang, Wu, Yang P. 389
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Sodium-lon Batteries - An Emerging Alternative To Lithium-lon

COST PROJECTIONS OF NA-ION BATTERIES TEARDOWN OF FOUR COMMERCIAL NA-ION CELLS

Research by Yao et al. [1] indicates that Na-ion batteries could achieve cost Dorau et.al [2] provide a comprehensive analysis of four commercially available cylindrical

parity with low-cost Li-ion variants by the early 2030s. The study explored sodium-ion batteries, revealing key insights into their structural and electrochemical

over 6,000 scenarios to assess various development roadmaps and performance.

market conditions, highlighting that substantial R&D progress is crucial for

enabling this transition. The batteries, with capacities ranging from 1.3 Ah to 10 Ah and voltages between 3.0 V and 3.1
o Sevenry of Modeled Sowrarty LT V, utilized nickel-manganese-iron layered oxides as cathodes and hard carbon anodes with

The research highlights a ' a particle sizes of 2-12 um.

significant manufacturing
pipeline for Na-ion cells,
with over 240 GWh
announced through 2030,
indicating strong industry
interest and investment in
this technology as a
response to lithium price H

LT
T T
T 1B 8

Separator materials included polyethylene with protective o-Al203 coatings. Doping the
cathodes with zirconium or copper improved ion diffusion and structural stability, mitigating
degradation. Specific area capacities ranged from 1.29 to 1.98 mAh/cm?. At 0°C, all cells
showed sodium plating risks, potentially compromising safety during high-rate charging.

1.
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Na-ion batteries are no longer confined solely to the academic domain s R ~ vy " M
and have started making their way into the commercial world. e l ' ' l
Source :
1] Yao, A.. Benson, S.M. & Chueh, W.C. Critically assessing sodium-ion technology roadmaps and scenarios for techno-economic competitiveness against lithium-ion batteries. P. 391

Nat Energ'y (2025) ; [2] Comprehensive Analysis of Commercial Sodium-lon Batteries: Structural and Electrochemical Insights, Filip Adam Dorau et al 2024 J. Electrochem. Soc.
17109052
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Control Of OP4 Phase Transition Ensures High Cycle Stability
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Wang et al. |1] demonstrated the successful control of P2-OP4-02 intergrowth
structures, stabilizing structural transitions during high states of charge. The OP4
phase was identified as a boundary phase that prevents irreversible distortions,
ensuring reversible transitions with a specific capacity of 198 mAh/g, maintained
over 100 cycles with 92% retention. The study quantified the reversible migration
of lithium ions, which are part of the cathode sublattice, between transition metal
(TM) and alkali metal (AM) layers, with migration remaining reversible up to a
cut-off voltage of 4.3 V.

The critical OP4 phase transition was locked at 4.3 V, preventing structural
distortions caused by neighboring O-type stacking faults. The study also
optimized both cationic (Fe/Mn) and anionic (Oxygen) redox activities, delivering
a charge capacity of 125.5 mAh/g during the first charge and 165.8 mAh/g during
discharge.

) SamA 030 A A sodium-ion pouch cell was developed, achieving an energy density of 165

pr——, L] )+ 0 Wh/kg, setting a high-performance benchmark for SIBs. Extending the cathode
*1 voltage window from 1.5 V to 4.3 V resulted in a 15% increase in specific energy
191 density, from 480 Wh/kg to 550 Wh/kg at the cathode level, marking a significant
sed advancement in sodium-ion battery technology.
s
41 Controlling P2-0P4-02 phase transitions stabilizes the performance of layered
03 4 oxides, preventing structural distortions, boosting energy density, and
° " + maintaining high capacity retention with improved redox reversibility

t a2 ‘. [ " = e
LyOue rearoos

erformance sodium-ion pouch cell by regulating intergrowth structures in a layered oxide cathode with anionic p. 392
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Water Content Matters - Key To Stability And Performance In Prussian White Systems

Dreyer et. al. [ 1] quantified gas evolution in Prussian White (PW) cathodes,
showing that NaClO, electrolyte caused significantly higher (CN), emissions than
NaPFg during cycling. Undried PW released up to 6.44 wt% water during
overcharge, driving H, evolution, while NaPFg suppressed toxic cyanogen,
underscoring the impact of water content and electrolyte on battery safety.

Maddar et. al showed that optimized dehydration of PW at 170°C under
vacuum (1072 mbar) for 48 hours achieved ~10 wt% water loss, transitioning to a
rhombohedral structure and increasing capacity to ~160 mAh g~". Longer drying
times and lower pressures further enhanced electrochemical performance.
Rehydration studies revealed up to 10% water uptake under standard conditions,
reversing these improvements and highlighting critical thresholds for stability.

Clavelin et al. examined dehydration and rehydration in PW cathodes, showing
that the monoclinic-to-rhombohedral phase transition occurs at 120°C under
1072 mbar (vs. 135°C at 20 mbar). The rhombohedral phase achieved 90% of
theoretical capacity (~154 mAh g™') compared to 81% (~126 mAh g™") for the
monoclinic phase. Ultrafast rehydration reverted the rhombohedral phase to
monoclinic within 80 minutes of air exposure.

Blsai | —=p
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Effective control of water content and dehydration processes in Prussian
White (PW) cathodes is crucial for optimizing electrochemical performance
and ensuring battery safety. Aqueous electrode processing is feasible if
effective drying strategies are implemented.

Source
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New Discoveries In Sodium-lon Storage Mechanisms In Hard Carbons

FAST CHARGING IN HARD CARBON ANODES

Liet. al. |1 unveiled a unified storage mechanism for Li and Na in hard carbon
anodes, introducing an underpotential deposition (UPD)-like process for Na*
storage in wedge-shaped nanopores.

This mechanism facilitates quasi-metallic Na clustering at a slightly higher plateau
potential due to interface energy differences between Na and graphene walls.
These insights enabled the development of 26700-type cells with 3 Ah capacity,
achieving 83% retention after 3,000 cycles at an ultra-fast 6.5C rate with no Na
plating. The study also highlighted the optimal pore size (~1 nm) for balancing
storage capacity and fast kinetics, providing a fundamental understanding of how
nanopore geometry drives performance.
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Source:
[11 Li, Y., Vasileiadis, A., Zhou, Q. et al. Origin of fast charging in hard carbon anodes. Nat Energy 9, 134-142 (2024)

SEI-INDEPENDENT PRE-DESOLVATION

Lu et. al. redefined the sodium-ion storage mechanism in hard carbons by
identifying a novel SEl-independent pre-desolvation process within nanopores,
driven by capillary effects and osmotic pressure. Unlike traditional SEI models, this
mechanism alters the electrolyte solvation structure, achieving a record-high initial
Coulombic efficiency (ICE) of 99.09% after 10 days of aging.

The insights led to the development of a dual-SElI model, distinguishing between a
surface SEI (S-SEIl) and an internal nanopore SEI (I-SEl). The I-SEl's thinner,
inorganic-rich composition facilitates Na+ transport with reduced resistance, enabling
a negative-to-positive (N/P) capacity ratio of 1.02 and energy density of 282 Wh/kg
in full cells. These findings challenge prior models by showing that nanopores
actively shape Na* storage behavior.
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[21Lu, 7., Yang, H. Guo, Y. et al. Consummating ion desolvation in hard carbon anodes for reversible sodium storage. Nat Commun 15, 3497 (2024).
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Fundamental Advances In Solid-State Electrolyte Engineering

DESIGN OF SODIUM SUPERIONIC CONDUCTORS

Wang et al.

establish face-sharing high-coordination sites (CN = 5) as a

critical structural feature for fast sodium-ion conduction, unveiling a

chloride-based family of sodium superionic conductors (NaXMyCIe) with

the high ionic conductivity (1.4 mS/cm at room temperature).

Advanced computational screening identified 35 new structural
candidates, including Nala, ,Cl,, whose face-sharing octahedral

pathways yielded low activation barriers (~0.13 eV). This discovery
surpasses the conductivity of previous materials like Na,ZrCl, (0.02
mS/cm) and also consolidates design principles that reconcile large
bottleneck sizes with low diffusion barriers.

Mt e aton A Leom cowmwry

DESIGN PRINCIPLES IN ANODE-FREE APPROACH

Deysher et al. [2] achieve a breakthrough by enabling stable cycling of an anode-free sodium
all-solid-state battery over 400 cycles at a Coulombic efficiency of 99.96% under 10 MPa
stack pressure and 40°C.

The use of a sodium borohydride (Na,B,,H,,B,,H,,) solid electrolyte, with a dense morphology
formed through cold pressing, allowed for cycling at current densities exceeding 6 mA/cm?.
The study demonstrated uniform sodium plating and stripping with an areal capacity of

1 mAh/cm?, achieved via an innovative aluminium pellet current collector that improved
solid-solid interfacial contact. This collector reduced interfacial resistance and enabled the
deposition of dense sodium layers, a key requirement for mitigating dendritic growth and
maintaining cell integrity.
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1 Wang, S.. Fu, J. Liu, Y. et al. Design principles for sodium superionic conductors. Nat Commun 14, 7615 (2023 3'95

2] Deysher, G

Oh, J.A.S.. Chen, YT. et al. Design principles for enabling an anode-free sodium all-solid-state battery. Nat Eneray 9, 1161-1172 (2024).
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Liquid Electrolytes To Enable Na-Metal/Na-lon Batteries

EXCELLENT CYCLING STABILITY OF SODIUM ANODE ENABLED
BY A STABLE SOLID ELECTROLYTE INTERPHASE FORMED IN
ETHER-BASED ELECTROLYTES

Le et al. [1] demonstrate that TM NaBF, in G4 is able to achieve a coulombic
efficiency of 99.9% with a Na anode for over 1000 cycles at a current density of 0.5
mA cm™ with an areal capacity of 0.5 mAh cm™. Against hard carbon anode, the
electrolyte is able to reach 95% capacity retention over 300 cycles. XPS results
reveal that the electrolyte generates a N-F and Na,-O rich CEl. Similarly on the anode
side, XPS shows an SEI dominated by inorganic species.
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Le et al. show that G4 electrolytes containing 1M NaBF, or 1M NaPF are promising
candidates for practical Na-metal/Na-ion batteries.

Source:

TUNING THE SOLVATION STRUCTURE WITH SALTS FOR
STABLE SODIUM-METAL BATTERIES

He et al. [2] use NaNQ, salt as a diluent to tune the solvation structure and create
a11M NaFSI-NaNO, tr|methyl phosphate electrolyte that stabilizes the Na metal
anode - electrolyte |nterface In Na || NFM cells, the electrolyte enabled a capacity
retention of 80% over 500 cycles ata C/5 rat~ Nue to the presence of TMP, the
electrolyte also demonstrates fire retarding a......es.

. I._L

avrwem—— e LA L I

Novel 1.1 M NaFSI-NaNO,-trimethyl phosphate electrolyte enables capacity retention of
80% over 500 cycles ata C/5 rate in Na [| NFM cells.

[1] Le. Phung ML, et al. "Excellent cycling stability of sodium anode enabled by a stable solid electrolyte interphase formed in ether-based electrolytes." Advanced Functional

Materials 30.25 (2020): 2001151. ; [2]He, J., Bhargav, A., Su, L. et al. Tuning the solvation structure with salts for stable sodium-metal batteries. Nat Energy 9, 446-456 (2024). P. 396

https://doi.org/10.1038/s41560- 024 01469-y


https://advanced.onlinelibrary.wiley.com/doi/am-pdf/10.1002/adfm.202001151
https://advanced.onlinelibrary.wiley.com/doi/am-pdf/10.1002/adfm.202001151
https://doi.org/10.1038/s41560-024-01469-y
https://doi.org/10.1038/s41560-024-01469-y
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Li-S Battery Technology Confronts Rapid Growth In 2024 With Contrasting Strengths And
Weaknesses

STRENGTH WEAKNESS
. T CRCa 1 U whig, cell T whyL, ool B Cycle tife Li dendrite
L S— 70
_I '_u ——— Lremase sm ‘ .
=3 ° s B iy 450 R 500 Volume expansion
O] iy 3100 [ 200
= * ¢ i 1 Unstable SEI
[T - ) .
E ¢ o ua ) o Li metal anode
) A " ey e Presen e Chemical reactivity )
Z o e @ . .y 8y -
= L =T e 0 i tas ‘T’T*th'ﬂﬂm’ leped (TRL S/Li,S conductivity l N A
< - , | AN . ey
E «  Anode: .  Cathode: Salid electrolste a S/Li,S volume expansion Evacs N lias
W Lielt+e S+ 2Li+ + 2¢" & Li,S A=A
o Polysulfide shuttle .
s. . ;‘)L\ge:ul._i s E~215Vvs. Li/Li* Ligddelactrolyte 7 Soluple polysulfides
8 278 Sluggish kinetics (Li,S,, 6=x=8)
C 15625 D L .
5 M From 2016 to 2024, the number of publications in the web of
24 205 78y 2192 2039 science focused on Li-S battery increased by 156.2%
1060
1713 - . .

g 147 1420 In 2024, there were 2939 publications with “Li-S battery” as
3—. l one of the keywords

<

216 b 2018 019 2220 a0 xz2 2023 2024
Source: https://iolitec.de/node/657, Web of Science, Alternative Battery Technologies Roadmap 2030+ (Fraunhofer ISI, doi:10.24406/publica-1342), Adv. Sci. 2022, 9, BATTERY REPORT 2024 | P 398

2103879, Front Chem., 2020, 8:409


https://iolitec.de/node/657

2 ACADEMIA | NEW & ALTERNATIVE CHEMISTRIES | LITHIUM-SULFUR BATTERY VF Z”?IH%‘ATIOP

A New Sulfur lodide Molecular Crystal, S .l, As Solid-State Li-S Battery Cathode To Address
Sulfur’s Poor Conductivity And InterfaC|aI Instablllty

MATERIAL PROPERTIES

Synthesis: The material is synthesized by grinding S and |, powders followed by heating to 80°C.
The I, molecules are integrated into the S lattice, forming a unique crystalline structure.

Key Properties: S .| exhibits semiconductor-level conductivity (5.9 x 1077 S cm™ at 25°C) and
features a low melting point (~65°C), enabling self-healing of damaged interfaces through periodic
remelting.

EC PERFORMANCE

Pristine S

Electrochemical Advantages: 87% capacity retention at 400 cycles.

High specific capacities (811.8 - 1211.3 mAh g™') over a range of temperatures (25-100°C).

Source: Zhou, J., Holekevi Chandrappa, M.L., Tan, S. et al. Healable and conductive sulfur iodide for solid-state Li-S batteries. Nature 627, 301-305 (2024).

https://doi.org/10.1038/s41586-024-07101-z
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Reversible Multi-Electron Transfer I'/10,” Cathode Enabled By Hetero-Halogen For Ultra-High

Energy Density Aqueous Batteries

- Xie et al. explored a new aqueous battery system based on

o ‘= o o D006

FOUNDATION

Yo Stop 1 12 T Stpa 1B, —Sen3 1O, #1287y halide ions. Although still in the early stages of development,
Charge reactions they achieved:
Diacharge reactions
s Ll AH' ¢ (B-5XI6" (1.0H0. - & KIBY s/T-3)28r v 1 (5X)e ° High Energy Density: Over 1200 Wh L™ (at catholyte
BRBE Stop 5 o, WIEEETTR e g level) using a high hetero-halogen electrolyte and
Step 4: By, -Da—2Br 10, <58 +5H* —IBe+ Z8r,+3H.0 multi-electron transfer in the 1,/10;™ couple.
Step 8. 2981 426 — |, 104 +21,+5Br +8H —~SBreJH0 . o
e TR = ¢ Sl e  Efficient Performance: Maintained 72% energy

= -
. w

a0 Laud
;2,4- S
3'.3
- SR \ "
-3 \“0\‘
2,64 ~ T l
0.0 . - - — - — e e ————————
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Tirrs 18)

Source: Xie et al., Nat. Ener 2024

efficiency at a current density of 120 mA cm™.

Long Cycle Life: Demonstrated over 1000 cycles with
improved stability
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Selective lon Transport Through Hydrated Micropores In Polymer Membranes

1.

Among fabricated polymers, carboxylated polymers of intrinsic
microporosity with phenyl groups (cPIM-Ph), with a pore gate size

2.

of 5.0 £ 0.3 A, strike the best balance between high ion
conductivity and low permeability to redox-active species.
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In AORBF applications,
capacity delay was reduced
to 0.014%/day, cycling for
1,000 hours.

Excessive swelling in hydrated states compromises the selectivity and conductivity of separatory membranes
in aqueous organic redox flow batteries (AORBF). Wang et al. address this by tuning the hydrophilicity and
rigidity of pores in various fabricated polymers.

Source: Wang et al. Nature, 2024
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cPIM-Ph outperforms Nafion 212 and sPEEK, offering superior energy efficiency across a
wide range of current densities, higher peak power density, and lower interfacial resistance.
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A Composite Anode Consisting Of A Layered Ternary Bi, ,Sb, .Te, And Graphene Developed For
Potassium-ion Battery

’ N - .‘ ] : - X ‘.rl
- o { Ny - a8 — ~'a |
2 * e ‘ - - N - e B . ‘
It e |l :
] ..’_, * ~~',h“? v ‘i
s YR \ ¢ - - v
Cycling stability and rate capability Bi, ,Sb, ;Te,/graphene//KPB full cell

STRUCTURE-PERFORMANCE CORRELATION:
Due to its lattice arrangement and structure, Bi, ,Sb, ;Te,/graphene exhibits a mitigated expansion
of 28% during the potassiation/depotassiation process and demonstrates facile K* ion transfer
kinetics, enabling a lifetime of 500 cycles at high rates.

mlr B |, . — Y 1 Both theoretical
- . . calculations and
. ’ o~ | < )
é J Biiulsmven] ® -,‘.,_-.,4;\\ " '{:" . electrochemical
. s o | d B.o A " | examinations elucidate the
4 — S = . o ,a Ny oy . .
v ' fy- | - Y I F ey K* migration pathways
. . . . w| Lt v . - Seth - L
Synthesis: A composite anode was designed using a layered ternary ' 3 ) n m_wy and indicate a red.uctlon n
Bi, ,Sb, T hored hene | here Bi at t latti . E so] S " weses | energy barriers within
i0.4oP;, ¢ Te; anchored on graphene layers, where Bi atoms act as a lattice — = % B e R G Bi, Sb. Te./graphene
softening agent on Sb. T e Pomorns ¢ o1 §'A0 Posewiel (¥ ve. 60 0.4°P16' €3 :

Source: Adv. Mater, 2024, 36, 2313835 P. 402
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Development Of The Squaramide Scaffold For High Potential And Multielectron Catholytes For

Use In Redox Flow Batteries

amide (SQA) materials.

Synthesizing high-potential catholyte materials with low capacity fade and high solubility for nonagqueous organic redox flow battery (N-ORFB) applications
remains a challenge. To address this, Tracy et al. report a new class of catholyte materials derived from squaric acid quinoxaline (SQX) and squaric acid

SQX-1 (SQA1 il SQA-2
o

B o °ﬁ° 4 Eyp vsFc/Fc: 051V
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Note: SQX-1and SQA-1 were tested in a flow batteries and SQA-2 in an H-cell set up.

Source: Tracy et al. Journal of American Chemistry, 2024
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2 ACADEMIA | FAST CHARGING & EXTREME FAST CHARGING | ANODE |

Substitutional Doping Of TiNb,O, Anode For Extreme Fast Charging

Yu et al. report an ultra-fast charging anode with long-term cycling

stability enabled by Fe substitution in single-crystal TiNb207
nanostructures. The underlying mechanism by which Fe
substitution affects the material's electronic properties, ionic
diffusion kinetics, and structural stability is revealed through
combined theoretical modeling and experimental characterization.
The optimal Fe3+—doped TNO monocrystalline material

(Feo.osTio.gsszoaws) provides a remarkable charge capacity of
238 mAh/g under a 10 C (6 min charging time only) extreme
fast-charging protocol (coupled with 1 C discharge), and a
capacity of 200 mAh/g at 5 C with a cycling retention of 85%
after 1000 cycles. The calculations suggest that Fe3*
substitutional doping leads to a lowering of the band gap coupled

with a reduction in the energy barrier for Li* diffusion.

Capacity (mAh/g)
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An ultra-fast charging and long-cycling TiNb,O, anode was synthesized via DFT-guided Fe3* substitutional doping
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Magnetic Fields Enhance Diffusion Kinetics And Extend Lifetime

Chen et al. report that magnetic fields can improve electrode kinetics, ionic transport, and lifetime of lithium-ion and sodium-ion cells.

Adding a NdFeB magnetic spacer within coin cells led to significantly more uniform formation cycles for NMC 622/Cu, as demonstrated by
the voltage vs. time evolution in formation cycles in Figure 1 for the control group (a) and the magnetic group (b). The magnetic group also
shows dramatically improved capacity in the 1st (c) and 2nd (d) cycles.

A [ 1 A 4 : Ma - A _ Furthermore, when cycling the NMC 622 - Graphite cell
L~ LN ' TS - over a longer period of time (Figure 2), there is a clear
' ] - | = 2 improvement in capacity retention and coulombic
. | . . efficiency when a magnet is applied to the cells. Cycling
performance with/without the magnetic field for
NMC622//graphite: discharge capacity (a) and Coulombic

o TR : v_ - —_— . efficiency (b) of the two groups at a current density of 0.5
: -3 g | R mA cm™, and discharge capacity (c) and Coulombic
Y } k.. \?—_‘—- : efficiency (d) of the two groups at a current density of 2
| - e : mA cm™.
Figure 1 Figure 2

Source : Chen et al, Journal of Power Sources Volume 602, May 2024, DOl:https://doi.ora/10.1016/j.jpowsour.2024.234323 P. 406
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Combining Fluoroacetonitrile (FAN) With Lithium Bis(Fluorosulfonyl)imide Salt To Enable Ultrafast
Lithium-lon Conduction

ULTRAHIGH IONIC LOW TEMPERATURE FAST CHARGING
A novel ligand-channel mechanism is introduced, CONDUCTIVITY PERFORMANCE CAPABILITY
where the small-sized fluoroacetonitrile (FAN) Yo =—2 I -
solvent forms dual solvation sheaths around Li+ . - R il e oipy Vol 4
ions, resulting in fast Li* transport channels and ) S .. o> SN ™ o i %
stable SEI. i o L - — | /] =
| =/ = 1 - . :
' .,\".- % E w! u_\nA el Wy .
F B VN "o . =]
REPRESENTATIVE PERFORMANCE: A

« At -80°C, a pouch cell delivered reversible
capacities at 51% of its room-temperature
capacity

« In high-rate charging tests (6C), the FAN-based
electrolyte outperformed traditional electrolytes
with a capacity retention of 80% over 3,000
cycles

o NI R, e g

le.vnere

Source: Nature, 2024, 627(8002): 101-107 (https://www.nature.com/articles/s41586-024-07045-4 P. 407
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Coin Cells vs. Pouch Cells For Battery Research

- Coin Cell Pouch Cell

Electrodes and separator disk punching, then crimping of disks, spacer, and spring Electrode cutting and stacking, tab welding, pouch sealing, electrolyte injection,

Process
into coin cell. For statistical analysis, 3-10 cells/batch is recommended. formation, degassing and resealing.
Electrode Alignment of cathode and anode is important (ideally 100%). Murray et al. show that Major risk of misalignment due to many manual steps. Garayt et al. demonstrate that
Alignment coin cells built with equal sized electrodes, a single layer of BMF separator, and a single layer pouch cells without anode overhang perform better [3].
vacuum pen instead of tweezers are more repeatable than other coin cell
configurations [2].
Cell Pressure Internal pressure comes from spring and stack thickness. Fixture provides external pressure.
Electrolyte Electrolyte amount needs to controlled (excess can lead to spilling during crimping). Pouch cell drying and electrolyte wetting are more significant given larger surface area.
I I ™ I L I .- —
— - o« ) o pooce ~<t m
“To achieve accurate and reliable e e a0/ L : Yo
. . P — - o herang - .- L T '
data on new materials for batteries, D (-__.3 . b 4 b 2
repeatability, and quality of cell st & e, = - o
e " e Y T o
fabrication are critical to ensure R e . - ) 4
reproducible findings” [1] Yot e g " ool !-
- @t : J—
1>

Source:
[1] Dai, F.. Cai, M. Best practices in lithium battery cell preparation and evaluation. Commun Mater 3, 64 (2022 P. 409

(2] Vivian Murray et al 2019 J. Electrochern. Soc. 166 A329
[3] Matthew D. L. Garayt et al 2023 J. Electrochem. Soc. 170 080516



https://doi.org/10.1038/s43246-022-00286-8
https://iopscience.iop.org/article/10.1149/2.1171902jes/meta
https://iopscience.iop.org/article/10.1149/1945-7111/aceffc/meta
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Unification Of Insertion And Supercapacitive Storage Concepts - Storage Profiles In Titania

LU e e
This study bridges the gap between insertion-type batteries and S .
supercapacitors, offering a unified approach for understanding 2 bt Syt o S b
the tradeoff between high energy density and rapid b1\ e st s e
charge-discharge capabilities in energy storage. o o T e o e 0
MR e ) AR
wetinm b prever v iy

Insertion storage in battery electrodes and supercapacitive storage are
typically considered to be independent phenomena and thus are dealt
with in separate scientific communities. Using tailored experiments on
titanium oxide thin films of various thicknesses, Xiao et al. demonstrate
the simultaneous occurrence of both processes.

Thick samples and/or high electronic (free) energies of the current
collector favor the insertion mode, whereas thin samples and/or easy
accommodation of excess electrons in the current collector favor the
supercapacitive mode.

Source Xiao et al, Science 2024 BATTERY REPORT 2024 | P. 410


https://www.science.org/doi/10.1126/science.adi5700
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Depletion Of LiPF,During Calendar Aging Hinders Fast Charging Capability

Electrolyte oxidation at the positive electrode causes a decrease of LiPF, concentration in the electrolyte. This reduction of LiPF, concentration is not
observable from slow-rate capacity checks or DC pulses, but severely impacts fast charging performance. Hartmann et al. use single-layer pouch cells to
clearly demonstrate the effect of LiPF, concentration on low- and high-rate performance. This work highlights the critical need for oxidatively stable
electrolytes to enable consistent fast-charging performance for EVs throughout their lifetime.

Avrtificial LiPF, variation in single-layer pouch cells (left) validates
LiPF, depletion as the dominant cause of rate capability loss of
calendar aged cells (right). LiPF depletion in calendar aged cells
was verified by ion chromatography and NMR, and reaction
pathways for LiPF detailed in the work.

(Left) Discharge rate capability at 25 °C in single-layer pouch
cells with different electrolyte LiPF, concentrations. Electrodes
were extracted from a beginning-of-life commercial high-nickel

(85%) NMC and Graphite cell.

(Right) Discharge rate capability at 25 °C for single-layer pouch
cells calendar aged at 45 °C under a constant voltage hold for 1
month.

Source: Hartmann et al, Journal of the Electrochemical Society 171 060506
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Dynamic Cycling Enhances Battery Lifetime

2 vad 1y

LOMARLIY Lt b

Dynamic cycling improves battery lifetime :
compared to constant current cycling. o

Calendar aging regardless of cycling is 5 “"""—“1
identified as the dominant factor in

degradation. 3 b
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Battery chemistries and designs need to be evaluated using more realistic load profiles to better understand aging mechanisms at various levels
(chemistry, material, and cell). Consequently, there may be opportunities for improving battery performance and longevity by revisiting aging mechanisms
based on realistic cycling conditions.

Source: Nature Energy, 2024: 1-9 (https://www.nature.com/articles/s41560-024-01675-8)
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Electrochemical And Reduced Order Modeling - Model Types And Applications

DESCRIPTION

SPATIAL
DIMENSIONS

R&D
APPLICATIONS

Sources: [1]

i e Lu et al, Nature Comm. (2020) 11 2079; [3] Battery modelling — Why.
mmm_wm Other key references: wmmmmw Plett and Trimboli, Battery Management Systems Vol. Il and Vol. lll;
DeCaluwe et al 2018 J. Electrochem. Soc. 165 E637

Simple but practical
EQUIVALENT CIRCUIT SINGLE PARTICLE MODEL MICROSTRUCTURALLY
MODEL (ECM) (SPM) R ER RO RINERER R2D! RESOLVED MODEL

/Dr N
@
\_//

Insightful but complex

From [2]

FRE

Resistors, capacitors, and other
electrical circuit elements

Interfacial charge transfer, solid
phase mass transport, and
electrical resistance

Same as SPM but with multiple
particle domains and electrolyte
mass transport

(" . N 2\
Governing equations solved over a

3D reconstruction of an actual
electrode

None

1 (r: radial in particles)

2 (r: radial in particles,
[: thickness in electrolyte)

3 dimensional in all phases

. ) Cell and electrode design
Module/pack/system design Module/pack/system quI.gn Module/pack/system design Nano-, micro-, or meso-scale
BMS development, EIS, cell Charge protocol optimization Lo : .
- ; Charge protocol optimization design of particles and electrodes
degradation analysis BMS development
BMS development

J

" [2]

[3]


https://www.monolithai.com/blog/evolution-of-battery-models
https://www.nature.com/articles/s41467-020-15811-x
https://elysia.co/news/thought-leadership/battery-modelling-why-physics-based-is-not-always-best
https://elysia.co/news/thought-leadership/battery-modelling-why-physics-based-is-not-always-best
https://iopscience.iop.org/article/10.1149/2.0341915jes/meta
http://mocha-java.uccs.edu/BMS2/index.html
http://mocha-java.uccs.edu/BMS3/index.html
https://iopscience.iop.org/article/10.1149/2.0241813jes/meta
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Integrating Al Into Battery Performance Models For Accurate Extrapolation From Limited Data

Identifying models that simultaneously
predict battery performance (i.e.,
predicting battery response versus SOC,
temperature, and C-rate) and
degradation (change in performance
over battery life) is hugely challenging.
Empirical models of performance and
lifetime, including equivalent circuit
models, are easier to fit but extrapolate
poorly to new operating conditions.

Physics-based models extrapolate well
to new operating conditions, but it is
extremely challenging to define
differential equations that accurately
describe the changes in battery
performance observed during testing.
Integrating Al into battery performance
models mitigates this downside by
learning from available testing data to
compensate for model errors, and shifts
lifetime forecasts from deterministic to
probabilistic.

Zhou et al. [1] demonstrate augmenting of an
extremely basic equivalent circuit model with Gaussian
process learned states for performance and health
parameters. The learned model is able to compensate
for OCV changes over lifetime.

Kuzhiyila et al. [2] demonstrate using a
Universal Differential Equation (UDE) to
augment a physics-based model of SEI
growth to enable the simple model to
predict SEI growth for a NMC811|Gr-Si cell.

——

" [T -

Source: [1] Zhou et al arXiv 2407.06639v2, [2] Ayyangatu Kuzhiyil et al SSRN 4948229
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https://arxiv.org/abs/2407.06639
http://dx.doi.org/10.2139/ssrn.4948229

2 ACADEMIA | LIFE PREDICTION AND MODELING | PREDICTING EVOLUTION OF OPEN-CIRCUIT VOLTAGE

VOLTA
FOUNDATION

VF

Estimating And Extrapolating Degradation Modes From Accelerated Aging Data To Estimate
Both Capacity Fade And Open-Circuit-Voltage Curve Shifts Throughout Battery Lifetime

Degradation modes like loss of lithium inventory (LLI) and loss of active material in positive and negative electrodes (LAM,, LAM, ) have been calculated
using differential voltage or incremental capacity analysis for many years. Karger et al. [1] and Stadler et al. [2] demonstrate mapping of LLI, LAM, and
capacity evolution across many operating conditions, enabling estimation of open-circuit-voltage curve shifts and capacity changes in dynamic real-world
operation. This approach can be implemented using standard accelerated aging data and substantially improves predictive accuracy.

(Left) Karger et al. [1] fit empirical models
for LLI and LAM evolution versus operating
conditions, including temperature,
depth-of-discharge, upper cut-off voltage,
of an NCA|Gr-Si cell. The resulting model
reduces estimation error of the shape of
the open-circuit-voltage curve by up to 8x,
versus predicting using only capacity.

(Right) Stadler et al. [2] summarize the

workflow for identifying (‘Analysis’) and

then extrapolating (‘Prediction’) capacity
and OCV models.

- ) ' .,"'
- | %%
|15
J S o ‘, b
(i e 23 ._'] I ——

——— -
— .- [ N R
Source: [1] Karger et al Journal of Power Sources 593, [2] Stadler et al Batteries and Supercaps 202400211
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https://doi.org/10.1016/j.jpowsour.2023.233947
https://doi.org/10.1002/batt.202400211

2 ACADEMIA | LIFE PREDICTION AND MODELING | NON-DESTRUCTIVE EST. OF ELECTRODE POTENTIALS THROUGH LIFETIME

F VOLTA
V FOUNDATION

Kirst et al. Estimate Half-Cell Electrode Potentials And Degradation Modes Throughout A
Battery'’s Lifetime, Enabling Non-Destructive Degradation Mode Analysis - No Half Cells!

Degradation mode analysis traditionally
requires extracting samples of both
negative and positive electrodes, and then
carefully constructing half-cells versus
metallic lithium to measure electrode
potential curves, limiting degradation mode
analysis to cases where destructive
characterization of cells is possible.

Kirst et al. [1] develop a method to
non-destructively estimate electrode
potential curves as well as LLI and LAM
throughout battery lifetime. This method
enables performing degradation mode
analysis on any cell without any
destructive characterization of the
electrode materials.

Source: Kir: | rnal of Power I 2
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https://doi.org/10.1016/j.jpowsour.2024.234341

2 ACADEMIA | LIFE PREDICTION AND MODELING | PHYSICS-BASED SEI GROWTH MODELING

Modeling Particle vs. SEl Cracking In Lithium-lon Battery Degradation

| VOLTA
VF FOLUNDATION

The impact of check-up cycle frequency on the calendar degradation rate is described using a single set of parameters for SEI growth by accounting for the
effect of cracking. The developed models are publicly available in PyBaMM, enabling other researchers to immediately implement the model.
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Physics-based models for SEI growth during calendar aging need to include
both solid particle cracking and SEI cracking to be accurate.
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https://iopscience.iop.org/article/10.1149/1945-7111/ad76da/meta

2 ACADEMIA | LIFE PREDICTION AND MODELING | ELECTRO-CHEMO-MECHANICAL DEFORMATION MODELING

| VOLTA
VF FOUNDATION

Rapid Simulation Of Electro-Chemo-Mechanical Deformation Of LIB Based On Porous

Electrode Theory

Researchers at MIT and Northeastern extend the porous electrode theory (PET) model to include intercalation-induced mechanical changes, capturing
\reversible and irreversible changes in electrode thickness and porosity over cycling.

Porous Electrode Theory (PET)
a.k.a Doyle-Fuller-Newman (DFN)

Porous Electrode | Diftusion-nduced | yic,)
Theory

| volume changes
. €y =xic,)
- - ‘-
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Source: |pers, Pathak, Bazant, Zhu et al. J. Electrochem. Soc. 2024,

Drucker-Prager/Cap (DPC) model for
mechanical deformation in powders
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https://doi.org/10.1149/1945-7111/ad4f1e
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2 ACADEMIA | TESTING AND ANALYSIS TECHNIQUES | MANUFACTURING

| VOLTA
VF | FOUNDATION

Optimizing Cell Manufacturing Using Simulations Saves Cost And Development Time
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CHALLENGE & OUTLOOK

. Gaps: Better models are needed to tackle the complexities associated with
scaling up from lab to production
. Future directions:
o Atrtificial intelligence (Al) technology to enhance process predictability
o Integration of multiscale models to improve simulation accuracy

Source: J. Power Sources 610 (2024) 234717

KEY STEPS

MIXING

COATING

DRYING

CALENDERING

Itis necessary to have a homogeneous slurry
with controlled viscosity and particle dispersion.
Parameters like temperature, mixing speed, and
sequence impact quality.

Many processes, including slot-die coating, aim
for uniform thickness and material distribution.
Simulation models address parameters like
coating speed and slurry rheology.

Drying removes solvents and creates porous
structures in the process. Optimizing drying
conditions minimizes defects and ensures
uniform binder distribution.

Electrodes are compacted to improve density
and conductivity. Simulations can be used to
optimize compaction parameters and prevent
excessive pressure from damaging materials.
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https://www.science.org/doi/10.1126/science.192.4244.1126

2 ACADEMIA | TESTING AND ANALYSIS TECHNIQUES | ELECTROCHEMICAL IMPEDANCE SPECTRUM (EIS)

EIS Analysis Of Porous Electrodes Using A “Three-Electrode” System

Objectives: Re-interpret the EIS of porous electrodes by employing
reference electrodes, analyzing frequency-dependent behaviors, and
understanding their relationship to ion transport and capacitance.

POPULAR UNDERSTANDINGS NEW UNDERSTANDINGS
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Experimental Configuration: three-electrode systems implemented in
order to isolate working electrode responses

EIS Analysis: Nyquist plots and Distribution of Relaxation Times (DRT)
to deconvolute overlapping processes

Source :
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High-frequency: Dominated by ion transport within pore channels and
solid electrolyte interphase (SEI)

......

Mid-frequency: influenced by pseudo-capacitance, distinct from
K electrical double layer (EDL) capacitance

Soc., 162 (13) A7037-A7048 (2015)
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http://doi.org/10.1002/anie.202406054

2 ACADEMIA | TESTING AND ANALYSIS TECHNIQUES | MAPPING OF ELECTROCHEMICAL KINETICS VF :’%LJT\J'}‘AW»'

Mapping Battery Kinetics Using Minimal Charges And Discharges

Mapping of battery kinetics using traditional methods, such as recording EIS at various SOCs and temperatures, takes an enormous amount of time, making
these methods impractical for industrial R&D or cell production. Various new methods for mapping electrochemical kinetics from just one charge or discharge

using AC [1] or both AC and DC signals [2] have been recently demonstrated, enabling highly detailed characterization of batteries for materials development
or cell production and quality control purposes without requiring any additional test time.

NONSTATIONARY ODD RANDOM PHASE MULTISINE IMPEDANCE AND RAPID ELECTROCHEMICAL MAPPING VIA
EQUIVALENT CIRCUIT MODELING COUPLED AC+DC
As well as being an exceptional review of nonlinear and nonstationary EIS, Hallemans et al [1] Huang et al. [2] report both a novel measurement technique and a new method for model
demonstrate kinetic mapping and equivalent circuit model fitting using a smgle charge or

agnostic EIS analysis (DRT+DOP), using Bayesian methods to estimate continuous surfaces
discharge. across SOC and C-rate from discrete measurements.
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EIS (9.4s) + rest (2s) + DC pulses (28.2s) = Hybrid (40s)

"* ( ‘E ™ 3 P P2 #3 54 e
W N T e A 5 2 w{ S E

fhew (2! . .x"i 3 e (%)
(Top) Voltage and current of Nt ( o R e 2 x = T .
nonstationary EIS over charge. (Right) e -~ 2 vl e i i ;
Frequency dependent current and T g et A ! . oo !
voltage spectra. Note at low » o] = [ - — O
frequency the increase in OCV due to s -“:.::; . = y n R l iy l o e _.__‘
charging obscuring the impedance ‘m (LA .= i ) ha
response. Y S, 4 LA ll A .

Source : [1] Hallemans et al, Electrochimica Acta 466 142939, [2] Huang et al, Joule 8 2049-2072 P. 423
Further theory and application of nonlinear EIS: Ji and Schwartz, Journal of the Electrochemical Society, Part 1 and Part 2 :



https://doi.org/10.1016/j.electacta.2023.142939
https://doi.org/10.1016/j.joule.2024.05.003
https://iopscience.iop.org/article/10.1149/1945-7111/ad15ca
https://iopscience.iop.org/article/10.1149/1945-7111/ad2596

2 ACADEMIA | TESTING AND ANALYSIS TECHNIQUES | STRESS MEASUREMENTS IN SOLID ELECTROLYTES VF VOLTA

FOUNDATION

Operando Photoelastic Stress Measurements In Solid Electrolytes

Source: Athanasiou, Fincher, Gilgenbach, Gao, Carter, Chiang, Sheldon

PROBING DENDRITE-INDUCED STRESSES BY PHOTOELASTIC MEASUREMENT

Measuring the stress fields within ceramic solid electrolytes can be challenging due to their brittle
nature and the difficulty of obtaining a direct measurement.

Researchers from Brown and MIT have developed a novel method for directly measuring the stress
fields around dendrites in operando solid state batteries via photoelasticity. The measurement relies
on measuring through-thickness-averaged retardance of polarized light passed through a
translucent LLZTO disk. The change in retardance can be mapped to a change in stress states to
generate an in operando map of the stress states at the dendrite tip.

This measurement mode allows for the first direct observation of the stresses around dendrites as
they grow. The stress values measured match with those expected from dendrite propagation.
Additional modeling was performed via Abaqus to account for outside effects such as Poisson
contractions.

Photoelastic stress measurements allow for direct measurement of dendrite tip
stress-fields in an operando solid state battery.
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https://www.cell.com/matter/fulltext/S2590-2385(23)00515-5

2 ACADEMIA | TESTING AND ANALYSIS TECHNIQUES | Al AND ML |
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Grain Boundary Engineering In Nickel-Rich Cathode: A Combination Of High-Throughput
First-Principles And An Interpretable Machine Learning Study
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A synergistic approach combined high-throughput first-principles
calculations and an interpretable machine learning (ML) framework to
assess the feasibility of enhancing GBs through segregation-induced
strengthening via doping.

The results suggested using dopant elements that can effectively
anchor and reinforce GBs, such as Mg, Al, Si, Ti, Cr, Mn, Fe, Cu, Zn,
Hf, and Ce, some of which have already been used successfully in
experiments.

Source: Acta Materialia 276 (2024) 120144 (DOI: 10.1016/j.actamat.2024.120144)

The machine learning (ML) workflow includes feature preparation,
feature engineering, ML model selection, and model application (brief
representations of each process on the top and bottom).

For GB strengthening through doping, elements should be placed at Ni
sites and near the GB, rather than directly at the boundary itself. In
additional, selecting a dopant with a lower period, higher bulk
modulus, and smaller atomic radius increases the probability of GB
strengthening.
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2 ACADEMIA | RECYCLING | WATER BASED
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Materials Recovery From NMC Batteries With Water As The Sole Solvent

WATER PURIFICATION

ELECTROCHEMICAL CONCENTRATION

Source: Journal of Environ.

Manage. 366 (2024) 121710 (https://doi.org/10.1016/j.jenvman.2024.121710)

An environmentally benign recycling approach is
reported for large-capacity nickel manganese
cobalt (NMC) batteries through the electrochemical
concentration of lithium on the anode and
subsequent recovery using only water.

Cycling of the NMC pouch cells indicates the
potential for maximum lithium recovery at a 5C
charging rate. The anodes extracted from
discharged and disassembled cells were
submerged in deionized water, resulting in lithium
dissolution and graphite recovery from the copper
foils.

A maximum of 13 mg of lithium salts per 100 mg of
the anode, copper current collector, and separator
was obtained from NMC pouch cells cycled at a
4C charging rate. The lithium salts extracted from
batteries cycled at low C-rates were richer in
lithium carbonate, while the salts from batteries
cycled at high C-rates were richer in lithium oxides
and peroxides.

BATTERY REPORT 2024 | P. 427



2 ACADEMIA | RECYCLING | DIRECT RECYCLING VFizghwoAnon

Direct Recycling Of LIBs

Conventional recycling processes are projected to have scalability but direct regeneration techniques are projected to yield higher
economic return

° Valuable elements (Li, Ni, Co) are the focus of conventional recycling ° Five major routes of direct recycling for cathodes
° Hydro and pyrometallurgical routes - Focused on element extraction ° Hydrothermal route shows a lot of promise
° Direct regeneration routes - Focused on extraction of the cathode ° Hydrothermal process anneals spent cathode with external Li source
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Cyclic Phosphate-Based Battery Electrolyte For Safe Operation

Inspired by the structures of ethylene carbonate (EC) and triethyl phosphate (TEP), Zheng et al. synthesized a fluorinated cyclic phosphate solvent,
2-(2,2,2-trifluoroethoxy)-1,3,2-dioxaphospholane 2-oxide (TFEP). Combining it with LiFSI salt and FEMC co-solvent, the electrolyte demonstrates oxidative
stability over 5.0 V versus Li as well as fire retarding ability due to the functional phosphate group. Cycling of graphite | Li half cells at C/2 rate achieves a
coulombic efficiency of 91.4% over 400 cycles. XPS results of SEI on graphite reveal the presence of Li,0, LiF, Li,CO,, and various S-containing and
N-containing inorganic species, which are believed to be critical for increasing interfacial stability and extending cycle life.
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A new electrolyte formulation with TFEP is discovered that shows excellent non-flammability while enabling stable operation of graphite anodes (~0.1V versus lithium) and
high-voltage LiNi; ;Mn, .0, (LNMO) cathodes (~4.7 V versus lithium).

Source: Zhen .. Yamada, Y., Shang, R. et al. A cyclic phosphate-based battery electrolyte for high voltage and safe operation. Nat Energy 5, 291-298 (2020). P. 430
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3 TALENT | EXECUTIVE SUMMARY

Key Findings and Trends in “Talent” from 2024

This year's Talent section integrates insights from the Battery Talent Census—primary data collected from 1000+ battery professionals in the Volta
Foundation community — H-1B job statistics and educational resources. Launched in October 2024, the Census uncovers workforce trends, identifies skill
gaps, and explores demographic data. We received 1,081 responses in three months, representing 246 hours of participant input. Data in the forthcoming
slides are excerpts from Talent Census Report, to be published in mid-2025.

ATTRACTING TALENT RETAINING TALENT
DEMAND-SIDE COMPENSATION DIVERSITY

“Manufacturing,” “Scale-up,” and "Process US leads in salary globally e Gender disparity is evident at entry level and
Engineering” are most in-demand skills e 2 in 3 people's compensation do not match executive level

e Hiring managers place greater importance on their expectations e \Women are paid 30% less at the entry level yet
non-technical skills than employees might typically e US salaries plateau early while European think they are paid fairly and are no less satisfied
expect. salaries grow with age at work

SUPPLY-SIDE SENTIMENT RETENTION

e Students are optimistic about industry’s future but Overall high satisfaction reported by those Workers cite “challenge,” "learning,” and "growth”
not their ability to land jobs cgrrently in the industry ) as top reasons for joining a company

e Half of professionals are job hunting e Higher positions linked to higher job e Yet, when asked for reasons for changing

satisfaction but worst work-life balance companies, "salary” becomes the top reason
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3 TALENT | SUMMARY | OVERVIEW |

Overview of Volta Foundation's Workforce and Talent Development Efforts

INITIATIVES RESEARCH & FOUNDATIONS

\/ F BATTERY
CARFERS
e The world’s largest virtual

Career Fair for the battery
industry.

e 22 companies, 2000+ job
candidates registered in
2024.

e April 3 and October 2,
2025.

\/ F BATTERY
WORKFORCE

Promotes the development and implementation
of initiatives that enhance the battery workforce.

Volta will assemble leaders from industry,
government, and academia to address
industry-specific challenges, promote professional
development in green collar jobs, and ensure that
the industry attracts, retains, and develops top
talent.

Volta will publish a Battery Workforce Report, and
strengthen partnerships with leading workforce
organizations, such as the Battery Workforce
Challenge.

BATTERY

e |aunched in October 2024 with the goal
of collecting actionable data on
workforce trends, compensation,
diversity, and talent gaps within the
industry.

e Gather primary data to uncover gaps
between talent supply and talent
demand.

e Data in the forthcoming slides are
excerpts from Talent Census Report, to
be published in mid-2025.
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3 TALENT | BATTERY TALENT CENSUS | OBJECTIVES & IMPACT |

2024 Battery Talent Census

OBJECTIVES
SKILLS GAPS COMPENSATION TRENDS
Identify skill gaps and emerging Gain insights into pay, bonuses, benefits, The following slides contain
training needs across different levels, roles, and regions excerpts from the
WORKPLACE SENTIMENT STUDENT PERSPECTIVE BATTERY TALENT
_ . CENSUS REPORT
Quantify workplace happiness across Learn the perspective of the next
different levels, roles, and regions generation entering the workforce . . . .
9 which will be published in
IMPACT mid-2025.
SUPPORT WORKFORCE POLICY PROMOTE DIVERSITY & INCLUSION
Guide policy strategies for workforce Empower initiatives fostering inclusive
development and education hiring and workplaces
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3 TALENT | BATTERY TALENT CENSUS | DEMOGRAPHICS |

Who Took The Census (1/5)?

We received 1,081 responses over a three-month period between Oct 3 and Dec 31, 2025.
Respondents spent a total of 246 hours filling out the Census questions.
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This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025.

W

47% of responses were from the U.S.

The remaining were mainly from European

countries (UK, Germany, Sweden,
France), India, and Canada.

United States I 504
India Nl 78

United Kingdom Il 77

Germany il 60
Canada j§ 39
Sweden § 29

France § 28
Spain | 19

Italy | 18
Australia | 17
Nethertands | 15
Belgium | 15
Turkey | 11

Iran | 11

China |10
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3 TALENT | BATTERY TALENT CENSUS | DEMOGRAPHICS |

Who Took The Census (2/5)?

Within the U.S., we received 504 unique responses spanning 364 unique ZIP codes.
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This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025.

Within the U.S., California and Michigan
had the most responses, followed by
Massachusetts, New York, Texas, and
Colorado.

CA I 168
M| I 62
MA [ 41
NY 29

TX o 28
CO I 24
PA M 15
AZ i 15

IL 14
WAR N

NC 11

IN g9

GAN9
MO 8
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3 TALENT | BATTERY TALENT CENSUS | DEMOGRAPHICS |

Who Took The Census (3/5)?

“WHAT IS YOUR CURRENT EMPLOYMENT SITUATION?" “TO WHICH GENDER DO YOU MOST IDENTIFY WITH?"

80% of respondents currently
work in the industry
(852 of 1063)

Il '™ working professionally
(e.g., at a company, national lab)

B Van

. . . B woman
[ 'm in school or in training

(e.g., a student or postdoc) 8% were students

[ Decline to answer
(86 of 1063)

I'm not employed right now

Non-binary
but | used to work for a company

Respondents were highly
educated
75% had at least a master's

u ',"
WHAT IS YOUR CITIZENSHIP STATUS? degree: 39% held doctoral

“WHAT IS YOUR HIGHEST LEVEL OF EDUCATION?"

degrees.
Il Citizen (native-born) [l Doctorate
- — B Masters 20% were women
Citizen (foreign-born) - (203 of 1068)
Non-citizen (F1/M1/OPT Holder) Bachelors
] In the U.S., 3.4% of workers

Non-citizen (TN, Green Card, ...)

Non-citizen (H1-B)

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025.

Diploma (high school)

Associates (community college)

held H1-B visas
(29 of 852)
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3 TALENT | BATTERY TALENT CENSUS | DEMOGRAPHICS |

Who Took The Census (4/5)?
For those currently in industry, we asked if they could fill out an additional 37 questions about their company, role, compensation, etc. 75% of respondents (640 of 852) agreed
These respondents generally had technical backgrounds, worked for companies across the value chain, and included individual contributors and managers at all levels
"WHERE [IS YOUR COMPANY ON THE] VALUE CHAIN?" “WHAT IS YOUR CURRENT JOB TITLE?"
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This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025
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Who Took The Census (5/5)?

For those currently in industry, we asked if they could fill out an additional 37 questions about their company, role, compensation, etc.
75% of respondents (640 of 852) agreed. These respondents generally had technical backgrounds, worked for companies across the

value chain, and included individual contributors and managers at all levels.

ROWS: “HOW WOULD YOU CLASSIFY YOUR COMPANY'S STAGE OF DEVELOPMENT?"

[ | ENTRY | DEVELOPING | CAREER | SENIOR | EXPERT | MANAGER |DIRECTOR/VP| EXECUTIVE | TOTAL
1 4 2 2 4 5 1 1 20

Pre-startup

Startup 9 20
Scale-up 4 18
Mid-sized 2 9
Established n 17
TOTAL 27 71

Table shows number of respondents within each category. Since different companies use different leveling rubrics, we provided respondents with a standard leveling rubric.

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025.

COLUMNS: “WHAT IS YOUR CURRENT LEVEL?"

36
32
12
33
116

54
47
M
60
176

26
30
M
29
101

28
20
15
31
99

23
19
8
15
66

21

16
3
4

45

220
186
72
202
937
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“In Your Opinion, What Are The Top Three Skills Most In Demand In The Battery Industry?”

Respondents were asked to provide up to three answers.

They were allowed to put anything they deemed relevant; we did not pre-define the skill categories.

THEIR RESPONSE:

Scale up, the ability to keep up with and foresee research/industry trends and directions, language abilties (Chinese, Korean, Japanese) to learn from the bigger battery markets Design for Reliabilty, Test Agile, Innovative, and testing cess, i tific Observation, Data Analysis, abiliy to contribute to a team Data analysis; research and experimentation; presentation skills data science, manufacturing, pouch cels Technical
Knowledge; Software; Entrepreneurship BMS, Safety, and process engineer [cell knowledge] Electrical knowledge / organisational skill / poise Manufacturing scale-up Knowledge, Research, Analytical Power MATLAB optimisation 1; oS0 3 S et Ergineering (V4D and Maure onducls) i3 produe Pricing/Cost Engineering, Skill 3 - Strategic Partnership softwarelprogramming battery chemisiry design testing Material Synthesis, Material Characterization, Data
Analysis, Long term vision and planning skills. Product knowledge. People communication Leadership; Project Planning; Manufacturing Basics failure analysis; analysis; adaptabilty, Cell cyoling experience, electrode fabrication experience, SEM hands-on experience building cells; materials research for dry processes; interdisciplinary collaboration Battery Health Estimation Algorithm, Battery Field Systems Engineering, Battery

Cost and Estimation Expertise Design process test Battery code and standards, Battery products strategy and management Battery system design and operation, Communications; integration instead of vertiality Technical background, customer relationship, industry understanding Data analyss, statistics, communication Creativity; problem solving; eye for etail Communication, presentation, abstraction Analysis, engineering, business skills small molecle development for iquid electrolyte 1
BMS, 2. Battery pack scale performanco and sty concept, 3 Failure analysis nd feedback to desigiprocessapplicaton nrapersona i, technical knowiedge,a1id knowledge Process Enginoerig, Equpent Engineering and scale up for producon Skiled batey techs Supply Chaln, Embedded Systems, Unit Econamics Unk Cal design: Gl manuiacturg; Pack design Manuiacturing Experence ndustal Knowiedge, Qually Engineering “Analls; Physcs; Engnearing” Systems,
modeling and tools, supply chain cell fabrication SKill 1: Good knowledge about science of batteries, Skill 2: Familiarity with new approaches such as Al and Machine Learning, Skill 3: Networking and communication skills Cell design, cell manufacturing process ramp-up, battery simulation and analytics Strong manufacturing knowledge, financial planning in the industry, end consumer market knowledge troubleshooting, leaming, communication Modeling; Testing; Algorithms Electrocherical
analysis, reslience, adaplabily rawmateils value chin, ongle safey and lcular econmy Creati malerls scence, lctochemisty, eagemess/ail o eam Mkt Knowdedge, Product Knowledge on New Technaagies, Stong Work EIc Fundamental electvochem\sw knowledge, Material characterization, Data analysis and interpretation Design of experiment (DOE}; leadership Skl 1 Engineering. Skill 2: Systems Engineering. Skl 3
Marketing Networking; fundraising; risk assessment analytics; chemistry; negotiation Electrochemistry. Data Analysis. Data Presentation Realistic project planning, cell working principle knowledge, customer management Underst between processes; Understanding of Deviation; QMS Critical Mineral commercial expertise Manufacturing, cell and testin | think that polymer science fundamentals are under appreciated in the battery space Adaptabilty, Resiience, Creativity
Patience dexteity statsical analysis Cell design, Ghemisiry, Manufacturng and automation engineering Sirtegic Growh B28 Lead Gen, D20 Growh Markeing Techrical, Problemn soing and Managernent E\ectmchem\stm 5 Caode matenis synthesis 3. Metalmvgye\edmchem\ca\ analysis; data analysis; logical thinking Test bench, integration, pack-level assembly AML, Electrochemical Expertise, Thermal Management Manufacturing; Al optimization; Safety testing Battery modelling,
testing and maintenance, battery safety junction Sales I methods; Scientist, AUML, Supply Chain Gigafactory manufacturing experience; knowing how to work with Asian companies (technically, culturall, etc); mulidisciplinary engineering (knowing how to speak the language of other parts of batteries) System engineering basics Innovation, comperhensive understanding, contineous seeking for additional
Knowiaage call modeling  policel maneuverng, neworking oo vatintoninssics e genuine peonle sl entepeneuril mindset Creatve enginerig,dear communicaton and expecalons, mulidipinary iker Design, Themal Packaging Batery safely xperince — undersanding how o mininize potenlal aures/TR. Batey Management Systems, Batery Wodeing, Batlery Charging, Batery Theral Conrols Process scale-, Electolts dovelopment. Electrocherical dta
analysis Engineering supply chain project development Battery manufacturing; go-to-market experience; thermal management Technical expertise; basic chemisiry knowledge; presentation and communication skils Manufacturing excellence; supply chain logistics management; safety Material Hardware energy market architecture, public speaking Product development, business development, sales & marketing Complex problem solving, manage
preassure, innovation 1, 2, 3 Marketing, Manufacturabilty, Leadership Skil 1 Prior knowledge of indusiry Skil 2 abily to ormulate effectve procedures skil 3 lebilty E1S, design of experiment, pouch cell buid experience SKil 1 - Problem soling skils Subject Mater Expertise, Market Research, Commercal Negotiations Faire poteciion engineering; maintenance; manufacturing technician Software skils, commerciaiftechnical expertise, systems based approaches Skil 1: basic chemisiry and
knowledge es\gn skill3:clear Material Development Battery manufacturing skills, capabilties to quickly build prototype, simulation skills Battery energy storage system; electrical engineering Materials knowledge; research experience; understanding of basic science Chemisiry Materials knowledge, python, leadership 1) Basic understanding of a battery 2) Battery manufacturing 3)Battery failures Mandarin; Presentation skills; Metrology project
critical thinking; deposlon techniques; Experiance wih bateres; Experience with imaging techniques Characlarzstontesingisyiheshs Elecrochamisty, mechanica and lectical englnering Work pririlzaton and planning. acanosd problem sobing methods, core enginsering methods (GDAT, and othr racitona tools) Manufactuing experience aiur analyss; pack dasign battery management systams, Tsting, vaidaton Cel Poducton; Call
Design: Simulation Manufacturing; Materials Science; Data Analytics Process Engineering; Product; Controls & Automation People leadership, chemisty, data analysis Skil 1 - abify to think indspendenty o solve problems that cut across the academic areas of study, SKil 2 - abilt electrical engineering, data sciencs, Coding; supply chain; cell development Data analysis, presentation, coding strong team work skills and
intercultural competence, know how in data science, frustration tolerance ) software engineering (as opposed to data science) strategy, networking, leadership creativity, knowledge, methodology Materials Science Knowledge, Engineering, cathode fabrication Process development; statistics; electrochemistry Electrochemistry, Materials Science, Critical Tmnkmg o analys\s Manmacmvmg manufacturing; software; reliabilty Materials Science, slectrochemistry, process engineering Cell quality,
suppir negataton, batery SO Manufacing, Eletochemisy,Team bulding “Computer scence: Eleirnis; Modeling” e abit o mprove he process:softvare automation Crcal tining, Prablem solvingl [Team wor [mulinguafm t product design 21 marketg 3 eadersip hanasty.economics Mofvaton,Inhoation, Al Coarinated B/ col straegy, Batery case manufacuring. Batery case cover mateils. 15026262, FUSA, Thermal Runaway perserverance,adaptabliy
attention to detail integration into bigger picture, understanding numbers Materials characterization skills; bench o pilot scale-up abity; g exporence: technology from lab to product; understanding market segments Electrochemistry data analysis/data science; knowledge; goo of scientifc findings [cell chemisiry], [electronics] [systems engineering] Control engineer, process engineer,
manufacturing engineer Systems level thinking; battery data understanding; voice of customer Electrochemistry and battery chemistry; BMS; Modeling [Full Battery Chemistry and Cell Des | [High Volume Process and Equipment Experience], [Accurate Cost and Time Planning for R&D o Piot to Manufacturing] Open e, e expert, negoliator Leadership Communication Empathy Curiosity; Perseverance; Teamwork Data analysis, coding,
Crieal ninking, s visualsaton and analyas dept and breadih togetne Programming: slecrochemisty, mechanical dosgn ST Fitmuare Gonirols development. SKI: Batery Testng, i el Tesung S o Pipeline Knowledge; Skill4: Charging Test Knowledge data analysis; quality control; hands-on know-how Electrochemistry fundamentals [Process Engineering]; [Chemical Engineeringl; [Electrode Fabrication] Skill 1: systems approach with scientific methodologies; skil 2: both
chemistry and engineering process R&D; skill3: safety testing and mitigation analysis Material Synthesis; Cell design; cell modeling Mass production related skills such as the knowledge o setup the production line, the knowledge of how to improve the yield in the short time frame and how to find the best match between the equipment and raw materials Simulations; Electrical Circuits; Test Plan Design Lean Manufacturing for Cell Production; Software engineering, product marketing, market
optimization experts Product management [Battery modeling ] [project management] [market knowledge] “Fundamental knowledge of the electrochemical kinetics”, “Global economic status" Project management; operations experience (in commercial sized manufacturing plant, scale up experience communication, power electronic knowledge, compliance knowledge Problem solving; communication; experience [technical knowledge beyond a very specialized field]; [market
knowledge beyond cherry-picked studies and forecasts] | can make cathodes and anode materials for Li, JNa, and Zinc-lon batteries Reactor / Scale-up engineers, equipment engineers interdisciplinary (mechanical + electrical skils), high voltage design knowledge, excellent general design skills Soft Skills Problem solving; collaboration, manufacturing Data science, process engineering, failure analysis deep work, experimental design, reasoning chemistry, electrochemistry and fabrication (1)
hands-on experience in battery manufacturing at the MP scale (2) Difference between testing for R&D v production, (3) how to balance between xperiment vs “somelhing th cusiomer cares about” Mecanical design Cammuricaton: colisborationieam warkiAP) data analyss, eecrochentity ystems engincrin Process oplimizaton,system engineer, manufacurng engneer Batery ntegration, Practal Thinking, Regeneraton of olectic power 1. PLG programming in depi

Knowledge of batery management system and uick decision JMP (data analysi, experimenta dsign). CAD,prject management Eecrlyto development Simuaton and batery design Crifcation: Secifcalio; Procurement SOH predictos hermal management, S ateils scence expertse baltery management system (BIS) and data anlysis Manuacturng, Datascence, Elecrochemisty knowledge flexbity in tinking: sua:eg.c acion; endurance Manuacturng, Maruecurg,
Manufacturng Techical understanding, esul orieted,cive Cal Knowledge, bty projec experience with ig OEN, supply chain fresig; acptbiiyreilence Scale up enginering nnovaton,project , teamwork . eyatem nfogration] Abi o orecast prce rands] Tochnology rends] dath science knowlecig: Al based algerihm caabily; batiry design exporise codl I11; Battery design for the high
storage capacity electro-thermal simulation, soild-sold interfacial chemistry, solid polymer electrolyte Leading a technicl team with emotional intelligence,, fz rdized in residental battery versus marketing, could help clear up issues to standardize, sexual harassment trainings for technical managers Technology transfer; Cell reliabilty analysis; Process engineering o BMS (ol «mnkmg] thinkingl; [Strategic.
analytical capability) Innovation; Business Development; Cross-cultural Understanding Predicting battery deterioration and failure Artificial inteligence; AnaMlca\ Deve\opmem. ‘Team Management System Integration characterization, manufacturing, recycling Process Engineering, Product Management, Technology Development Flexbility, Knowledge, Qualification "Clear with chinese suppliers"; ageing of batteries’ m thinking for fast charging” Explaining

Complex inge n 2 simple way: Gata handing and manipuiton: roducion process Knowiadge daa anlysie. slecical anginaerig, programming Mamenance sngineers, s proGucton apaator, Skiled procees anginests Elecrochamisty. knowisdgs about o8l bataries programmin for Gt procesang Undersanding of menufachuing and date vieualzaton Elcicalower leconics systams development, nost genaralon modelng (16 beyond porovs continuum modelng),
leadership/organizational skills Adaptabilty; polyvalence Cell Modeling; High Power Electrical Engineering; Mechanical Engineering Problem solving, communication Technical know how; flexibility; market knowledge Automation and Al mtegval\on into the manufacturing process; handiing hazardous materials and chemical engineering Pilot line operation and scaling testing protocol; customer development Creativty; rechnical

Business acumen Coding; modelling; cell assembly Pragmatism; cost analysis; Chinese language Technical writing; Engineering economic analysis; Industrial engineering & design for Holistic material, abillty to construct BMS; willingness to keep up with industry developments Curiosity, team spirit Data Science; Cell physics; metallurgy Fundamental material knowledge; fundamental material knowledge;

data sience apole t malerii sience All ypesof balery manufacluing exertse (rom calhode actve maleril to formaton), alure analyis or ield improvement i manfacturng. Comminiation Geling hingsdone, working under prossure safet; cost optimzalo: aconomy o sale Equipment desin,process opimizaton faclity dasign and mplementaion Loan manuacturg, Robalce, Lofscs ndustry experiencer data processing/ daa analyss;vendor managerment batery pack
design, systems engineering, cross-functional teamwork "Battery design”, “Cell res 1S" electrochemisry background, materials science, data analysis Lean six sigma; Electrochemisiry, Presentation/documentation "Data Driven Decision Makin Base Decision Makin ication soft Skils™ battery testing results interpretation; more time efficient battery testing methodologies; interaction between chemists and engineers Modeling/simulation, algorithms, testing material
Sy, mataial anaieis,sleciochemisvy IGAD SKis; procucion evperiencel, ojoct managemer\l] ata Analyss; Leadershi; Fast-paced learning [Basic slectrochermistyImpedance speciroscopy] scling technology: bttey recycling; battery manufactuvmg Digtateaton, Quay, Logstcs “anaeis{characerzatonl {Undersandingl System ntegraion, mecharieal ongineeing, chamical angineeing Hioh valme manufacuing expenence; experionce wih Hoh volume manacuring

t0ols - how they work, how to spec them, Digital Architecture for a battery factory... MES/SCADA R&D engineers Modeling experience, quantitative analysis Comprehensive knowiedge of cell design and end to end process control, vnats safety evaluation really needs to include. [communication]{controls oriented modeling:{physics intuition] [Compliancel; [Functional Safety]; [Testing] Electrical Engineering, Town Planning, C Sue Diverse
Mindset; Interdisciplinary Communications; Public Engagement Electrolyte, Testing Protocol, New Materials (enduvance) (problem solving thinking); (specialist knowledge)) Open Minded, Future problem solves, passionate P hnical Analytical Skill Knowledge Sharing; Mutual Understanding Cross department collaboration, process improvement, efficient record keeping / data entry “Understand the battery production process; Have elecirochemical
knowledge; Understand market dynamics and influences” within the specific sbatement systems and nvironmenlal contol| Curious, evekheaded, adaptabe, Surface anaysis knowladge: Material omactatzaton Domai knowledge, Coding and data interpretation data science, battery recycling expertse, circular economy expertise Curiosity; Agilty; Patience knowledge in electrochemistry, material chemistry, system design
[Cremisty}{Batiory management yateme (roduct & syetom doagn] Pereuasion Symthesi of ders normaton Procucton Know how [global avetegi vew] eal compromise fo acion againet materials, pscaling, cell design integration;

We wrote code to analyze the text, define skill categories, and count the number of responses within each category.
The next slides show excerpts of the findings.

The full report of the findings will be released as part of the Talent Census Report in mid-2025.
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Among Leading Skills - “Manufacturing”, “Problem Solving”, “Business/Market Knowledge"

I

“IN YOUR OPINION, WHAT ARE THE TOP THREE SKILLS MOST IN DEMAND IN THE BATTERY INDUSTRY?"

(According to senior staff members and managers with hiring authority)
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This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025.

™

On the manufacturing side, the [supply and demand] gap is
larger since there’s little to no undergraduate or graduate
training in the top universities. This is a deep-seated issue in
academic strategy. Government policy is oriented around
[materials] innovation but not around process and
manufacturing engineering.

- Richard Wang, Founder and former CEO of Cuberg
Companies aren't looking for Research Scientists
anymore, they're looking for Process Engineers. At the
end of the day the VCs want their money back, so it's all

about executing.

- Matt Anders, Pangea Talent Solutions
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Hiring Managers Value Non-Technical Skills More Than Employees Would Expect

“IN YOUR OPINION, WHAT ARE THE TOP THREE SKILLS MOST IN DEMAND IN THE BATTERY INDUSTRY?"

(According to senior staff members and managers with hiring authority)

T r

(According to everyone)

J
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This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025.
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“In Your Opinion, What Are The Top Skills That Contributed To Your Success?"”

Respondents were asked to provide up to three answers.

They were allowed to put anything they deemed relevant; we did not pre-define the skill categories.

THEIR RESPONSE:

Doing a PhD on the same class of materials as start up, abilty to be adaptable and troubleshoot, strong natwork Curiosity tery fundamentals Observation, proficiency in applied mathematics, willngness 1o learn materials science; communication; characterization Technical Knowledge; Presentation Skils; Data Analysis learning Knowledge, Problem Soiving Skils, Innovative Thinking MATLAB 1; CAE 2; Skil 1 - Excel, Skil 2 - Powerpaint, Skil 3 - Quick Compranension
<t knovide, sf-mtvtn.communicator o of rnowiesae.conating crperance opemess o s revius e sxparnce; o communatn ComueictonErerg Enginesing B and ectrica Clsboraton; ut-ytenal s capaities Peope sl rouctsppictons s, Geseness;Cogenas o ke on now profectscrca) kg rect planmng ety staic parng,song tsnica

Cominuous earing Diigence: arkeing plarning slls _mathematicalpeopie sils Commuricaton,produc
articuiation, seting clear ct involvament, mentorship Knowed ication materials, Organization; 3 1, Vision
d En 3 g 9 ¥ ndustal o Leadershi, curoiy, aitention Network o a wide rangeof eople o -
tlry fld cilcal hinkin, roblem soing; sofare Covelogman, Dvws/ambmnn aem tole: erpe Interpersonal skils; problem solving: sranizaton Criosty; common sense; learning, I skils, negoliation, solving, mnuvznor\ effciency
il Statege Sourcing ond Suppler Manogement, Cost Managament, ok Managerment Leadershp and Team Developrent Frogram Maragement; Cnmmumcslmn, Leaderhip syl lmnklrvg o soner 3 {undamental understancing o battries 3 ity t apply knowedge o diferent topics time management; movato; teacty scence commurl feston. da sconces pron Soving Sowart Sovelopment. <ol Sl s oaching skis Sar fumenalcsical sl erpersonl et communicaton s Fandmetel
indaratanng, lscochamsty, markel Knowedgs 651ng 16s0arch hypoIasi - symhess, wiing Machanical Test eople skils; b Ling & vaaton Skl 1 - Thnking cutside he bos: Skl 2 - Wilngness o ask auedtons: Skl 5 - Wilnghess o work un he o s one agily, Commucatin, rategy ADIIy 1o Jean; AGSBDIY CHLCal TG RIgo, work SLhc rofound GICUGCRAMISry KnoW-Now, passon for th T, enGurance funa sng opon 1 change ABIy 1> aapt and lea:
Glchochamisry; maeras sionce snginesrng fundamenais; wilngnees o 6af; Commuricaion propeT SoNin, oar work, organzajonal 8 eseatch ) newored 2, \angusges3fhh Publishng, Research, Publc Speaking Flobity, el roundedness prseverance wilingness o lear, auiosty,ateoion 1 datal YearJong ntsmahip asseToi cels esting ool an obearving alera Charactrzekor atudies Onod conmand of fundamenkals ofengresing (eat st mas yantr ) and hemisty crsthty (s solorl
hallenges. . Rivan Startup rogrammig ication skils No Answer
SKill : both basic research and applied manufacturing knowledges skil 2: managerial skils; skil 3 ity and g e uic e 4008 sl sl ehpta Furvdsmema\ rontede, prtlem sovg by and auck \earmngab\l\ly Computr programming, Cacuus, Ccut Desin Communication, scope management, strategic anaysis Industry analysis, data visualzaion abilty 10 earh, adapt, communicate Problem solving; communication; curiosty abilty o ask the rghtquestions:“aifty [ researcn effienty” Docpy
Experimental Design, ‘ nalyzing tost coll formation and testing; product development TAKING RESPONSIBILITY; ABILITY 'ATTENTION TO DETAIL .
o eamig wilingness to learn, | e o b Crowludae: caing s rands-on oAy manbgeman 3965 charme) marketng Aentont detal pushing mysel 1o speak my mind and eaing t st my. Ot Dta nalysi: ; Market-
Plan Grtical Thinking, Inovaion Gosd backarour, Fexbilty, Team working - Foundational © ; python , presentation skils,
Togaring being cusor o ry et fow Job, et prirciles ¥nowledge of bateres devaloped n rad school, willngness to take on new tasks and learn quickl, Polyvalence; sdamahlhlv Communication, fast learning Grit Creauva Fast loarng, Curcaly Witten s ofs Commirication, pregram hnegemen’; Managing Sxpectalins Electiods manufactre; adapabity: piorty managemart Netwarking;languages;nres: lo innonla topis Tetricl wring: ke esearct Ghmiclengineering educton Aeion o detals; roblem soig
 interpersonal skils nowledge Mix of technical nlearing ata sayl, prtim s sy, chamiy engineering knowledge direct experience, cross-functional knowledge, teamwork Persisten Curiosty; Tenacity Making, Eagerness to learn, continuous mproverent, creating and
malntaring Telnionehns comrmcaion. 6536rSnp, professans Amayacal hoking, compiter ST, peapls o ering: Team oy, Dot Anays Dot sain: mesel " Kl e skils, avil Mothation); for the ndustry, iture problem
, Proaciy communication, flexbilty, uanspavsnﬁy Quick Laaming puaning on e Sty Wital Understanding sew mottion (Posiv atttude] (Courage oty and t 0o n ms wrong and acmic o (Cutosarass] oo markeing waregy, rgaisation palyunconaity Agmly, Knodgesrgrmat;rgaisc: axparanced iy Syrass ofSar foiace rawedge, maaton 1 ar. ycedge ransir Aﬂapummy,zmb\m o lath,commricaton,bel pridetlof My efect on he prascs, detalled and Organsed, owhing he
s On [ab owledgel; [hands-on skils] Learning] s of experienc Mindset, Creativy,  movaton, Avsyca THrkin,Sel-saming; St fotvatoncosorston:curioty;cenc aposch Sales s commercll st Sppler Tlatonstips. Training 30
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We wrote code to analyze the text, define skill categories, and count the number of responses within each category.
The next slides show excerpts of the findings.

The full report of the findings will be released as part of the Talent Census Report in mid-2025.
BATTERY REPORT 2024 | P. 445
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Respondents Attributed Personal Success Mainly To “Soft Skills,” Not Technical Skills

“IN YOUR OPINION, WHAT ARE THE TOP SKILLS THAT CONTRIBUTED TO YOUR SUCCESS?"

(According to senior staff members and managers with hiring authority)

Ouricalty [ Wilingneas 1 Laam ! Cominucus Lesrning
Protiom-Sofwing ) Criica Thinking ( Anahocy Trinking
Communcoton ( Presomaros | Pabse Speaking
Leacerstio [ Maragomaont J Toam Manapemont

Persony Arhines [Fysson [ Morvaton | Amotion eir |
Agegtneity | Flesbity ) Rusleros

HIg Wors ! Parsimence | Tenacey ( Cm
Miterids Sciance ( Cnemisiny | Sokd Siate Cramisyy

Bumrass ACuman [ Commartial Under standing
Strotege Thinkng | Vison

Tecrvcyl Skily - Bpacits Domaing

Programmng { Codng ( Do Myl
Enginescng Skdls J Funclamentals

Craataly ( nncvation [ ncwaias Trinking
Inferciscipiinary | Crons-functional Knmratedps

Makedeg ¢ Sabes | Busirens Qwvslopmant

Arakacal Took / Software Skils

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025.

The vast majority of responses emphasized the ability to learn,
problem-solve, communicate, lead, network, and adapt.

Technical skills were comparatively less important:

Battery/electrochemistry was ranked 8th

Materials science was ranked 11th
Domain-specific technical skills was ranked 14th

Coding was ranked 15th

p. 446
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In Industry, On-The-Job Training Is Par For The Course

“"WHEN YOU FIRST STARTED YOUR ROLE, HOW WERE YOU TRAINED?"

B

16%
of respondents learned of respondents received of respondents cited "better
on the job when starting formal training programs foundational knowledge" as key to
their role improving job performance on day one.
ON-THE-JOB LEARNING IS FORMAL TRAINING PROGRAMS FOUNDATIONAL KNOWLEDGE
PERVASIVE REMAIN RARE STILL MATTERS

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025.

p. 447
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Key Drivers Behind Choosing A Company - Challenge, Innovation, Impact, Learning, Growth

"WHY DID YOU CHOOSE YOUR CURRENT ROLE AND COMPANY?"

Challenge and Innovation 418 <
Learning and skills development
Career growth opportunities

Sustainability and impact 1 Among the top reasons are challenge,

Deslirable work location 1 innovation, impact, learning, and growth.
Suppertive team and environment 1
Work-life balance 1 Work-life balance, work location, and salary

Competitive salary ard berefits come second.

Autonomy and independance
Hybrid/remote work
Job security

] 0o 200 oo 400 500

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. P. 448
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JUNDATITUIN
Workplace Happiness - Strong Foundations With Room For Growth
1 fesl gocd sbout what 'm warking on
D
78% felt good about what they're working on. (el 9ood abowt my career peth
66% felt good about their career path. — :jﬁ o
56% felt good about their work-life balance. 1 1eel gocd aboul my work-ife balsnce
65% felt valued by those around them.
1 el vaked by those arcund me :f::'z'yM"‘
~ Neutral
¥ Déisagree
W Strongly Désagres

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. BATTERY REPORT 2024 | P. 449
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JUNDATION
Higher Positions Linked To Higher Job Satisfaction But Worst Work-Life Balance
91% of executives feel good about what they're Work-life balance percglved to worsen at h|gher
. N levels, except for executive who report feeling the
working on, compared to 75% for entry roles. ) .
best about their work-life balance.
"I FEEL GOOD ABOUT WHAT I'M WORKING ON" "I FEEL GOOD ABOUT MY WORK-LIFE BALANCE"
Ertry! 9% A%
Dwvebping
Corver
Sarice
Expant
Maroger
Dvector/VP W Strorgly Agree
1 Agree
' Neutral
Executive I Disagree
M Strongly Désagres

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. Role definitions: Entry/Developing: contributes to projects, Career: owns projects; BATTERY REPORT 2024 | P. 450
Senior: leads small projects; Expert: leads large projects; Manager: provides direct supervision; Director/VP: manages sr. leaders. )
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Confidence, Retention, And Optimism In The Industry

RESPONSES FROM INDUSTRY (N = 665)

| am confident in my abiity 10 find my next job in the industry

Majority (72%) of industry respondents are confident in
their ability to find their next job, suggesting optimism about
their skills and the industry's demand for experienced workers.

| wanl 1o stay wilh my company for al least 12 more maonths

W Strorgly Agree My company has & good rmputation in e industry

Regardless of the dynamic and somewhat unpredictable nature of the
battery industry in recent times, the majority (over 90%) of battery
professionals we speak with have an optimistic view for the long term
.. being fully committed to building our batteries for the future.

| &m satsfied with my current job stabiity

- Jamie Sheard, Strativ Group

i Agree

- .I._,,v_'... .
= -
W Strongly Disagree o

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. BATTERY REPORT 2024 | P. 451
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Student Perspective - Optimism Tempered By Skills And Employability Gaps

RESPONSES FROM STUDENTS (N = 79)

 am optimistic about the future of the battary indusiry

Students are optimistic about the future of the battery industry, with

80% expressing positive sentiment.

However, only 51% of students agree that they will find a job after
graduation. This could indicate uncertainty around job availability, their

own employability, or both.

34% of students expressed neutrality or doubt that they will graduate
with the skills needed for employment, highlighting a potential gap

between education and industry expectations.

43% of students expressed neutrality or doubt about knowing

which roles to apply to, suggesting there is room for
clarifying industry roles and pathways.

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025.

W Strorgly Agree
I Agree
- Neutral
I Disagree
W Strongly Désagres

Alter graduating, | will find a job

By the time | graduate, | will have learned the skils needed fo find a job

Afler graduating, | know what role(s) to apply to
£

BATTERY REPORT 2024 | P. 452
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P

JUNDATTUI

Half Of Industry Professionals Are Actively Seeking New Opportunities

HIGH INTEREST IN NEW OPPORTUNITIES AMONG ENTRY-LEVEL “ARE YOU CURRENTLY SEEKING NEW JOB
PROFESSIONALS OPPORTUNITIES?"
e 64% of entry/developing professionals are seeking new opportunities, the highest
percentage across all career levels. ME;:E

e Insight: This could reflect a strong desire for growth, learning, or upward mobility.
Companies need to focus on engaging this group through mentorship, training, and clear
advancement paths.

Carear
MID-CAREER JOB MOBILITY Senwr
e Career (57%), senior (53%), and expert (59%) levels demonstrate consistent interest in
seeking new roles. Expart
e Insight: These groups might be looking for promotions, better compensation, or cultural
alignment. Companies could create targeted retention strategies, such as leadership

o . M
pipelines or flexible career paths, to reduce turnover.

DECLINE IN JOB-SEEKING AT LEADERSHIP LEVELS DrecionVP
e 27% of executives are seeking opportunities—the lowest percentage.
e Insight: Senior roles often come with greater stability, satisfaction, or investment in the Exncastive
organization. This may also indicate that executives feel more entrenched and less willing to
take risks by moving roles. W True

I False

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. Role definitions: Entry/Developing: contributes to projects, Career: owns projects; BATTERY REPORT 2024 | P. 453
Senior: leads small projects; Expert: leads large projects; Manager: provides direct supervision; Director/VP: manages sr. leaders. '
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Came For The Challenge, Left For The Money

Salary is the 8th most common reason for joining a company but the top reason for leaving to join another.

i “IF YOU WERE OFFERED A SIMILAR ROLE WITH A
WHYDID YOUA?\I%O(:O(;S&J:NUYR?SURRENT ROLE DIFFERENT COMPANY, WHAT FACTORS WOULD

INFLUENCE YOUR DECISION TO ACCEPT THE OFFER?"

Challenge and Innovation 4 Salry honuses
Learning and skills development 350 { Career gronth cpporiunites
Career growth opportunities 313 4 Company culture
Sustainability and impact 250 Wark ocation fiaxibiley
Dasirable work location n - Joo stabiry
Suppartive team and environment Yacation time
Equiy

Competitive salary ard berefits Tetal hours worked

Jionomy and Ingependence 1 VI3 SPONSorshp
Hybrid/remote work st Pecks
Job security 103 tal reg SO Farental leava

0 100 200 300 400 500 < 100 200 0 &0 S0 a0 o
Counte Counts

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. Role definitions: Entry/Developing: contributes to projects, Career: owns projects;
Senior: leads small projects; Expert: leads large projects; Manager: provides direct supervision; Director/VP: manages sr. leaders.

p. 454



3 TALENT | BATTERY TALENT CENSUS | INDUSTRY TRENDS |

Leaders Tend To Work Longer Hours Than Individual Contributors

"HOW MANY HOURS DID YOU WORK LAST WEEK?"

LEVEL

B Entry / Developing
B Career ~40 hours per week
M Senior

M Expert } ~45 hours per week
I Manager

B Director’'VP
B Executive

} >50 hours per week

Cumutative Percentags

“"Hours Worked Per Week" comes from respondents’ answer to the question

“How many hours did you work last week?" Excluding data from holiday periods

(e.g., November/December) does not significantly change the distributions. The

company'’s stage of development comes from respondents’ answers to the

2025 3 35 40 45 S50 S5 60 € 70 75 80 B85 9 95 question” How would you classify your company’s stage of development?”
Hours Workec Pear Week #

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. Role definitions: Entry/Developing: contributes to projects, Career: owns projects; P. 455
Senior: leads small projects; Expert: leads large projects; Manager: provides direct supervision; Director/VP: manages sr. leaders. ’
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During Scale-Up, Leadership Team Works 5 to 10 More Hours Per Week

"HOW MANY HOURS DID YOU WORK LAST WEEK?"

2 e COMPANY STAGE
= B%
é 70% B Pre-startup / Startup
60%
Individual a Scale-u
Contibutor & U i P
3 0% / Mid-sized / Established
E 20% '
——'/
S 10% ___/ DURING SCALE-UP:
§ on
£ 0% (R) 50% of leaders work more than 50 hours per week
0%
g 60% , )
Losdorship. % 50% 15% of leaders work more than 65 hours per week
§ A0% ®
= 30% “"Hours Worked Per Week" comes from respondents’ answer to the question
g 20% “How many hours did you work last week?" Excluding data from holiday periods
o 10% o — (e.g., November/December) does not significantly change the distributions. The

company'’s stage of development comes from respondents’ answers to the

25 30 35 40 45 50 55 60 65 70 75 80 BS 90 95 question” How would you classify your company's stage of development?”
Howrs Worked Per Week +

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. P. 456
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Do You Think You're Being Underpaid Or Overpaid?

2 IN 3 PEOPLE'S COMPENSATION DON'T MATCH THEIR “I AM BEING UNDERPAID COMPARED TO OTHER ROLES"

EXPECTATIONS

1in 3 feel like they're overpaid.

1in 3 feel like they're underpaid.

Implication: Expectation mismatches could be driven by
lack of clear benchmarks and industry-specific data
around pay transparency.

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. Role definitions: Entry/Developing: contributes to projects, Career: owns projects; BATTERY REPORT 2024 | P. 457
Senior: leads small projects; Expert: leads large projects; Manager: provides direct supervision; Director/VP: manages sr. leaders. ’
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“"What Is Your Annual Base Salary?"

COMPARISON ACROSS DIFFERENT COUNTRIES COMPARISON ACROSS DIFFERENT STATES (U.S. ONLY)
Median Base Income in USD Median Base Income in USD
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This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. Role definitions: Entry/Developing: contributes to projects, Career: owns projects;
Senior: leads small projects; Expert: leads large projects; Manager: provides direct supervision; Director/VP: manages sr. leaders.
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How Correlated Is Your Age To Your Salary? It Depends On Where You Live.

Canada United Kingdom Ganmary Sweaden

In the U.S., individual
contributor salaries
plateau early, requiring
leadership roles for further
growth. In Europe, salaries
S tend to grow more
consistently with age,
reflecting stronger career
progression tied to tenure
and experience.

Indivich
Contributor

Arnus Besa Saary (USD)

DK

. 7. ¢ Countries correspond to the answer to the
200K om.t % question “In what country is your office

‘.. Ay . located?” Responses are further grouped by
¢ - role level, where “Individual Contributor”

'_ T : v - . . - (Not enough data) includes entry / developing / career / senior /
100K & 7a® c g expert roles and “Leadership” includes
. o ® po manager / director / VP / executive roles.

- v Regression lines indicate best fit after
excluding outliers. Base salary is reported in
0K USD using exchange rate from Dec 2024. The
0 &) 60 20 40 60 20 40 (5] 2 50 20 60 scatter plot includes a total of 375 data

4 40 :
‘w m m, m M’ points.

Landarshin

Annual Base Satary (USD)

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. P. 459
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Men And Women Scored Similarly In Workplace Happiness

i foul good abeut what 'm workng on®

80% OF MEN felt good about what they're working on
77% OF WOMEN

67"/7(())‘,!/-3 V(\)I'(:)mgm felt good about their career path
o

56% OF MEN , ,
57% OF WOMEN felt good about their work-life balance

67% OF MEN
61% OF WOMEN felt valued by those around them

When people feel valued and empowered, they don't just Waomen
work—they innovate, they inspire, and they drive change.

- Katherine Mackland Rivera, Senior Director Human :%omlv Agree ok — ;
Resources at AM Batteries ree =
~ Neutral

¥ Disagree
Bomemoegee = TGy

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. BATTERY REPORT 2024 | P. 460
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Gender Ratio Drops With More Senior Roles
Gender ratio declines from 22% to 15% with increasing seniority in individual contributor roles, a 32 percentage decline.

Gender ratio declines from 21% to 9% with increasing seniority in management roles, a 57 percentage decline. M Men

POSSIBLE REASONS

(1) Glass Ceiling: Barriers to advancement for women, such as
limited access to mentorship, networking, or leadership
opportunities.

(2) Retention: Issues with organizational culture, work-life
balance; systemic biases that hinder the retention and
promotion of women into senior roles.

CALL FOR ACTION
Targeted strategies, including mentorship initiatives, and
enhanced family leave policies, can empower more women to

advance into executive roles.

By fostering an inclusive culture, companies can unlock the full
potential of their talent pool and drive greater equity in leadership.

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. Role definitions: Entry/Developing: contributes to projects, Career: owns projects; P. 461
Senior: leads small projects; Expert: leads large projects; Manager: provides direct supervision; Director/VP: manages sr. leaders. ’
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Gender Pay Gap Prevalent In Entry Roles But Closes With Seniority

“"WHAT IS YOUR ANNUAL BASE SALARY?"

Enlry / Develeping Career Senor Expert Manager
, 300K
§ %
=2 : T __L I T
200K '
£ T ¥ L 2 e =~ —
y iR = Bl =i= <+
4 X | S : T T - —_—
G 100K == ‘1" —!— T ' | !
L ; - 4 .
-
0K
g $190K
3 $185K $180Kk $188K
B 200K g19ak  S140K  $143 “5‘:'; (n =32)
39 snsx |.-. 44) (n=16) (n=g7) 0=12)
3: (n- $ToK
c = 100K m-1s)
s
-

Mon Womm Men Women Men Women Men Women Men Women

DireclonVP
_L af i
—_ T

1

$200K
(1=9) 1 =ag) (n=10) (h=23) $153K

I i
Men

At the Entry/Developing level,
women are paid 30% lower on
average.

This finding is statistically significant, with
p-value < 0.05 (marked by *). Differences in
role types do not explain difference in pay
(both  groups comprise  predominantly
technical roles).

Boxplot shows 25th, 50th, and 75th percentiles. Whiskers
show range excluding outliers. Respondents with $0 salary
excluded. Only respondents currently working are
included. U.S. only. Statistical significance testing was
performed on the “entry/developing” category using a
standard t-test. The boxplots consist of 209 data points.

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. Role definitions: Entry/Developing: contributes to projects, Career: owns projects; P. 462

Senior: leads small projects; Expert: leads large projects; Manager: provides direct supervision; Director/VP: manages sr. leaders.
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At The Entry Level, Women Are Underpaid But Don't Think They Are
“WHAT IS YOUR ANNUAL BASE SALARY?" “1 AM BEING UNDERPAID COMPARED TO SIMILAR ROLES"

i : | Entry / Developi Caraer Sars
il — [EL e o At the Entry/Developing

level, women are paid 30%
lower on average...

...yet only 15% of these
women agree to the
statement “l am being
underpaid compared to
similar roles.”

2

A

iy

Base Salary (USD) %
g
4 H
=
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B
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& 200K 192k S140K 3143k 51_&'(
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This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. Role definitions: Entry/Developing: contributes to projects, Career: owns projects; BATTERY REPORT 2024 | P. 463
Senior: leads small projects; Expert: leads large projects; Manager: provides direct supervision; Director/VP: manages sr. leaders. ’
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Gender Disparities In Tenure - Reflecting Historical Barriers And Workforce Evolution

“HOW MANY YEARS HAVE YOU BEEN WITH THE COMPANY?"

Entry /
Oeveloping Carear Senoe Expan Manager Ciracion\VP Execulive
25 -
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Men Women Men Women Men Women Men Women Men Women Men Women Men

g

The battery industry, like
many STEM-related fields,
has been male-dominated
historically.

Women entering these
spaces may still be
navigating cultural and
structural challenges,
leading to shorter tenures in
some cases.

This slide contains excerpts from the Battery Talent Census Report to be released in mid-2025. Role definitions: Entry/Developing: contributes to projects, Career: owns projects;

Senior: leads small projects; Expert: leads large projects; Manager: provides direct supervision; Director/VP: manages sr. leaders.

p. 464
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Driving Change - Conversations On Reducing Gender Bias In The Battery Industry

FEB 12, 2024 OCT 10, 2024

2024
Women in Battery Research: WOMEN IN Panel on Catalysts of Change:
Pioneering Innovation and Equality BATTERIES Senior Leaders Advancing Women

in the Battery Industr

CONFERENCE

[ s Ponen ey e

4310w Bathgry Pt 203

(O-a12024 —()-q22024 (O-a32024 (Oraa2024

Gender THE BA-TERY SHOW

Equalit

Committee

BATTERY JULY 26, 2024 NOVEMBER 5, 2024

203

-G‘ Initiative to dive deeper into the challenges Meet-up for female battery experts
faced by women in the batteries industry in technical positions

& brainstorm strategies to drive positive change

In 2025, we anticipate these efforts will continue to expand, with initiatives like the DOE's Battery Workforce
Challenge Program, launching regional training hubs to enhance skill development and workforce readiness.
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https://battery2030.eu/news/happenings-events/women-in-battery-research-pioneering-innovation-and-equality/
https://events.stanford.edu/event/women-batteries-conference
https://events.stanford.edu/event/women-batteries-conference
https://tbsm24.mapyourshow.com/8_0/sessions/session-details.cfm?scheduleid=319
https://tbsm24.mapyourshow.com/8_0/sessions/session-details.cfm?scheduleid=319
https://www.futurebattery.eu/women-in-battery
https://www.energy.gov/eere/articles/us-department-energy-kicks-nationwide-battery-workforce-challenge-program
https://www.energy.gov/eere/articles/us-department-energy-kicks-nationwide-battery-workforce-challenge-program
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H-1B Application Submission Map From Jan 2023 To June 2024
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TOP SIX STATES FOR H1-B APPLICATIONS:

California
Michigan
Texas
[llinois
Arizona
Nevada

R NN

The H-1B is a visa allows US employers to temporarily
employ foreign workers in specialty occupations. H-1B
application information, including companies, titles, and
salaries, is publicly available through hlbdata.info. We
analyzed this data to summarize the latest trends. Source
code: GitHub
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https://www.uscis.gov/working-in-the-united-states/h-1b-specialty-occupations
https://h1bdata.info/index.php?em=sila&job=&city=&year=2023
https://github.com/wengandrew/battery-report/releases/tag/br-2024
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Rising H-1B applications, With Increased Demand For Manufacturing Roles

R

H-1B Job Applca

" Raes

u General
¥ Battery Genernl
© Business
n P
Elactrical

" Research

N SafetyThermal
W Vehicle

U Test/'On

“ Manufactunng
W Software

H-1B applications increased overall from
2020 to 2024, with a record set in Q2 2024.

Applications for software and manufacturing
roles dominated, accounting for ~50% of all
H1-B applications in 2024.

The H-1B is a visa allows US employers to temporarily
employ foreign workers in specialty occupations. H-1B
application information, including companies, titles, and
salaries, is publicly available through hlbdata.info. We
analyzed this data to summarize the latest trends. Source
code: GitHub
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https://www.uscis.gov/working-in-the-united-states/h-1b-specialty-occupations
https://h1bdata.info/index.php?em=sila&job=&city=&year=2023
https://github.com/wengandrew/battery-report/releases/tag/br-2024
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Which Companies Are Hiring For H-1B personnel?

538 8

H-1B Job Applications

COMPANY

W TESLA
2 FORD
N RIVIAN
®LUCID
FCA

2019

2020

2021 2022
Q2 of Year

2023

The biggest H-1B employers are auto firms.
Tesla, Rivian, Ford, Lucid, FCA

Tesla is on an H-1B hiring spree in 2024.
Tesla filed more H-1B applications in the first
two quarters of 2024 (3,020) than all of 2023
combined (2,752)

The H-1B is a visa allows US employers to temporarily
employ foreign workers in specialty occupations. H-1B
application information, including companies, titles, and
salaries, is publicly available through hlbdata.info. We
analyzed this data to summarize the latest trends. Source
code: GitHub
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https://www.uscis.gov/working-in-the-united-states/h-1b-specialty-occupations
https://h1bdata.info/index.php?em=sila&job=&city=&year=2023
https://github.com/wengandrew/battery-report/releases/tag/br-2024
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Which Roles Are On The Rise?
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Manufacturing roles are on the rise.
Vehicle and research roles are declining.
Roles that remain steady: Software, Test/QA,

PM, Electrical, Mechanical, Business,
Safety/Thermal

The H-1B is a visa allows US employers to temporarily
employ foreign workers in specialty occupations. H-1B
application information, including companies, titles, and
salaries, is publicly available through hlbdata.info. We
analyzed this data to summarize the latest trends. Source
code: GitHub
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https://www.uscis.gov/working-in-the-united-states/h-1b-specialty-occupations
https://h1bdata.info/index.php?em=sila&job=&city=&year=2023
https://github.com/wengandrew/battery-report/releases/tag/br-2024
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Comparing H-1B Salary Trends - California vs Michigan By Job Level

Median Salary (S)
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Salaries continue to rise overall.

An exception is in staff/manager roles in
Michigan, which appear to be falling

Gap remains between Ml and CA salaries.

Pay in California is ~30% higher, but so is cost
of living.

The H-1B is a visa allows US employers to temporarily
employ foreign workers in specialty occupations. H-1B
application information, including companies, titles, and
salaries, is publicly available through hlbdata.info. We
analyzed this data to summarize the latest trends. Source
code: GitHub
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https://www.uscis.gov/working-in-the-united-states/h-1b-specialty-occupations
https://h1bdata.info/index.php?em=sila&job=&city=&year=2023
https://github.com/wengandrew/battery-report/releases/tag/br-2024
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Salaries Vary Widely - Negotiate Your Salary!

Base salary ranges are wider in California,
300K ‘ . possibly reflecting more varied roles, regional
cost-of-living differences, rapid-growth
companies, talent shortages, flexibility in
negotiation, inequities in pay, and economic
uncertainty.
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The H-1B is a visa allows US employers to temporarily
0K 1 employ foreign workers in specialty occupations. H-1B
application information, including companies, titles, and
salaries, is publicly available through hlbdata.info. We
analyzed this data to summarize the latest trends. Source
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https://www.uscis.gov/working-in-the-united-states/h-1b-specialty-occupations
https://h1bdata.info/index.php?em=sila&job=&city=&year=2023
https://github.com/wengandrew/battery-report/releases/tag/br-2024
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New To Batteries And Short On Time? Here Are Our Favorite Free "Battery Crash-Courses.”

Battery Basics - An introduction to the
science of lithium-ion batteries
22 minutes

Teatunta mawmed sednewe

Channel: Billy Wu

How a Lithium lon Battery is Made
[Using Food!]
24 minutes

HOW A BATTERY

How a Lithium lon Battery Actually Works

/ Photorealistic
17 minutes

Channel: Across the Nanoverse

Channel: The Limiting Factor

amstes S YR AR s

| Fj BATTERY

v CNIVIRSITTY
General battery knowledge with

resources for understanding charging
methods and battery monitoring

- Battery Design

Practical resources for battery engineers with

information on cell design, cell types, BMS,
modules, pack integration, and benchmarks

Source: Linked above

Do you want to recommend your
favorite educational resource for next
year's Battery Report?

Email andrew@volta.foundation.
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https://www.youtube.com/watch?v=yyp-GydAHfM
https://www.youtube.com/watch?v=yyp-GydAHfM
https://www.youtube.com/watch?v=yyp-GydAHfM
https://www.billywu.xyz/videos-batteries
https://www.youtube.com/watch?v=DBLHaLhyo2w
https://www.youtube.com/watch?v=4-1psMHSpKs
https://www.youtube.com/watch?v=DBLHaLhyo2w
https://www.youtube.com/watch?v=DBLHaLhyo2w
https://www.youtube.com/@thelimitingfactor
https://www.youtube.com/watch?v=4-1psMHSpKs
https://www.youtube.com/watch?v=4-1psMHSpKs
https://www.youtube.com/@AcrosstheNanoverse
https://batteryuniversity.com/articles
https://www.batterydesign.net/
mailto:andrew@volta.foundation
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Skills In Demand And Where To Learn Them - Battery Manufacturing And Design

UNIVERSITY OF
MICHIGAN

Battery Cell Manufacturing, Testing,
and Design

Online | $1200 | 30 hrs | Self-Paced

Starts April 2025

Industry-relevant take on large-scale
manufacturing challenges, process
fundamentals, defects, testing methods, and
cell design; taught by an industry veteran.

@ The Electrochemical Society

Manufacturing of Lithium lon Batteries
and Pack Design

Online | $399+ | 25 hrs | Self-Paced

Starts March 2025

Industry-relevant take on methods for
preparing laminate electrodes, electrode
stacking/winding, and pack construction;

taught by an industry veteran.

udemy

Li-ion Battery Manufacturing
Fundamentals

Online | $45 | Self-Paced | 2 hrs
Start Now

A tour of major manufacturing steps with
relevant insights.

Do you want to recommend your favorite educational resource for next year's

Source: Linked above

Battery Report? Email andrew@volta.foundation.
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https://nexus.engin.umich.edu/pro-ed/battery-cell-mfg/
https://nexus.engin.umich.edu/pro-ed/battery-cell-mfg/
https://nexus.engin.umich.edu/pro-ed/battery-cell-mfg/
https://www.udemy.com/course/li-ion-battery-manufacturing-fundamentals/
https://www.udemy.com/course/li-ion-battery-manufacturing-fundamentals/
https://www.udemy.com/course/li-ion-battery-manufacturing-fundamentals/
mailto:andrew@volta.foundation
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Skills In Demand And Where To Learn Them - Battery Management Systems

Ania Mitros, PhD

Ania's Battery Management System
(BMS) Course

Online | Free | Self-Paced

Start Now

Industry-relevant take on BMS implementation
including safety, testing, and reliability
considerations; taught by an industry veteran.

University of Colorado
UCLS Colorado Springs

Algorithms for Battery Management
Systems Specialization

Online | Free | Self-Paced

Start Now

Taught by Dr. Gregory Plett and hosted by
Coursera, learn how to model lithium-ion battery
cells and use them to manage battery packs.

udemy

Mastering Advanced Battery
Management for Electric Vehicle

Online | $13.99 | Self-Paced

Start Now

Focuses on designing BMS for EVs, covering
everything from component selection and
algorithm design to hardware circuits and code
implementation on STM32 microcontrollers.

Do you want to recommend your favorite educational resource for next year's

Source: Linked above

Battery Report? Email andrew@volta.foundation.
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https://ofb.net/~ania/Anias-BMS-Course/
https://ofb.net/~ania/Anias-BMS-Course/
https://ofb.net/~ania/Anias-BMS-Course/
https://www.coursera.org/specializations/algorithms-for-battery-management-systems
https://www.coursera.org/specializations/algorithms-for-battery-management-systems
https://www.coursera.org/specializations/algorithms-for-battery-management-systems
https://www.udemy.com/course/ev-bms-advanced/?srsltid=AfmBOoqehIGwMuYbSt9r_cMzFLLIvPA1mGp_OvdzNzUb-cJjld-nQu8B&couponCode=24T1MT11625BUS
https://www.udemy.com/course/ev-bms-advanced/?srsltid=AfmBOoqehIGwMuYbSt9r_cMzFLLIvPA1mGp_OvdzNzUb-cJjld-nQu8B&couponCode=24T1MT11625BUS
https://www.udemy.com/course/ev-bms-advanced/?srsltid=AfmBOoqehIGwMuYbSt9r_cMzFLLIvPA1mGp_OvdzNzUb-cJjld-nQu8B&couponCode=24T1MT11625BUS
mailto:andrew@volta.foundation
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Skills In Demand And Where To Learn Them - Electrochemistry And Battery Materials

@ The Electrochemical Society

Preparing Future Leaders of the
Lithium lon Battery Industry

Online | $399+ | 15-25 hrs

Start Now

Two courses: (1) “Materials
Science in Lithium lon Battery
Components: Electrolytes,
Anodes, and Cathodes” and (2)
"Electrochemical Techniques and
Diagnostics for Batteries”

I l ' i l OpenCourseWare

Electrochemical
Energy Systems

Online | Free

Start Now

Taught by Dr. Martin Bazant,
lectures on the principles of
electrochemical devices focusing
on mathematical model
development.

PURDUE 2 nanoHUB

Intro to the Materials Science of
Rechargeable Batteries

Online | Free

Start Now

Taught by Dr. Edwin Garcia, learn
the materials science of
rechargeable batteries using a
unique, "bottom up” approach.

UNIVERSITY O

OREGON

Electrochemistry
Video Lectures

Online | Free

Start Now

A collection of lectures on
electrochemical thermodynamics,
advanced electrochemistry, and
electrochemical engineering.

Do you want to recommend your favorite educational resource for next year's

Source: Linked above

Battery Report? Email andrew@volta.foundation.
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https://electrochemistry.uoregon.edu/education/electrochemistry-video-lectures/
https://electrochemistry.uoregon.edu/education/electrochemistry-video-lectures/
https://electrochemistry.uoregon.edu/education/electrochemistry-video-lectures/
https://www.electrochem.org/battery-education-content?utm_source=Informz&utm_medium=Email&utm_campaign=ECS%20Website&_zs=s1ltn1&_zl=tXhx9
https://www.electrochem.org/battery-education-content?utm_source=Informz&utm_medium=Email&utm_campaign=ECS%20Website&_zs=s1ltn1&_zl=tXhx9
https://www.electrochem.org/battery-education-content?utm_source=Informz&utm_medium=Email&utm_campaign=ECS%20Website&_zs=s1ltn1&_zl=tXhx9
https://ocw.mit.edu/courses/10-626-electrochemical-energy-systems-spring-2014/pages/lecture-notes/
https://ocw.mit.edu/courses/10-626-electrochemical-energy-systems-spring-2014/pages/lecture-notes/
https://ocw.mit.edu/courses/10-626-electrochemical-energy-systems-spring-2014/pages/lecture-notes/
https://nanohub.org/courses/IMSB
https://nanohub.org/courses/IMSB
https://nanohub.org/courses/IMSB
mailto:andrew@volta.foundation
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Skills In Demand And Where To Learn Them - Technician Training Programs

OBIC

Technician Short
Course

In person | $2.2k | Monthly | 3 days

Course for technicians
within energy storage
highlighting fundamentals of
batteries.

@ Soteria

Battery Technician
Program

Online | $2.4k | On Demand | 25 hrs

Course covers designing,
operating, testing,
maintaining, and replacing
battery cells and packs.

.
et ) InncErergy

EV Technician
Training

Online | On Demand

Two-part course focused
on safety and maintenance
of test instruments and
equipment for high-voltage
vehicle components.

NENY Battery
Academy

Online | Free (NY Res. Only)

Flexible learning platform
for workforce training

including Introduction to
Energy Storage and Battery
Technician program.

Battery Technician
Training

Online (Async.) | $500 | 8 weeks

Focuses on new skills
needed for designing,
operating, testing,
maintaining, and replacing
battery cells and packs.

Source: Linked above

Do you want to recommend your favorite educational resource for next year's
Battery Report? Email andrew@volta.foundation.
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https://bicindiana.com/educational-series/
https://bicindiana.com/educational-series/
https://bicindiana.com/educational-series/
https://soteriabig.com/product/battery-technician-program/
https://soteriabig.com/product/battery-technician-program/
https://soteriabig.com/product/battery-technician-program/
https://www.innoenergy.com/skillsinstitute/services/battery/ev-technician/
https://www.innoenergy.com/skillsinstitute/services/battery/ev-technician/
https://www.innoenergy.com/skillsinstitute/services/battery/ev-technician/
https://nenybatteryacademy.catalog.instructure.com/courses/battery-technician-program-path
https://nenybatteryacademy.catalog.instructure.com/courses/battery-technician-program-path
https://nenybatteryacademy.catalog.instructure.com/courses/battery-technician-program-path
https://nenybatteryacademy.catalog.instructure.com/courses/battery-technician-program-path
https://www.mwtec.org/battery-technician
https://www.mwtec.org/battery-technician
mailto:andrew@volta.foundation
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Skills In Demand And Where To Learn Them - Battery Safety

CHARGING

MANUFACTURING

THERMAL

RECYCLING FACILITIES

UNSW

SYDWNEY

o=

Free Battery Safety Short Online
Course

Online | Free | On Demand | 4 hours

Focuses on battery fundamentals;
safe handling, charging, and
maintenance of e-bikes:
managing hazards; safe disposal
and recycling of used batteries

@ Soteria

Introduction to Battery Safety

Online | $385 | On Demand | 3 hrs

Focuses on essential
safety aspects of battery
manufacturing, testing, storage,
handling, and disposal.

Short Course on LIBs:
Fundamental Concepts, Battery
Safety, and Modeling
Techniques

Online | Free | On Demand | 2 hours

Focuses on thermal safety,

thermal modeling, and thermal
runaway.

ReMA Battery Safety Courses

In Person & Online | On Demand

Focuses on safety in recycling
facilities; help recycling facilities
face new risks.

Source: Linked above

Do you want to recommend your favorite educational resource for next year's

Battery Report? Email andrew@volta.foundation.
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https://soteriabig.com/product/battery-safety/
https://soteriabig.com/product/battery-safety/
https://nescacademy.nasa.gov/video/906674b21ca844319f98aa087b2ff6e31d
https://nescacademy.nasa.gov/video/906674b21ca844319f98aa087b2ff6e31d
https://nescacademy.nasa.gov/video/906674b21ca844319f98aa087b2ff6e31d
https://nescacademy.nasa.gov/video/906674b21ca844319f98aa087b2ff6e31d
https://nescacademy.nasa.gov/video/906674b21ca844319f98aa087b2ff6e31d
https://www.dgfi.unsw.edu.au/just-launched-free-battery-safety-short-course-online-self-paced
https://www.dgfi.unsw.edu.au/just-launched-free-battery-safety-short-course-online-self-paced
https://www.dgfi.unsw.edu.au/just-launched-free-battery-safety-short-course-online-self-paced
https://www.isri.org/battery-safety-courses
https://www.isri.org/battery-safety-courses
mailto:andrew@volta.foundation

3 TALENT | EDUCATIONAL DEVELOPMENT | COMMUNITY-RECOMMENDED RESOURCES |

Training Hubs That Offer A Menu Of Content, From The General To The Specific

HOSTS LINK DESCRIPTION

BaﬁeryMBA Battery MBA Combines technical and business knowledge
%&T&Cﬁ L&T EduTech E-Mobility Program  Electric mobility focus: battery systems, charging infrastructure, and EV technology
==
m‘r.eni:hc Bat:g:‘ésizegfq‘éi?lg:-:/ag:ri‘i,:et:ms Application of battery energy storage systems in grid ancillary services
@ InnoEncray Skills Institute Free Courses A range of free courses related to energy and battery technologies
% SAE International Courses Fundamental knowledge and insights into various battery technologies and applications
Yo
N= . NENY Battery Academy Flexible learning platform offering micro-credentialing programs for workforce training
- Battery Training Online “Lifelong learning program ... combines cutting-edge knowledge with industry insights”
coursera Coursera Recommended courses: 1) Lithium Based Batteries, 2) Introduction to Battery, 3) Management
- Systems, 4) Innovations in Lithium Battery Technology
N . . In-person course offerings include Energy Storage Short Course, Quality Training, Technician Course
(JBIC BIC Educational Series and Operator Training
@Soteria Battery Training Courses Training programs geared toward mitigating knowledge gaps in the battery industry
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https://www.battery.mba
https://lntedutech.com/ev/#offerings
https://www.renac.de/trainings-services/trainings/ready-made-trainings/product/battery-energy-storage-systems-for-grid
https://www.renac.de/trainings-services/trainings/ready-made-trainings/product/battery-energy-storage-systems-for-grid
https://www.innoenergy.com/skillsinstitute/services/sample-courses/
https://www.sae.org/learn/professional-development/sae-innoenergy-battery-academy/ev-batteries-courses
https://newenergynewyork.com/battery-academy/
https://www.batterybusinessclub.com/battery-training/
https://www.coursera.org
https://bicindiana.com/educational-series/
https://soteriabig.com/battery-courses/
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Webinars To Follow In 2025

HOSTS LINK DESCRIPTION

@Tﬁ%.?ﬁ?ffﬁ?h?ﬂ?ﬁ?‘!’..?‘.’?‘ﬁtz ECS Webinar Series Distinguished speakers presenting research in electrochemistry and solid-state science
mg.,f#g’r'%ﬁ Faraday Institution Masterclass Classes and events focused on battery technology and related research topics
UNIVERSITY OF . . . . ’

MICHIGAN Modeling Webinar Series VENKAT Battery modeling research and advancements in battery technology
Y
(&) IRP Rigaku Battery Webi X- lysis techni to gain insights into batt f d material
) | ¥ ] igaku Battery Webinars ray analysis techniques to gain insights into battery performance and materials
g & Emryy Stermge Advanced Batteries & Eper Focuses on innovations across the battery lifecycle, including mining practices
HESEARLY Storage Research Webinars
Ph)'s'CSWO”G Physics World Webinars A range of scientific topics including energy storage technologies
BATTERY
ZO_?,@ Battery 2030 Excellence Seminars Future battery technologies and sustainability with various educational webinars

Fastmarkets, CRU, Benchmark
Minerals

e — ﬂ FTEENCHMARK Commodity markets, battery technology and policy, supply chain, market dynamics

voLTAlQ | Novonnm  Advanced Battery Quality Battg;rie:a"t Analytics Differential capacity (dQ/dV) and NOVONIX Ultra-High Precision Coulometry (UHPC)
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https://www.electrochem.org/webinars
https://www.faraday.ac.uk/events/
https://www.andrew.cmu.edu/user/venkatv/bmws.html
https://rigaku.com/industries/environment-and-energy/batteries/battery-webinars
https://www.advancedbatteriesresearch.com/webinars
https://www.advancedbatteriesresearch.com/webinars
https://physicsworld.com/l/webinars/
https://battery2030.eu/news/excellence-seminars/
https://www.fastmarkets.com/webinars/
https://www.crugroup.com/en/communities/webinars/
https://www.benchmarkminerals.com/events/webinars
https://www.benchmarkminerals.com/events/webinars
https://www.voltaiq.com/advanced-battery-analytics-series
https://www.voltaiq.com/advanced-battery-analytics-series
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Our Favorite Podcasts Of 2024
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https://www.batterytechnologypodcast.com/
https://www.globallithium.net/podcast
https://www.canarymedia.com/podcasts/catalyst-with-shayle-kann
https://open.spotify.com/show/5c08SzuQiMtIWfgWSEr9uX
https://www.redefining-energy.com/
https://open.spotify.com/show/4eTqzczSOKMf1JtDmB2Pq4
https://open.spotify.com/show/5G1qDQf4LuqovyiG7cZhcl
https://www.woodmac.com/podcasts/the-energy-gang/
https://batterygeneration.podigee.io/
https://batterymaterialsreview.podbean.com/
https://open.spotify.com/show/7reObg0P5ieBAsv50PhaN6
https://fullycharged.show/podcasts/
https://bt-advisor.com/btm/
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Policy Summary

2024 was a year of policies aimed at diversifying supply chains, protecting domestic industries, and seizing control and influence in the
battery industry and in new generation technologies.

China implemented measures to address domestic overcapacity while also reinforcing its dominance in battery supply chains, battery
technology, and battery end-use demand.

USA introduced targeted financial support for domestic projects while also ramping up restrictions on Chinese involvement in US-linked
supply chains.

Europe hiked tariffs on Chinese EVs in an attempt to protect its domestic automotive industry, but it has also been open to Chinese
investment. Europe is also suffering from attrition in EV subsidies and region-wide targets, but other policies have strengthened efforts in
recycling and circular economies.

In the rest of the world, several countries have gradually ramped up protectionist policies in an effort to capture the economic and strategic
benefits of the growing battery industry, but they largely remain open to Chinese partnership.

Despite some setbacks, nations worldwide are accelerating their efforts and investments in the energy transition off the back of abundant
supply and exceptionally low costs for batteries.
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Policy Summary

F ‘JO LTA
V QUNDATION

2024: The year of battery policy focused on securing and diversifying supply chains, protecting domestic industries, and
seizing control and influence in the battery industry and in new generation technologies.

e The US DOE directed $3 billion in funding

to support EV and grid battery supply

chain development
e Canada launched the critical minerals

hub and invested in production and
traceability, but paused EV rebates [

e US and Canada imposed higher tariffs on
China-made EVs, batteries, and battery
materials

e Mexico's proximity to U.S. auto market and
the USMCA realized new foreign
investments and joint ventures

EUROPE
European Critical Raw Materials Act officially
adopted
e Substantial investments will be made by

European Commission and the European
Investment Bank to support EV battery cell

manufacturing products
e EV subsidies continue in many countries, but
Germany halted subsidies for 2024

e Increased tariffs up to 45.3% on China-made
EVs depending on the manufacturer

GLOBAL POLICY
TAKEAWAY/TRENDS

ASIA

China has introduced new industry
standards aimed at phasing out
low-quality capacity

China set out a proposal to ban the
technology exports for high-end
LFP CAM and lithium processing
China reduced or removed the
rebate on export taxes on a range of
battery-related products

China extended the EV tax reduction
and exemption policy to 2027, and
has introduced a vehicle scrappage
scheme favouring EVs

REST OF WORLD

Indonesia started to enact policies
that penalize low-grade and
high-emitting nickel smelting
operations

Argentina signed a MoU with the US
that would grant it free-trade status
with respect to critical minerals
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https://www.reuters.com/world/china/china-issues-draft-rules-regulate-booming-lithium-battery-expansion-2024-05-08/
https://www.reuters.com/world/china/china-issues-draft-rules-regulate-booming-lithium-battery-expansion-2024-05-08/
https://www.reuters.com/technology/china-proposes-further-export-curbs-battery-critical-minerals-tech-2025-01-02/
https://www.reuters.com/technology/china-proposes-further-export-curbs-battery-critical-minerals-tech-2025-01-02/
https://www.china-briefing.com/news/navigating-chinas-latest-export-tax-rebate-adjustments-implications/#:~:text=Starting%20December%201%2C%202024%2C%20China,oils%20and%20fats%20were%20eliminated.
https://www.china-briefing.com/news/navigating-chinas-latest-export-tax-rebate-adjustments-implications/#:~:text=Starting%20December%201%2C%202024%2C%20China,oils%20and%20fats%20were%20eliminated.
https://cnevpost.com/2024/07/25/china-doubles-subsidies-encourage-replace-old-cars/
https://cnevpost.com/2024/07/25/china-doubles-subsidies-encourage-replace-old-cars/
https://www.eenews.net/articles/doe-floats-3b-to-boost-ev-grid-batteries-2/
https://www.eenews.net/articles/doe-floats-3b-to-boost-ev-grid-batteries-2/
https://globalnews.ca/news/10956704/canada-ev-rebates-program-paused/
https://globalnews.ca/news/10956704/canada-ev-rebates-program-paused/
https://globalnews.ca/news/10956704/canada-ev-rebates-program-paused/
https://www.whitehouse.gov/briefing-room/statements-releases/2024/05/14/fact-sheet-president-biden-takes-action-to-protect-american-workers-and-businesses-from-chinas-unfair-trade-practices/#:~:text=The%20tariff%20rate%20on%20electric,2023%E2%80%94jeopardizing%20productive%20investments%20elsewhere.
https://globalnews.ca/news/10787673/canada-tariffs-chinese-evs/
https://www.trade.gov/usmca-auto-report#:~:text=The%20OEM%20auto%20parts%20market,production%20to%20the%20United%20States.
https://www.trade.gov/usmca-auto-report#:~:text=The%20OEM%20auto%20parts%20market,production%20to%20the%20United%20States.
https://ar.usembassy.gov/us-and-argentina-sign-memorandum-of-understanding-to-strengthen-cooperation-on-critical-minerals/
https://ar.usembassy.gov/us-and-argentina-sign-memorandum-of-understanding-to-strengthen-cooperation-on-critical-minerals/
https://www.europarl.europa.eu/RegData/etudes/BRIE/2024/766253/EPRS_BRI(2024)766253_EN.pdf
https://ec.europa.eu/commission/presscorner/detail/en/statement_24_6201
https://ec.europa.eu/commission/presscorner/detail/en/statement_24_6201
https://ec.europa.eu/commission/presscorner/detail/en/statement_24_6201
https://www.technologyreview.com/2024/09/23/1104247/ending-ev-subsidies/#:~:text=The%20German%20government%20announced%20in,called%20the%20program%20a%20success.
https://www.reuters.com/business/autos-transportation/china-automakers-pivot-hybrids-europe-counter-ev-tariffs-2024-12-05/#:~:text=EU%20tariffs%20of%20up%20to,size%20of%20the%20EU%20market.
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Key Events In 2024

MAY ‘ 4B AUGUST . OCTOBER ‘@ . DECEMBER ‘

China issues draft rules to requlate Li batter A number of new South Korea requires China announces stringent
expansion, reducing manufacturing projects that requirements under the automakers to disclose cell export restrictions on rare earth
‘purely’ expand production capacity. EU Batteries Requlation and battery information. minerals and bans their
US imposes tariffs against a range of high-tech (2023/1542) start to shipments to the US. China also
products from China, including 100% tariffs on EVs apply. removes the export tax rebate
and 25% on EV batteries. on a range of battery-related
products.
OO QO © 0.0,
\ \\ 7/
In China, tax exemption policy for NEV begins, effective European Commission The Department of Energy China's Ministry of Commerce
until 2027. EVs purchased before end of 2025 exempt fromy  announced provisional announced $3B+ funding for 25 set out a proposal to restrict
purchase tax up to RMB30,000. penalty tariffs ranging projects across 14 states, aiming to the export of certain LxFP
EU announced €4b of state aid investments in new from 17.4% to 38.1% boost the production of advanced CAM and lithium processin
factories producing electric batteries for cars, heat pumps| against EVs imported from batteries and materials for EVs. technologies.
and solar panels. China.
JANUARY ‘ . JUNE . SEPTEMBER % JANUARY 2025 ‘
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https://www.china-briefing.com/news/china-extends-nev-tax-reduction-and-exemption-policy-to-2027/?t
https://www.china-briefing.com/news/china-extends-nev-tax-reduction-and-exemption-policy-to-2027/?t
https://www.theguardian.com/business/2024/jan/08/eu-state-aid-battery-green-tech-factories-northvolt
https://www.reuters.com/world/china/china-issues-draft-rules-regulate-booming-lithium-battery-expansion-2024-05-08/
https://www.reuters.com/world/china/china-issues-draft-rules-regulate-booming-lithium-battery-expansion-2024-05-08/
https://www.theguardian.com/business/article/2024/may/14/joe-biden-tariff-chinese-made-electric-vehicles
https://www.csis.org/analysis/china-imposes-its-most-stringent-critical-minerals-export-restrictions-yet-amidst
https://www.csis.org/analysis/china-imposes-its-most-stringent-critical-minerals-export-restrictions-yet-amidst
https://www.csis.org/analysis/china-imposes-its-most-stringent-critical-minerals-export-restrictions-yet-amidst
https://www.reuters.com/business/autos-transportation/eu-impose-multi-billion-euro-tariffs-chinese-evs-ft-reports-2024-06-12/
https://www.reuters.com/business/autos-transportation/eu-impose-multi-billion-euro-tariffs-chinese-evs-ft-reports-2024-06-12/
https://www.reuters.com/business/autos-transportation/eu-impose-multi-billion-euro-tariffs-chinese-evs-ft-reports-2024-06-12/
https://www.reuters.com/business/autos-transportation/eu-impose-multi-billion-euro-tariffs-chinese-evs-ft-reports-2024-06-12/
https://www.reuters.com/technology/china-proposes-further-export-curbs-battery-critical-minerals-tech-2025-01-02/
https://www.reuters.com/technology/china-proposes-further-export-curbs-battery-critical-minerals-tech-2025-01-02/
https://www.reuters.com/technology/china-proposes-further-export-curbs-battery-critical-minerals-tech-2025-01-02/
https://www.reuters.com/technology/china-proposes-further-export-curbs-battery-critical-minerals-tech-2025-01-02/
https://apnews.com/article/ev-batteries-lithium-biden-harris-china-3eaa57b34878a23dd55fe167eb8095f2
https://www.reuters.com/business/autos-transportation/eu-impose-multi-billion-euro-tariffs-chinese-evs-ft-reports-2024-06-12/
https://apnews.com/article/ev-batteries-lithium-biden-harris-china-3eaa57b34878a23dd55fe167eb8095f2
https://apnews.com/article/ev-batteries-lithium-biden-harris-china-3eaa57b34878a23dd55fe167eb8095f2
https://www.csis.org/analysis/china-imposes-its-most-stringent-critical-minerals-export-restrictions-yet-amidst
https://www.atic-ts.com/south-koreas-ministry-of-land-infrastructure-and-transport-to-mandate-disclosure-of-ev-battery-information/
https://www.atic-ts.com/south-koreas-ministry-of-land-infrastructure-and-transport-to-mandate-disclosure-of-ev-battery-information/
https://www.atic-ts.com/south-koreas-ministry-of-land-infrastructure-and-transport-to-mandate-disclosure-of-ev-battery-information/
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Policy Highlights From Industry Section

DOE Federal Funds in Regulatory Map For BESS EU Hikes Tariffs On Indonesia Nickel Cybersecurity Standards
Battery Technology Projects In Major Markets Chinese-made BEVs Curtailment Policy and Regulations
Overview Of Global Policy China's Subsidies For EV Recycling Legislation Right to Repair Act
Support for BESS Companies Have Been Across The Globe
Scaled Back

BESS: IRA Investment Tax
Credit Guidelines

BESS: IRA Domestic
Content Bonus vs.

Requirements

BESS: IRA BESS Safe
Harbor Policy
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US IRA Tax Credits And What Is At Stake

New Trump admin aims to overhaul at least some of the IRA tax credits, starting with the EV credit.
Some industry stakeholders expect Foreign Entity of Concern requirements to be added to the production tax credits.

Raw materials >> Components >> Cell >> Pack >> Applications > End of life >

—
-

~—— - "‘n—-

Critical Battery electrods Battery cells Battery modules EV 1ax credit Critical minerails
minerals active materials praduction iax production tax $7,500 production tax cradd

production tax production tax credit cradit

credit credit Battery slectrode

; En:?v ‘-‘tonoo 4 active materials

nvestimeant tax cred s il Siv noad
10% of costs 10% of costs $35/kWh $10/kWh ROVRRCTN T COp
G%U[ ph !.':3%?;6'0 Recycled materials
+10% indirectly through EV

tax credit

BloombergNEF Source: Content & analysis provided courtesy of BloombergNEF (Distinguished Partner). For more information, visit https://about.bnef.com/contact/. P. 490
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US Tariffs On China Under Biden Is Expected To Increase Further Under Trump

Tariff Changes Sec 301 for items from Chino Tariffs on g,dﬂcj
S P g . Lirmited impart Vehicles will have very
(‘:-j_ﬁ  100% e now or plonnad ittle impact on
expectations.
3 (V) 2024 Biggest impact — Chingea NCM
[l:; M 3 potentially reploceabla. LFP harder Just 0.76% of BEVS sold in the US In 2023 were

made in China, There are no major plans from
Chingse CEMs to ontar the US markat due to the
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Grophie 0% [ Jd 25% Qe 1
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G, . Source: Content & Analysis provided courtesy of Rho Motion (Distinguished Partner). For more information, visit P. 491
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US Section 301 Tariff Increases Impacting The EV Battery Supply Chain

Rationale Timeling and next steps Potential consagquences
« Tariff Increases in msponse to parcaved unfalr «  Announced tanff increases for 2024 are + US supply locaksation * Supply chuln acqustments and
Chinese trads practices, overcapacity, ancd etfective Trom 27 September 2024 (‘anshering’) taift circumvention
axcess production. .
« Announced 1t increases for 2025, effactive + Ex-China supply diversification ' 3‘?‘""5" adoption: chmatae and
« Baing tough on China and Incentivising and from 1Janusary 202¢ #nd noreasing US ex-China EV customers sffecied
protecting domestic mansfacturing. addressing dapandencien ) )
and ramadyng human rghts abutes * De-facto blocking EV imperts
+ Chinese retaliation (1anfls, export from China
restrictions, trade Investigations)
| m ares and conooalr alos,
| ) e C100% (2% MEN Tarity | P . 25% s TR )
rom | Natural Graghite
dunusry (\ Permanent Magnets t8 " - " Natural and Synthetic Graphite Anodes
2an ) 0% —— %% 0% - 25% | tg 0% 25%
2 Source: Content & analysis provided courtesy of Benchmark Minerals Intelligence (Distinguished Partner). For more information, visit
FTBENCHMARIC https://www.benchmarkminerals.com/policy-newsletter. p. 492
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US Battery Tariffs May Provide Upside To Domestic NCM

Cel price in the US, USDfxwh

| JEEr shippng & dstrbution fantt A Frockuotion Tax Crecit @ Fotential range
hivn 75% taritt 25% tariff 5% towift BO% torift 0% tarift
Loan
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*
-
100 + . .
* @
...j . . . . .
P (previous] 2008 Chino U7 (curront ) 2095 Chino LFP (rew I 2026 Chino L [ Potentict) Dormestic US NOCMW

Source: Content & Analysis provided courtesy of Rho Motion (Distinguished Partner). For more information, visit

rno .
motion hitps://rhomotion.com/research/ev-battery-quarterly-outlook/.

US President-elect Donald Trump has stated
he will impose tariffs of 25% on all imports
from Canada and Mexico, and an extra 10%
on Chinese goods on his first day in office.
The tariffs on China would apply to all
imports and would come on top of existing
levies. Given the recent increase on battery
imports from China for EV applications to
25%, from the previous 7.5% level, this
would result in a new tariff level of 35% for
batteries imported from China. Previously, a
tariff level as high as 60% has also been
suggested.

p. 493


https://rhomotion.com/research/ev-battery-quarterly-outlook/
https://rhomotion.com/

4 POLICY | NORTHAMERICA | USA | FEOC RULES

How ‘Foreign Entity Of Concern’' Compliance Is Determined

FEOC rules currently only apply to the EV tax credit (30D)
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*Effective control = “the right to determine the quantity or timing of production and which entities may purchase or use the output of production; to restrict access to the site of production to the contractor’s own personnel; or the

exclusive right to maintain, repair, or operate equipment that is critical to the production.

“BENCHMARK Sour(?e: Content & analy5|§ provided cour?esy of Benchmark Minerals Intelligence (Distinguished Partner). For more information, visit

BATTERY REPORT 2024 | p. 494


https://www.benchmarkminerals.com/policy-newsletter
https://www.benchmarkminerals.com/

4 POLICY | NORTH AMERICA | USA | 45X PRODUCTION TAX CREDIT

Final IRA Advanced Manufacturing Product (AMP) 45X Rules Favor Midstream, But Miners Say
Incentives Fall Short
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4 POLICY | NORTH AMERICA | USA |

US & EU Weigh Market Intervention to Boost Domestic Critical Minerals

A LOW-PRICE ENVIRONMENT MAKES IT HARDER FOR MINING
AND PROCESSING PROJECTS TO SECURE FUNDING

0% = - US weighing pricing suppert mechanism
A + The Bden Administration conziders satting a price floor to pay the differsnce
0% whsen market prices fall below that theashald for cotical minarals producad by
US peojects.

.20% + The main goal of this Intiasve |5 o create an attractive and reassuring business
environment for investors, grven the volatie markel and the current low-price
wnvironment caused by Chinese avenupply.

-40%

Joint EU Critical Raw Materials purchasing platform
-60%. - + Tnis olatform wauld kverago Eurcpe's market power by centralising EU27
3 demand for the joint purchasing of critical raw materials anc coordinating
negotiatians with producing countries,

~80% + [twauld help to localse market cemand, adaress markst volatiity, and manage

future EU strategic stockpling.
-m
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Source: Content & analysis provided courtesy of Benchmark Minerals Intelligence (Distinguished Partner). For more information, visit P. 496
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Countering Strong Incentives Outside, EU Attempts To Catch Up Using Various Subsidies

Relevant subsidy programs for battery ecosystem

TIME m FOCUS BUDGET

2019 - 2031

2021- 2027

2023 - 2025

2020 - 2030

Since 1958

Source: Batteries Europe

IPCEI: Important

Projects of Common
European Interest

Horizon Europe
Programme and
Co-Programmed

Partnership Batt4EU

TCTF: Temporary

Crisis Transition
Framework

Innovation Fund

European Investment

Bank

A European-wide initiative that aims to build up a sustainable and competitive battery value chain in Europe.
12 EU member states provide funding for more than 50 companies for the first industrial deployment of
innovative battery technologies

The aim of BATT4EU is to establish a European battery value chain by 2030. The objectives are to increase
battery energy and power densities and charging rates, improve cycle lifetime, reduce battery costs,
implement best-in-class operations for manufacturing and recycling, and reduce the carbon footprint.
Battery research is also funded through other calls, such as those launched by the ERC and the EIC.

Support measures in sectors that are key for the transition to the net-zero economy. Enabling investment
support for the manufacturing of batteries, solar panels, wind turbines, heat-pumps, electrolysers, as well as
financial support to build up the recycling industry for critical raw materials

The Innovation Fund aims to help businesses invest in clean energy and industry to boost economic growth,
create local future-proof jobs, and reinforce European technological leadership on a global scale

The European Investment Bank is the lending arm of the European Union. We are one of the biggest
multilateral financial institutions in the world and one of the largest providers of climate finance.

€6.1 billion

€95.5 billion
(€925 million
for BATT4EU)

€1.287 billion
(transition
measures)

€38 billion

Green finance
target of €1
trillion by 2030
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Main Subsidies Are Oriented At Research & Development and Innovation, Upscaling
And Clean-tech Debt Financing

HORIZON EUROPE INNOVATION FUND EUROPEAN INVESTMENT BANK
Research & Innovation Upscaling to commercial level Debt Financing

Under the framework of Horizon Europe (2021 - 16 energy storage manufacturing projects Since 2018, 10 companies across the battery
2027), the BATT4EU Partnership has a requesting € 1,27 billion of public supportin value chain have been supported for a total of
dedicated budget of € 925 million to fund total. more than € 370m EIB Financing, leading to
consortiums working on R&I activities in the more than € 700m of investments.
battery sector. Projects cover component manufacturing, cell

& pack manufacturing and recycling. Most known examples of venture debt
Topics include raw materials, novel chemistries, investments are Northvolt and Verkor.
design, manufacturing, application (mobility & Companies currently benefiting include
stationary storage, dismantling and recycling, FREYR, Northvolt, Vianode, talga, Granges,
transversal topics (LCA, battery passport etc. ) fenecon, Eramet, BASF and Valeo.

New Innovation Fund call extends budget to €
3,4 billion, with € 1billion reserved
specifically for cell manufacturing projects

Source: BEPA, European Commission, European Investment Bank BATTERY REPORT 2024 | P. 499
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Strong Differences Between National Battery Related Subsidies

Source: Spiegel Mobilitat, RVO, Reuters

GERMANY:
The Federal Ministry of Education and Research (BMBF) confirmed that “from 2025, it is unlikely that any new battery

research projects can be launched with the remaining funds®.

NETHERLANDS:

In December 2024, an innovation funding call was launched focusing on battery circularity. With a budget of € 90 million,
projects on battery recycling, next-gen chemistries, extending battery lifetime and circular batteries for heavy duty transport
will be funded.

SPAIN:

As part of the PERTE funding programme, the Spanish Ministry of Industry has promised Stellantis subsidies totalling 133
million euros for a potential battery cell factory at the Figueruelas plant near Zaragoza. The ministry has also agreed to
increase the funding for the PowerCo battery factory in Sagunt from 98 to 152 million euros.
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EU Battery Regulation 2023-2024

management in the EU

JULY 2023: FEBRUARY 2024:

The European Council adopted Article 6

the Battery Regulation Limiting the use of hazardous
2023/1542, setting the legal substances in batteries (cadmium,
framework for battery mercury, lead)

\ \ ~
2023 O 2024 —(/

DECEMBER 2023:

Target for collecting used
portable batteries - 45% of the
amount introduced to the market

Source: https://eur-lex.europa.eu/eli/req/2023/1542/oj/eng

AUGUST 2024:

Article 10

Introduction of performance and
durability requirements for
industrial batteries above 2kWh,
LMT batteries and batteries for
electric vehicles

Article 12
Safety rules for stationary energy
storage systems

O 2025

Article 14

Obligation to inform about state of
health and expected battery life
(ESS, LMT, EV)

Chapter IV

Introduction of the CE marking, the
EU declaration of conformity and the
assessment of compliance of
batteries with the EU market
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EU Battery Regulation Through 2025

18 AUGUST 2025:

Battery Directive 2006/66/WE
expires and the transitional
period ends

Chapter VIl on waste battery
management enters into force

2025

Article 13 *The European Union should

Obligation to mark batteries with  publish by August 2025 an

the selective collection symbol implementing act laying down
rules for labeling batteries.

Article 48

Battery supply chain due Member States shall lay down the

diligence policies enters into rules on penalties applicable to

force infringements of the Regulation

O

Oo-O O

18 FEBRUARY 2025:

Article 7

Carbon footprint declaration for electric vehicle
batteries - suspended until the delegated act is
issued (delay of at least 11 months)

Source: https://eur-lex.europa.eu/eli/req/2023/1542/oj/eng

\ S

4

O 2026
31DECEMBER 2025:

Achieving recycling efficiency targets:

75% of the average weight of lead-acid batteries
65% of lithium batteries

50% for other used batteries
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While Regulatory Uncertainties Remain, EU Prepares The Implementation Of The Upcoming
Battery Passport

The implementation of the passport brings challenges and requires efforts but will also unlock value once implemented

CURRENT CHALLENGES AND EFFORTS OF IMPLEMENTATION VALUE CREATION BY PASSPORT IN SEVERAL DIRECT USE CASES:
° The battery passport is primarily a data management effort (~55%) ° Improved ESG data communication and informed purchasing
o Standards, processes, and technologies to streamline data management decisions, due to direct visibility to supply chain information.
are key impact areas to facilitate net value of the battery passport
° Simplified residual value assessment, with ~2-10% reduction
° Upstream data collection as well as software development are considered the of technical testing costs for independent operators.
most significant sub-tasks of the battery passport implementation
o Software and data savviness is a key lever that impacts passport ° More efficient recycling, with ~ 10-20% reduction of
implementation effort pre-processing and subsequent treatment costs.
° 90%+ of efforts translate to fixed costs with significant tasks such as software ° Streamlined servicing of batteries and easier trade of waste
development, maintenance, and project management being independent of the batteries.

volume of sold batteries
o Third-party service providers that can spread fixed costs across multiple
clients may reduce implementation effort

° Remaining regulatory uncertainties should be resolved, such as the
standardisation of data attributes and specification of how up-to-date dynamic
data must be acquired and recorded.

Inaction from businesses and policymakers could significantly reduce the value opportunity of the battery passport

Source: Battery Pass P. 503
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4 POLICY | EUROPE | CRITICAL RAW MATERIALS ACT

EU Is Falling Behind Regional Targets For Domestic Critical Mineral Production

= Tha EU Commissicn ceiwa 170 strategic project applications - 71 % frem within the EU - coverng @l vl Seversl manths after the CRMA adoption and with just §
chain stages Imning, processing and recycing). Itis expectec 1o share the finad kst in Q1 2025, Unader the CRMA, years to go 1o meet the 2030 domestio production targets,
LUMDI 0 projects bene's from streamined permitting procedures and eacier inance Jocess the aralysis below shows the scale of the challenge.

< Wimin tha rew EU Conmission polcy 4genda, CRMs will play a central role in the folowing future EU initiatives. &
new Clean ndustrial Desl |axgectied on 26 Fateuiry 20750 a now Cireutar Economy Act, and the lausch of an EU

Critcal Raw Materiais Platform, amed at jaint purchasing of CRMs creating global purchasing power and at Only nickal is kxpactas 1o mest the 1%
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4 poLICY | ASIA | CHINA |

China Applies More Stringent Industry Standards To Phase Out Low-Quality Capacity

(X)) tuny remcnars srwey semdy gusarnrd J0040m 200 Wag In May 2024, China's MIIT issued a draft of updated
; e AN -~ = % standards for the battery industry. Addressing
oy .,.[m ' challenges such as oversupply and inconsistent
s.-n\-\-::ynl;-u‘--c\h\\ns-.s\ls’;:-\.--i\snss--s»--.-os-ss--su-- 4 prOdUthua“ty: It imposes StriCter Standards on
! LT whay e RS A P product performance and factory utilization rates.
' L N e '
: i“._, AR e AN ' This is targeted at phasing out low-quality capacity
' = ] and weaker companies rather than restraining supply
losssdiamaiiiiitzzsassssoesresssaisaeesesstessssesssisziiael growth.
e u Voo, - e '
— o v : Although the standards are merely guidance for the
1;':':-':"" '''''''' ey e L s T \ industry and not a legal mandate, it is expected that:
Wass - 3 BTSRRI TR NG00 - ———— R e  Companies not meeting the standards will

face more difficulties in obtaining financing
and land for domestic capacity expansion

(8 A R STy ALY regsievert a W N1 g

13 (o) t ° More follow-up measures may be taken by
' |- ' the government if the overcapacity issue
o T " remains unresolved. A recent example is the

removal of the export tax rebate.

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. Industry P. 506
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China Sets Proposal To Restrict Technology Exports For LxFP CAM And Lithium Processing

LiFP lechrologies subject to restnction Lithwm technologies subject 1 restriction
Technology Conditions Lithium Carbonate Lithium Hydroxide
from Spodumens frem Spodumene
+  Paweder compaction densty undar v Coartonization v Sodkan remavel
00 MPe = 2589k, trerms Oecon:;non s g i
LF® »  Reworsitio capachy at 0.1C = 160 parifcaton » Evagoration and
AR = Recycing rcther iguar Lrysialzanon
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« Inbig Counmeic effcincyz 97% and sutematc contol and autsmatc cortral
= Lttvem hydoxde = Cnshing and orying
o Powier CONMpacion censily wroe! carbonzaton
3COMPa =2 38gke
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2 GO X PR A DLE from Raw Brine Lithium metal and alloy
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LMFP Rmu_muo:mwu:om-is& . Wiatal Ity g5t
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v Average vitape &t 0. 1C 2 3 80V axtraction FID procass « Rolng &% processing
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Raw o T density # 21 gNL

material +  Magnesc mpurties < 10 ppb

HIGH-END TECHNOLOGY WOULD REMAIN
IN THE HANDS OF CHINESE COMPANIES

On 1/2/2025, China's Ministry of Commerce set out a proposal to
restrict the export of certain LxFP CAM and lithium processing
technologies.

Similar plans have been made by China for other high-tech
industries, partially as a geopolitical response, and partially as a
strategic move to maintain Chinese dominance in supply chain
stages.

Most LFP pipeline projects are fully owned by Chinese
companies, but this proposal would affect joint ventures with
foreign partners, especially Korean companies.

The specifications for CAM exceed the current industry average
- correlating to new high-compaction-density LFP - meaning
lower-grade material and ‘legacy technology’ would not be
restricted.

If implemented, non-Chinese companies may take longer to
achieve and scale up similar cost and technical advancements in
LFP and lithium refining.

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com. p. 507
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4 POLICY | SOUTH AMERICA | LITHIUM POLICY

South America - Policy & Innovation Are Vital For Lithium Supply

South America has (generally) the largest lithium resources with the lowest costs, albeit with technical and legislative challenges:

Argentina Chile Bolivia

2023 Exports $301 M $7,825 M $14 M
Growth since 2020 2.5x 2.5% 0.3x*
Growth to 2028 250 - 450 kt'y LCE 100 - 180 kt'y LCE 0-60kty LCE
" 'Wostern & Chinees technology " Westeen tochnology #  Chinase (& Russian) technolegy
Pollcy ¥ Tax credils, rarmparend licensing *  God. admisestration of oparations, ®  Gowl controlled exdradtion

& Innovation process & dyriamec govl oversight vary opaque licensing process
" Gos revanue Yia royalties + tax *  Complax escalating royalties + tax ®  Dweot cperational rovenuwes

m Source: Content & analysis provided courtesy of CRU Group (Distinguished Partner). For more information, visit https://www.crugroup.com.
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Volta Foundation is the world's largest network of battery professionals. As a global not-for-profit association, Volta Foundation produces
publications, networking opportunities, and industry resources to foster collaboration, innovation and advocacy within the battery industry. P. 510



5 PREDICTIONS | THE NEXT 12 MONTHS

2025 PREDICTIONS

1. Global EV demand will continue to rise, driven by the introduction of mid- and low-priced options, charging network expansion, and
wider public acceptance. xEV sales to top 20M units for the first time.

2. PHEV will continue to gain market share driven in part by larger mix of Chinese imports to Europe. PHEV demand to grow >50%.

3.  BESS demand will continue to gain momentum, driven by improving economics, increased renewable energy integration, demand
from Al data centers, and streamline interconnection processes. BESS demand to grow >50%.

4.  Global business models will mature further in 2025, driven by the establishment of JVs and technology licensing agreements
between leading manufacturers, technology innovators, and key market stakeholders. 5+ major JVs to be announced.

5.  Startup cell manufacturers will achieve significant milestones, with C-sample solid-state batteries entering advanced validation
stages in 2025. However, scaling to production will face challenges due to raw material constraints and the limited availability of
high-end production equipment, potentially slowing commercialization timelines.

6. Inflation Reduction Act (IRA) will continue to drive growth in the U.S. battery industry in 2025, with its tax incentives and
manufacturing credits (e.g., 45X) catalyzing investments in domestic production facilities and supply chains. Political uncertainties
and potential modifications to key provisions, such as clean energy tax credits and critical mineral sourcing requirements, may
introduce short-term challenges. Despite this, bipartisan support for job creation and regional economic benefits will sustain the
momentum for domestic battery manufacturing.
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