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Preface

The BATMAN project started in 2019 and is being managed by the Eyde Cluster. The project name
reflects themanagement of batteriesl ithium ion BATteriesNorwegian opportunities within
sustainable enaf-life MANagement, reuse and new material streaififee expected increase of
electromobility and transition to renewable energy will lead to an exponentiamgnaof lithium-

ion battery demands and as a result the use of relevant raw materials. This represents a huge
opportunity for Norwegian businesses Borway is a first mover within the electric mobility
sphere and means that Norway will be one of the fastintries that will have to handle large
amounts of used lithiurion batteries.

This report is the second tieerable in work package 1; Technolddspping,led by Institute for
Energy Technology (IFB)he firstdeliverable (2019 was areport describingthe technology
statusof current and future lithiurdon battery (LIB) chemistries. The report waed as an input
to the material flow analysit strengthenthe forecass, andthis updateshould be read together
with the first report

As the field olLIBs is @nstantly changing, ahthe demand of future LIB capacity is expected to
increase exponentially to the year 2030, the numbers and fadtseipreviousreport is already

in need of an updateThisupdatedreport, the second deliverable of WP 1]Miave a closelook

at whathas changedince our outlook in 2019pdate numbers and fact arestablish the major
trends in the battery technology development

Kjeller,May 2021

Authors:

Julia Wind

Carl Erik Lie Foss
Hanne FlaterAndersen

2| 26



W D oy |
e W o)

BATMAN

IFE

Introduction and gerviewof major developments in 2020

Alongsidecontinuouslydecreasing LIB pricexross all sectorfrom around 100 $/kWh in2011down
to just over100/kWh in 2020) battery demands areontinuing toincreaseThere is general agreemen
that the maincontributor to the increasing LIB demdris the electric vehiclEV)market The $ationary
energy storage sect¢ESS)currently amounting to arountl % of the LIB market, is alsgpected to grow
significantly @er the next decadeswith storage relatedto PV expected to amount for over half the
installed capacityPredictions on thectualdemand growth vargignificantly(cf. Tablel): in a recentEU
report’, the globaldemandwas estimatedo surpass 1000 GWhround 2025 andreacharound 2600
GWhby 2030 with the EV battery demand in Europe amountingitound 400 GWh in 2030).

GWh installed/year

CAGR, 2020-30

Other 5,292

Passenger Vehicles 37%
44%
41%

B Commercial Vehicles
Energy System Storage 388

(0]

4,264

Commercial Vehicles Bl Energy System Storage

E
b

9 .
Other 19% M Passenger Vehicles

3,402
Total 32%

,86!
1,410 2800

1,068
10— %3

806
== I

2022 2023 2024 2025 2026 2027 2028 2029
Figurel: Global Battery demand by sector (Source: Freyr at WATTS Up 2021

829
590
406

I
2021

191 228 241

2018 2019 2020

2030

According toa study by Rystad Ergr(presented byFreyr at WATTS Up 2021the projected global
battery demand by 2030is almost double reaching approximately 5300 GWHcf. Figure 1).
Simultaneouslyonly 1600 GVh productionprojectshave been annoured, amouriing to a shortfallof
3700 GWh, corresponding thl5 Gigafactories3g GWh per factory)Excluding China in this projection,
the world is expected to run into @ell productionshortage alreadypy 2023/2024.

Tablel: Globd battery demand predictions

2020 2025 2030
EU Freyr EU Freyr EU Freyr
EV 229 -| 808 999 2333 4257
ESS 10 -| 105 196 221 670
Europen demand 32 - 170 - 443 -
Total 282 241 971 1410| 2623 529

Figure2 summarizegxpected trendsn battery capacity demandwithin the EU) includingminimum and

maximumand average predictiorfer personal and commercial EVs as well as ESS applications until 2050.

" https://ec.europaeu/energy/sites/ener/files/documentdbatteries_europe_strategic_research_agenda_decemb

er_2020__1.pdf
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Battery capacity demand generated by EV and ESS applications EU28

(GWh)
2025 2035 2045

average scenarios
2000 2000

1500 1500

(GWh)

1000 1000

500 500

A
>
o

I S T, S S S W S
AU I n S B S A B
O S U S I A ST

'\9‘50, '1,‘?‘x '1.‘9‘5 19‘;1 mé\ «5?9

)
» &
S

mmmm Battery demand EU max (GWh) » 1 Battery demand EU min (GWh) ss====pEV Battery demand min (GWh)
—EV Battery demand max (GWh) s cEV Battery demand min (GWh) ess==cEV Battery demand max (GWh)
ESS Battery demand min (GWh) s ESS Battery demand max (GWh)

Figure2: Battery capacity demand generated by EV and ESi&apgnswithin the EU28 (pEV: personal EEVY commercial
EV).

Unaurprisingly, many new developments have happened within the entire battery value chain since the
last version of the BATMAN WP1 report was published late Z8@8re3 summaizesthe popularity of
research and innovation topics by ety component: Innovations on the materials level primarily take
place within academia. Research interests are dominated by ambeidrolyte and cathode, amounting

to almost 90% of labattery related publications in 2020. The focus of industrial inrioves, illustrated

by the number of patents, is in the areas of battery management, battery packs and current collectors.
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Figure3: Rankedesearch angbatent popularity by battery componentsBattery bits report/google scholar).

In the following, we will updatenost relevant numbers and predictions from our 2019 report, as well as
summarke andhighlight selectedievelopments within 2020starting off with a bef summaryon two

“Webinaty Orée Hour with Europe: The NewtBeries Directive and Its Impact on Future R&I Activities in the Sector
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recent events Tesla Battery Dayp September 2020, and, even more recent, Volkswagen PowemDay
March 2021.

Tesla Battery Day 2020

Changes alongll stages of the battery chaimere presentedio improverange, production and costs for
EVs Test Qafigestannouncedimprovementsare to be expected within engineering artbsign while
being rather conservative ordevelopments related to materials and nexgeneration battery
technologes Innovations on thecell desigrinclude their4680cdls (about double indiameter and slightly
taller compared to the current 2170 ceWith tablesselectrodes Their patented taHess desigiaser
patterns the overhang current collectors into many smallsfaddlowing for a more uniform current
distribution alorg the approxmately5x longer electrodesAdditionally, Tesla announcele integration

of the 4680 cells as structural elements in their cars, simplifying pack and enalsign while
simultaneouslycompensating for the lower packing efficienaf/cylindical cells compared to similar
pouch cells (leading to a 7 % cost reduction at pack level, anddr®§é improvement)With respect to
electrode materials Tesla announced to use cheaper raw siliconffering the expansion witha
conductive pafmerelectrolyte. Howeve, the amount of Si to be included in the anodes remains unclear.
No unexpected announcements were madethe cathode sidecontinuing efforts to reduce Gmontents
following highnickel and LFP approache&egardingproduction efiiciency, Tesla is looking into
alEgStftQa RNE O2lGAy3 GSOKy 2 ts@ld dE facng challénithén 2 { A y 3
comes to upscaling. The dry coating process (powalditm) would be a drastic innovatioteading to a
significantreduction in production energy and thus cost, as well as it woalgdace the need for the use

of toxic solvents.

Volkswagen Power Day 2021

cC2fft2Ay3a ¢Satl Qa . I (dGSNE EBdadslp te 2080\ ddridylth8iSPywer Oag 2 NS
in March 2@1,addressng various aspects, such as cost, charging and sabilifyr.! & 2 LJJ2 aSR (2 ¢
cylindrical cells, VW introduced a standardisead-caseprismatic cellformat to be used in about 80%

of their productst 2 GRemistry planson the other fand are moe diverse For their entry level cars,

they plan to use LHcathodes high-Mn cells formost of their cars (for details see section on cathodes

below), and NMC for selected applicatiodmode chemistries are left more open, mamnting graphite,

silicon ard solidstate+Limetal.+ 2 Q& a G N2y 3 gofdstatdeiBeir Kep differ&tiRaiofrom

¢ Saft I Qa OnmingaBowti20%dthe start-up QuantumScape, VW plans to integrate the seliate
technologyinto their vehicles after 2025, pmisinga30% increase in range with a-frinute chargeVW

also announced their plans on ramping tiyeir contribution towards the European Green New Daal

opening 6giga factorief 40GWh capacity eacim Europe, commencing in 202@&ith their first two

factories planned in Skellefted (Northvolt) and Salzgi®adzgitter will also be the place for their recycling

pilot line, aiming for a 95% cell recycling rate (although unclear whether this rate is a proven yield or a
theoretical maimum).

Overall Tesla anmunced total cost savings 66% vsVW 50% splitting up intocell design: 14 vs 15%
manufacturing: 18 vs. 10%lectrodes 17 vs 20%@ndintegration 7 vs 5%

 hitps:/fwww.volkswagenag.com/presece/investorrelation/publications/presntations/2021/03/202 103
15 PowerDayVWGroup.pdf
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Raw Materials

Based orvery recentpredictions for material demands fé&Vsy Xuet al.l, Cq Li ando a smaller extent

Ni, are considered to be most critical with regards to upscaling of production capacities, reserves and
supply risksFor all other materials used in LH3 currently know reserves aexpectedto exceedfuture
demand. This isalso thecase for graphite, due to the increasinge of syntheti@ver naturalgraphite
F2f{f 26Ay 3 A& Bup&i& perf@nardeNdnd décieast@cosihus, in the follwing, we will

focus onupdates oncobalt, nickel and lithium he bottleneck materals for the battery industryWhile

the Li demands are largely independent of the actuabhitechnology development, espially the use

of Co and Ni are strohgdependemon theLkion chemistry, more specifically, the cathotleemstry. Key
numbers br these raw materials are summarizedTiable2 and described in more detail below.

Table2: Summary of global demaridlobal supply in multiples between 2020 and 2030, and 2020 and 2050.

2020 2030 2050 2050
Mt for EV growth multiple Mt / growth Recycling potential
demand/supply multiple for EV
Li 0.036 x5/ x3 0.62-0.77 / x1721 -20-23%
Co 0.035 x2 [ x1.5 0.250.62 / x#17 -26-44%
Ni 0.13 X6 / x3 1.53.7 / x1128 -22-38%

Lithium. As LIBs areexpectedto continue to dominate the market in the foreseeable future, Li demands
are naturally expected to increasEhe highest demanfibr Licomes from the EV sectdXuet al ! estimate
arise inLi demandor EVbatteriesby a factor ofL7-21 from 2020to 205( i.e., from 0.036Mt to 0.62-
0.77Mt. BNEKcf. Figured) predict a Li demand of0.2 Mt for pas&nger EVs, aneD.37Mt total for 2030,
with lithium aupplies only king expected to growp to ~0.28Mt.

Million metric tons LCE

Other demand

20
Stationary storage
18 demand
1.6 Consumer electronics
demand
14
E-bus demand
12
Commercial EV
1.0 demand
0.8 Passenger EV
demand
0.6
P 4 De-risked supply view
0.4 = | :
0.2 “‘;- Nameplate capacity
i - ! - - ! ~ Demand implied by
2015 2020 2025 2030 manufacturing

Source: BloombergNEF, Avicenne.
Figure4: Globd lithium supply and demand forecagSourceBNEF, Avicenne).
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Compared to numbers iour previots report, the totalithium carbon equivalentl(CEforecasthas been
adjusted andincreased from around.7 Mt LCEto almost 1Mt LCEfor 2025 with the expeded
percentagetaken up byLi for EV batteriesncreasing from 38%0 almost 50%.n comparison vith

I @A OSyy S QafrorhROBOR I Geinandsywere adjusted up frdh®8 Mt to 1.6 Mt in 2030for
battery application®nly. Major problems regarding the-kupply arehe highly concentrated geographic
Li reserves, as well as thésupply K | Algfd darbon footprintimposing a large need on innovation,
especially on producing batteigrade L

Cobalt.Despite thegeneraltrend towardslow-or-no-cobalt @athode chemistries (e.ghigh-Ni NMCssee
below), recent scenarioprojecta 1.5x increase in Gtemands between 2020 and 203bhisresultsin a
potential Co deficit as early as 2022 or 20a8da deficit of 14%ilotons only within he next 10years
(see Figure5). Figure6 shows the results from a more detailed study Xy et all, considering the
influence of several different scenarios on thed&nand developmenfTheir results clearlindicatethe
opportunities in thedevelopment of new battery technology on the redion of the dependency on Co
Due to the fast growth of the EV market, battepcyclingoffers the potential to reduce Gdemand by
26-44% only.

350,000

300,000 149,000 tonne defecit ——
250,000 ]

200,000 Historic Values [ BNEF Forecast ., W

150,000

— =
100,000 |
b IIIIII
0 |
2013 2014 2015 2016 2017 2018|2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
s Non-battery Industrial B Portble device batteries
s E-Bus batteries Passenger EV batteries
= Stationary batteries e Darton supply estimate

« « » o Expected-case extrapolation

Figure5: Cobalt suppland cemand(Soure: BNEFInvesor InteF).

§ https://investorintel.com/markets/technologymetals/techrology-metalsintel/cobaltstime-to-shinewill-come-again/
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Cobalt
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Figure6: Global cobalt material demands for EV batteries for different scenarios from 2020 to 2050. STEP: Stated Policy scenario
(incorporating existing government policies); SDteBuable Developmet scenario (including climate goalsParis
agreement). NCXcenario: continuing trend of NMC and NCA chemistries; LFP scenario: possible increased use of LFP in EVs. Li
S/Air scenario: possible bre#tiroughs in L-5/Air batteries. (Sgce:Xu et alt).

Nickel. With the industry moving towards higiNi cathode chemistries, Ni demands, especially €lasg

are expected to substantially increageoskill expect that the battery sector will take up to 25% of the

total Ni market by 2030, (with gainless steetontinuing to donmnate the Ni demand)Even though Ni
resources are not as critical as Li and Co, already in 2040 EV batteries alone could use up as much as the
global primary Ni production in 201Bstimated Ndemands for EV batteries if920 are expe@d to be

around 15-7.6 Mt?, grongly depending onrends in required future EV battery capacitigse recycling

potential for Ni is estimatetb be around 2238%until 2050.
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s EOL batteries supply s Domestic investment/ foreign sourcing requirement
e E\J27 nickel demand from EV sales (end-use) -« = EU27 nickel demand from cathode makers (first-use)

Figure7: BJ27 refined nickel supply and batteryndend balances 2022040 (kt Ni) The volumes of Class | supply shown are
not considered to be fully available for conversion to sulphate/directed toward the battery industry. Availability of such is
deplSY RSy G OB GAOI ¥ RSYI yRQuminyBddstregbéuBeiRaskiLn20)a L O2vya

* https://nanthavictor.com/2020/07/22/ncketdemandfrom-the-batteriessectorto-accountfor-over-25-percentof-the-total-
nickekmarke-by-2030/
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Althoughnon-nickel battery chemistrieare gaining increased attention, majrdue to theirlower costs
nickekcontainingLIBswill still be of high importanceespecially for the transport sectors, due to their
higher energy densitiesmplying longerdrivingrangeswith smaller and lighter battery packs.

9.0
— Nickel Production (2019)
E’ 6.0
—g ) STEP scenario
<
& m— NCX scenario
L
-U B
= 3.0 [
I3
a1
> -

0.0 1 1 1

2020 2030 2040 2050

Figure8: GlobalNi material demands for EV batteries for different scenarios from 2020 to (BadceXu et al).

Present and future battergchnologies

The special issue ofrom Journal of Powersources Focus review- New and emerging battery
technolaies, provides a goodverview of the status ofurrent and emerging technologies to reach the
European Comission (EQjoalof carbon neutrality by 2050 Thefollowing technol@ies are currently
the most studied to reactthis goal

9 Lithium iorf

1 Lithium metal (including lhium-sulfur and lithiumair) batterie$
9 Sodium ion and sodium metal batteries

1 Zn and ZiAir batterie$

1 Redoxflow batteries.

Other proposedbattery systemsnclude

1 Magnesium batteries

1 Calcium batterie8

1 Al and Alion batterieg?

9 Anionic batteries, i.e. fluoridéon batteries and chloridéon batteries™.

In addition,organic activenaterials? are includeddue to their potential in terms of low environmental
footprint and toxicity

Of these technologies,-ion, Limetal, and Ndon are currently thestate of art However it is generajt
considered that.ron cellswill outperform the other closé¢o-market battery technologies in the nexi0-
20years3with Na ion as a potential contender if the price ofibin battery increasand ifsaferlow-cost
Naion becomes available With regards to Limetal there are everal research programs worldwide
(such as Battery 500, RISINGViade in China 202% who areworking to take full adantage of L-imetal
anodes for ommercial ells. As depicted irrigure9 (modified from Battery 2030+) these research
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programs are quite ambitious, aiming for Generation 4 delllssolidstate Liion/Li-metal) from around

2025.
550
|
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Figure9. Roadnaps of different R&D programmorldwide! (modifiedfrom Battery 2030+ Roadmap

Accoding to theroad map for future battery technologies Figurel0, we can expect several new
developments with regards to cathode/anode and electrolyfése next setionswill focus onthese
developments.
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Figure10. Roadmap for future battery technologiés

*OBattery 2B0+ Roadmap (divportal.org)
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Cathodes

Figurell and Table3 summarizeupdated predictions andelectedexpected @velopmentsfor market
shares oflifferent cathode chemistriesThese includeacent reports from BNEF, Xu et al. and the Faraday
institute (UK) Similar tothe forecasts showin the initial report(Figure 20)the trendtowards higher
nickel chemistris continues.Minor adjustments in the &nds for diffeent NMC types have been made,
further reducing market shares of lower Ni chemistries, suchNBIC111 Theincrease in Nicontents
generallyfollowstwo main pathways: (i) the NMC pathway, from NMC1Mamls NM®.5.5and (ii) the
NCA approdt, further ingeasingNi contents in statef-the-art NCAup to over 88%large uncertainties
prevail regarding the future development of LFP: while earlier predictiodisated a slow but steady
decrease in usage dfFP cathodesTest Qa I y y 2 dizyht8ucisgyL® into their introductory
modelsin China(teaming up with CATI) might lead to a boost in LFP usage, as indicated izOR®
scenario (cf. scenario Xtih Figure 1).

|IBNEF Xul Xu2 Far " BNEF Xul Xu2 IllBNEF arl BNEF
2020/2021 2022 2026 2030
LMO NMCA NCA90 m NCA NMC9.5.5
NMC811 NMC622 W NMC532 mNMC111 mLFP

Figurell: Expectd developments of the market share offeient batterychemistries. A summary combing reports fromost
recent reports fronBNEFXu et al. and the Faraday institute. BNEF includes all types of batteries, while Xuvaalag Baly
include EV batteries. Xuefers to a scenario with increasedde®n LFP, Xu@ a more standard scenario.

High-Mn-cathodes.Contrasting the general higi trend, Volkswagenvery recatly announced their
intention to move towards higimanganese cathodes as their future mamestim cathode chemistry

during their Power Day event in March 2021. BloombergNEF also speculated on this trend, labelling the
HaMmnQa OKS aRiBe@ecOIDAT AQ2d KS HnunQaz F2f{f26Ay3 08
Ay (GKS HnotofeduEe nfatgriallcostedaizd $Upply constrair@sirrently, the main challenge

with Mn-rich cathodes is their poor cycle life and thermal stabdite to the weakvin bonding leading

to fast battery degradatiorHHowever, promising innovations happen looth, the family of layered oxides

7 "https://medium.com/batterybits/therise-of-catl-29452bea854a
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(cf. NMQtype) as well as the class of 3D spinathodes ¢ommonly highvoltage;abbreviatedLMQ). The
currently mest promising échrology on the Mearich front seems to behigh@2 t G 3 S
(LNMQ, with both, the Danish companiyaldor Topsodpartnering withMorrow, see below) and the
Canadian comparijano Ondpartnering with VW since 201%ctively working othe developmets of
commercial industrial LNMue b problems with liquid electrolytes at such high voltages, research
efforts alsoseem togo towards the application of LNMO cathodes together with sedtdte electrolytes

Table3: Summary of cathode trends and predictionsKijurell).

[ AbAe ®drba

2020/2021 2022 2026 2030

BNEF Xul Xu2 Far |BNEF Xul Xu2 |BNEF: Xul | Xu2 Far |BNEF Xul Xu2 Far
LMO 3 2 1 1
NCA90 9 9 8 6
NCA 4. 35 39 20 5 32 41 4 23 44 22 3 16 39 11
NMCA 9 20
NMG9.5.5 I 3 25 0 1 19
NMG811 8 5 5 10 21 6 8 34, 100 19 22 17, 10 25 29
NMG622 39. 13 15 45 35 14 17 12 14 26 43 5 11 28 34
NMG532 6 10 11 2 8 10 1 3 6 2 4
NMG111 10 4 4 23 4 4 4 1 2 3 11 1 2 6
LFP 21, 34 26 2 22, 36 20 23, 48 2 1 23 600 3 1

Industry. Within 2020, we have seen the followingaindevelopmentsn industry:

1 SkKinnovationwas announced to be the first battery maker to commercialik&8.5.5batteries,
to be supplied to Ford-E50 electrigickup trucks, expected in 2023benefits: longer range and

shorter charging time)

LG CherarecurrentlyalreadyproducingNMC811 (spplied to Tesla Model 3 sedan manufactured
in China)and haveplanned to produce 90% Ni content batteries with NCMA @lidobalt
manganesealuminium) to be suppledto General MotorsItium batteries).
Samsung Snnounced theilGen.5 batterés with hgh-Ni NCA (over 88% Nirhese have been
usedin power tools since 201But are now planned to also enter th&Vmarket, with energy
density of at least 60@Vh/L™. Samsung SDdnnounced a major expansion tfeir existing
factory in Hungary (alsfor high-Ni NCA)announced tostart productionin the second half of
2021, gradually increasing production to 18 million cells penth (no capacities mentioned),
andsupply to EVs from BMW, Audi, VW.
Morrow recently announcedad team up with the DanisbompanyHaldor Topsogpilot facilityto
produce entirely cobaltfree LNMO (LiNbsMn1sOs) cell$™*As opposed to the 2D layest
structures in the NMC group, LNMi@as a 300(spine) structure, offeringthe potential for high
discharge/chargingates, besidsthe advantage of high working potential@.7V vsLi/Li"), high

88 http://www.koreaherald.com/view.php?ud=20200810000683
™ https://www.samsungsdi.congolumn/technology/detail/56458.html?listType=gallery
"*Https://kommunikasjon.ntb.no/pressemelding/morrowatteries-partnerswith-haldor-topsoeto-establish
cobaltfree-cathodepilot-productiortrin-norway?publisherld=16388593&relseld=17899642
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energy densities anceduced cost (about 20% compared to ttremetal cathodes such as NCA
and NMQ.

ResearchThe trend towards aeduction of Cobalt in cathodes is also obh&sl at regarch level.

{1 High-nickel NMA(89mol% Ni, Mn, Alj, is a noel, Cofree, highNi cathode materialcomposed
of 89mol% Ni, Mn and AFirstpreliminary studies indicatsimilar or even better electrochemical
performance when benchmarked agaifrdCA and NMC3Smilar synthesis routinesare set to
allow for easy commeialisation.

1 NFAbatteries Still at the early stages oksearch Oak RidgeNaional Laboratories recently
presented a newiable candidate for Gbree LIBsso-calledNFADbatterieswith generalformula
LiNikFg AL, (x + y + z = 1) Initial tests shovepecific capacities of around 200 nighreasonable
rate capacity an@0%capacity retentiorafter 100 cycles

1 Single crystatathodes promising for higlenergy desity and longife cell<®,

Anodes

In our previousreport, as well as recent literatuf® Graphite was still considered to be the main anode
material for the foreseeable future. This is still the cdugt,aswe seein FigurelO, there is atransition
towards incorporating more and more silicon to increase the capatitile near future, while moving
towards lithium metal and anode free on the long terfor fastchargirg, LiTsOw (LTO), igenerally
considered a safeainodeoption for high power batterie¥. LTO was well covered in the previous report,
but LTOmight have a contender M.Gs, who with its lower wltage vs. Ltan prowde higher energy
densities than LT

Silicon andgilicon/carbon composites

Siand SiQ@has been substantially studied for the past 20 yadus to their abilityto offer much higher
specific capacities compared tarbonaceousnodes!. Si isalsoabundant, cheapandnon-toxic. The
main disadvantagewith alloying naterials such as Si j®or cyclabilitydue to large volume expansion
(280%) during lithiationlncorporation of oxygercan improve the cyclabilitput there is a tradeoff
betweenhigh stabilityand initial CE (IC£)In this regardpre-lithiation of the anodes is ofteproposed
as solution account for the lost lithium during the fortioam cycles®.

One of the biggest challenges for alling materials is that many of the studies use low areal loadings and
densities, which effectively results in lower volumetric capacities compared to gr&phitee areal
capacities musbe sufficiently high> 3 mAh/cni) to get commercially competitive performance.

Improvements in energy densities areachievable by increasing the anode capacitiethrough
incorporation ofSi/Si@SiC composite electrodeas seenn Figurel2a, and t isanticipated that energy
densitiesof 800-1000 Wh/Lcan be reached with Rjraphite/carbon composited. However, tle massive
volumeexpansions duringyclingputs designlimitations as theporosity and electrode density changes
considerableduringlithiation (Figurel2b). The maximum gravimetric and volumetcipacity ofSi based
electrodescapableof 2.0 C chaiigg rates was found to be 468 Ah/kg and 1418 Ah/This idar less than
the theoretical capacities of Si, but still a massive improvement compared to-citdie-art graphite
electrodes.
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Li metabatteries (isulfur/LiO,/anode freg

Further improvements are expected to be achieved usingnkial anodesn combination with sulfur
cathodes, oxygen () and/or anode free desighere are two main approaches stabilize lithiummetal,
Figue 13*. Either by modifying the SEI in liquidectrolyte€®, or by moving towardssolid state
electrolytes (SSE9
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Solid stateelectrolytes are usually divided into inorganic solid electrolyte (ISEBnhd plymer solid
electrolyteSPE For lithium metal ASSBs (all sebthte batterie3, ISEs are considered one of the most
promising energy storage technologies fot@motive ard stationary appliations’. Table4 summaries
the current status for thium metal batteres andcomparesthem with EUs goafor 2030in terms of
energy density, power density and cycle.life

Table4 Summary ofthe status of metal batteries as compared to tlset goals of thé&U.

SET Plan Currert Li Metal Batteries
Targets status
2030 Generation 4: ASSB Generation5: conversion cathodes
(at cell level) Inorganic polymeric LS Li-air
TRL 4-6 commercial 5-7 1-4
Energy Estimated Theoretical limits
(Lab scale)
>400 Wh/kg 450 Wh/kg 300Wh/kg >450 Wh/kg 1700 Wh/kg
>750 Wh/L 900 Wh/L 500600 Wh/L 700 Wh/L 1850 Wh/L
Practical (E¥)
100-180 Whkg
100 Wh/L
Limiting ISE stability Operating temperaturg Electrolyte excess | LbO, deposition and
factor towards high > 60°C required dissolution mechanism

voltage cathodes
SPE stability towards
high voltage cathodes

Suggested Develop nore Electrolyte additives | New electrolytes | New

measures effective coatings electrolytes/additives
based ormechanistic
studies

Newcell chemistries | Improved
electrolyte anode

interphase
Power Practical (EV)
> 700 Wh/kg 500 W/kg <200 W/ig 500 W/kg N/A
>1500 Wh/L 1000 W/L <200 W/L 1000 W/L
Charge time
(min):12 Limiting factor High cell Low Li+ transference | Cathode LO, deposition and
impedance numnber conversion kineticq dissolution mechanisir
Electrolyte
resstance
Swggested Reduction 6SE | New electrolyte Improved New
measures thickness formulations electrolytes electrolyte/additives
based ormechanistic
studies
Electrode design
Cycle Life 1000 Ca. 1300 <1000 N/A
(to 80 % DOD (<100 forhigh

energy cells)
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BEV:2000 Limiting factor Contact issues at| Stability of Electrolyte Parasitic chemistry at
interfaces electrode/electrolyte cathode
interphase
Stationary: Dendrite growth Anode depletion
10000 Suggested Stable interlayes | Electroyte additives | New electrolyts | Detailed understanding
measures (hybrid) of O, formation
mechanisms
Highly dense SE| New electrolyte Improved New
formulations0 electrolyte anode | electrolytes/additives
interphase based on mechanistic
studies

As shown in Table4, polymeric sald-state electrolyteshave already reached commercialtechnology
readness leel (TRL)However it is expected that inorganic electrolytes will eveally take over due to
its lower operating temperature and highenergy and pwer densities.

Industry. There are &ready some commercial and planned developments initlestry with regards to
lithium metal batteries. Among these are:

1 OKXIS energy: Commercial Li/S producer

1 Morrow: Planned Gigafactory in Norway using Li/S technology

1 GM mdors partner withsolid energ systems (SE&) anode fredithium metalbattery
1 Toyota.Planning to unveil their aliolid-state EV in 2021

ResearchThe followingesearchareasare expectedvith regards toanodesandelectrolyteso reach the
EU godain Table4.

1 Higher $content anodesanodearchitecture,binder, coatings, polymer

1 Solid state electrolytel$E: Reduce thickness/interfacial impedanard stability towards high
voltage cathodes

1 Li/S Reduce electrolyte amount(LING consumptior), preventing shuttle mechanisms,
encapsulation/electrode archatture.

1 Li/Ox Development of nevelectrolytesandadditives based on mechanistic studies

Battery cell production

Batterymanufacturing capacitin Europdscurrently around 26 GW, until 2(B0it isexpected to increase
to a total of 500 GWh"."The Europan automotive industry remains the major driving fotzehind the
growing marketand several of the new gidactories areestablished asstrategic alliances beteen
original equipmat manufactrrers (OEM and battery producerdNewdevelopmentsalso include leading
Asian and US companiesich as Tesla, LG Chem and C#ft,are following their European customers
and establishing production capacity in Europegurel14 illustrates the map of European battery cell
production capacity that is continuously expandiBiyllforeseesthat Europe will increase its share to 16
% of the global battery market by 20@&pected to be 2.3Wh in 203Q)compared to jusé % otoday?@

7% https://ec.europa.eu/energy/sites/ener/files/documents/batteries_europe_strategesearch_agenda_decem
ber_2020__1.pf
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market®® while2 2 2 R al O1 Sy 1 A $Simates thal Butope wNEmieuNEven25% of the
globalcapacity in 2030with the global lithiumion cell manufacturing capacity expected to reach 1.3 TWh
by 20307 .

In the recent analysis by CIC en&dNEKFigureld), the four Norwegian initiative are included, as well
as new plans in France and Spain. The situation is charagiiatly, and the map will shorthhave needs
of new updates.

Figurel4: Map of European battery cell production capa¢yC ener@UNB.

888 Benchmark Minerals, May 2020
" https://ww.miningreview.com/batterymetals/lithiumrion-cellcapacityto-quadrupleto-1-3-twh-by-2030/
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