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AC Activated Carbon

Al Artificial Intelligence

AIMD Ab Initio Molecular Dynamics

ASRS Automated Sorage andRetrieval Systems
BMS Battery Management System

Ccv Cyclic Voltammetry

DC Direct Current

DEC Diethyl Carbonate

DMC DimethylCarbonate

DoD Depth ofDischarge

EBA European Battery Alliance

EC Bhylene Carbonate

EDLC Electrical Double Layer Capacitor

EIS Electrical Impedance Spectroscopy
EQF European Qualifications Framework
EV Electric Vehicle

FEC HuorinatedBhylene Carbonate

GDL Gas Diffusing Layer

HOMO Highest Occupied Molecular Orbital
ICE Initial Coulombidficiency

IEA International Energy Agency

LFP Lithium Iron Phosphate

LIB Lithium lon Battery

LiBOB Lithium bis(oxalate)borate

LiFSI Lithium bis(fluorosulfonyl)imide

LMO Lithium Manganese Oxide

LMP Lithium Metal Polymer

LTO Lithium Titanium Oxide

LUMO Lower Unoccupied Molecular Orbital
NCA Lithium Nickel Cobalt Aluminium oxide
NEDC New European Drive Cycle

NIB Nalon Batteries (sodiurion batteries)
NMC Lithium Nickel Manganese Cobalt oxide
NMR Nuclear Magnetic Resonance

PEM Proton Exchange Membrane

PEMFC MEA ProtonExchangeMembraneFuel CellsMembrane Electrode Assemblies
PGM PlatinumGroup Metals

PVDF PolyvinylideneFuoride orPolyvinylideneDA F f dz2 MR $ b b O /
SC Supercapacitor

SEI Solid Electrolyte Interfze

SEM Scanning Electron Microscopy

SC State of Charge

SoH State of Health

SSE Solid State Electrolyte

TEP TriethylPhosphate

TRL Technical Readiness Level

TBMS Thermal Battery Management System
WLTP Worldwide harmonized.ightduty vehicles Test Procedure
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For otherconceptsand more information on the different technologies, s@Battery University

Anode
Battery

Cathode

Capacity [Q]
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Cycle life

Current collectors

Cut off voltage

Dendrites

Dielectric
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Electrolyte

Energy density
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Faraaic reactions

Fractal
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LFP
LMO
LTO
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NMC
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p-n junctions

Pouch cells

bSAFGABS St SOGNBRS i RAAOKINBS 6St SO
An association dbattery-cells (usually some cells are associated in series to

obtain a certain voltage)

t2aA0A0S St SOGNBRS |G RAAOKEFNAS
Amount of stored charge usually expressed in mAh.g

The celis single, composed of electrodes, electrolyte, separator, and current
collectors. It does not include any cell association.

Number of cyclegieldedby the battery (usually measured until the capacity
is 80% of the initial capacity of the gell

Conductors, usually metals such as copper and aluminum that facilitate
electric conduction in the battery (connect the external circuit through the
tabs to the active material in the electrodes)

Voltage at which the caeity of the battery is measured (associated with the
electrode with the lowest capacity)

Whiskers; fractals-2 ¥ YSGFf 6So®3d [AZ bl X
nucleation. Dendrites may have sharp ends that cause short circuits
Inaulating material; poor conductor of electrons. It can be polarized in
presence of an electric field.

The chemical potential of speci€§A

A

0SSt SO

2NJ a3dzX

__OorA N
Rk Ak

Negative electrode is the cathode onacbe and anode on discharge (usually
termed anode)

Positive electrodés theanode on charge andathodeon discharge (usually
termed cathode)

Solution, polymer, gel, or solid containing mobile ions. The electrolyte should
be an insulator (notonducting electrons) and a good ion conductor

Energy per unit volume (Wht)

Entropy

Gibbs energy

Faragh O NBI OGA2ya YI &
also known as chargansferelectrodes
Complex pattern that repeats at different scales

Internal energy

A material is lithiated when Li is inserted in the structure or reacts with the
material

Lithium-Sulfur batteries

Lithium Iron Phosphaté_iFeP()

Lithium Manganese Oxide (LidDx ¢ spinel structure)

Lithium Titanium OXxide_{TEOn2)

Lithium Nickel Cobalt Aluminium oxide (LDGALO, with x +y + z = 1)
Lithium Nickel Manganese Cobalt oxide (MW CaO, with x+y +z = 1)
Number of particles of speciéQ

Interface between negatively-and positively pdoped semiconductors
(extrinsic semiconductors)

Battery cell or cell association wrapped in a rectangular polymesreovin

an aluminum flat bag with external tabs to connect to the circuit

200dzNJ | @

1Battery University. (2021, Jud@).Learn About Batteriesttps:/batteryuniversity.com/articlegaccessed on 266/2021)
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Primary battery cell A battery cell fabricated under an architecture that involves irreversible
reactions and therefore is nerechargeable

Secondary battery celRechargeable cell

Separators In a battery, separators are insulating membranes that prevent short circuits
between the two electrodes; in the SSE, the solid electrolyte may also play
the role of the separator

Specific Energy Energy per unit mass (VK1)

Y Temperatue in Kelvin
Trona Trisodium hydrogendicarbonate dehydrate and also sodium sesquicarbonate
dihydrate, NaCQw b I 13 HpO is a nomarine evaporite mineral
Soda ash Aninorganic compound with the formula MaQ and its various hydrates
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TheMethodology chapter introduces criteria fothe selection of the most promisinfyiture
battery technologies These technologiesre further analysed witim the report They
representespecially thos¢éechnologiesmplemented in stardups and establishd companies
and are complemented by technologistidied atuniversitiesand researchinstitutions and
presented in scientific papers and conferencése Drivers of changehaptercontairs the
main factors identifiedo be pushingthe battery sectorforward, with R&Drelevant specifics.
Institutional and financial support from the EU is outlined in Eig frameworkchapter.The

Stakeholderschapter addresses key relevagntitiesin battery R&Dand their activities.

TheTechnologychapter providesan overview of the most promisinfgture technologies in
the battery sector, starting withithium-ion batteriesand the potential improvements of its
main componentg, cathode, anodeand electrolyte. When it comes tathodes (NMC, NCA,
LFP) themain driver of changéor researchis to reduce the Cobalt content and increase the

batteries' safety while increasing the energy density leading to a greatee

The main driver of change for the negative electrodm®ofle is related to safetye.g., the
possibility of charging fast even at low temperatures without compromising sakedy.
cathodes with higher capacitgnother type of anodésnecessaryfor exampleone that adds
to the traditional graphitesilicon with much highercapacity However, this bringsnew
challengesnto play. One of the key challenges concerning #dectrolyte is increasing its
performance and safetysince most of the current electrolytes used are flammalaich

causes safety issueBossible glutions includegel/polymer or soliestate electrolytes.

Promisingalternatives to lithiumion technolog include Lithium-sulfur batteries with the
possibility of 100% Depth of Discharge (Dabj expectedlower environmental impagt

or Sodiumion batteries where no lihium, a scarce mineralyould be needed.

Structural batteriescan carrya mechanical load while storing electrical energifey can be

incorporated in the structure gf. g, avehicle or a houseand have big potential to reduce

Co-funded by the T Alliance for Batteries Technology, Training and SkMISBATTSProject number 6126 7&PP1-20191-SEEPPKABSAB.
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the space needetb store the battery within an applicationand especiallypot affectingthe

structural equilibriumwhichis paramount forelectrical vehicles

Energystoragesourcedike internal combustion engines, fuel celisd batteries work well as

a continuous source of low power. However, they cannot efficiently handle peak power
demands or recapture energy in today's applications because disgharge and recharge
slowly. Super@apacitorsand ultracapacitorscan deliver quick bursts of energy during peak
power demands, quickly store energy, and capture excess power that is otherwiséHegt
efficiently complementother energy storagetechnologiesin today's applications because

they canchargewhile protecting them

Fuel cellsare especially important for heaxduty vehicles such as buses as they have a higher
energy density than batteriesnd are lighterMetal-air batteriessuch as lithiurrair are also
designated fuel cells as they obey similar principles to thagiag fuel cells Lithium-air
batteriespossess specific energy that is theoretically comparable to gasoline and is, therefore,

very attractive but there aremany technological challengesetto be overcome.

TheJob roles & skillghapter builds on data gained froadvertisementsn the battery R&D
sectorpublished at the time of preparation of the repo&oft, academicgyeneral transversal
competendes, crosssectoral specific competeras, and sectorspecific competenes are
analysed. he most frequently occurring sectorspecific skills requested within the
advertisementsanalysedare characterization techniques, cell evaluatjoand validation,
electrolyte deelopment, or thermal managementkKnowledge of cell design, battery
components, lithiurion battery chemistry, battery desigand battery materiabre among

the most requested.

TheEducationchapter summarisesompetencyneeds as well as recommendatiotasboth

industry and academia on the education of experts on thetarasnd Ph.D. leveldased on
two recently published reports by Batteries Europe and Fraunhofer/EIT RawMatkrasn
refers to a list of EU initiativaa the education and skills argim which the ALBATTS team

also involved

Co-funded by the T Alliance for Batteries Technology, Training and SkMISBATTSProject number 6126 7&PP1-20191-SEEPPKABSAB.
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This eport represents the second release of the desk aese of the project ALBATTS
(Alliance for Batteries Technology, Training and SkillsldiBglion and expanding research
related elements in the first iteration of the desk research from 202@rovides an overview
of the possible future technological development of batteries, stakeholders involved, relevant
job roles and skills concernexs well as expert needs amdcommendations for education

and up and reskilling of human resources

The adhor of the core technology and stakeholder chapters is one of the ALBATTS project
partners, ProfessorHelena BragaEngineering Physics Department, University of Porto,

Portugal.

The report was prepared Byork package &, Intelligence in Mobile BatteryApplications-
in close cooperation with partners of Work packageg 4ntelligence in Stationary and
Industrial Battery Applications and other ALBATpEBtners with the main purpose of

researching areas that are relevanttire development ofthe overdl sectoral roadmap

2Intelligence in Mobile Battery Applications (D5.1 Desk Research & Data Analysis; IR@@ase 1)(2020). https://www.project
albatts.eu/Media/Publications/4/Publications_4_20200930_12811.pdf
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ALBATTS conductetbtailed desk researctbased oninformation available orD2 Y LI YA Sa Q
websites, press releasescientific and technical publication®©ther <ience background
knowledgeresults from previousesearch worlkand contactswith the industry.

The main goal was to survey teaergy storageechnologiesdeing implemented irstart-ups

as well as in established companiésth holding the possibility to changbe landscape of
energy storage technologgontinuousy and disruptivelp ¢ K S  évidanBelRefevast to
compose thebigger picture of the futurdandscape reflects what is being studied at the
universities andesearchinstitutions and presented in scientific papers and conferences.

The United Kingdorhas created the Faraday Institutiowhich regularly publishesfaraday
Insightg3, evidencebased assessments of the market, economics, commercial potential, and
capabilities for energy storage technologies and the transition to a fully electri€dsiise
briefings are aimedto help bridge knowledge gaps acro® industry, academia, and
government. The Faraday Institution initiated its research prograenin 2018 withthe
following internal projects(1) extension of battery life(2) solid-state batteries(3) multiscale
modelling (4)recyclingand reuse. In 2019, the following projects were initiatés).electrode
manufacturing,(6) Lithium cathode materials(7) Sodiumion batteries,(8) Lithium-sulfur
batteries, and (9) battery characgrization. In 2020(10) batteries for use in microgrids in
emerging marketsand finally in April 202411)battery safetyThed 2 dzi 2 F (KS 02 E£
with the foundations being laid from the most disruptive architecture approadbes, Na-

ion batteries) to the solution of remaining problems (e.g. battery safety) and niches of
opportunities(e.g. batteries for use in microgrids in emerging marksems to indicate that

the UK is anticipatingechnologies witithe potentialto change the paradignThe UK seems

to aim to be one of the leaders in future battery technolo§pllowingthe latter strategy
under the lemmadFrom research discoveries to commercial spinnsé?, the institution is

shapedby 21 leadinginiversities, 50+ industry partners, and 45@searcher

82019/20 Annual Report The Faraday Institution(2020). The Faraday Institutiohttps://www.faraday.ac.uk/20120-annuatreport/
(accessedn 26/07/202)
“Research ProjectsThe Faraday InstitutionThe Faraday Institution. https://www.faraday.ac.uk/reseafelctessedn 26/07/2021)
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The dBatteries Europ€, on the other hand, strongly recommeed both European and
national authorities to immediately prioritce and support next generation as well as leng
term battery research and innovation to ensure the industgmains in EuropeA battery
3 Sy S Nlcatey@izatio@was establish(seeTablel) and the ELhasopened calls for Li
ion and soliestate batterie$ (Gen 4a and 4b)

Tablel: Prediction of the evolution of battery technology

Battery Technology(Electrodes active materials) Cell Chemistry/Type | Forecast market

generation deployment

Gen 3b wCathode: HENMC, HVS (higioltage spinel) | Optimized L-ion 2025
wAnode: silicon/carbon

Gen 4a w /FTiK2RS bal Solid state Lion 2025
w !''yY2RS {Ak/

wSolid electrolyte

Gen 4b w / FiK2RS bal/ Solidstate Li metal >2025
w !'Y2RSY fAGKAdzY YSi
wSolid electrolyte

Gen 4c wCathode: HBNMC, HVS (higioltage spinel) | Advanced soligtate 2030
w !'Y2RSY fAGKAdzY YSi
wSolid electrolyte

New cell gen: metahir/ | >2030

Genb5 wLEOz ¢ lithium-air / metakair conversion chemistries /
w [/ 2YOSNBAZY YIS SN I | newionbased insertion
w Y S dasadzystems (Na, Mar Al) chemistries

The industry, however, has its own pace and glabal. In this studyALBATTS has chosen to
focus ontechnologies that are already being developday the battery or batteryrelated,

industry.

SBatteries Europe(2020, July 9). Energ¥uropean Commission. https://ec.europa.eu/energy/topics/technolagg
innovation/batterieseurope_en(accessen 26/07/2021)

SEuropean Technology and Innovation Platform on Batteyiatteries Europe. (2020, Decembe3jrategic Research Agenda for batteries
2020 European Commission.
https://ec.europa.eu/energy/sites/ener/files/documents/battées_europe_strategic_research_agenda_december_2020__1.pdf
(accessed on 26/07/2021)

"Funding & tenderg2021). European Commission. https://ec.europa.eu/info/funding
tenders/opportunities/portal/screen/opportunities/topialetails/horizorcl5-2021-d2-01-03 (accessean 26/07/2021)
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Figurel: a | & LIS ¢ 3 NJg & expeRatidn$oOnioat ¢f the more significant battery technologies from the
research and development stage to mature technologies broadly adoptEais graph reflects ALBATS $erspectived

¢ KS dK e LiSgurel Na codequencef ALBATTS desk reseafch NBFf SOGa ! [
perspective,and does not intend to bguantitative it configures golausible approach and
aninterpretation of the lattery landscape.

The hype graph should be reédm right to left, e.g.,the only technology that is known to

0S FTR2LIWSR Aa GKS 2y&S The techdolatfyinihs todaitiénTisibibJNE R dzO i
which is a mature technology in full productiamd widespreaduse. Li-air isl traugh of
disillusionmeng as even if a lot of research was invested in this technolpyeraldifficulties
persistassociatedwvith the reduced cycle lifelue to high internal resistanceAll-solid-state

and LiS areon thedslope of enlightenmeritin the pathway to becoming mature technologies.

Naion suddenly reached the other side of tieeakof inflated expectation§ ® ! NBIl a2y
this may be related to the fact thatithiumis much less available and, thereforeyich more
expensivethan Sodiumand will eventually not be enough to cover all the fututemands

Naion batteries (NIB) malgecomea mature technology without passing the other stages as

part of the technology developed for ISilBpplies taNIBs.

All the other technologies arat the beginning of their development; some might not reach

maturity.

8 yRSNEGI YyRAY I DI(2I8Y Saxtiiea httpsd/midv.gartdeddord/éntdocuments/388776accessed on 26/07/2021)
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Figure2: Evolution of battery cells of premature and mature technologidzartialy adapted fron?.

Figure2 gives a historical perspecti# the specific energy evolution within thhirty years
of development of theLIB technologyit also gives comparison betweeithe specific energy

of future technologies that are closeo being mature.
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Figure3: Evolution of battery cells of premature and mature technologies. Adapted ffém

Finally, besides focussing on the battery technology, ALBAgIiI& a small overviewfo

capacitors, supercapacitors, afigel cells as these technologigsgether withthe batteries

SLithium sulphur (E8) is the alternative technology teiti. (2020, March 5). Oxis Energy. https://oxisenergy.com/technoltegtinology
(accessed 006/07/2021).

Wayu, M. Manganese Oxide CarbBased Nanocomposite in Energy Storage ApplicatioBslids 2021, 2, 232248.
https://doi.org/10.3390/s0lids2020015
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coveralmostthe full range of available power and energy storage densileseover, it is

also shown that all these technologiesvieasimilar working principles which are discussed in
this document.

Other fields of interest were the stakeholdeesjucationand up/reskilling needgjrivers of
change and EU framework which were researched to provide more background and

reasoning for the battery research and development within the EU battery sector.
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The methodological approach adopted by ALBATTS project partners to have an updated
overview of the Drivers of Change (DoC) influencing the battery seatartijose factors

which are key to transforming an industry) was the saasein thefirst desk research,
however focusing more on recently published reports of a more technicateatine reports

are, for the most part, those representing the whole battery value chain and compiled by
respected consultancy organisat®or projects. Complementing the literature review, recent
project resultd? wereintegrated as well agone-to-one interviewto eventually validate such

results.

This approach was aimed at confirmiegmplementingor amending the three macro areas

of DoC and the nine sutategories already identifieith 202Q which were:
Climate goals, regulation, and environmentahallenges

Batteries are one of the most important drivers to decarbonise land and maritime
transportation and the transition to a renewable power system. The process of
managing the complete lifecycle from concept to design, manufactseeyice,and
disposal contributes to the reduction in waste and pollution, whilst providing
opportunities for significant cost reductions andllingfor new skills in different areas.

For this macro area, the following s@ghtegories had been identified:

a. Reducing C®emissions from battery manufacturingncrease in the share of

renewable energies and energy efficiency in the productima battery value

chain would be a major step

b. Electrification and green energyatteries are a systemic enabland play an

important role in contributing togreenhouse gas neutraliiy the transport and

power sectors;

c. Widespread charging/refuelling infrastructur@ robust and suitable charging

infrastructure network is key to boost the developmenof storagebased

technologies easng access to more affordable battesystems.

Uintelligence in Mobile Battery Applications (D5.1 Desk Research & Data Analysis; IRB@ase 1)(2020). https://www.project
albatts.eu/Media/Publications/4/Publications_4_20200930_12811.pdf
2Survey Results for Battery Seci@021). https://www.projectalbatts.eu/Media/Publications/19/Publications_19 20210601_185540.pdf
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Globalisation

EV battey production is expected to heavily grow in the global markets and the EU must

be prepared to get a competitive advantage, particularly within the following sub

categories:

d.

f.

Access tgaw materialsis criticalfor the production okey componentsso smart

solutions are urgent to overcome shortagesome resources (limited in terms of

guantity or geographical presenge)

Global requlatory dialogue The Commission, Governmentand pubic

administrations in Europe will need twork in tandem forthe elaboration of

policies and strategies, from which the battery sector could benefit

Restructuringto facilitate the intermittent renewable energy sourcestructural

changesare expected in thdattery sectorto adapt tozero-emission mobility

New technologies

To swiftly act and mitigateclimate change and making renewable energy a reliable

alternative sourceit is essential to invest in storage systems, like batteries, for mobile

and

stationary usage. Technological features are intrinsicalynected, and the

identified sub-categoriegequire further developments:

g.

Co-funded by the
Erasmus+ Programme
of the European Union

Cybersecurityexponential growth of lohio BMS connected to a network, cloud
infrastructures and the navigation and location information necessary to optimise
the smart grid infrastructure can compromipevate and collectivesecurity. This
risky landscape requires the industry to modify thecsrrity approachand the

resilience of the infrastructures to cybattacks

Global technical harmonisation and standardisatiott® introduction of new

technology and changing market conditions watuire the sector supply chain

structureto adjust andmeet the challenges

Smart Gridstorage is one of the most important smart grid components due to
its key role in complementing renewable energy generation. With the proper

amount and type of storage broadly deployed and optimally controlled, renewable

e Alliance for Batteries Technology, Training and SkMISBATTSProject number 6126 7&PP1-20191-SEEPPKABSAB.
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generation can be transformed from an energy source into a dispatchable

generation source.

Thanks to further inputs frormn ALBATTS project partner expénneeting the three above
mentioned categories can be further integrated with a more specific sBrriwkers of Change
for new technologies thatjiven their importancecan be considered as trends on their qwn

aslisted below:

Battery capacity/energy densityclimate goals and environmental challenges are key
drivers to push the sector to invest into improving battery capacities, electric
vehicles with longer range are likely to pudimate goaldorward;

Improved charger performancethe shift from oil to electricity isone stepfor the
decarbonisation procesdepending onbattery capacityand also orbetter and faster
charging tools to boost the use of Battery Electric Vehicles (BEV);

Country independenceresulting fromCOVIBL9, countriesand compaies recognised
the need to be more independent both in terms of battery construction and materials

(e.g.,fabrication of own cells);

Battery as a structurethis refers to being able to use any structure (foundation of
ahouse, chassis of a car, structwéan airplane) as a batteryo reduce space, and
maintain the right weightthe centre of gravityand improve the charging infrastructure

itself;

Heat conversion into electrical energynvesting in processes to reconvert heat waste

(kinetic energy into electrical energy is importarnih the circularity of the process;

Safety: the global adoption of regulations anstandards in safety issues, especially

regarding charging/recharging/ and discharging of batteisesecessary

Energy accessible everywherenergy storagesystems are key for th&ansition to
sustainable energy sourcesuch as solar and wind enerdylping tomaintan (and

grow) current energy infrastructurstable and continuousverywhere

130neto-one meeting with Professor Helena Braga, Engineering Physics Department, University of Portéd(& 2025
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Highlights of Drivers of ChangdJpdate
Alsq for this deskresearch process, the identified DoC were analysed based on:

Occurrencewhether a DoC is citeith analysed reports; if a specific Driver of Change is
cited multiple times in the same report or different DoC are cited, their occurresce

countedin any casas 1;

Importance a ranking from 0 to 5 (0O = not possible to evaluate, 1= not important, 5 very

important) reflectsthe future status and direct implications on changes in the sector
Urgency recognises ®0C overwhelmig significasein aspecific time frame (year)

One potential limitation of this methodological approach is that it is not specifically focused
on the main topics of th second desk researahbattery manufacturingand future battery
technologiesThis is due to theatt that narrowing down the approach would have prevented

a harmonsed aggregation of data and trend analysis between the first and the second desk

research exercises, being the first one broader in terms of topics analysed.

Based orthe abovementioned methodological approach, thieend evolutionregarding the
occurrenceimportance andurgency of each Do&hdper sub-category iscomparedwith the

Desk research report from 2020

Globalisation New technologies
34,72% 25,00%

Figure4: DoC occurrence 2020 desk research

Climate goals, regulation
and environmental
challenges 40,28%
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Globalisation
13,33%

Figure5: DoC occurrence2021 desk research

Climate goals, regulation

and environmental New technologies
challenges 41,67% 45,00%

Overall, comparing the occurrence of the DoC in both desk resear€tyesd4 and Figureb),

0KS O2yaraidSyoe Aa O2yFANNSRO &/ tOKFITIESS yIRS 5t €a
FfyY2ad GKS aryYS ¢SAIKGZ odzi ayS¢ GSOKy2ft23AS
lyR aDf 26l fAalGA2yé RSONBIFASR AGa ¢SAIKG don
Comparing research analysis for each-sategory FigureandFigure7a K2 6 a9 f SOG NR F )
YR ANBSY SySNHe&¢ NBYFAYAy3a SldzZtte NBftSOIyi
YIydzFF OGdzNAy 3¢ 2dzYLISR (2 a4S02yR | yRp 663 fC®Sata
G2 NI¥Yg YFGSNAIf&aégd Aa GKS oNRX NBLX FOAy3 aGay
NBEaSI NOK LINPOS&aa ljdad t ATFTASR GKS fSIFad AYLEZ2NII

Electrification and green energy
Global regulatory dialogue
Smart Grid

Restructuring

Access to raw materials

Figure6: Occurrence of DoC subategories- 2020

Global technical harmonisation... desk reseach

Cybersecurity
Reducing CO2 emissions from...

Widespread charging/refuelling...

0% 10% 20% 30% 40%
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Electrification and green energy
Reducing CO2 emissions from...
Access to raw materials

Smart Grid

) ) Restructuring
Figure7: Occurrence of DoC subategories- 2021

Improved charging/refuelling...
desk research

Global regulatory dialogue
Global technical harmonisation...

Cybersecurity

When analysing the importance of each stdiegory in both researchebigure8 and Figure

W Al Aad aAAYAfINI& SOARSYOSR Yit KIdiF | ONBARIY A 3
Y2al AYLRNIIYy(GiX gKAETS al 00Saa G2 NIXYé YIFGSNRI
0KS NrylAy3o0 FyR aG3ft26Ff NBEIdz I G2NB RALFf 2 3dZ

However, it is important to highlight that such ciges are quite minor considering the
ydzYo SNA OAYRSSR al 00Saa (2 NIg M3gis&ddowt a¢ R
3.80).

Reducing CO2 emissions from...
Access to raw materials
Restructuring
Electrification and green energy
Global regulatory dialogue Figure8: Importance of DoC sulsategories- 2020

Global technical harmonisation and... desk research
Smart Grid

Cybersecurity

Widespread charging/refuelling...
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Reducing CO2 emissions from...
Smart Grid
Global regulatory dialogue
Restructuring

Electrification and green energy

Figure9: Importance of DoC susategories- 2021 desk
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Lastly,Figurel0andFigurell analyse and compare the urgency of each DoCcstibgories.

GDf 20 i2NBI&AIFf 23dz25¢ GdzNYySR 2dzi G2 o6S GKS
GNB&GNHZOGdZNAYIé D awSRdAzOAY3a [/ hu SYA&aarazya TN
most important and frequently quoted in the literature, is a challenge to be faced in the long

term (after 2030).

Access to raw materials
Cybersecurity
Reducing CO2 emissions from...
Global regulatory dialogue
Widespread charging/refuelling...
Smart Grid

Figure10: Urgency of DoC subategories- 2020

desk research
Restructuring

Global technical harmonisation...

Electrification and green energy

2020 2025 2030 2035

Global regulatory dialogue
Restructuring
Electrification and green energy
Improved charging/refuelling...
Figurell: Urgency of DoC subategories- 2021 Smart Grid
desk research Cybersecurity
Global technical harmonisation...

Access to raw materials

Reducing CO2 emissions from...

2020 2025 2030 2035
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Achieving the goals dfie Paris Agreement requiregobalefforts ofreducinggreenhouse gas
emissions,comprisingtransformation of energy systers, industrial sectorsand transport.

With its Green Deal and the aim to become climate neutral by 2050, the EU stands at the
forefront of these activities. As mentioned in the previous chapter on Drivers of Change,
batteries are one of the most importar@nablers fordecarbonigtion of road and maritime
transport and transition to a renewable power systefterefore, Europe needs to ranyp

its battery production, which must be based on continuous research, development, and
innovation to improve the current and come up with next generation technologies, attract

talents and achieva competitive position at the global level.

Batteriestoda@ Q& OF LJ 6 A £ A (i thérito abhieve yhe rgéquited perfolnfaric@ds
sustainability goals. The commercial success of batteries, in addition to perforncapeeity,
durability, sustainabilityand safety, also depends on cefective largescde production.
The focus of EU policies on key priority areas: digital, green will need to be complemented by

support for skills development

In this processBlU instrumentsplay a crucial role, encouraging aadceleraing private R&D
investments and actities. European companies recognize the greater need for structural
investment in climate change, but at the same tinmuallyfavour shorterterm goals. The
introduction of support instruments will ensure that companies do not face severe financial
constaints and reducehe risksof longerterm investments Therefore, there are important

research and innovation initiatives also under the umbrellthefEuropean Battery Alliance.
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Other legislative & funding initiatives at EU and national level

EU = Strategic Action Plan on Batteries
Business
Investment |BIP
Platform

Other partnerships

BATTE
EUROPE

Battery downstream & complementary

york programmes under Horizon Europe
EUROPEAN TECHNOLOGY work programmes under Horizon Europe

AND INNOVATION PLATFORM

Other R&I activities under Horizon Europe

* Batterles R&I strategies and short to MS led Important Projects of Common
medium term technology roadmaps

* Coordination of battery initiatives

* Drive forward SET-Plan action on
batterles

European Interest
=> R&I & and first commerical deployment

Interregional partnership on advanced battery
materials (ERDF/Smart special 1)

Capture a new market worth 250B€/year
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« Anetwork of research
institutions and industry
« Long-term technology

European battery Cell manufacturing -> Gigafactories

wrwe”| EBA250 Member States, EU-led initiatives

Figurel2: Overview of the Europeabattery ecosystem under the umbrella of the Europe&attery Alliance4

Anon-exhaustive list of different EU initiatives is mentioned below, illustrating the dynamic

battery ecosystem in recent years in Eurépe

The European Commission launched in 2019 the European Technology and Innovation
Platform (ETIP)n Batteries dedicated to the entire battery value chaBatteries Europe
European Technology and Innovati®latforms are generally recognised as key inddsiy
communities to develop and implement the Strategic Energy Technology (SET) Plan R&l
priorities, to foster innovation in lovearbon energy technologiesand bring such new
technologies to the markeBatteries Europérings together key stakeholders from the public

and private sectorseitablished companiesstartups, research providersand academia)

from all over Europe, and national and regional representatives in addition to relevant
representaties from the European Commissionhey provide strategic advice covering
technical and nosiechnological aspect®(g.,innovation barriers, need for specific research
activities,the potential for international and interregional cooperation and educatiany
addressing linkages with other sectors. Through its national and Regional Stakeholder Group,
Batteries Europe also serves as an information platform between member states and national
projects. Another example of ETIP, relevant for batteries applicatisETIP Smart Networks

for Energy TransitiofSNET).

14Strategic Research Agenda for batteries 2q2020) Batteries Etope.
https://ec.europa.eu/energy/sites/ener/files/documents/batteries_europe_strategic_research_agenda_december_2020 (atqedised
on 21/07/2021)
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BATT4ED is aco-programmedpartnership established under Horizon Eurapat aims to

achieve a competitive and sustainable European industrial vethaén for emobility and
stationary applications. It is a contractual pubjeivate partnership of the European
Commission and BERRatteries European Partnership Associafjomhich puts together
different industrial and research stakeholde¥8hile Batteries Europe focuses on identifying

all R&l needs across the battery value chain at every TRL level in a holistic manner, BATT4EU
shouldaim at the most critical R&I priorities to be addressed within the Horizon Europe Work

Programmet®

dTowardsZero-EmissionRoad Transport(2Zergél’ is a patnership within Horizon Europt®
achieve carbomeutrality in road transport by 2050 he 2Zero partnershiwill contribute to
the development of the next generation of affordable muéchnology options towards zero
tailpipe emission road transport faall types of vehicles from-®&heelers to Heawputy
Vehiclesand recharging infrastructurelt will also investigate zeremission innovative
mobility concepts and services for both people and logistics applicatioBsmilarly,

apartnership called Zer&missionVaterborne Transport®is focused on ships and ports.

To address the neefbr investments into disruptive new knowledge and technologies, the
European Commission launcheghattery 20304°. This largescale research initiative is
aEuropean programmedor longterm research on ultrdnigh performance, sustainable
batteries with smart functionalities. Gathering high standing researchers within academia,
institutes, and industry across Europe, the initiative aims to continuously provie
European battey industry with new tools and breakthrough technologi@wver 3 years, the
implementation of the BATTERY 2030+ research plan is &e@agtedn six researclprojects

with a total EU support af40.5 million.

1SBATT4EWhttps://bepassociation.eufaccessed on 18/08/2021)

1The ETIP Batteries EurogeBATT4EU(2021). >BATT4EU. https://bepassociation.eu/synergigbscollaborations/theetip-batteries
europe/ (accessed on 18/08/2021)

172Zero Emissiorf2021, June 25). 2Zero Emission. https://www.2zeroemission.eu/ (accessd@2021)

8Welcome to WaterborneSetting the agenda for Maritime Research in Europaterborne.eu Waterborne.Eu.
https://www.waterborne.eu (accessed on 21/07/2021)

19Battery 2030(2020). https://battery2030.eufaccessed on 21/07/2021)
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Other R&I activities
(under Horizon Europe, IPCEls,

S3 interregional Partnership, national and

bilateral instruments,...)

The Partnership on Batteries in
the European R&l landscape

Other Partnerships

Battery downstream & complementary

WP under Horizon Europe
Horizon Europe Pillar 3

I and other market uptake instruments
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Figurel3: Europeanresearch and innovation landscape in the battery technologies &Pea

To further accelerate the upscaling of premmercial projectdshe Commission launches calls

for IPCH in areas of strategic importance to the EU economy. An Important Project of
Common European interest is a tool to support research and innovation under specific EU
State aid rules. The rules have a specific provisiothMember States to fund disrupte

and ambitious research and development, as well as the first industrial deployment of the
technology in case of market failure. So far, the Commission approved two Batteries IPCEIs in
2019 and 2026%22

EBA258° is the European Battery Alliance's indiskr workstream. The European
Commissioninterested EU governments, investment institutions, and important industry,
innovation, and academia stakeholders are all connected through this cooperative ecosystem,
which has over 500 members. The European Cosiarishas entrustedEIT InnoEnergwith

driving forward and promoting EBA250 operations, acting as a network manager.

20 BATTERIESpwardsa competitive European industrial battery value chain for stationary applications and emdB0i#0, October 18).

[Slides]. BATTERY 2030PLUS -®&REKhttps://battery2030.eu/digitalAssets/900/c_9007441-k_battery-europeanpartnershp-ppp.pdf

(accessed on 207/2021)

21Press cornel(2019). European CommissioBuropean Commissiohttps://ec.europa.eu/commission/presscorner/detail/en/ip_19_6705

(accessedn 1006/2021)

2%i caro, M. (2021, January 29)! F LILINR @84 e H ®d 0Af f E@opeard réseaics antl irdvatibm pidjedt alcodtte2 y Rt |y
entire battery value chain. European Battery Allianbéps://www.eba250.com/euapprovese2-9-billion-state-aid-for-a-secondpan-
europeanresearchandinnovationprojectalongthe-entire-battery-value-chain/ (accessed on 106/2021)

ZEnergy Battery AllianceEBA250. (2021, April 1ABOUT EBA25&uropean Biery Alliance. https://www.eba250.com/aboteba250

(accessed on 21/07/2021)
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LIPLANEX is a project supported by Horizon 202fhd itsmission is tacreate anetwork of
research pilot lines for the production of litm battery cells Dividing work into several
expert groups will also focus on education and training, developing educational materials,

training experts ad pilot line operatorsor creating tranglisciplinary training programmes.

As for financial resouss in the area of & &I, the main EU instrument has been the
framework programme for research and innovation, in the period 202027 calledHorizon
Europe®®*Withal 2 G+t | £ £ 2 Ol ( XCiméte, EfergyamEMobiliytdsterf ukd2ry ¢ =
Pillar 1l or its Missions (e.g. Adaptation to climate change including societal transformation
andClimateneutral and smart citigs it will significantly contribute also to the battery related

research in theeomingyears.

Other importantsources of financing include European Structural and investment funds, Just
Transition Fund, ational recoveryand resilience plansunded from Recovery and Resilience

Facility or national RD&I. Significant amount of finances could be triggeredh®/ihvestEU
programne, whichshall supporh y @#Sad YSyda GKIFG O2y G4 NXodziS G2

Globallythere should be more than 3Wh Lion battery cell production capacities by 2030
Circa 30% of those could be located in Europe, according to niaaufacturers'
announcement¥’. As theanalysis of strategic dependencies and capac#fe@vith Lilon
batteries on the listhas shown, one of the key lessons of the C@G\MRrisis is the need to
identify strategic products in the most sensitive industeaiosystems. Work has already
begun on several dependencies identified in the EU Industrial strategy to address meanaly
these dependencies in more detail. Such measures include, in particular, the Action Plan on
Critical Raw Materials and the EuropeamiRdaterials Alliance. The impact of the measures

is enhanced by the analysis in the context of EldChemicas Strategy andconcerningthe

essential inputs (such as batteries) necessary for the green transition

2LiPLANET | Network of Research Pilot Lines for Lithium Battery Cells. https://www.liplanet.ewsbadcessed on 207/2021)

%Horizon Europe (2018, January 3). European Cossion - European Commission. https://ec.europa.eul/info/reseasanid
innovation/funding/fundingopportunities/fundingprogrammesand-open-calls/horizoreurope_en (accessed on 207-2021)

2Contribution to the Green Deal and the Just Transition ScheEwestEU. https://europa.eu/investeu/contributioigreendealandjust-
transition-scheme_er{accessed on 207/2021)

Z’Presentation by Dr. A. Thielmann and Dr. Ch. Neef from Fraunhofer Institute for Systems and Innovation Research ISkttegte at B
Virtual Exhibition on 2804/2021

28Strategic dependencies and capaciti@d21). https://ec.europa.eu/info/sites/default/files/swdtrategicdependenciesapacities_en.pdf
(accessed on 207/2021)
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Numerougesearchskillsandresearchifundsarebeing invested all over the worldtmpushing
forward energy harvesting and storag&éhe most important driving force pushing the
electrification of society is the urgency of reducing global warming

Nonetheless, technologwill only get ¢reak whenit gets out of the laboratorypench at TRL
4-5 and igdeveloped within atart-up, by early investorsor byan established companythis
latter consideration was whatguided ALBATTS tahoose what the most promising
technologies arelt was established that the technologi#isat are suported by companies
had ultimately a higher possibility to be commercialized in the futlmr@ables2 to 6 andthe
maps below thenexampleof thosecompaniesas well as the technologies they are investing
in, are shown.

While in the previousdesk researchieport of ALBATTS we have shown tdatpiteall the
research and development inBd,most of theEVsbattery makerswere usinggraphite as
anode and NMCsacathodenewdevelopments came to light, such the development of all
solid-state batteried®and, very recently the development of NIB by one of the most important
battery manufacturerswhich is CAPL, China.

Finally, we are looking forward tmllowing the next developments in batteries and other
energy storage technologies. Here we refer to several technologies that may be predominant

in the future based on all the investment that is being made in advancing these technologies.

Company Technology Website
i i ili https://www. advano.io/science/
Advang USA $|E upcycling scrap silicon waste from
semiconductor and solgvanel manufacturing
Amperex Hrst company to begin magwoducing NMC 811  https:/iwww.catl.com/en/
Technology(CATL) batteriesin 2019
China
NMC & NCA https://catalysts.basf.com/indust
BASEGermany ries/automotive
transportation/batterymaterials
Black Diamond SiQ & SIAI@C anodes https://www.blackdiamond
USA structures.com/technology/

2Electric, F. E. (2021, June®h , h¢ ! Qa hyf & | DlidStaté RatterpBded). YauBupd, ! Y
https://www.youtube.com/watch?v=ZAXyTNKQTKA&feature=yout(gleeessed on 10/7/2021)

30Batteries International. (2021, June 3)Sodiumion batteries to pose threat to lithium and lead industries
https://www.batteriesinternational.com/2021/06/03/sodiurion-batteriesto-posethreat-to-lithium-and-leadindustries/ / (accessed on
20/7/2021)

81The criterion for marking on the maps in this chapter is a country in whicpridbdkiced

Co-funded by the T Alliance for Batteries Technology, Training and SkMISBATTSProject number 6126 7&PP1-20191-SEEPPKABSAB.
Erasmus+ Programme 2 The European Commission's support for N2 Rdz0d A2y 2F GKA& Lidzot A OF GA-BIP678Hzy F oG S
of the European Union A S does not constitute an endorsement of the contents, which reflects the views only of the authors, and the Commissi

cannot be held responsible for any use which may be made of thenattion contained therein.



albatts

Alliance for Batteries Technology, Training and Skills

CPJUK

https://www.uk-cpi.com/next

Qurries forthe manufacture of electrodes

generationbattery-technology

Enwires France

Intrinsic, r and pdopedSlicon nanowiresSi
composites

http://enwires.com/

Hollingsworth and

Separators for LIB

https://lwww.hollingsworth
vose.com/innovation/

Vosg USA
Imerys Graphite & GNERGYTM high purigyaphiteand conductive , _
Carbon carbon black powderfor positive and negative | Ies/ ég"ﬁ;;’;&f?g;‘gﬁs
Switzerland electrodes olLIB
NMC
Innolith, new version stable to over 5V https:/finnolith comitechnology
Switzerland NMC and graphite electrodes using the Innolit

proprietary electrolyte

Korepower, USA

NMC & LFP pouch cells

https://korepower.cond

Leydenijar, the
Netherlands

Porous pire silicon anode, allowing it to absorl
the swelling of the silicon duringhiation

https://leyden-
jar.com/technology/

Materion, USA

Composite currentollectors

https://materion.com/technologi

es/compositemetals/

Johnson Matthey
Poland

S[bht
nicketrich advanced cathode materials
NMCB811 and NCe#athode materials
LFP cathode

https://matthey.com/en

NanoOne Canada

NMC811 cathodes

https://nanoone.ca/

Nanopow, Norway

Nanocrystalline $powder for LIB anodes

http://www.nanopow.eu/

Nanospan India

Graphene& nanoSicompaosites

https://nanospan.com/

Nexeon Japan

Si@C anodespnductive additives, electrolytess
binders

https://www.nexeon.co.uk/comp
any/

Northvolt, Swealen

NMC811 cathodes

https://northvolt.com/

PPKUSA

Boron nitride nanotubes

https://www.ppkgroup.com.au/

Silg USA

Nanotechnologies, Si anode

https://silanano.com/

Silatronix USA

Liquid electrolytes

https://silatronix.com/contact/

StoreDot Israel

Selfhealing 3Dorganic polymers
Organic Electrode Additives
Organic Binders
Organic Electrolyte Additives

https://www.store-
dot.com/technology

https://trionbattery.com/

Trion, USA Si@C anodes (15% Si)
. https://rom.umicore.com/en/por
UMICOREBeIqum NMC table-electronics/

Volkswagen Partnerships LIB https://www.volk/swagenag.com/

Germany en

Volvo Car .
Corporation Partnerships LIB https://group.volvocars.com/co

P & Structural batteries mpany
Sweden
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|_T_| g)NanoPow
et Silatronix. northvolt O -BASF

We create chemistry

enwires

JM

umicore

INNOLITH

MATERION

Figurel4: Companies developing new materials for L(&lection¥?

Table3: Companies developing 1S(selection$!

Company Technology Website
loLiTe¢Germany lonic liquids, L5 https://iolitec.de/en/products/
LiS https://www.chemengonline.com/legchemcompletes
LG ChemsS Korea landmarkdrone-flight-usinglithium-sulfur-battery/
LISTARUK LS https://www.listar.ac.uk/
NexTectBatteries LiS http://www.nextechbatteries.com/
USA
OXIS EnergyK LES https://oxisenergy.com/
. https://polyplus.com/leadproductglassprotected
PonPIus USA LES lithium-battery/
LS with boron nitri
PPKUSA S with boro tride https://www.ppkgroup.com.au/site/whatwe-do
nanotubes
Sion Power USA LS https://sionpower.com/
GrapheneLi anodesand
Zeta EnergyUSA https://zetaenergy.com/
9y Qulfur cathodes
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https://www.ppkgroup.com.au/site/content/
https://www.ppkgroup.com.au/site/content/
https://www.uk-cpi.com/next-generation-battery-technology
https://catalysts.basf.com/industries/automotive-transportation/battery-materials
https://www.blackdiamond-structures.com/
http://enwires.com/
https://www.atlbattery.com/en/index.html
https://www.imerys-graphite-and-carbon.com/applications/
https://innolith.com/technology/
https://korepower.com/
https://leyden-jar.com/
https://materion.com/technologies/composite-metals/
https://matthey.com/en
https://nanoone.ca/
http://www.nanopow.eu/
https://nanospan.com/
https://www.nexeon.co.uk/
https://northvolt.com/
https://www.advano.io/
https://www.hollingsworth-vose.com/innovation/
https://silanano.com/
https://silatronix.com/contact/
https://www.store-dot.com/technology
https://trionbattery.com/
https://rbm.umicore.com/en/portable-electronics/
https://www.volkswagenag.com/en/
https://group.volvocars.com/company
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Figurel5: Companies developingiS(selection}!
Table4: Companies developing Ni@election$!
Company Technology Website

CSyyl Ot 6270438y
2 K A (mSr@amework material
Altris AB Sweden consisting of sodium, iron carbpn https://www.altris.se/
and nitrogenis apositive electrode
materialfor Na-ion batteries(NIB)
Broadbit batteries Finland Sodium-based chemistries http://www.broadbit.com/

CATLChina Naion batteries https://www.catl.com/en/ess/
https://www.faradion.co.uk/technology

Faradlon UK Naion batteries benefits/strongperformance/
HiNa Batt(e:%n-;e(:hnmogy Naion batteries https://www.hinabattery.com/en/

Natron Prussian Blue

Natron Energy USA Sodiunglon Battery

(capacitor characteristics and https://natron.energy
architecture)
TIAMAT, France Na-ion batteries for mobility http://www.tiamat -energy.com/
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https://www.ppkgroup.com.au/site/content/
https://www.ppkgroup.com.au/site/content/
https://oxisenergy.com/
https://zetaenergy.com/
https://sionpower.com/
https://polyplus.com/
https://nextechbatteries.com/
https://www.listar.ac.uk/
https://iolitec.de/en
https://www.lgchem.com/main/index
https://www.ppkgroup.com.au/site/what-we-do
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Natron Energy
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Table5: Companies developing Sokstate batteries (selection!
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Figurel6: Companies developing Ni@electiony!

Company

Technology

Website

ABEE AvestaBelgium

SSE

https://abeegroup.com/

Albufera, Spain

Al-air and Al SSE
Advanced iomgds

https://albufera-
energystorage.com/tecnologia/

AmperexTechnology
(ATL), CATIChina

lithium-iron phosphate (LFP)
cathode with SSE

https://www.atlbattery.com/en/about.ht
ml

Battsys China

Lion polymer electrolyte

https://www.fe123battery.com/en/

2 f & gubkkglianBlue
Solutions France

Lithium Metd Polymer(LMP)

https://www.bollore.com/en/activiteset-
participations2/stockagedelectricite-et-
systemes/bluesolutionsfilms-plastiques/

energy ColLtd, China

ina https://en.calbtech.com/product.html
CALBCh SSE

Factorial EnergyUSA SSE https://factorialenergy.com/
Guaxuan Hightech power SSE https://gosavetime.com/guoxuadi-tech-

announcessolid-state-battery-roadmap/

Hitachi ZosenJapan

All-solid-state Lithiumlon Battery
(working @-403 to 1008 )

https://www.hitachizosen.co.jp/english/t
echnology/hitz
report/2018h30_11/index.html

Honcell China

Liion polymer electrolytencluding
LiFeP®@power cells

http://www.honcell.com/

Hydro QuebecCanada

Polymer and ceramic SSE

https://www.hydroquebec.com/transport
ation-electrification/battery
materials.html

llika, UK

SSE

https://www.ilika.com/

lonic Materials USA

Polymes

https://ionicmaterials.com/
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LG ChemS.Korea

SSE

https://lwww.lgchem.com/main/index

Murata Manufacturing,
Japan

Oxide ceramic SSE

https://www.murata.com/en
us/news/batteries/solid_state/2019/0626

Panasoni¢Japan

Lrion SSE

https://news.panasonic.com/global/topic
s/2020/79803.html

PolyPlusUSA

Glass Protected Li Metal Batterie
feature asolid-state lithium

https://polyplus.com/

Prieto Battery, USA

3D SSH FHon battery

https://www.prietobattery.com/

Prologium Taiwan

90% ceramic SSE / liquid

http://www.prologium.com/index.aspx?0
2FOEA87FB60FF526BD81D51338B43

QuantumScapeUSA

Anodeless (Li) with ceramic SSE

https://www.quantumscape.com/

SAMSUNGS.Korea

silvercarbon (A¢C) composite
layer as the anodeith Sulfide
(working @ 60C, 20 atm)

https://news.samsung.com/global/samsy
ng-presentsgroundbreakinegll-solid
state-battery-technologyto-nature-
energy

Solid Energy (SES)SA

Polymer + Liquid

https://launch.ses.ai/

Solid Powey USA Sulfide SSE https://solidpowerbattery.com/
https://www.solvay.com/en/innovation/s
Solvay Belgium SSE ciencesolutions/fastchargingsafe

batteries

TNQ The Netherlands

SolidState 3D Technology

https://www.tno.nl/en/focus-
areas/informationcommunication
technology/

Toyota Japan

Sulfide SSE

https://www.toyota.ie/world-of-
toyota/articlesnewsevents/2021/solid
state-batteries.json

[m]

FFactorial

POLY
PLUS

Solid
Power

N
%rlt/u_mchpe

ionic

MATERIALS

JABEE

\]0 LVAY

lika—~
e,

TNO
VA

BlueSolutions

BOLLORE

Bl 4 =i

cae B

BATTSYS SAMSUNG SDI
N
TOYOTA

ATI

Panasonic

mulRata

NNOVATOR IN ELECTRONICS

Hitz

GUOXUAN HIGH-TECH

Hitachi Zosen

HaNCEL.L.*\ @ LG Chem

Prologium

Figurel7: Companies developing Sokstate batteries (selectior!
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https://www.blue-solutions.com/en/
http://www.prologium.com.tw/index.aspx
https://www.fe123battery.com/en/
http://www.honcell.com/
https://abeegroup.com/
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Company

Technology

Website

Beyonder Norway

Supercapacitors
including Lithiurrion capacitors

https://www.beyonder.no/technology

Cerman.power+

Ultracapacitors USA

Battery High Power Battery www.cermanpower.de
(Envites Energy) With ceramicseparator
Germany
loxus USA Lithium Capacitors https://ioxus.com/product/cells/
https://www.eaton.com/us/en
Eaton USA Capacitor and capacitor banks ‘:jsléfrrlgﬂzgﬁ/ggﬁﬂg”;;’ggﬁ;ﬁﬂ‘xg
capacitors.html
Supercapacitors _
Fastcap 12 6SNBR 68 bS200F N https://www.fastcapultracapacitors.co

binder-free electrodes

m/

Fujikurg Japan

Largecapacity Lithiurdon Capacitor Cells
and Modules

https://www.fujikura.co.jp/eng/newsre
lease/products/2051508_11777.html

General Capacitqr

Lithium capacitors

https://lwww.ga.com/capacitors/

Corporation USA

USA
Geysgr batteries Water-based electrolytes https://www.geyserbatteries.com/
Finland
JM Energy https://www.jsr.co.jpl/jsr_e/news/2020

Lithium capacitors

/20200127.html

Kamcap China

Supercapacitors

https://www.kamcappower.com/

LICAPUSA

Ultracapacitors and Lithiuron Capacitas

https://www.licaptech.com/?gclid=CjOK
CQjw906HBCrARISADX5qCR6rcFd
D6Lgopo3D3eaelQBnGPhTWkKIdnH_|

8FLs6gzGASau4QaAmKOEALwW_wdg

Maxwell
TechnologiesUSA

Including Lithium capacitors

https://www.maxwell.com/

Murata
Manufacturing,
Japan

Multilayer ceramiaapacitors, Polymer

aluminum electrolytic capacitors, Silicor]

capacitors, Higttemperature film
capacitors for automotive

https://corporate.murata.com/en
us/company/business/capacitor

Panoramic
Laboratories USA

bS20FNb2yAEun St S(
Ultracapacitorsl Y R ¢ KSNXY S E
interface gap filler pads.

https://www.nanoramic.com/

Nawa, France

Nanotube structurdor electrodes

(conductive polymers, Lithium, Sodium

Silicon, SulfurTitanate, and others)Ultra-
Fast Carbon Battery

http://www .nawatechnologies.com/en
home-english/

Nippon ChemiCon
Japan

EDLC supercapacitors

https://www.chemicon.co.jp/en/

Olife, Czech Republi

Combination of Lion battery cells and
supercapacitors

http://olifebattery.com/batteries/en/b
attery/technology

Polymer and EDLC supercapacitors

https://na.industrial.panasonic.com/pr

Panasonchapan oducts/capacitors
Skeleton
Technologies Ultracapacitors https://www.skeletontech.con
Estonia
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Lithiumlon Capacito(LIC) and its hybrid

SPELIndia variant ag)[/j)ba:g tt:mﬂgg? Battery https://www.capacitorsite.com/

EDLC Supercapacitoith Activated Carbor]

Electric Doubld_ayer
Taiyo YudenJapan Capacitorand

Lithium Capacitors
Electrochemical Doubleayer Capacitor

https://www.yuden.co.jp/eu/

Yunasko UK (EDLC) https://yunasko.com/en/technology
and Lithiumlon Capacitors
ZapGo UK Carbonlon https://zapgo.com/
ZoxCell Hong Kong Graphene Super Capacitor https://www.zoxcell.com/
22 cerman.power+
FastCap’ BEYONDER
Ultracapacitors
NAWA G=Y R TAIYO YUDEN
TECHNOLOGIES E E+ F Fujikura
TECHNOLOGIES NIPPON
b i

Lcap. = @ =T TOKIV

a YAGEO company

J@ Panasonic
energy //" ZAPXG O nuLRata
Maxwell i

INNOVATOR IN ELECTRONICS
Enabling Energys Future

(6> GENERAL CAPACITOR OXU S @Zoxcell

TAISPEL

INVENTING GREEN SOLUTIONS

Figurel8: Companies developing Supercapacitors ddiiracapacitors- including Lithium capacitors (selectiof¥)
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http://olifebattery.com/batteries/
https://www.capacitorsite.com/index.html

fralbatts (e

Alliance for Batteries Technology, Training and Skills

Electric vehicles (EVare becoming seriousubstitutes to internal combustion engine
vehicles?. According to the InternationdEnergy AgencftEA) electric vehicles accountedr
2.6% of global car sales in 2019. This value increased to 202, surpassing the initial
estimate of 3% provided by thiE&2, Accordingto the agency, the coronavirus pandemic
caused an unbalanced drap global car sales, more aggravated rion-electric vehicles. EV
sales increasiby 40%%in 2020. LIBs represent a significant market sluditbe batteries for
EV vehicles.

Selfsustainablemicrogrids are viableptionsto ensureno overflow of thegrid which were
not anticipatedto withstandthe household'ssmall and discrete supplies of enerilicrogrids

should harvest and storkeee energywhenavailableto serve when harvesting is not possible

Essentiatonceptso understandenergy storage devici

In an energy storage device, suah a batterycell, the current of electronshat circulates in
the external circuitsupplyingthe energyis driven by the difference in chemical potentials
between the electrodes ie., related to the internal energywhich in turn is relatedo
temperature composition, pressure, magnetic and electric properties).éiere are, some
important concepts that are common to most energy storage and even to energy harvest
devices:
As the batterycell discharges, the electrons circulate spontaneously from the
negative electrode (anode) to the positive electrode (cathad&yurel9 shows the
electrons in yellow conducted through the external circuit and lightiregLED.
The electrons move from the electrode with thigher to the lowe energy, or better,
from the electrode with thehigher to the lower chemical potential, to equilibrate
them (seeFigurel9electrons in yellow conducted through the external circuit)
The ions diffuse in the electrolyte to compensate for the difference in chemical

potentials between the electrolyte and the electtes(seeFigurel9Li ions in red)

%2Salgado, R.M.; Dai, F.; Oliveira, J.E.:A&#ab, A.; Camanho, P.P.; Braga, M.H. The Latest Trends in Electric Vehicles Batteries. Molecules
2021, 26, 3188. https://doi.org/10.3390/molecules261131

33\Wheeler, EElectric Vehicles to Set New Market Share Record in 202Q Available online:
https://www.spglobal.com/marketintelligence/en/newmsights/latestnewsheadlines/electrievehiclesto-setnew-marketsharerecord
in-202059050766 (accessed orird2021).

%4Gorner, M.; Paoli, How Global Electric Car Sales Defledtid19 in 20202021. Available online: https://www.iea.org/commentaries/how
globalelectriccar-salesdefied-covid19-in-2020 (accessed of17/2021).
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As the electrons cannot be conducted through an insulatmh asanelectrolyte(per
definition of insulator) the ions move in the electrolyte instead, locally changing the
concentration of the electrolyte and, therefore its chemical potential, to allow the
dynamicenergy equilibration between the electrolyte and the electrodes.
As the batterycell discharges, thenergies of the electrodes tend to equaligsee
Figure20 ¢ discharge)
The charging process is not spontaneous; hence electrical work is to be supplied by an
external source, such as a charger, to charge the batteries by recovering the chemical
potentials bias and overcome the internal resistance to ions and electrons movement,
whichresults in wasted hedseeFigure20 ¢ charge)
The element vith the highest practidachemical potential is Lithium aridereforethe highest
battery-cell voltages (energies per charge) are obtained with Lithium as the anode. The
graphite, which is used as anode in thadn batteries, when lithiated after being alged
resulting in the insertion of LitB dz3 K ( KS 3 NJshdishalcibemidal poientiay tBad
only differs 0.10.2 V from the chemical potential of the lithium. This is one of the reasons why
graphite is used in lion battery cellsas anode the aher reasons are related to safety and
with the graphite maintaining its chemical potential almost constant while most of the high
voltage traditional cathodes dischargallowing the maximum capacity (charge, &)the

highest voltage to be obtained.
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Figure19: Schematics illustrating the discharge of a battery (spontaneous dynamics); a) representation of the circuit;
b) representation of the variation of the internaénergies (chemical potentialsjhe movement of iors inside the cell and
electrons in the external circuit while the battergell discharges. For charging, external energy has to be supplied to the
circuit to overcome the difference in chemical potentials between the anode and the cathode as well as tkenal
resistance to the movement of the ions and electrons.
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Figure20: Charge and discharge of alLP half batterycell with a liquid electrolyte to illustrate a battery cycfé

Other devices such as capacitors, photovoltdi@sistors, pn junctions fuel cellsamong
others work under very similarprinciples The differences in thenechanisms governing the
latter working devicesare responsible for example,for the different spedfic energyand
power.

A Liion battery, besides being constituted by electrodes (anode and cathode) and electrolyte,
also contains metals that are current collectors and that facilitate the exchange of electrons
between the external circuit and theectrodes. As in a-an battery, the electrolyteis usually

a liquid, a separator must be placed between the electrodes to avoid short cirfEigtse21
shows the most important constituents of aibh and theircorrespondingpercentagesand
Figure22 shows how the gravimetric (specific) and volumetric energy decrease from their
maximum in the simplest architecture (in which only active materials exist) to their minimum

in the application.
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Sample cathode material
breakdown

Active cathode material:
e.g.. lithium cobalt oxide,
Anode: lithium nickel
e.g., graphite cobalt aluminum oxide
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Figure21: Materials used inLIBcells Adapted fron#6

Inactive materials: Decrease of gravimetric and volumetric energy
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Figure22: Inactive materials: decrease of specific energy and energy densgitapted from European Commissiéh

BLGQa GAYS G2 3ISG & Sindbatdzies (2009 CiemidalSROgindiy Wevs. thitpsl/ieh.dz¥.org/materials/energy
storage/timeseriousrecyclinglithium/97/i28 (accessed on 21/07/2021)

S’Cloudflare (2020). All about Circuit. https://www.allaboutcircuits.com/news/chinél-accountfor-two-thirds-of-the-globatev-battery-
value-chainby-2030/ (accessed on 21/07/2021)
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The first Lthium-ion battery (LIBEells were commercialized in the 199%sdtodaythey are
widespreadthroughout the planet What are the main challenges that remain and that drive
the R&D around the world ianiversities, RTOs, small and big companies?

(1) Increasing safety by reducing dendrite formation aweéntually by changing technology
(2) Increasing power and energy density by usimgher capacityanodes €.g., Si@C and
Lithium metal) with higher capacity cathodes such as sulfu) @d tailored engineered
implementations €.g.,by not soldering the tabs);

(3) Decreasing the use of less widely available materials such as Gabalaging NMC811
formulation);

(4) Increasingecyclability implementing second life strategiesnd use of environmentally
friendly materials;

G)WSRdzOAYy 3 GKS @2fdzyS o6LIJ O10 o6& AYyONBIaAy?3
safety package with safer electrolytesd.,solid-state);

(6) Using all the available structural volur(eg. using structural batteries)

(7) Reducing the thermdbattery management systemTIBMSusing ceB architectures that
do na require flammable electrolytes

(8) Reduang fabrication and energy cost;

(9) Associating harvest with storage reduce energy cosind improve efficiency

Drawbacksf transformirg the established tion technology and productid

(1) Economic investment in research and development and qualified jobs;

(2) Necessity to envert existing infrastructures and equipmerte.g., increasing the CO
footprint momentously;

(3) Increase in raw materials demandsd.,Li, CO;

(4) Using the available structural volume to store energy implies addressimgjtaneously
mechanicaland electrochemical properties and using safe electrolytesy.( ionic liquids,
polymers, epoxies, and ablid-state electrolytes that usually have a low ionic conductivity <
108 Scnb);

(5) Associating harvest and storage capabiliadslsto the complety;
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(6) With new solutions come new problems to be addressed.
Hereafter, the abovechallengesand drawbacks are going to l@nalysedwithin different

batteries architectures.

Asexposedpreviously®, the main reason fothe LithiumQ attractiveness for EV batteries is
its high electroactivity (chemical potential)since this type of higjpower vehicle ha
substantially high voltage requirements in the range of 40800 V. LIBs allow for fewer
batteries and battery packgsee Figure22) to be associatedn seriesto match the latter
voltages, consequently reducing thenternal resistancéeading to lover heat losses, smaller

size componentsand thus reducing weight and cost.

< 4 ~
Silicon coating
compounds and/or other materials
carbon black, nanoparticles (e.g. SI@C)
nanotubes, graphene (e-g- SiNW, SiNP, Sny;5i5,Cy5) -9-

Figure23: Negative electrodes' latest trends towards the future

Although graphite was introduced to substitute the Li anode in the 1980s dsafédy, there

are still safety issues associated with this active anode. A fast chagevhen the battery

is charged at low temperatures) may result in dendrites' growth, eventually leading to short
circuits. Dendrites are metallic whiskers (fractais)ithium that can show sharp ends, which

can perforate the separator and lead to short circuits.

Graphite anodesiot only possess relatively low specific capacity (theoretically, 372-HhA.g
but also have a typical cycle life of thensaorder as standard NMC cathodes, which means

that graphite can limit the cycle life of the c8ll

38n: Essential concepts to understand energy storage devices
3ToshibaWhat is SciB? 2026ttps://www.scib.jp/en/about/index.htm (accessed @#/07/2021).
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Thereductionof the cycle lifeof a battery celis largely attributed to the chemical instability
that occurs at the electrode/electrolyte interfat® This fact, besides motivating research to
find new materials, led to the development of Carbon coated graphitic an@eesigure23).

The advantages thus obtained consist of:

(1) a thinner solid electrolyte interphase (SEl), potentially leading to higher caffacisythe

SEl consumes®lq it is a mixture ofsolid-state insulating compounds mainly containing
lithium;

(2) a reduction of chemical instability between electrode and electrolyte leading to a great
improvement in cycling performante

It is noteworthy that the SEI i®rmed spontaneouslywhen the negative eletrode and

electrolytebecome in contact during charge

If the Lower Unoccupied Molecular Orbital (LUMO) of the liquid electrolytddvesr energy
than the chemical potential of L4C (LiG), an electron current leakfrom the negative
electrode to the electrolyte to align (equalse) their chemical potentials Those leaked
electrons reduce ldions and subsequently LiF;@j and LICQ are formed for the most
commonelectrolyte solution,a carbonate solventand LiP§). The formation of thesand
other insulators inhibits the leakage of electrons to the electrolgeabling the conduction
of electrons throughout the external circuitherefore, the Bl layer is very important in LIB
and is responsibleper sefor a great deal of research. Ihd industry, the formation athe SEI

layer in LIB is part of the optimizing routine before the cells |¢hgdactory.

Other types of Carbcebased anodes wh higher capacities have been the subject of research
efforts, namelyCarbon nanotubes and graphene. However, their use is limited due to the cost

of the manufacturing process and discharge capacity degradation, respectively, although the

4ToyoharaToshiba IR Day 2019 Battery Divisip019. Available online: https://www.toshiba.co.jp/about/ir/en/pr/pdf/tpr20

191114 7e.pdf (accessed 64/07/2021).

4Zhang, H.L.; Liu, S.Hi; F.; Bai, S.; Liu, C.; Tan, J.; Cheng,Hektrochemical performance of pyrolytic carlmmated naturalgraphite
spheresCarbon 2006, 44, 22§2218.

4Li, P.; Zhao, G.; Zheng, X.; Xu, X.; Yao, C.; Sun, W.; DRec&Kprogress on siliclased anode materials for practical lithition battery
applications Energy Storage Mater. 2018, 15, 4226.
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latter have shown promising recent results, suggesting that this bawmigirbe overome in
the future®.

Silicon anodes have long been the subject of intensive research due to their relative
inexpensivenessS| is the2" most abundant element on the surface of Earth), very high
specific capacity (theoretical capacity approately 4200 mAh:gfor LboSs and 3579 mAhg

L for LisSk phasesy**°, and working potentialapproximately0.4 Vlower than Lithiumwhich

is higherthan the commercial graphite but lower thabiTsO12 (LTQ?6. However, due to its

low density, highvolumetric expansion assotel with cycling (lithiation),electrical
conductivity, and unstable SEI film formattGnmaterializations of this anode have suffered
from performance degradation at an early st&§eThe most promising solution for
overcoming his problem passes bynanocrystallizatiof? and the development ofSk
composite materials (frequently combined). The main challenge that prevents its industrial
development is high manufacturing cost and/or severe degradation mechanism. The former
is relatad to the complexity of design solutions proposed for mitigating the latter, which is
mainly caused by the disadvantages mentioned above hiigevolume variationgrom 200

to 400 during discharge/charge lead to a direct capacity loss (severe cracking), a
broken/renovated SEI films, which consumes Li ions and the electrolyte, hampering ionic
conductivity and reversibility (the initial formation of an SEI layer is responsible fotowery
Initial Coulombic efficiency 1€ Smilar to Nirich cathodes, mehanical stresses induced by
volumetric expansion/contraction lead to severe crack initiation/propagation, and particle

pulverizatio®’. The advantages of using nanoparticles in composite materials are closely

4Son,Y.; Kim, N.; Lee, T.; Lee, Y.; Ma, J.; Chae, S.; Sung, J.; Cha, H.; Yoo, ¥ajeDderidgCompatible Macroporous Architecture for
SilicomgGraphite Composite toward Higfnergy Lithiurion Batteries Adv. Mater. 2020, 32, 2003286.

4Zhang, W.JBtrucure and performance of LiFeP&@thode materials: A review. Power Sources 2011, 196, 288%70.

“Mohamed, N.; Allam, N.lRecent advances in the design of cathode materials4onlbatteries RSC Adv. 2020, 10, 21682685.

48Lju, X.H.; Zhong, L.; Huang, S.; Mao, S.X.; Zhu, T.; HuadgeD&pendent Fracture of Silicon Nanoparticles During Lithiafi@8 Nano
2012, 6, 1521531

4Bhandakkar, T.K.; Gao, Eohesive modeling of crack nucleation in a cylindrical electroder axisymmetric diffusion induced stresses
Int. J. Solids Struct. 2011, 48, 282309. doi:10.1016/j.ijsolstr. 2011.04.005

“8McDowell, M.T.; Ryu, |.; Lee, S.W.; Wang, C.; Nix, W.D.; Swid¥ng the Kinetics of Crystalline Silicon Nanoparticle Lihiatith In Situ
Transmission Electron Microscogydv. Mater. 2012, 24, 6088041.

4Domi, Y.; Usui, H.; Sugimoto, K.; Sakagucltffielct of Silicon Crystallite Size on Its Electrochemical Performance for-lithiBatteries
Energy Technol. 2019, 75800946.

5Hwang, S.W.; Yoon, W.Fffect of Li PowdeCoated Separator on Irreversible Behavior of ®€lO¥node in Lithiuson Batteries J.
Electrochem. Soc. 2014, 161, A17A3758

51 iu, X.H.; Zhong, L.; Huang, S.; Mao, S.X.; Zhu, T.; HuaBigeDafendent Fracture of Silicon Nanoparticles During Lithia#hd®S Nano
2012, 6, 1521531
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related to increasing ionic conductivity and diigning porous structures capable of

accommodating large volume changes.

In recent years, research on composite Si anodes has mainly followed the core/shell and

yolk/shell approach (se&igure 24) towards designing electrodes with superior capacity
retention and/or rate performance?®354555657585960 Besides Si@carbon, multiple mullti
material solutions for the matrix have been proposeften combining carbon with a metallic

material (segigure23).

Carbon and Metal Shell

SiNP SiNP +M* SiINP +M'+C
(nano particles) (M - metal) (C - carbon)
Yolk/Shell

Figure24: Examples of Shased engineered structures

In summary, the main driver of change for the negative electrodes is related to safgty (

the possibility of charging fast even at low temperatures without compromising safety).

5%Kelly, APollution Causing Birth Defects in Children of DRC Cobalt tySmedy 2020. Available online:
https://www.theguardian.com/globatevelopment/2020/may/06/pdlution-causingbirth-defectsin-children-of-drc-cobaltminersstudy
(accessed 0d/7/2021)

%Hu, J.; Wu, B.; Cao, X.; Bi, Y.; Chae, S.; Niu, C.; Xiao, B.; Tao, J.; Zhang EXoktam df the ratdimiting step: From thin film to thick
Ni-rich cathodes J. Power Sources 2020, 454, 227966.

SWNNE Sy @ahs iswwhy NMC is the Preferable Cathode Material fotonLi Batteries. 2019 Available online:
https://lghomebatteryblog.eu/en/thisiswhy-ncntis-the-preferable cathodemateriator-li-ion-batteries/ (accessed o#/7/2021).
SBhandakkar, T.K.; Gao, Bohesive modeling of crack nucleation in a cylindrical electrode under axisymmetric diffusion induced stresses
Int. J. Solids Struct. 2011, 48, 28R309. doi:10.1016/j.ijsolstr. 2011.04.005.

%Zhang, H.; Zong, P.; Chen, M.; Jin, H.; Bai, Y.; Li, S.; Ma, F.; Xu, Hn San S¢nthesis of Multilayer Carbon Matrix Decorated with Copper
Particles: Enhancing the Performance of Si as Anodelfan BatteriesACS Nano 2019, 13, 3@3062.

5"Majeed, M.K.; Ma, G.; Cao, Y.; Mao, H.; Ma, X.; MaM#&talcOrganic FrameworkBerived Mesoporous Si/SiOx@NC Nanospheres as a
LongLifespan Anode Material for Lithiuton BatteriesChem. A Eur. J. 2019, 25, 11€01997.

%8Shi, M.; Nie, P.; Fu, R.; Fang L8 Z.; Dou, H.; Zhang,Catalytic Growth of Graphitic Carb@wvated Silicon as Higrerformance Anodes

for Lithium StorageEnergy Technol. 2019, 7, 1900502, doi:10.1002/ente.2019005 02.

Liu, J.; Li, C.; Dong, B.; Yan, Y.; Zerrin, T.; Ozkan ki, GzSScalable cordlike silicon powders with thredimensional interconnected
structures for lithium ion battery anodeBnergy Storage 2020, 2, e187.

80%yang, J.; Wang, Y.X.; Chou, S.L.; Zhang, R.; Xu, Y.; Fan, J.; Zhang, W.X.; Kun Liu,XueDaa, R glkshell silicormesoporous carbon
anode with compact solid electrolyte interphase film for superior litionmrbatteries Nano Energy 2015, 18, k3312.
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Positive

electrodes

= e
= LFP
(LiFePO,)
Stable
NMC712and NMC811 More costly than NMC Not hazardous
forless Cobalt ~ LesssafethanNMC Lower specific energy

Figure25: Positive electrodeSlatest trends towards the future

Generally, commercial LIBs possess one or several types of combined oxide as active materials.
These cathodes can be divided into layered, spinel, and polyanion oxides with layered, spinel,
and olivne structures, respectively. Even though substantial improvements on all types of

OF iK2RSaQ SySNH& ad2Nl3S FSIddNBa KIF@dS 0SSy
stability of cathode materials are largely a consequence of its oxide structure.

The main driver of change of cathode research is to reduce the Cobalt content and increase

the batteries' safety while increasing the energy density leading to a grestge (sed-igure

25).
NMC NCA Cost
Life Span “._Specific Energy Life Span_~ |~ _Specific Energy
Performance —. -8 pecific Power Parformance = — ~~l 5pecific Power

Safety

Figure26: Characteristics of the tion cathodes (NMC, NCA, and LFP) used today and expected to beshsettly in Lrion
batteries for EVs

Lithium Nickel Manganese Cobalt oxitlC(LiNiMnyCaO, with x+y+z = 1gathodes ekRibit

a plateau (working) voltage between 4.3 and 3.7 V fom aexperimental capacity of
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approximately 150 mAh:}(cut off 2.0 V) anthe lithium Nickel Cobalt Aluminiunxime,NCA
(LINKCGALO, with x+y+z = 1¢athodes exhibit a plateau voltage between 4.3 and 3.5 V for a
capacityof approximately 173nAh.g* (cut off 2.0 V)
Nickel is known for its high specific energy but poor stability; manganesesfarspinel
structure achieing low internal resistancéo the lithium conductionbut offers low specific
energy. Combining the metals enhancssch othefd strengths.Cobalt stabilizeshe nickel
regarding oxygena highenergy active materi&l. The cobalt, thereforge avoids oxygen
releases stabilizing the crystal structure.
Previously it was mentioned that LIBs dominate the global market, and the cathode exhibits
some of the most determinant characteristics of batteries used in commercially available
electric vehicles. Furthermore, all passenger vehicles sold the European market use
batteries with cathodes containing Cobalt. Tesla and Panasonic have developed battery cells
with NCAas the cathode and all models sold by Tesla on the European markebateges
based on this systenOn the other hand, the vast majority of car manufacturers incorporate
batteries with NickeManganeseCobalt oxide as the cathode type, with a clear tendency for
the NMC622 ratio (LibliMnoCa.20)8? as highlighted in the firsALBATS Deskesearch
report. LG Chem, one of the world leaders in the number of NMC batterie&3ssttbws
aclear strategy for reducing cobalt content that consists of developing new cathodes with
more favourableratios (reducing the Cobalt content while maintaining or enhancing the
performance). The company is focusing on developing NMC712AUiNi1Ca.202), NMC811
(LiNb.eMno.1Cm.107), and NCA chemistries for the next generation of electric velifo{sse
Figure25).
Finally, Northvolt summarizes in one sentence all the cathodes stestieg Cobalt containing
cathodes:

0All the development around NMC 8lds been to keep the high energy densityle

maintaining the stability and cycle lif&®.

61Battery University. (2020, March 4BU205: Types of Lithiuion. https://batteryuniversity.com/article/bu205typesof-lithium-ion

(assessedn 0407-2021).

62Salgado, R. M., Danzi, F., Oliveira, J.4BzdH, A., Camanho, P. P., & Braga, M. H. (2021). The Latest Trends in Electric Vehicles Batteries.
Molecules 26(11), 3188https://doi.org/10.3390/molecules26113188

BA¢SAafFQa wSt dzOlFyd [/ 2YYA G Y-BndyiHothe2020. 2vailatflelonlihe: hitds: Mafviv.ye@ersic@m/antidlefusS NE&
teslacobaltahomeidUSKBN23U20Q (accessed@r07/2021)

&Phadatare, M.; Patily®T . £ 2YljdZAadZ bdT C2NEOSNEIZ {&T mNISINBYSI WOT | dzyYSt InN
al. SiliconNanographite AerogeBased Anodes for High Performance Lithium lon Batte3@sRep. 2019, 9, 14621.

8Northvolt is buildig a future for greener batterieg2019). Chemical & Engineering News. https://cen.acs.org/energy/eistoggge
/Northvolt-buildingfuture-greenerbatteries/97/i48 (accessed on 21/07/2021)
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Lithium Iron PhosphatéLFP), LiFeRCexhibits a lower plateau voltageshen compared to
NMC LFP cathodes display a flat plateau voltageppfroximately3.3 V for a capacity that is
approximately 160170 mAh.d (cut off 2.0 V)

Lithium Iron Phosphatéatteries exhibit several advantages that enable their application
despite theirlower specifc energy,in mobile motorhome&® and vehicles with low range and
performance requirements, such as garbage trucks and electric road sweepéiB. battery
cells provide high cycle life anelduced risk of thermal runaw&; have no toxic components,
low internal resistance, and higbad handling capabili®y. They alsadisplayhigh specific
power (seeFigure26).

CATL is #amain responsibleompanyfor developing this type of cathode, supplying several
car manufacturers from Chinaits native country. In 2015, LFP batteries were the most
popular for plugin hybrid electric vehicles (PHEVs) and’'E st over the last fivgrears, NMC
surpassed this type of cathode, both in market share and research interest.

With the newfactories, being built in Austin, @xas USA and Germanyand the societal
pressures to avoid the use of CohalEP malecomea prominentcathode agairshortly.

Figure 27 shows the goals that remain to achiewhile highlighting the present batter

features alreadyaccomplished.

86Fan, X.; Liu, B.; Liu, J.; Ding, J.; Han, X.; Deng, Y.; Lv, X.; Xie, Y.; Chen, B.; HRattEryefethnologies for Gricevel LargeScale Electrical

Energy StorageTrans. Tianjin Univ. 2020, 26,393

8’Gong, C.; Xue, Z.; Wen, S.; Ye, Y.; XdeJvédnced carbon materials/olivine LiFe@mposites cathode for lithium ion batteriels Power

Sources 2016, 318, §B12.

68Zhang, W.JBtructure and performance of LiFePO4 cathode materials: A reki@wwer Sources 2011, 196, 298970.

®Armand, M; EYlF Yy X t ®T . NBE&&SNE 50T /2L S&3x adT 9RAGNI YZI YT 9106SNHZ /
Lithiumion batteriesg Current state of the art and anticipated developmertsPower Sources 2020, 479, 228708.

""Mohamed, N.; Allam, N.Recent advances in the design of cathode materialsdonlbatteries RSC Adv. 2020, 10, 21682685.
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Figure27: Characteristics of the ion batteries for EVs. The shaded area represents accomplished improvements in the
present (2020) Lion batteries. Adapted fromit

Electrolytes
F O w00 0N
Liguid Polymers and Gels Solid
Focus;;. additives Focus on increasing Focus on safety,

ionic conductivity while increasing ionic
to increase safety decreasing the amount § conductivity, make the
and avoid oxidation of liguid electrolyte cells easy to produce

Figure289 f SOUNRf 80 SaQ 1 GSad GNBYyRa (26l NRa GKS

Electrode decay and thermal runaway bfBsremain potential threats because of the
flammability of the organic electrolyte solutions us@egure28 and Figure29). Therefore,
developingelectrolytes and electrolyte atitives that protet batterieswhile maintainng or

enhandngtheir efficiencyis animportant field ofbattery research.

"Adapted from Tamirat, A. G.; Guan, X.; Liu, J.; Luo, J.; Xaddx mediators as charge agents for changing electrocheneietions :
Chem. Soc. Re020, 49, 74547478.
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(a)

Carbonate Pho;ate 1:2 'fSl-,TE
electfolyte | electr®lyte |+FECGLIBOB
Figure29: a) Blank cell before nail penetration test for 18,650 cell using LIESITEP(Triethyl phosphate} FEC.iBOB

electrolyte (middle) and commercial carbonate electrolyte (1.0 M EHE:DEC:EMC, v/v/v = 1/1/1); b) Flame tests of (1.0
M LIPR/EC:DEC:EMC, v/v/v = 1/1/1) electrolyte, 1:2 LIHFEP electrolyte, and 1:2 LIFBEP + FEGBOB electrolyt&

Aproblem associated witmost of the common electrolytes used inian cellsis the window
of electrochemical stability of the electrolyfe.g.,1.0 M LIPEFEC/DEG 50/50 (v/v)in which
LiPkis the salt ancethylene carbonat&diethyl carbonateare the lvents. For example, the
latter liquid electrolytehas a 4.3 Window of stability meaning that it is not suitable to be
usedwith the graphiteanodeand the NMC cathodevhichis charged t@t.3-4.5 V. Abové.3
V, the electrolyte starts being reduced ke electrons conducted from thenegative
electrode forming an SEI lay@sexplained previouslyThis SEI layés a Lirich insulatorthat
reduces the capacity of theathode becausk is Li consuminghereforereducing the capacity
of the cell.

Most additives are designed to formpaiotective film on the electrode surfaces, preventing
parasitt solvent reduction or oxidatida

Severalstrategieswere pursuedto tackle this problemone being solid polymer#/ost of

these polymers still contaifliammable solventshough,as shown irFigure30.

?Zeng, Z.; Murugesan, V.; Han, K.S.; Jiang, X.; Cao, Y.; N@efldmmable electrolytes with high salb-solvent ratios for kion and L
metal batteries Nat. Energy 2018, 3.

*Chawla, N.; Bharti\.; Singh, SRecent Advances in Néitammable Electrolytes for Safer Lithimn Batteries Batteries 2019, 5, 19.
https://doi.org/10.3390/batteries5010019
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Figure30: The amount of solvent (usally flammable) used within polymer electrolytes. Adapted frdm

Another strategy to overcome this safety problem while increasing the capacity of the battery

cells is to use abolid-state electrolytes, which is going to be discussed next.

m

The performance of the traditional Li battery is limited by itsrfmable liquid electrolytas

Li-Hydride Li-Halide

Figure31: Types of solid electrolytesAdapted from74

Garnet :':SICON- Perovskite

pointed out previouslyIn this context, the ongoing solgtate battery efforts to replace the
traditional Liion battery, in particulardue to the safety issues, is plagued by four main
bottlenecks:

(1) slow kinetics of ion diffusion in solatate electrolytes, and the transport of ions across the
solidsolid interfaceswhich requires heating the solidelectrolyte batteries above room
temperature, usually to a mimum temperature of 56C

(2) chemicalinstabilities at the Li metadolid electrolyte and high voltage cathodelid
electrolyte interfaces;

(3) local mechanical and structural instabilities in sdidte electrolytes that fail to resist

lithium dendrites(whiskersland compromise safety;

IDTechExIDTechEx: Market Research, Scouting and Events on Emerging Techriukpgidsvww.idtechex.com/(assessedn 0407-

2021).
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(4) the necessity of renewing the existingiamn assembly lines and equipment, which is an
additional impediment fothe fast commercialization of all currently availablesalid-state

solutions.

In the case oEV applications, the high cost of ceramoic conductors, low power and energy
densities, safety, and low cyeliée must be addressed.

On the other handwhile the liquid electrolyte soaks the electrodedlowing a 3D diffusion
of the Ltions with a solidelectrolyte the processes are much mdrB,which seems tanake
it more difficult to fabricate efficient battery cellSConversely, the latter challengan bring
innovative solutions based on other kistf processes such as the electrostafcg.,as in
acapacito), instead ofjust the traditional electrochemicaktorage mechanisnge.g.,as in
abattery).

A solid electrolyteaallowsa battery celto be functionalizedvith alkali metalssuch adithium
exhibitingamuch higher capacitftheoretical3860mAhg?) enablingthe use of catbdessuch
assufur with atheoretical capacity 0o1672mA.g! leading toli K S iiigBdr $pécific energy
as discussed ahead in this document

In Figure31, the solid electrolytes familiebeing studied andlevelopedare shown andin

Figure32the strategy that can be pursued towards developing aisalit-state battery.

MATERIALS PROCESSING DESIGN
SCIENCE GAPS SCIENCE GAPS ENGINEERING GAPS
- a ~ ~ r
EXPERIMENTAL CELL + NOVEL PROCESSING + NOVEL DESIGN
« Compatibleinterface = Scalable process +Volume change
« Stable materials +High energy dense accommodated
+ Low resistance interfaces + Long cycle life
- Sustainable processing
( INTERFACE ENGINEERING OPTIMIZATION )

@ﬁ> mr.mﬂ
\/ N

FULL SOLID STATE BATTERY

Figure32: Schematic summarizing the critical gaps for the realization ofnpetitive solid-state batteries®.

Albertus, P; et alChallenges for and Pathways towareMétal-Based AllSolidState BatteriesACS Energy Letters 2021 6 (4), 13804
https://doi.org/10.1021/acsenergylett.1c00445
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L v

L Li-S
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The Lithium-sulfur LS chemistry is considered to haweless environmental impact when
compared to other technologies suchtag Lrion. The LS cell utizes sulfur in placef heavy
metals such as cobalt, which have a significant environmental imgmceferredto in a
previous ALBATT&esk researchreport, whereassulfur may have its originin recycled
material, a byproduct of the oil industry.

Lithium-sulfur batteries (1-5) are being developesince the 1960%ut because the plateau
voltagevaries from2.5 to 1.7 V against Lifland the theoretical capacity 0 % 1620 mAhg
1, only an anode such aghium with a theoretical capacity of 3860 mAft, can compensate
the lower plateau voltaggo comparefavourablywith the specific energies of thekrion
batteries with a traditional cathode such as NMT50 mAhg?; nominal voltage 4.0 V)
To achievethe specific energy of 600 Wk (activecathode, such aghat obtainedin Liion
cells withNMC(justtakinginto account the cathode active materiagte sulfur capacitynust
be at least286 mAhg?, indicating the advantagef using Lithium.

LiScells have a 100% available DeptHDischarggDoD). This compares with-ion batteries
which are only used across 80% (or less) of their available discharge Taedatter indicates
that LiScellsmayuse all their stored energyfull discharge.

The Lithiumssulfur batterycells havea longsheltlife, with no charging required when left for
an extended period. Lion batteries require a recharge everyé3months to prevent failure
and often cause significant warranty issues.

The challenge with lithiuresulfur battery cells is the limited cycle life 0f40¢50
charges/discharges as sulfur is lost during cycling by shuttling Blamythe cathodeto the

anodepolysulfideghat react with the lithium anodéS My 4SAH {SAb & [SAh 4SA

760xis EnergyNext Generation Battery Technologyi2S (2021, May 21). Oxis Energy. https://oxisenergy.c(amsessed on 6d7-2021).
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b J4SALaboratory experimentseported improvements by achieving 208 more cycles.
Other problems are poor conductivity and poor stability at higher temperatures. Trials with
graphene are beingnplementedto increase the performance of the sulfur in the cathpde
with promising result§.

Theall-solid-state strategycan be used in 13 batteries with great advanges that pass by
minimizing shuttling A tandem albolid-state electrolytemay have to be used to avoid

reactions on the anode side.

In June 2021, CATL annouddbey are launching sodiumion battery (NIBY2. However, in
2015 a starup from CEA and the CNRS, TIAMAT (Fr&@naahouncedhe prototype of the
sodiumion "18650" battery, a standard format used in portable computers. Others followed
such ad~aradiofi®, HiNa Battery Technolo8y Altris AB?, Natron Energ§?, and Boadbit®,

The dkvelopment of the sodiuamon battery took place sidby-side with that of the lithium

ion battery in the 1970s and early 198%%. In the 1990s,LIBhad demonstratedgreater
commaeacial promise, causing interest in soditaon batteries to decline. In the early 2010s,
NIB'sresurgence irR&Dwasdriven largely by the increasing demand for and cost of lithium
ion battery raw materials.

Presently, scientists across the globe, inclgdine USChina,Japan, the UK, and Israel, are
working on this technology which today is considered one of the most serious alternatives
to lithium-ion batterieg®. Because lithium is not a naturally abundant element, it is predicted
to surge in price as demand for new and lasgale uses grows. This will have an impact on

reserves as ell. According to estimations, global Li consumption in 2008 was almost 21 280

"Battery University. (2020b, March 8U-212: Future Batterieshttps://batteryuniversity.com/article/bu212-future-batteries(assesasd on
04-07-2021).

®Wang, B. (2021, June 18ATL Will Start Mass Producing Sodium lon BattéfeeBigFuture.Com.
https://www.nextbigfuture.com/2021/06/catiwill-start-massproducingsodiumion-batteries.html(accessed ota5/07/2021)

79A BatteryRevolution in Motion(2015). CNRS Newunstps://news.cnrs.fr/articles/abattery-revolution-in-motion (accessed ot5/07/2021)
8Home (2020, December 8). Faradion. https://wwwddion.co.uk/(accessedn 18/07/2021)

8T. (2021, August 7HiNa Battery TechnologyCompanies | Tracxn. https://tracxn.com/d/companies/hinabattery.cqatcessedon
18/07/2021)

82Altris - We enable the next generation of batteries | Altris is a Swezbshpany that has discovered a new way to produce a sodium based
cathode material using only renewable materials. This groundbreaking discovery enables a new generation of batteriendhamnére
friendly to the environment but also cheaper to produtantthe competitorsAltris. https://www.altris.sef(accesseen 18/07/2021)
8Natron Energy. (2021, June 18pme Natron. https://natron.energy{accessewn 18/07/2021)

8Broadbit Batteries | Green Battery Technolo(®020). Broadbit Batteries. http:/mw.broadbit.com/(accessedn 25/07/2021)

8 Yabuuchi, N.; Kubota, K.; Dahbi, M.; KomabBeSearch Development on Sodilon Batteries Chemical Reviews. 114(23) (2014) 11636
11682. doi:10.1021/cr500192f

8Sun, ¥K.; Myung, ST.; Hwang, J¥. Sodiumion batteries: present and futureChemical Society Reviews. 46(12) (2017) &3&™4.
doi:10.1039/C6CS00776G.
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tons; so, current mineable resources might last for up to 65 years at an average growth
rate®”8 making the implementation of th&Vs, grid, computers, wearablésT,and other
applications dficult and very costly.

Sodium, the fourth most prevalent element on the planet, appears to have an infinite stipply.
With 23 billion tons of soda ash in the United States alone, sodioimtaining precursors are
plentiful. The abundance oésources and lower cost of trona (about $£365 per ton), from

which sodium carbonate is made, compared to lithium carbonate (around $5000 per ton in
2010), give a compelling argument for the development of NIBs as LIB alterrfétives.
Likelithium-ion cathodes, sodiuAbn cathodes also store sodium \@aintercalation reaction
mechanism. Owing to their high operating potentials and high capacities, cathodes based on
sodium transition metal oxides have received the greatest attention. From a yedomkegp

costs low, significant research has been geared towards avoiding or reducing costly elements
such as Co, Cr, ,Mr V in the oxidesNay kFeQ and derivativesfor example, can be charged

to 4.5 Vand show an energy density that varies from 70 40 inAh.d'.

As in LHon batteries, carbon in its negraphitic (hard carbon), graphitic and graphene doped
are the most common anodes used in-lda batteries.

On the dravbacks side, lte sodium Na'-ion is biggerthan the lithium Li*-ion ionic radius
leading to a more difficulinsertion ofsodium ionsn NIB than in LIRlecreasinghe capacity

of the cellas well as the cycle life.

Contrary to all the previously discussed battery architectureactural battery cells do not
verify an architectural concept for a cell and are not defined by a type of electrodes or
electrolyte. Nevertheless, due to safety reasons as these batteries have to withhold
mechanical loads, it is expected that these batteries will tend to bedditkstate. In fact,
structural batteries aredefined as devicethat can carrya mechanical load while storing
electrical energyThey can be constituted by two types of batteries, the laminated, in which

abattery is placed between structural elements (usualbaebon fiber shell), and the 3fiber

8Pan, H.; Hu, 38.; ChenRoomtemperature stationary sodiurion batteries for largescale electric energy storageEnergy Environ. Sci.,
2013, 6 23382360

8Zhu, GX.; Li, HThermodynamic analysis on energy densities of batteries, Energy ESdio2011, 4, 26£2624.

8de la Llave, E.; et &omparison between Nan and Lon Cells: Understanding the Critical Role of the CathStislity and the Anodes
Pretreatment on the Cells Behavi&CS Appl. Mater. Interfaces, 2016, 8, X3&75.

%GSlater, M.D.; Kim, D.; Lee, E.; Johnson,So@umlon Batteries Adv. Funct. Mater., 2013, 23, 9958.
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structural battery in which the carbon fibers are used in the electrochemical process. In the
latter, a graphite or hard carbon fibers structural anode is lithiated and delithiated. The
cathode structural element isomposed of a cathode active material (e.g. LikgB0Onded to

carbon structural fibers.

Structural Batteries J

Laminate J 3D-fiber

Using structural carbon in the
electrochemical process

Using structural carbon as
shell

a7’
1’\\L,./

Original roof

Steel

Mass 18.7 kg

Lithium ion battery 6.3 kg

Figure34: Types of structural batteries and comparison between traditional and structural applicatiohdapted fron??

As previouslyhighlighted, Lithiurdon based batteries have shown an unparalleled
combination of high energy and power density, quick charge, and long cycle life that made
this technology the choice for electric vehicles, portable electronic devices, and many other
appications,

A great opportunity to achievall these goals at the same time is offered by the use of
multifunctional systems and materials such as structural battét#85°7. As described by
Thomas et al®, multifunctional systems and materials correspond to all the structural

configurations and materials thaganfulfil more than one primary function simultaneously.

92The bottom figure adapted fromdohannisson, W.; Zenkert, D.; LindberghyiGdel of a structural battery and its potential for system level
mass savingsMultifunct. Mater. 2 (2019) 035002.

“Danzi, F.; Salgado,\R; Oliveira, J.E.; Arteiro, A.; Camanho, P.P.; Braga, Sitiittural Batteries: A RevieMolecules 2021, 26, 2203.
https://doi.org/10.3390/molecules26082203

UCSNNBANF I | ©5d. &T Multifdgretioral Matdrial @yGterast #dfp-afzbeial reviety Cdmpos. Struct. 201651, X35.

®D2y i+t ST X / &T- £ Rt NB S HANE T WavTstraciiril kagpoSites fobrultifurictibomalapplicatidi®: Current challenges
and future trendsProg. Mater. Sci. 2017, 89,4t251.

%Yang, HA Review of Structural Batteries Implementations and ApplicatlarBroceedings of the 2020 IEEE Transportation Electrification
Conference & Expo (ITEC), Chicago, IL, U§26 28ne 2020; pp. 22328.

97Asp, L.E.; Greenhalgh, BVBitifunctional Structural Battery and Supercapacitor CompasiteSlultifunctionality of Polymer Composites;
Elsevier: Amsterdam, The Netherlands, 2015; ppg669.

%Thomas, J.; Qidwai, S.; Pogue,W.; Phanvulifunctional structurebattery composites fomarine systemsJ. Compos. Mate2012, 47,

5¢26.
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The idea of manufacturing structural composite batteries capablstofing electric energy
and, at the same time, carrying mechanical loads is one of the app&aling applications of
multifunctionalityas shown irFigure34.

The embedded cell idegaminated)emerged from the necessity of optimizing the volume,
more than the weight, of a composite structure by embedding electrical power elements
without compromisng their mechanical performance. The bonding proaksss not resultn

a remarkable overall improvemebecausehe battery elements, as they arare bearing ne
load, hence their mass is not contributing at all to the structural performaofcthe final
product.

The other concept of monolithic multifunctional materials, insteashmes from the
consideration that higiperformance composites and modern lithidion batteries have
several features in commaas explained previously:

(1) the fact that carbon fibrs, commonlyused in highperformance composites for their
high specific stiffness and strength, aksdibit significant electrochemical properties
such as good electrical conductivity ahdyh lithiumion intercalation namely,the
graphite carbon allobpe;

(2) In a second development, the layered configuration that characterizes both modern
composites andtate-of-the-art lithium-ion batteries anbe expbited for a synergistic
design;

(3) Moreover, the welknown wide range of composite processing technigeaables
great freedom in the design of innovative configurations suitable for structural
batteries.

Unfortunately, as in all the other technological progress, tiievelopment and the
manufacturing of this new class of materials pose new challetigée researchers.
Regardingthe embedding alternative, the main drawback comes from the maximum
operating temperature of the power elements, which is usua0<C. This limit isfar below

the typical curing temperatures of higherformance composites and adkives,commonly
above 100C.For this reason, a ecuring of the batteries in higherformancelaminates in

compliance with the material curing cycle is unfeasible.
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Notwithstanding the remarkable results already achieved thg previously presented
approaches, several issues mustdarcome:

(1) the use of the liquid flammable electrolyeven if in resin or polymer electrolytes (see
Figure29), whichis critical for application in structural elements that mayexposed
to high mechanical load and structural failyseeFigure35);

(2) the application of themultifunctional element to a limited temperature range as
discussed previously;

(3) the use of carboffibres/graphite as anodes enduring lithiation/delithiation leading to
a quick e:gradationreducing cycle life

(4) the necessity for a complex battery management system limiting its applications;

(5) the cost.

7) PG 40 T mars Aty el

Figure35: Structural batteries in electric vehicles substituting traditional batteries wistructural supercapacitors: future
vision and trial example (laminate structural batter$d

Structural batteries may assume preponderant importance if a suitable cell architecture and

safe, cheap solid electrolytes that can withstand higher temperaturel as86125 C and

low temperatures down te40 Careusedd ¢ KS& YI & KI @S RAFTFSNByYyG 2
beams that allow for reinforcement of the structure while potentiating the electrostatic
properties of the structural battery.

These batterieswere f NB I R& { | NBfeiyBRe Aly2 ¢ISGKAES ay S3F G A
and by Volvo car group that was funded by the EU to develop these batteries in consortium

with R&D institutions and companies.

In a very recent patent filed by Te¥lg it is highlighed:

9Volvo Car Group makes conventional batteries a thing of the (#3t3. www.media.volvocars.com (accessau06/07/2021)
100Alvarez, S. (2021, May 27)esla structural battery pack patent hints at clewentingencies for crashes, cell failur@ESLARATI.
https://www.teslarati.com/teslastructuratbattery-packpatent-crashesceltHfailures/ (accessean 22/07/2029)
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the structural support for a vehicle frame. For example, the battery pack may include a
bottom layer that is formed from a honeycomb or ridged surface which isanegily
linked to celldcylindrical almost the size of a soda damithin the battery pack. The
bottom layer is designed so that it can absorb and distribute impact energy from below,
mitigating potential damage sensitive battery materials or breach of the sealed battery
LI O1 Sy Of 23 dzNBdé
Moreover,/ ! ¢ [ = 2yS 2F ¢Safl O&a &adzJi A
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Supercapacitors (SC), comprise a family of eleb&mical capacitors. The supercapacitor,
sometimes called ultracapacitor, is a generic term for electric dolayler capacitors (EDLC),
pseudocapacitors, and hybrid capacitors. They do not have a conventional diedetittid he
capacitance value of alectrochemical capacitor is dependent on the two storage interfacial
capacitors, both of which contribute to the total capacitance of the capacitor (as shown in
Figure3in the case of the batteries). Depending on the value of the dielectric constant, type

of dielectric, and geometry, the capacitance may depend on the solid dielectric.

I Capacitors
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Figure36: Different types of CapacitordNote: ACstandsfor Activated Carbon here.
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https://www.futurecar.com/4091/BatteryMaker-CATls-Workingto-Integrate ElectricVehicleBatteriesinto-the-VehiclesChassis
(accessed on 27/08/2021)
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Capacitors are distributed in three types, electrochemical, electrolytic, andefemtrolytic
(seeFigure36). The latter electrolyticapacitoris constituted bya metallicanode that forms

an insulating oxide layeupon anodization. This oxide layer acts as the digiecof the
capacitor. A solidr liquid/gel electrolyte covers the surface of this oxide lay@nctioningas

the cathode.The na-electrolytic capacitor, conversely, is npolarized (can beonnected
either way in a circu)t frequently norelectrolytic capacitors arpaper capacitasin which

the paper is thedielectric material. The papeseparatesflat thin strips of metal foll
conductors.

Electrochemical capacitors owmupercapacitors (SCsan be EDLCs, pseudocapacitors, or
hybrids!®2 EDLCs form electrical douB#grer capacitors (EDLCs) at the/ (i S Ndedatdes Q &
electrode/electrolyte and electrolyte/positive electrode to @t the electrochemical
potentials as describedbove at the beginning of the Technology chapter

If Faradic electrochemical reactions take place at the surface of the electrodes, these
capacitors are denominated pseudapacitors. Furthermore, if one dfie electrodes is a
battery electrode, the SC ishgrbrid capacitor. The discharge of a capacitor is linear, with a
constant slopeA hybrid capacitoshows a battenlike plateau corresponding to a twghase

equilibrium attained during discharge on thettey-like electrode.

Supercapacitor®r ultracapacitorsare one of the typical nogonventionalenergy storage
devicesand are based orsimilar working principles to those of batteries focused 6ri)
Supercapacitors arsuitableenergy storage deviceshen available power is more imperative
than energy Table7 and Figure37). Frequently, SC and batteries or fuel cells are associated

to develop a wide range of solutions.

102Simon, P., and Gogotsi, Y. (20083terials for electrochemical capacitofdat. Mater. 7, 846854. doi:10.1038/nmat2297
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Figure37: Structural batteries in electric vehicles substituting traditional batteries with structural supercapacitors: future
vision and trial example (laminate structural batterifp.

Internal combustion engines, fuel cells, and baterare all good options for a lepower
continuous source. However, because they discharge and recharge slowly, they are unable to
properly handle peak power demands or recuperate energy in today's applications.
Supercapacitors or ultracapacitors, howewliver quick bursts of energy during peak power
demands, then quickly store energy, and capture excess power that is otherwid®" lost
Because they discharge and recharge quickly and can charge batteries, they are an excellent
complement to an energy stage source in today's applicationis the development of

applied and fundamental elements of SCs, significant progress has been made.

1038hac1o|im talks(2013) https://commons.wikimedia.org/wiki/File:Energiespeicher3.gagcessed on 06/07/2021).
W EgSEt ! fGNF OF LI OA ( 2 Mawell Beghhoidies. itihs:/SvyivE R cam/ [EodizictdaNtia capacit@scessed
on 06/07/2021)
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Parameter Supercapacitors Capacitors Batteries
Watt hours of

Energy Storage | Watt second of energy Watt second of energy energy

Voltage across terminals (for| Voltage across terminals (for| Current and
Charge Method | example, from a battery) example, from a battery) voltage

Rapid discharge, linear or Rapid discharge, linear or Constant voltage
Power delivered | exponential voltage decay exponential voltage decay overalong time
Charge/Dischargt 1 hourto 10
Time Milliseconds to seconds Picoseconds to milliseconds | hours
Form Factor Small Small to large Large
Weight lgto2g 1gto 10 kg 1 gto>10 kg
Energy Density
(Wh/kg) 1to5 0.01 to 0.05 8 to 600
Power Density Low, 100 to
(W/kg) High, >4000 High, >5000 3000
Operating 1.2Vto4.2
Voltage 2.3 Vto 2.7%//cell 6V to 800 V V/cell

150 to 1500

Lifetime >100k cycles >100k cycles cycles
Operating
¢ SY LIS NI (| -40to +85 -20 to +100 -20 to +65

All types of carbons from activated carbon to grapheneanganese and other oxide

electrodematerialsas well as polymensave been well studieds electrodes for SCs

In summary, capacitors and supercapacitoay deliver higher power densignd withstand

manythousands of cycle€onverselythey show much lower energy density.

With the advancement of green energy harvesting solutions, the synthesis of hydrogen from

the hydrolysis of the water became viable, giving rise to another commercial way to store

energy for highly specific energy applications, the fuel cells. There areediffeinds of fuel

cells working at different temperatures. For mobility and grid, the interest is focused on those

that can perform below 86C, such as Proton Exchange Membrane (PEM) shokigune38.

10Design center EeNew Power. https://www.eenewspower.com/desigrenter/keeppoweringyour-systemwhen-primary-supply
intermittent/page/0/2 (accessed on 06/07/2021).
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Figure38: Schematics representing how a fuel cell worksdapted from (left}%6. SEM micrograph of REMFC ME&roton-
exchange memtane fuel cells)crosssection with a nonprecious metal atalyst cathode and Pt/C anode-alse colours
were applied for clarity.Adapted from (right}%”. Note: PGM¢ Platinum group metals.

Fuel cells are especially important for healty vehicles such dsises as they have a higher
energy density than batterigseeFigure38 and Table7).

In Figure39 and Figure40 a comparisoris madebetweenLtion batteries technologies and
hydrogenfuel cells used in EYseen from the perspective of th@anadian Hydrogen and Fuel

Cell Associatian

Hydrogen-power vehicles have clear advantages in many applications.

BATTERY VEHICLES | HYDROGEN FUEL CELLS

Highest Low operational cost ‘ Drive further Fuel faster
well-to-wheel
efficiency Q

" Zeroemissions

J ® High efficiency

O

Electric drive

® © g © @

Low initial Sustainable All vehicle types Lower longer term

infrastructure cost city vehicle Low noise infrastructure cost

Figure39: Comparison between batteries and fuel cells for EVsii&e

10¢Hydrogen fuel celligem.org.uk and https://www.carsguide.com.au/oversteer/tetttroughtime-hydrogenfuel-celF59905 (accessed
July, 11th 2021)

107Yin,X.; Lin, L.; Chung, H.T.; Komini Babu, S.; Martinez, U.; Purdy, G. M.; Zelenay, P. Effects of MEA Fabrication aminpositier C
on Fuel Cell Performance of P&lvee ORR Catalyst, ECS Transactions. 77 (11519313

108 Ways Hydrogen and Fuel Cells Can Help Transition to Clean E@2@yApril 15). CHFCA. http://www.chfca.ca/faellshydrogen/6
wayshydrogenand-fuel-cellscanhelp-transitionto-cleanenergy/ (accessedn 11/07/202)
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What standsout is thatthe technologies do not diffemuch,but batteries are used if power
densities are neededruel cellsare part of the solution towards the electrification of society

provideda green hydrogen stegy is implemented.

One of the biggest concerns about battery
vehicles is the weight of the battery pack.

Hydrogen-powered vehicles offer a huge
advantage with reduced weight.

- ""..-\
N

& &

TESLA 3 (long-range) TOYOTA MIRAI

480kg Battery/tank weight 88kg

This makes hydrogen an ideal fuel for heavy

transport where every pound costs money.

Figure40: Comparison between the weighaf batteries and fuel cells for EVs use

It is noteworthy that the working principles of batteries, capacitors, and even fuel cells are
similar. Fuel cells are constituted by an anode, an electrolyte, and a cathbdé/hile
discharging, the cell takes the hydrogen)(bn the anode where the molecule is dissociated
into two H*-ions freeing one electron for each hydrogen atom. The electrons circulate from
the anode to the cathode through the external circuit. Theiéhs diffuse though the
electrolyte to the cathode where the oxygen molecules are dissociated ifitbyCratalytic
adion and reduction of the incoming electrons and react with tioionsto form water
molecules.

An important part of the research and development on fuel cells is related to the catalyst used
to dissociate the+, and O,. The idea is to replace Platinythe mostusedcatalyst,which is
expensive and rarewith Nickel and Iron alloys or catalyatchitectures such as cohell
nanoparticles.

Other studies are focused on replacing Nafi8nwhich is used as a separator membrane
(placed betweeranode and cenode) in Proton Exchange Membrane (PEM) fuel calig is

an expensive proprietary product but strtry much in useéNafion has received a considerable
amount of attention as a proton conductor because of its excellent thermal and mechanical

stability.

109 Dwivedi, SSolid oxide fuel cell: Materials for anode, cathode and electrohyte].IHydrogen Energy 45 (2020) 238813
1197 DuPonthttps://www.dupont.com/) product
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