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ION BATTERIES
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Lithiumion battery (LIB)

C The amount of lithium-ion batteries (LIBs)in their "end of life" (Eol) will
increase significantly inthe coming years due to the growing market
penetration of electric vehicleswhichis why newconcepts for recycling and
raw material recovery must be developed.

C The process saap generated in battery production will ensure a need for
higher recycling capacities ithe near future

C To implementsustainable EoL concepts, all playersalong the value chain
from material synthesisto battery cell, battery module, and battery pack
production to the use phasemust addressthis issue

C Recycling rates for individual materials(up to 95%) are proposed by the
CHD (Circular Economy Initiative Germany, acatech)* and also envisaged by
the EUin the Battery Directive.
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*Circular Economy Initiative Germany (ed.): Battery Lijel€s. Driving Electric Mobility with the Circular Econontwade A.,Hageliiken C.,
et al,acateciSYSTEMIQ, Munich/London 2020.
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C The battery pack consists of severabattery modules and other electrical,
mechanical,and thermal components It is connected and dimensioned
differentlydepending on the required performancedata.

C Thebattery module in turn consists ofbattery cellsthat can be connectedin
seriesor parallel

C The battery cdl exists in three different cell formats: cylindrical cells,
prismatic cellsand pouch cells The general structure of the battery cell is
independentof the respectivecell type.

C In general, a battery cell consists ofanodes and cathodes as well as the
separator, which separatesthe electrodesfrom each other. Betweenthem
the ion-conducting electrolyte necessary fochargetransportis located

C Theuseof high-grade metalsasthe active materialof the cathode makest
a key component in the field of recyclingand it is therefore examinedin
more detail below

C The cathode consists ofa current conductor (often aluminum foil) and the
active material, whictoften has oneof the following compositions

C NMC (lithiumnickelmanganesecobalt oxide),
LQO (lithiumcobalt oxide),

LM(N)O (lithium manganese(nickel)oxide),
LFP(lithiumiron phosphate),

O o o o0

NCA (lithium nickel cobaltaluminumoxide)

Kampker et al. "Assembly process of a battery module ancthd 2018.
Kampker et al. "Production process aflithium-ion battery," 2018.
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The most expensivecomponent of a battery electric vehicle(BEV)is the
battery pack, accountingfor up to 50% of the total cost

Material costs account for the main share of total battery costs in the
manufactureof lithium-ion battery cells

The cathode material is the most expensivecomponent of the battery cell,
accountingfor about 44% of the material costs

By using high-quality cathode and anode materials, there is a possibility of
making the batterymore powerful, more energetic and thusmore assertive

For the recovery of the high-grade cathode materials,no continuous
economic recycling process currently exists industriallyand no industrial
recyclingsolution existsfor the anode materials

Materials from the battery systemsuch as steel and plastics are already
successfully separated fronthe remaining components by mechanical
separation processeéviadensity,particle size, magnetizabilitygtc.), which is
why thesematerialsare not discussedn detail here.

The raw materialslithium, cobalt, nickd and manganese are primarily the

focus of current and future recycling processes,even though they only

accountfor lessthan one third of the weight of the material composition of
the entire battery system In the course ofthe overallrecyclingratesof up to

more than 70% to be achieved,the recoveryof the anode materialwill also
becomeincreasinglyimportant.

* Metastudy from the following sourceKampkeret al. "Component production of a lithiurvion battery cell," 2019; Friedrich et aRécovery of
Valuable Metals from BVaste and Batteries by Smart Process DesigWTH Aachen, IME, 201@wade, A., Haselrieder, W., Leithoff, R. et al.
"Current status and challenges for automotive battery production technolagfiéNat Energy 3, 296300 (2018).
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C The graph shows the mass fractions of the four main cathode active
materialsin relationto the collectedusedbatteriesin 2020.

C In addition to NMC111other varations of NMC are used in BEV- e.g.
NMC622 or NMC81INCA — which have a higher nickel content.

C Unlike NMC, LCO and LMO consist ofonly one of the three metals LFP
containsiron. This resultdn different properties in terms of energy density,
service lifeand safety

C LMO forms different oxides (e.g. LiMn204, L2MnO3), so that only an
averagevalueover all mass fractionan be presentedhere.

C The highly fluctuating raw material prices of these elements are causing
battery cell manufacturersto strive for raw material securitywhich canbe
achievedthrough newrecyclingtechnologies, amongpther things.

C Thesefluctuationsalso arise due to the long supply chains, as rawmaterial
deposits arelimited to certaincountries

Projected used batteries Disposal costs

collected, as of 2020*. " Currently, companies that put

” NMC: 3,700 tons batteries on the market have to
" LCO: 2.700 tons plan for high disposal costs and

» LMO: 1,500 tons build up appropriate reserves.

" LFP: 250 tons

* Friedrich et al. Recovery of Valuable Metals from®Waste and Batteries by Smart Process Desi@@WVWTH Aachen University, IME, 2020.
Mayyas et al. The case for recycling: Overview and challenges in the mitsupply chain for automotivedion batteries," 2018.
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C The graph shows the mass fractions of the four most important anode
active materials in relation to the state of the art and research However,
with regard to the collected end-of-life batteriesin 2020, only the graphite
anode is relevant

C The mixtureof graphite and silicon increaseshe energy density and the
fast charging capability,among other things. In the long term, the aim isto
use pure siicon to maximize energy density, among other things In
addition, anodes made of lithium metal are being developed which have
very high energy densitiesbut bring with them the challenge of dendrite
formation.

C Challenges in using pure silicon anodes include agglomeration of li-ions,
formation of the SEllayer,and dendrite formation.

C Iflithium isembedded in the siliconduring the chargingprocess this results
in a large volume change in the anode. To avoid damageto the anode, the
amount of siliconadded is crucial

C To prevent the silicon anode from being damaged, it can be coated with
silicon oxide (SiQ). Sincethe use of SiQ, produces undesirableirreversible
by-products such as L,O and Li,SiQ,, the long-term aim is to use pure
silicon

C So far, the focus has been on the recovery of the metals within the LIB
However,the recovery of graphite is steadily gaining inmportance

C Through the recycling of graphite, it can be extracted or produced in
Europe,despitethe lack of natural deposits

Chaeet al. "Integration of Graphite and Silicon Anodes for the Commetiziation ofHigh- Energy Lithiuralon Batteries; UNIST, Korea, 2019.
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" Despitethe high cost of the battery — especiallydue to the expensiveraw
materials— the environmental agpect should be consideredintensively

" At the beginning of their life cycle, BEV#ave a larger CO, footprint than
internal combustion engine vehicles(ICEVs)put a lower CO, impact in the
usephase

" Thelarge initial CO, footprint resultsfrom primary material processig and
battery cell production.

" The variability of environmental impacts during the use phase of BEVs
depends on various factorsand leads to different breakeven points.
Currently, this point is usually reached after 50,000 to 80,000 kilometers
driven.

" Factors influencing the breakeven point include the energy mix used
during charging, climate conditions during use (season/time of day),
topology, or user behavior.

" An energy mix with a higher share of green electricity positively influences
the break-even point.

" In general,factorsthat extend battery life can positively influencethe overall
balance

" The recycling technology — especiallyfor the battery cells— also exertsa
major influenceon the overallenvironmentalimpact of a BEVand can affect
the life cycle assessmentpositively in particular, but also negativelyin
unfavorable cases

" An early brealkceven point and effedive recycling technology must be
achievedso that e-mobility can further reduce CO, emissionscompared to
ICEVs

Regett et al. “"Climate footprint of electric vehicles," 2018 | Agderkehrswende “Climate footprint of electric cars,” 2019
Acatech et al. "Resoureefficient battery cycles,"” 2020 | Ciez et al. "Examiniifferent recycling processe’s2019
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In addition to the factors mentioned before, the breakeven point also
depends on the environmental balance of battery material production. At
<0.02% (exceptfor Mn), the materialsare only slightlypresentin the earth's
crustand are alsonot mined in Germany

The mining of the light metal lithium requiresvery large quantities of water,
which results infalling groundwater levelsin the salt lakes inthe mining
areas The water depletion has a negativeimpact on the local agriculture
and thuson the basicsupply of the population.

In addition, the extraction of these metals through refining processes
significantly pollutesthe environment Quantitative statementsabout the
exactproportion are difficult to makedue to a lackof information.

The uneven digtribution of raw materials acrossdifferent continentsresults
in long transport routes,which are associatedvith high CO, emissions For
this reason, too,the further developmentof recyclingtechnology to realize
alocal circulareconomy continuesto gain inimportance

CO, emissions CO, saving

" CO, emissions in 201fbr the ” A circular economy can greatly
production of NMC batteries for reduce CQ emissions generated
small cars were around 777 by mining, refining and
kg/kWh of battery capacity*. The transporting raw materials.

value is strongly dependent on
the energy mix used.

Sustainability

" Improved recycling processes ensure that fewer limited raw nratks will be
mined in the future, lowering the price of the battery and reducing
environmental impact.

* Using natural gas for heat generation in productiormilssoret al. “Lithiumlon Vehicle Battery Production,” 2019.
Mayyaset al. “The case for recycling,” 2018 | AgdrarkehrswendéKlimabilanzvon Elektroautog' 2019.
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C From the preceding sections,the need for a shift from the current linear
economyto a circular economy is clear

C The maingoals ofthe circulareconomy arethe unlimited reuseof materials
by closingthe product life cycle and the associatedreduced waste disposa
aswell asthe reduction of dependence on important primary materials

C Theclassicvalue chain can be extendedby reuse and remanufacturingThe
terms reuse remanufacturing and recycling, which are relevant for a
sustainablecirculareconomy,can be summarized aRe X

C Since 126 of the total greenhouse gas emissions of EV batteries in EoL
status are generated in Europe, this life cycle phase deserves special
attention.

C In the following, the handling of EoL batteries by means of recycling is
therefore explained inmore detail

Reuse Remanufacturing
" Lithium-ion batteries that still " Remanufacturing enables the
have sufficient residual capacity at extension of the first life cycle by
the end of their service life in preparing used batteriegor reuse
BEVs can possibly be used in in BEVs by replacing or
other applications, e.g. stationary exchanging damaged
energy storage. components of the battery.
Recycling

C Recycling is required to recover raw materials from the battéinyough a
safe process and return them to a battery production process.

Kampker et al. "International Conference on Engineering and Tecbgyl" 2018 Emilssoret al. “Lithiumlon VehicleBattery Productiofi 2019.
Siret et al. "PEFCar High Specific Energy Rechargeable Batteries," 204&alechet al. ‘'Resource Efficient Battery Cycfe2020.
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Handling EoL batteries
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Asthe demand for LIBin electric vehiclesncreasesl|arger quantitiesof end-
of-life batterieswill be collectedfor recycling

Due to the high hazard potential, the consciousand careful handling of
end-of-life batteriesis particularlyimportant.

The existinghazards are:

Thermal runaway dueto flammable substancesand chemical chain
reactions

Firehazarddue to internal or externalshort circuitsof cellsor modules

Leakage of chemicals, e.g. of the electrolyte, due to mechanical

damage
Fire hazard Short circuit hazard
" Damage/overheating can lead to " If the used batteries are not
internal shortcircuiting and stored properly, short circuits can
ignition of the battery cells, with occur whichlead to spontaneous
toxic gases escaping. combustion in the collection
" The reactive decomposition container.

products produced during battery
fire can lead to an uncontrolled
release of the stored energy
(thermal runaway).

Need for global security measures

" Transport and storage ofhe lithium-ion batteries must be carried out
without damage and in compliance with international standards and
guidelines.
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Lithium-ion batteries have been class 9 dangerous goods since 2009 the
following guidelines and standards must therefore be observed when
transporting LIB

" |EC 62281 Safety of primary and secondary lithium cells and
batteriesduring transport

" ADRcompliant labeling

" UN 383: electrical,mechanicaland thermal testsfor transport safety ofLIB
Reportson successfutestsmust be available

" UN 3090 Lithium metal batteries
" UN 3480 Lithium-ion batteries

Lithium-ion batteriesfrom BEVsare to be stored as hazardousmaterials The
following guidelinesand safety measuresmust therefore be observed when
storing LIB

" VdS3103 Lossprevention of lithium-ion batteries

" Endof-life VehicleOrdinance "Batteriesmust be stored separatelyin acid
resistantcontainersor on a drainlessand acid-resistant surfacg

" Safetycabinetsaccordingto EN 14470
" Fireprotection containerwith certified fireresistance
" Storageonly permitted if LIBsare testedaccordingto UN 383.

" Medium capacitylithium batteries(>100Wh and +12kg) must be physically
(atleast5 m) or structurallyfireproof separated fromother areas

The aforementionedguidelinesand safety measuregpply in this form primarily
in Germany, as eachcountry in the EUhasits own battery legislation.

* Legally binding
German Recycling, Battery Act, Section 5, 2020 | el ife Vehicles Ordinance, 2020
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C Accurate characterization of Eolbattery packs is accomplishedthrough
time-consuming andcostly electrical test methods.

C If the usage and condition data from the initial usage phase is available in
the vehicle, the battery's condition can be determined much faster and

more economically

C Sincethird partiesare mostly unaware ofhe condition data so far(EUwide
battery passportis planned),economictest conceptsmust be developed.

C The following battery characterization procedures can be applied to

incoming used batteries

Incoming inspection

" At the end of the first life cycle,
the LIBs are collected and
inspected visually or by air
pressure for obvious defects such
as mechanical damage or leaks.

SoHdetermination

" Capacity and power
determinations are costly and
time-consuming, as they require
the use of expensive measuring
equipment.

By measuring the chemical and
physical properties of the LIB,
such as the cathodic galvanostatic
pulses or the AC* measurement,
the battery condition can be
determined.

*Alternating Current

Data evaluation

" By evaluating the usage data such
as selfdischarge, charge/
discharge processes, and state
variables €.g.cell temperature)a
decision can be made on the
further use of the battery without
any major measurement effort.

Resistance determination

” Due to various degradation
processes (electrolyte
decomposition, deposition on the
electrode surfaces, etc.), the
internal resistance increases.
This is determined via short
current pulses or with
electrochemical impedance
spectroscopy at high frequencies
and provides information about
the condition of the battery.

Time-consuming
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C With the help of varioustest procedures,the LIBsare classifiedaccordingto
their current Stae of Health (SaH) after their firstphase ofuse andassigned
to the respectiveapplications

C After removing the battery pack from the vehicle, quick tests (visual
examination, internal resistance) areused to determine the battery
condition and perform a presort.

C After the first phase of use of the LIB,the SoH is 80% on average If the
quick tests indicate that the battery pack is in good condition, the SoH is
determined accordingly Subsequently,the following procedure can be
followed (if direct recycling isot possible)

C Thepack canbe usedin a "2nd Use"without further treatmentif the SoHis
still above 80%. Otherwise, the battery packs are disassembledand
characterizedat module level

C Battery modules with an SoH of over 80% can be transferredto "2nd use"
with little effort. Moduleswith an SoH of between 70% and 80% are suitable
for rebuilding battery packs(remanufacturing) If the modules have an SoH
of lessthan 70%, they are dismantled and characterizedat cell level if the
battery module designpermits

C Battery cells with an SoH of more than 85% can be used to build battery
modules (remanufacturing) Cells withan SoH of lessthan 85% are recycled

C For economic reasons,this battery classificationprocess shouldbe carried
out within shott test timesand with low equipment and personnelcosts

C To classifythe LIB,the battery packsand modules must be disassembled
Forthis reason,the disassanbly of LIB is explained below
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C DisassemblyLIB packsfrom electric vehicles is complex, time-consuming
and cost-intensive process due to the wide variety of battery pack designs
and interconnecttechnologiesused

C Due to the significantdifferencesin battery pack design — dependingon the
manufacturer andvehiclemodel — different special tools and a high degree
of flexibility in the disassembly process anmequired.

C The requirements of battery cell producers and the requirementsimposed
by remanufacturing/recyclingare very different

C To simplifydisassemblya new design is needed for the battery pack,where
components are assembled with detachable connections and good
accessibility

C This allowsthe remanufacturing andrecyclingprocessto be more efficient
under controlled conditions

C The individual steps of the disassenbly processare describedin more detail
below.

Requirements of the battery cell Requirements for

manufacturers remanufacturing/recycling

" High security " Avoidance of poorly soluble

" Low weight compounds within the modules for
" Low cost non-destructive disassembly at cell
" level

Low space requirement
in the selection of contacting and " Good accessibility of components
connecting components for quick disassembly
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Disassembly

Manual disassembly of the battery pack from the Renault Fluence.*
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C At the start of disassemblythe battery pack is discharged and the power is
temporarily stored orfed into the grid.

C Next, the battery pack housing is opened by, for example, removing the
cover by looseningthe screwsalong the edge of the cover.

C As the sealing rings between the battery cover and the housing differ
depending on the battery type, high forces sometimeshave to be exerted
to remove the cover. Depending on the sealing materialthe seal maybe
damagedduring removal

C Insidethe housing are the battery modules and other componentssuch as
the cooling systemand power electronics

C The disassenbly of these components from the battery pack is now
consideredin more detail

Special tools Trained employees
" Insulated tools and ESD " Disassemblys carriedout by
workstations are used when specially trained personnel, as
working on the HV battery pack work iscarriedout at a connection
to avoid the risk of employee voltage of 60 V DC (live working,
electrocution. battery riskawareness-
electriciar).

Plant/staffing requirements

" Depending on the size of the battery, the lid is removed by two people a
crane.

*PEM of RWTH Aachen University, database, 2020
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C After removing the housing cover, the battery components can be
disassenbled from the battery pack. To do this, the wiring will be removed
first, then the cooling systemand the high-voltage module, and finally the
battery modules willbe removed

C The cabling of the BMS master with the cooling system, themodule slave
board, and the high-voltage module are removedfirst

C TheHV and LV harnessesonnecting themodulesto peripherals are nextto
be removed

C The screwed, complex high-voltage module is then extracted using an
insulatedscrewdrivingtool.

C To remove the cooling system, it is first separated from the cooling
elementsof the packingcase

C For this purpose, the coolant should first be removed from the systemwith
an extractionsystemin the case of liquid-cooled battery packsin order to
prevent the coolant fromleakingand thus potential shott circuits.

C The metallic cold platesand the cooling system components can be
recycledwell due to their composition

C The battery modules are attached to the batterypack housing via screw
connections Additional fixation by adhesives, foams or waxes are optionally
used by the manufacturers andare correspondinglydifficult to release

C Depending on the design, the battery packsconsist oflessthan ten to 48
modules
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C For further disassemblythe battery module must now be opened so that
the batterycellscan be removed

C Themodule cover is either screwedor pressed It is removed with the aid of
insulatedscrewdriveror a force/pressureinsert

C The module housing is made of different materials (e.g. metals or plastics)
depending on the battery design The design of the housing also depends
on this.

C Metal housingsconsist ofa deep-drawn housing tray and a cover. Plastic
housingsusuallyhave an end plate and are clampedto the battery cells

C After opening the module, the cell contacts can be separated to remove the
cells For safety reasonsthe cell contacts are covered or taped with
insulating material.

C In most casesthe cells inthe module housing cannot be removed without
damaging them becausethey are glued together for thermal and electrical

insuhtion.

Module from prismatic cells Module from pouch cells

" The cells are braced to the " The cells are inserted into a
housing using a bandage and frame, tensioned by meansf
then are glued. springs and then are glued.

" The cell contacts are welded and " The cell contacts are welded and
cannot be separated non cannot be separated non
destructively. destructively

Module from cylindrical cells

" The cells are fixed in place with the aid of cell holders. Theutiisg spaces
between the battery cells are used for cooling.

" Contact is made with one metal plate per pole, which is weldexdthe
battery cell on both sides. When the welded connections are separatie
cell poles are damaged.

Kampker et al. "Assembly process of a battery module ancthd 2018.
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C Battery disassemblyrepresentsan elementary process step for both reuse

and recyclingof the batteries

C Currently,only a few componentsare manuallyremoved from the battery in

the industry before recycling

C In order to implement disassemblyindustrially and economically, the
disassemblyprocesses must be partially/ automatically.

C Due to the many different battery designs and the use of poorly soluble
compounds, there is as of yet no suitable process fordisassembling LIB

packs

C So far,

partially automated disassenbly steps by human-robot

collaborationshave alreadybeen used,asthey are easierto implementthan

fully automated disassembly

Challenges

" Complete automation of the
disassembly process is very
complex to implement and
therefore very costintensive.

” Due to the lack of process
experience, there are not yet any
concrete proposals for solutions,
e.g.for the sensors required and
for the disassembly tools for
loosening the connections.

Opportunities for improvement

»

The process can be improved
with a new design of the battery
pack, which is also being
developed for remanufacturing/
recycling.

Battery packs must be
standardized on as broad a basis
as possible so that fully
automated disassembly is
economically advantageous.
Through the use ofAl, automated
disassembly processes will be
learned and implemented.
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C The recycling process ofli-ion batteries requires batteries as input stream as
wellasraw/auxiliary materialsind energy. It generates differenbutput streams
via severalintermediate processes.especiallyvaluable materials (metal salts),
but also emissiongnd waste/residuaimaterials

C Different components require different ways of reprocessing orrecycling,
which should be chosento be asenergy-efficientas possible

C The highdiversityof components usedin batteriesleadsto a complexprocess
design, which consists ofconventional recycling processes aswell as more
specializedprocesses for secondary raw material production

C The superior goal of all processess high recyclingrates with high-value and
non-contaminatedoutput streams

C "In order to be able to consistently determine the (usually positive)
environmentaleffectsof resulting recyclatesin comparisonwith each other as
well as with comparable primary materialsthe recycling processes argo be
evaluatedprimarily accordingto their energy and/or their CO, intensity and.,if
necessary, accordingo other environmental factors, beyond the recycling
ratesachieved,and the effectsare to be allocatedto the recyclate" (*)

C The evaluation of LIB recycling requires the holistic consideration and
balancingof the applied process area

C Thebalancing ofthe processesequirespreciseknowledge of the composition
of the batteriesas well as comprehensivelife cycle analyses forthe economic
and ecologicaldesignof the processes

* Circular Economy Initiative Germany (ed.): Battery Life Cycles. Qrisfiectric Mobility with the Circular Econom$Kwade, A.,
Hageliiken, C., et aBcatecHSYSTEMIQ, Munich/London 2020.
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Battery pack Battery
modules
Electrical Housing, BMS,
energy cables, busbars,
screws

Battery module/cell Active materials

Purifiedmaterial Co, Ni,Mn - sulfates
fractions (e.g. (SQ), LkCO;,
copper)

Disassembly

C The recycling process ofli-ion batteries afterdischarge and disassembly at
module, cell or electrode levelconsists of severabub-steps, each releasing

different products/valuematerials

C The processsequencerequires separation ofthe composite components and
materials after disassembly, forexample by mechanical disassemblyor by

thermal processes

C The complexcomposition ofli-ion batteriesrequiresa large number of process
steps tobe combinedfor a high recoveryrate (>90%).

Challenges

The diversity of the components
requires a large number of
process steps that can be
combined in different ways.

Effective recycling of materials
with a recycling rate of lithium
>90% has not yet been
implemented industrially.

Current industrial technologies do
not recover all recyclables.

Recovered battery materials
should have qualities that lead to
reuse.

Opportunities for improvement

" Designfor recyclingapproaches
could reduce complexity and
simplify recycling process
management.

Combination of mechanical,
thermal, and hydrometallurgical
process steps to increase the
overall recycling rate compared to
processes focused on
pyrometallurgy

Establishment of a functional,
environmentfriendly and safer
process
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Process routes in battery recycling

(1

Hydrometallurgy Pyrometallurgy

C Different approachesto li-ion battery recycling have been implemented in
industry and academia mechanical treatment, thermal treatment,
pyrometallurgy, hydrometallurgy.

C The combinationof recycling approachesenablesdiverse processroutes that

vary in effectivenessand have advantagesand disadvantagesdepending on
the focus of materialrecovery(e.g. nickelvs.lithium).

C The recycling rates for the individual recovered recyclables are largely
determinedby the selectedcombination of processteps

Challenges

Combinations of process steps
require precise process
knowledge.

Diversity of battery packs and
materials requires robust and
variable processes.

Hazards due to electrical,
chemica) and thermal faults must
be counteracted.

Material losses in the processes
and through transport between
them must be prevented.

Materials must beecoveredto
"battery grade" whenever
possible.

Opportunities for improvement

”

In various disassembly processes,
components containing pollutants
can be removed at an earlgtage
to preventthem from being fed
into the subsequent recycling
process.

Minimization ofenergyuse

Graphite,electrolyte and
conducting saltrecovery

Automation in the area of transfer
to other processes

Robustness of processes against
processimpurities

[1] Doose, S.; Mayer, J.K.; Michalowski, P.; Kwadeha&lenges irEcofriendly BatterRecyclingand ClosedMaterial Cycles
A Perspectiveon Future LithiumBatteryGenerations. Metal2021, 11, 291. https://doi.org/10.3390/met11020291
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Mechanical recycling

Shredded material Separator

Currentollectors Black Mass

Pyrometallurgy Hydrometallurgy

C Mechanical crushing (shredding) of battery cells and modules, if necessary
smallpacks(exception direct feeding to pyrometallurgy)

C Release othe recyclable materials ithe form of shreddedmaterial containing

all the valuablesubstances

C Safetyrisksdue to electrolyteresidues,which should be removed by drying or
pyrolysisbefore the following processstepsand may sometimesbe available

for a new use

C Mechanicalseparation of,BlackMass (e.g. Co, Ni, Mn, C), currentconducting
foils and separator parts by a combination of crushing, drying, sorting, and

classification processes

C Further processing ofthe valuable materials in metallurgical and chemical

processes

Challenges

" The separation of materials by
type requires a high level of
process engineering effort.

Only discharged cells can be fed
into the process.

Removal ofelectrolyte
componentsis very challenging,
since components of the solvents
have very different boiling points.

Opportunities for improvement

Integration of thermal steps for
complete removal ofelectrolyte
components to generatea high
safetylevel

Grade separation to improve
further processing in hydre
metallurgical steps.

" Minimization of the hazard
potential due to electrical, thermal
and mechanical effects.
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Pyrolysis
. Peripherals
Disassembly (electronics, cables,
Battery cells/modules steel)
. o Electrolytes and
Pyrolysis > plastics

Copper, aluminum,
steel,plasticg,
and separator

Mechanical Mechanical
processing processing

Black Mass

Electrolytes and
binders

Pyrometallurgy and/or hydrometallurgy

Pyrometallurgy Hydrometallurgy

C Prior to mechanical reprocessingcell deactivation ortreatment of the black
massduring mechanicalrecyclingcan be carried out by meansof pyrolysis.

C Cellsare deactivatedin a vacuum at up to 400 °C, where volatile electrolyte
componentsaswell asbindersand polymericcomponentscan be removed

C Blackmasscan also be pyrolyzed at up to 700 °C after separation fromthe
shredded material to remove electrolyte components as well as binders and
polymericcomponents

C The removal of fluorine-containing componentsin particular during pyrolysis
positivelyinfluenceshydrometallurgicalprocessing

Challenges Opportunities for improvement
" Removal of fluorinecontaining " Integration of electrolyte recovery
conducting saltfrom the cells or with thermalprocess control
SIg EEEES ” Avoidance of HF formation from
" Carrying out pyrolysis with fluorine-containing substances

avoidance ofoxidizingreactions » Minimization of energy input

Recovery of anode active material during pyrolysis to reduce the
for reuse inbattery applications ecological footprint



Bl Recycling I

Pyrometallurgy

P

Electrolyte evaporatiorand
<300 °C o——— .
energeticuse
700°C® Melting and decompositionof
polymersand binders
woense Melting and reduction of
metals

According to [2]

Metal alloy Slag
(Ni, Co,Cu, Fe (Li, AlMn, Fe

Hydrometallurgy

C Pyrometallurgicabrocessescan be performed directly withbattery modulesor
following mechanicalsteps

C Application of high-temperature processesenables production of alloys and
slag containing mainly the valuablematerialscopper, cobalt, and nickel,as well
aslithium.

C Loss of manganesand aluminum dueto high temperatures

C Fluorides,which pose challengesin further processing, canbe removed by
high temperatures

C Economicefficiencygiven with high proportions of recyclables

C High robustness againsimpurities

Challenges Opportunities for improvement
" Recovery of valuable materials " Combination withmechanical
pyrolyzed in current processes processes
(manganese, aluminum, "

Removal of norrecoverable

POy valuable materialdbefore thermal
" Energy efficiency only given at application through further
high throughput processsteps
" Recovery ofelectrolyteso farnot " Integration of electrolyte recovery
provided without mechanical to increase the overaltecycling
processing, which provides a step rate

o G EED T EETER " Energyintensive process steps

should be reduced to a minimum
to improve the ecebalance.

[2] M. Mohr, M. Weil, J. Peters, Z. Wang, Recycling of Lithilom Batteries, Encyclopedia of Electrochemistry: Batteries,
2020, DOI: 10.1002/9783527610426.bard110009.
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Hydrometallurgy
 Active materials in black mass
Black Mass o i ]
¢ Cross contamination with AFe Cu possible
« Dissolvingof metal components
Acid leachi .
cidleaching » Strong bases and acids necessary
. ) « Metal salt solution of the active materials
Solids separation ) ) )
¢ Separation ofsolid residues
N « Precipitation of the transition metals
Precipitation R . . .
« Li still in solution(iOH, LL,CO;)

Pyrometallurgy

C Hydrometallurgyjoins mechanicalor pyrometallurgicalprocessing
C Recoveryof pure non-ferrous metalsfrom active materials

C Processedactive material (black mass)is dissolvedby meansof acid digestion
Non-dissolvedsolidscan be removed

C The transition metalgnickel,manganese, cobalt) arspecifically precipitateds
saltand made accessible foresynthesis

C Chemicalprocesseausedare leaching/extraction, crystallization, precipitation

Challenges Opportunities for improvement

" The influence of feedstock " Avoidance ofcrosscontamination
contamination on through upstream separation
hydrometallurgical processing processes must be ensured.

and achievable material yields is )
not well understood.

Increasing the robustness of
hydrometallurgical processes
Crosscontamination can affect againstimpurities

the quality and yield of the m
recovered material obtained and

thus limit the efficiency of the
recirculation. ” No complete materialseparation

Removal of fluoridgons via
upstream processteps

Scaleup of known processes for " Graphiterecovery
recovery of battery grade" raw

materials to industryrelevant size

(LiOH, Li,CQ,;, transition metal

sulfateg
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Process combinatioh /\

Contact 20

Housing

Electrolyte
Lithium
Cobalt

Manganese

Nickel

2%

Oxygen
Al foil
Separator

5%
4%

Anode
coating

Cu foil

First
technologies
approx. 30%

Other recycling

Material recycling

Currently available

2% —

2%

5%
4%

New
technologies
>90%

technologies
approx. 70%

Overview

C The combination of processtechnologiescan perspectivelyincreasethe total
recoveryrate (without O,) to >90%.

C Current available technologiescan recover about 70% of the recyclablesfor
the materialcycle

C Pure pyrometallurgicalprocessesreturn approx. 30% of the valuable materials
to the cycle,but Ni, Co,and Cu do so with very high yields

C Linkingthe technologiesincreaseshe rate of recoverablerecyclablesbut also

the complexityof the process

Challenges

The linkage requires a great deal
of effort in terms of plant
engineering.

Impurities would have to be
removed as early as possible in
the process, as the influence is
not sufficiently clarified.

The cost structure must guarantee
profitability.

Perspective

" Material loop management is
essential for the EU with low
resource abundance for
competitiveness.

" Process combination(s) must
always ensure a high overall
recovery rate (at least 70%) with
acceptable CQ emissions and at
the same time a high rate for Ni,
Cu, and Co (>95%).
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The BLB is a research center of the TU
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solid-state batteries and lithium-sulfur
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PTB, and it brings together the necessary
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VDMA represents more than 3,300
companies of the German and European
mechanical and plant engineering sector.
The Battery Production department focuses
on battery production technology. Member
companies supply machines, plants
machine components, tools and services
along the entire process chainof battery
production: from raw material preparation
to electrode production and cell assembly
to module and packproduction.
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The VDMA Waste and Recycling
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materials
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