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Supplementary Note 1: Formulas for cost
calculation

A Basic cell design principle

In order to allow for comparability and standardization, all cell types are
characterized by specific building blocks, the so called repetition units. This
is a stack consisting of a separator sheet, one anode (coated on both sides),
another separator sheet and one cathode (coated on both sides). The separa-
tor’s dimensions are larger than the anode sheet, which itself is larger than
the cathode sheet. Wound cells consist of one repetition unit, which is wound
around a winding core, until the inner volume of the cell is reached.

If the modelling approach is applied to stacked cells, multiple repetition units
are stacked until the desired cell capacity or a limit resulting from the cell
dimensions is reached. For hardcase cells, that is when the available internal
volume is exhausted, whereas for pouch cells, the limit is defined by the set
capacity. The stacks are finished with a modified repetition unit, which only
consists of an anode sheet coated on both sides and a separator sheet. This way,
the amount of pairings of anode and cathode is twice the amount of standard
repetition units and two sides of anode coating have no cathode pairing.

B General calculations of cell design

The following formulas show the basic electrochemical calculation. These for-
mulas are independent from the cell design and are the basis for the cell-specific
calculations.

apm,A = 1 —aam,a
apm,c = 1 —aam,c
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PCoat, A = ﬁsolid,A : (1 - 6Coat,A)
PCoat,C = Psolid,C - (1 — €Coat,C)

Whereas the porosity of the cathode ecoat,c and graphite anode ecoat,a is
set to a constant value, the silicon-containing anodes need to be chosen higher
in order to allow for the volume expansion of the silicon by 300%. To esti-
mate the required porosity €, og;, in the first step, the volumetric silicon share
#Slld was calculated via the gravimetric silicon share as; = aan - wt. %s;,

the crystal density of silicon pg; and the averaged density of the electrode
materials p.

Vi P
e - asi
‘/tot,solid PSi

Then, the porosity e,ys; was chosen in that way, that with a silicon
expansion of AVg; = 300 % the initially defined porosity egoa1 = 22 % is reached.

V .
Ex%si = 1 — |:1 - (egoal) : (1 — 7‘/ 5 . AVSI>:|
tot,solid

The capacity of the cell is generally determined by the total amount of the
cathode active material in the cell. In this model, the areal capacity of the
cathode ¢arear after cell formation (including losses due to SEI formation) is set
by the user, so that the capacity of the cell can be calculated by multiplying
with the total cathode area Acoat tot,c contained in the cell. The mass loading
of the cathode Marea1,c is calculated by dividing the areal capacity through
the specific capacity of the cathode active material gspec,c under consideration
of the irreversible capacity loss i, due to SEI formation. When dividing the
mass loading through the coating density pcoat,c, the required thickness of
the cathode coating fcoas,c can then be calculated. The same procedure can
be applied to calculate the parameters for the anode. For this, the areal anode
capacity is determined by taking into account the chosen balancing factor
Tbalance, Which defines the ratio between anode and cathode capacity.

Cmass,Solvent,A = E Cmass,Solvent,A,i : (1 - arecover,Solvent,A,i) )

1

i € {solvents of anode slurry}

Cmass,Solvent,C = § Cmass,Solvent,C,i . (]- - arecover,Solvent,C,i) )

1

i € {solvents of cathode slurry}
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C(mass,Coat,A = g ap; - C'rnenss,solid,A,i »
i

i € {solid anode coating materials}

Cmass,Coat,C = § ac,i - C’maLss,solid,C,i )
i

i € {solid anode coating materials}
Gareal
1 — Zirr) - Gspec,C - AAM,C
_ Gareal * (14 Thalance)

Mareal,C = (

Mareal A =
Qspec,A * AAM,A

_ Mareal, A
tCoaLA =
PCoat,A
_ Mareal,C

tCoat,C =
pCoat,C

tRU =2 - tsep + 2 - tcoat,a + tcc,A + 2 - tooat,c + tec,c
AScp,tot =2 AScp
ACoat,tot,A =2- ACoat,A
ACoat,tot,C =2 ACoat,C
Qcell = Garcal * ACoat,tot,C
lfag,A = dor,sep|a + doL,CcC,A|Sep
lfiag,c =doL,sepja T dor,a|c + doL,cc,ClSep

C Cell-specific calculations

For all wound cells, an amount of windings of the separator nwind,secp is given,
which determines how often the separator is wound around the winding core
before the anode and cathode get rolled around. Also, it is defined how many
layers of separator are wound around the outside of the finished roll. The area
of the rolled up repetition unit is the product of the height times the length.
After the overlap of the separator over the anode dor, gepja and the overlap
of the anode over the cathode doy, a|c is subtracted, the capacity and loading
can be calculated based on the area of the cathode Acoat,c-

Specific calculations for the cylindrical cell

For the wound cells with a cylindrical core, the radius rcore,cy1, height hcenr,cy1
and wall thickness twai,cy1 of the cell are given, as well as the length of the not
coated area for the collector lq.e at the top and the radius of the core 7core,cyi-
The usable space Vi cen within the cell is calculated accordingly, whereby the
lid thickness is assumed to be identical to the thickness of the wall. The follow-
ing formulas serve to consider the geometrical characteristics of the cylindrical
cell.
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T4,Cell,Cyl = TCell,Cyl — twall,Cyl
hi,celt,cyl = hcell,cyl — 2 - twall,cyl
ACase,Cyl =27 - T'Cell,Cyl * hCell,Cyl + 2m - 7%5117(}}4
lA,Cyl = [(Ti,Cell -2 T'"Wind,Sep * tSep)Z - (TCore,Cyl +
+ 2 - NWind,Sep 'tSep)Q:I - [tru
Acc,c = (hi,cen,cyl — hgap,cy1 — 2 - doL,sep|a — 2 - dor,ajc +
+ lfiag,c) - (Ia,cy1 — 2 - dor,a|c)
Acoat,c = (hi,cen,cyl — Pgap,cy1 — 2 - doL,sepja — 2 - dor,ajc) * (Ia,cy1 —
—2-dor,a|C)
Acc,a = (hiceicyl — hgap,cyl — 2 - dot, sep|a + llag,c) - la,cy1

Acoat,A = (Ri,cell — hgap,cyl — 2 - dor, sep|a) * [A,Cyl
NWind,Sep
ASep,inner = E (hi,cell,cyl — Pgap,Cy1) - 27 - (TCore,cyl + (0 — 0.5) - 2 - tgep)
i—1
NWind,Sep
ASep,outer = E (hi,Cell,Cyl - hgap,Cyl) 27 (TiA,Cell,Cyl - (7/ - 05) -2 tSep)
i=1
ASep = lA,Cyl : (hi,Cell,Cyl - hgap,Cyl) + ASep,inner + ASep,outer
NCoatline,A = 2 - [0.5 - weoit,a /(i cell,cyl — Ngap,cyl — 2 - dOL Sep|a +
+ dCoatline,A)J
NCoatline,c = 2+ [0.5 - weoil,c/ (i, cenn,cyl — hgap,cyl — 2 - dor,Sep|a —
—2-dor,a|c + dcoatline,C) ]

2
Vi,cel = 7§ cent,cyi™ * i cen,oy

Specific calculations for the hardcase cell

The wound cells with a prismatic core share the design characteristics with
the cylindrical cells, except for an elongated core. Also, the jelly roll is inserted
into a rectangular case instead of a cylindrical one. The radius given for the
core Teore,ic multiplied by two is the thickness of the core. The available
space for the thickness of the cell winding is calculated based on the length
of the cell lqen e and after calculating the available height by subtracting the
distance from roll to cap hgap Hc, the length of the core can be determined.
The following formulas serve to consider the geometrical characteristics of the
hardcase cell.

Wi, Cell, HC = WCell, HC — 2 * tWall,HC

li,cenuc = lcen,ne — 2 - twan,HC
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hi,cen uc

ACase7HC

N'Wind,HC

WCore,HC

Across,HC

laHC

Acc,c

ACoat,C

Acc,a

ACoat,A =

WSep,HC

ASep,inner

ASep,outer

N Coatline, A
N Coatline,C

Vicen

= hcen,Hc — 2 - twall,HC
=2 - wj cen,uC - li,cenuic + 2 - li cen,HC - Pi,cen i +
+ 2 - wj,cell,zC - hi,cen,HC
= (li,cenuc — 2 - TCore,HC) /2 — (4 - NWind Sep - tSep) /TRU
= hi,cell,cy1 — 4 - "Wind,Sep * tSep — 2 * MWind,HC * TRU —
- hgaP,HC -2 TCore,HC
=4 - Wcore,HC * MWind,HC * tRU +
+ [(TCOre,Hc + 2 - NWind,Sep * tSep + NMWind,HC * tru)? —
- (rCore,HC +2- T'Wind,Sep * tSep)2] Q
= Across,HC/tRU
= (wi,cen,HC — 2 - Wgap,HC — doL,A|C — lfag,a) - (Ia,HC —
—2-dop,alC)
= (Wi, cen,HC — 2 - Wgap HC — doL, A|C — lflag,A — lfag,c) - (Ia,HC —
—2-dor,a|C)
= (wi,cennc — 2 WgapuC + dor,Ajc — lag,c) - la,HC
(wi,cenHC — 2 * Wgap,uC + dor, A|C — lag,c — liag,a) - la,HC

= Wj Cell,HC — 2 * Wgap HC — dOL,CC,A[Sep — AOL,CC,C|Sep

=1/2 |Wcore,HC * 4 * MWind,Sep * tSep + [ (TCore,HC +
+ 2. nWind,Scp : tScp)2 - (TCOrc,HC)Q] : 7T:| /tScp N wScp,HC

= 1/2 * |WCore,HC * 4- T'Wind,Sep * tSep + [(Zi,Cell,HC/2)2 -

— (li,cem,HC/2 — 2 - NWind,Sep * tsep)”] - W] [tSep - WSep, HC

= lA,HC * WSep,HC + ASep,inner + ASep,outer

= weel,HC + dor,A|c — lflag, A — 2 Wgap,HC

= wcen,nc — dor,A|c — lfag,c — 2 Wgap, HC

=2-10.5 - weoil, A/ (Wi,cen,HC — 2 - Wgap, HC — lfag, A — lfag,c +
+ dor,A|c + Wcoatline,A) |

=2-10.5 - weoil,c/ (Wi,cell, HC — 2 - Wgap HC — lfag, A — lfag,c —
- dOL,A\C + wCoatline,C)J

= Wi,cell,HC * li,cen,HC * Mi,cell,HO
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D General calculations of the overall cell parameters

Based on the previous general and cell specific formulas, the following formulas
serve for calculating the final cell parameters. First, the volume of electrolyte
Vilyt needs to be determined. It is based on the porosities € and volume of the
cell components and the remaining void. It is assumed that at least enough
electrolyte is used to fill the pore volume of the separator and the electrodes
Vpores- The remaining available space Vpeadvolume Within the cell gets partially
filled with electrolyte, which is described by a filling factor agiyte. The chosen
filling factors for the PHEV2 and the 4680 cell are shown in Supplementary
Table A1 and A2, respectively.

To finally calculate the cell’s energy content FEi., the determined absolute
capacity Qcen has to be multiplied with the nominal voltage U of the cell.
In a further step, the overall cell characteristics in the form of gravimetric
and volumetric energy density can be calculated. To do this, first the weights
of the individual cell components have to be determined by considering the
material densities and multiplying these with the volume of each component
in the cell. The sum of these weights refer to the overall cell weight mcen, so
that the gravimetric density Egpec is calculated by dividing the cell’s energy
content through the weight, whereas the volumetric density F\yo is calculated
by taking into account the overall cell volume Ve that is determined by the
outer cell dimensions.

mece,A = Acc,a - tcc,A - Pcc,A
mee,c = Ace,c - tee,c - pec,c
Vee,a = Acea - tec,a
Voe,c = Ace,c - teo,c
VCoat,A7t0t = ACoat,tot7A : tCoat,A
VCoat,C,tot = ACoat,tot,C . tCoat,C
MCoat,A,tot = VCoat,A,tot * PCoat,A
MCoat,C,tot = VCoat,C,tot * PCoat,C
MElyte = VElyte - PElyte
Mgep,tot = VSep,tot * PSep
VSep,tot = ASep,tot . tSep
VDeadvolume = Vvi,Cell - VSep,tot - VCoat,tot,A - VCoat,tot,C - VCC,A - VCC,C
VElyte = VPores + VDeadvolume * OElyte
VPores = VSep * €Sep + VCoat,tot,A * €Coat,A + VCoat,tot,C * €Coat,C
MElyte = VElyte * PElyte
MCell = MCC,A T MCoat,tot,A T MCC,C + MCoat,tot,C T MSep,tot T

+ MElyte + Mcase
Qtot = E‘tot/U
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Neell = Qot/Qcen
Espec = U - Qcen/mcen
Eyol = U - Qcen/Veen
vf = VEiyte/ VPores

Calculation of material costs per cell

After the cell characteristics are modelled and calculated, the material cost
of the cell is calculated based on the individual components and their specific
material costs.

CVSolvenmA = Umass,Solvent,A * M Coat,A * (1 - asolid,A)
C‘Solvcnt,C = Umass,Solvent,C * M Coat,C * (]- - asolid,C)
CCoat,A = Umass,Coat,A * MCoat, A tot
CCoat,C = Umass,Coat,C * M Coat,C,tot

Ccc,A = Careal,cc,a - Acc,a
Ccc,c = Careal,co,c - Acc,c
C1Sep = C'areal,Sep ' ASep,tot
CYEly‘ce = Uvol,Elyte * VElyte
Ccenl = Csolvent, A + Csolvent,c + Ccoat,a + Ccoat,c + Ccc,a + Cec,c +
+ CVSep + C’Elyte + CCase

E Calculation of material flow

Subsequent to the calculation of the cell properties, the required material flow
can be determined.

Initialize anterograde material flow calculations

As it is the case for most production processes, losses occur during battery pro-
duction. As a result, more material needs to be put into the production process
than it is present in the final output of cells. In order to calculate the required
input for a given output of functioning battery cells, a backwards calculation
is used. Starting with the last step (end-of-line-testing), it is calculated how
many battery cells or battery cell equivalents need to be put into the pro-
duction step to yield the required output (i.e. a yearly production volume in
GWh). Depending on the type of production step, the unit of cell equivalents
can differ, e.g. if the process step handles complete cells, the throughput is
measured in cells min~! and if the process step handles coils of anode/cathode,
the throughput is measured in mmin~'. An overview of the calculated data
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in each process step depending on the type of step can be found in Table xxx.

NCCII,Ship = NCcll/(]- — ZScrap,var,Ship — xScrap,ﬁx,Ship)
lco,a,ship = Neell - lco,a ot/ (1 — TScrap,var,Ship — TScrap, fix,Ship)
lco,c,ship = Neel - loc,c tot/ (1 — ZScrap,var,Ship — TScrap, fix,Ship)
MCoating,A,Ship = NCell - MCoat, A tot/ (1 — TScrap,var,Ship — LScrap,fix,Ship)
mCoating,C,Ship = Ncel - mCoat,C,tot/ (1 — TScrap,var,Ship — zScrap,ﬁx,Ship)
ASep,Ship = NCell : ASep,tot/ (]- — XScrap,var,Ship — xScrap,ﬁx,Ship)
NCase,Ship = NCell/ (]- — ZScrap,var,Ship — xScrap,ﬁx,Ship)

VElyte,Ship = NCell : mElyte,Ship/pElyte/ (1 — TScrap,var,Ship — xSCrap,ﬁx,Ship)

Anterograde material flow calculations

Due to losses in the production steps, the required input into a process step is
often higher than the output. Accordingly, the calculated input for a specific
process step is defined as the required output for the previous production
step in order to compensate the losses during the process. This procedure is
repeated until the first production step (mixing) is reached. In that way the
required material throughput can be calculated for every process step along
the process chain with regard to the specific type of material, as shown by the
following formulas:

NCell,Ship = NCell/(l — TScrap,Ship — fEScrap,ﬁx,Ship)
NCcll,i—l = NCcll,i/ (1 — ZScrap,i — l'Scrap,ﬁx,i)
iCC,i—l,A = fcc,i,A/ (1 — ZScrap,i — TScrap,fix,i)
l.CC,ifLC, = Z'CC,i,C/ (1 — TScrap,i — xSCrap,ﬁx,i)
mCoat,i—l,A = 7hCoat,i,A/ (1 — ZScrap,i — xScrap,ﬁx,i)
mCoat,i—LC, = mCoat,i,C/ (1 — TScrap,i — xSCrap,ﬁx,i)
Z.Sepjfl = Z.Sepj/ (]— — TScrap,i — xScrap,ﬁx,i)
NCase,ifl = NCase,i/ (1 — TScrap,i — xScrap,ﬁx,i)

VElyte,i—l = VElyte,i/ (1 — TScrap,i — xScrap,ﬁx,i)

Calculation of fixed scrap for coil process steps

TScrap,fix,i,A = lScrap,Coil,i,A/lCoil,i,A
TScrap,fix,C,i = IScrap,Coil,C,i/lCoil,C
TScrap,fix,i — ]-/2 : (xScrap,ﬁx,A + xSCrap,ﬁx,C)
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Calculation of material recovery

The materials in battery cells are highly valuable. Therefore, it is assumed in
the presented approach that 100 % of scrap produced in the factory are bought
by a recycling company. The scrap recovery factor qecover defines the fraction
of material costs that is retrieved for selling the scrap, so that, in total, no costs
are incurred for this percentage of material. The added value of intermediate
products due to processing is not retrieved. The factor is influenced by material
specific values and value increase when processing the input material, as well as
the recycler’s effort for recovery. In the following, the formulas for calculating
the share of recovered material that is associated with no cost is presented.

lCC,recover,A,i = lCC,A,i : (xScrap,i + (EScrap,ﬁx,i) * Qrecover,CC,A

lCC,rccovcr,C,i = lCC,C,i : (xScrap,i + I'Scrap,ﬁx,i) * Olrecover,CC,C

MCoat,recover,A,i = MCoat,A,i (-TScrap,i + xScrap,ﬁx,i) * Qrecover,Coat, A
MCoat,recover,C,i = MCoat,C,i * (xScrap,i + xScrap,ﬁx,i) * Olrecover,Coat,C
lSep,recover,i = lSep,i : ('TScrap,i + xScrap,ﬁx,overall,i) * Qirecover,Sep

NCasc,rccovcr,i = NCoat,C,i : (xScrap,i + xScrap,ﬁx,i) * Oiyecover,Case

VElyte,recover,i = VElyte,i : (xScrap,i + xScrap,ﬁx,i) * Orecover,Elyte

F Retrograde resource calculation and process chain
design

Subsequent to the anterograde material flow calculation, it is calculated how
many machines, workers, as well as the related energy and floor space are
required to produce the needed output of cell equivalents. Here, the calculation
principle depends on the type of processed material:

Calculation of number of plants for coil process step

Z.A,i = NCell,i/Nlength,Rou,A
loi = NCell,i/Nlength,Roll,C
T loss, AP = taux,i,A/ (lcoil,A/Vi,A)
Tt Joss,C,i = taux,i,c/ (lcoil,c/vi,c)
Numit.ai = [lai - (14 T 1oss,A1) /Vline. A ]
[

NUnit,C,i = zC,i . (1 + xt,loss,C,i)/vline,C,i‘I
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Calculation of number of plants for cell process step

Numiti = [(1/Neeni + tauwi) ™ Nuniti]

Calculation of number of plants due to overcapacity

In order to compensate a potential downtime of single machines, an overca-
pacity factor agc; is considered, so that an additional amount of machines is
kept on hold:

Nunits,BC,i = [Nunit,i - (1 + agc.i)]
Nunits,BCi,A = [Nunitia - (1 + agcia)l
Ntnits,BC,i,¢ = [Nunit,i,c - (1 + apc,ic)]

General process resource calculations

Based on the required number of machines, the following formulas show the
basic calculation principles of personnel, floor space and investment resources,
that are valid for every process step.

Neellefti = Ncell,i/ Qutilization
Nlength,Roll,A = nCoatline,A/ZA

Niength,Roll,C = NCoatline,c/ (Ia — 2+ dor, a|c)

Nskitiwork,i = (NUnit,i, A + NUnit,i,c) - NSkillwork,i
Nassist,i = (Nunit,i, A + NUnit,i,C) - Assist,i

Aunits std,i = (NUnits,EC,i,A + NUnits,EC.i,C) - AUnit std,i

Aunits,DR,i = (NUnits,EC,i,A + Nunits,EC,i,C) * AUnit,DRi

Aunits,Lab,i = (NUnits,ECi,A + NUnits,EC,i,¢) * AUnit,Lab,i
AUnits.i = AUnits,std,i + AUnits, DR.i T AUnits,Lab,i
AProd,i = 14Units,i/(1 — TProd,add,Units — TProd,add,Store — xProd,add,other)
Ei = (NUnit,i,A : PUnit,i,A + NUnit,i,C : PUnit,i,C) /alltilization

TUnits,i = Nunit,BEC,i,A - {Unit,i,A + NUnit,EC,i,C * {Unit,i,C

-1
Qlytilization — Workdays/365 dayS a

In order to enable comparability between the cell types, a scaling approach
adapted from Knehr et al. was conducted to estimate the required resources
(invest, personnel and plant area) for the plants of the PHEV2 cell based on
the 4680 cell. Ciot; are the total resources needed for cell type i. An increase
of capacity per cell by the ratio of the energy contents E; of the cells leads
to lower total costs per capacity. The scale factor ¢ ensures, that the increase
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in capacity leads to a mitigated increase in costs. However, as the annual
throughput in GWh is kept constant for both cell types, the increase of cell
capacity is compensated by a decrease of cell production rate. To account for
this, the total costs are reduced by the ratio of the cell production rates 7ot
Dividing by the energy content FE; of cell type i normalizes the costs to the
defined throughput in GWh per year:

q .
Epugva ) Ntot, PHEV2
E4630

Ctot,PHEV = Ctot,4680 - < .
TNtot,4680

As the throughput in terms of cell per minute 7p1ant Was kept constant for
each plant, the required resources per plant Cpjant,i for cell type ¢ is calculated
via following equation:

i Tplant
plan

Cplant,i = ’ = C(tot R
Nplants,i Ntot,i

Where Cplant,; are the resources needed for one plant for cell type ¢, nplants,i
are the number of required plants to meet the defined annual throughput and
Nplant 1S the cell handling rate of one plant, which is kept constant for both
cell types. Substitution of the previous equations leads the following equation:

. . q .
C Ntot, PHEV2 Ntot,4680 Eprurve Ntot,PHEV2
plant, PHEV2 * . — Uplant,4680 © —. . B —
Nplant Nplant 4680 Ntot,4680
q
EpuEV?2
= Uplant,4680 *
Ey630

Specific calculations for process step Mixing

VSlurry,A = NCell,eff,Mix * MCoat,A * 1/asolid,A/,ESIurry,A
Vsturry,c = Neell,eff Mix * MCoat,C * 1/asolia,/ PSlurry,C
NUnits,A,Mix = (VSI\Jrry,A/VAgitator,A ' tMix,A~|
NUnits,C,Mix = (VSIurry,C/VAgitator,C . tMix,C-|
NDosefeed,A,Mix = ’VNUnits,A,Mix/mratio,Agitator,Dosefeed1
NDosefeed7C,Mix = ’—NUnits,C,Mix/mratio,AgitatonDosefeed—l
Ivix = Nunits, EC,A Mix - {Unit,i,A + NUnits,EC,C,Mix - {Unit,i,c +
+ NDosefeed,A,Mix : IDosefeed,C,Mix +
+ NDosefeed,C,Mix * {Dosefeed, Mix,C
Atnits std, Mix = NUnits, EC,Mix,A * AUnit,std, Mix, A +

+ NUnits, EC,Mix,C * AUnit,std,Mix,C +
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+ NDoscfccd,A,Mix : ADoscfccd,std,Mix,A +

+ NDosefeed,C,Mix * ADosefeed,std, Mix,C
AUnits, DR, Mix = NUnit,EC,A Mix * AUnit, DR, Mix,A +

+ Nunit,EC,C,Mix * AUnit,DR,Mix,C +

+ NDosefeed,A,Mix : ADosefeed,DR,Mix,A +

+ NDosefeed,C,Mix : ADosefeed,DR,Mix,C

Specific calculations for process step Coating and Drying

1- Qsolid, A 1

tDry,A = Mareal A *
Gsolid, A YDry

1—asna,c 1

tdry,C = Mareal,C *
Gsolid,C VDry

lDrycr,A = VUCoatDry,A * tDry,A
lDryer,C = VCoatDry,C * tDry,C
ACoatcr,A = WCoater,A * (lDrycr,A + ZApplicator,A)
ACoater,C = WCoater,C * (lDryer,C + lApplicator,C)
AUnits,std,CoatDry = NUnit,EC,A,CoatDry : ACoater,A : (]- - xDR,CoatDry,A) +
+ Nunit, EC,C,CoatDry * Acoater,c -+ (1 — TDR,CoatDry,C)
AUnits,DR,CoatDry = NUnit,EC,A,CoatDry : ACoater,A * TDR,CoatDry,A +

+ NUnit,EC,C,CoatDry : ACoater,C * TDR,CoatDry,C

Specific calculations for process step Post-Drying

[PostDry.A = NGell.off PostDry - TRU/Niength. Roll A
l'PostDry,C = NCell,eff,PostDry . nRU/Nlength,Roll,C
UPostDry,A = AUnit,PostDry,A/wCOil,A
VUPostDry,C = AUnit,PostDry,C/wCoil,C
tCoil,PostDry,A = lCoil,A/UPostDry,A
tCoil, PostDry,C = lCoil,C/VPostDry,C
Tloss,t,PostDry,A = taux,PostDry,A/tCoil,PostDry,A
Tloss,t,PostDry,C — taux,PostDry,C/tCoil,PostDry,C
NUnits,PostDry,A = UPostDry,A/UPostDry,A : (1 + -rloss,t,PostDry,Aﬂ

NUnits,PostDry,C = (lpostDry,C/vPostDry,C . (1 + xloss,t,PostDry,C)]
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Specific calculations for process step Winding (PHEV2 and
4680)

. —1
Nunits,wind = (Ia/VWind + taux, Wind)

NUnits,wWind = [ Ncell,eff,Wind/NUnits, Wind |

Specific calculations for process step Electrolyte Dosing
(PHEV?2 and 4680)

- —1
Ntit,Fill = (1/Ncell,eff, Fill + taux,Fill)  * QParallel, Fill

Nunie, it = [ Ncell,eff, Fitl / NUnit, Fill |

Specific calculations for process step Wetting (PHEV?2 and
4680)

¥ -1
NUniLVVet = (1/NCell,eff,Wet + taux7Wet) * OParallel,Wet

Nunit,wet = [ Ncell,eff,wet/ NUnit, Wet |

Specific calculations for process step Formation and
Degassing (PHEV2 and 4680)

- —1
NUnit,Form = (1/NCell,efT,Form + taux,Form) * OParallel,Form
_ 1 1.5
Ecei,Form = Qcell - Ucen - ( + — ] -
ne (1 =)~ me
-2 Qrecover,Form * QCCH . UCCH
—1
NChan,QA,Smonth = NMSample,QA,3month * NShift,Day -30 dayS month - 3months

—1
NChan,QA,Gmonth = NSample,QA ,6month * NShift,Day -30 dayS month - 6 months
CR

NCycle

NChan,QA,lifetime = NMSample,QA lifetime * NShift,Day -2

NChan,QA,tot = NChan,Smonth + NChan,Gmonth + NChan,lifetime
NUnit,Form,QA = [NChan,QA,tot/aParallel,FornJ
NUnit,Form = [NCell,eff,Form/ : NUnit,Form] + NUnit,Form,QA
Pqa Form = Nchan,QA tot - @cenl - Ucen - 0.5 - CR - (1 —

- arccovcr,Form)
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EForm = ECCII,Form . NCcll,Form + PQA,Form

Specific calculations for process step Aging (PHEV2 and
4680)

. —1
NUnit,Age = (1/NCell,eff,Age + taux,Age) * OParallel,Age

NUnit,Age = ’VNCell,eff,Age/NUnit,Age]

G Area and cost calculation

After the process chain has been designed, the required resources (investment,
area, personnel, energy) and the related cost can be calculated.

Area demands

Prior to the cost calculation, the different types of areas have to be determined.
Here, starting from the individual machine footprints Aunjts and considering
additional area factors for machine operating (Zprod,add,units), intermediate
storage (Tprod,add,store) and additional areas (Zprod,add,other), all other area
types such as administrative (Aadmin) and social areas (Agocial) are calculated.
With regard to the production area Ap,qq, the distinction between basic (Astq),
dry room (Apgr) and laboratory area (Ar,p) is made, which is important for
the further cost calculation.

AUnits,std = § AUnits,std,i ) NS {PI‘OCGSS Steps}

7

Atnits DR = Z Aunits,DR,i > 1€ {Process Steps}
;

AtUnits,Lab = ZAUnits,Lab,i , i€ {Process Steps}
;

AUnits,tot = AUnits,std + AUnits,DR + AUnits,Lab
AProd = AAUnits,tot/(1 — TProd,add,Units — LProd,add,Store —
- ajProd,add,other)
AProd,add,Units = TProd,add,Units * AProd
AProd,add,Store = TProd,add,Store * Aprod
AProd,add,other = TProd,add,other * AProd
Avuse = Aprod/(1 — TAdmin — TShipStore)
AAdmin = TAdmin * AUse
AShipStore = ZShipStore * Avse
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ABuild = Ause/ (1 — Tsocial)
ASsocial = TSocial * ABuild
Asite = ABuild * (1 + Qadd Site)
Astd,i = AUnits,std,i/(1 — TProd,add,Units — ZProd,add,Store —

- xProd,add,other)

Agta = ZAStd,i , 1 € {process steps}
i

ApR,i = AUnits,DR,i/ (1 — ZProd,add,Units — LProd,add,Store —

- mProd,add,other)

Apr = Z Apri , 1€ {process steps}
i

ALab,i = AUnits,Lab,i/ (1 — TProd,add, Units — ZProd,add,Store —

- zProd,add,other)

Apap = ZALab7i , 1 € {process steps}
i

Area costs

Regarding the areas, four different cost rates (Iareal Site, Lareal,Build; lareal DR
Loveal Lab) are considered for calculating the individual and overall area costs.

ISite = Iareal,Site : ASite
IBuild = IareaLBuild . ABuild
Ipr = Lareal, DR - ADR

ILab = Iareal,Lab ' ALab

C’eureal,building = Iareal,Build ST+ Iareal,Build/Tbuild

Personnel costs

This paper regards four types of personal: skilled workers, assistant workers,
leadership overhead and cleaning staff. The number of skilled and assistant
workers is calculated based on the required number of workers per machine
per shift, the number of shifts and the number of working days per worker per
year. For the number of skilled and assistant workers required (in full time
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equivalents (FTE)) it follows

NShift,Day ' NWorkdays

Nskillwork = . E Nsyittwork,i * NUnits,ECi >
NWorkdays,Empl i
i € {Process Steps}
o NShift,Day ' NWorkdays
NAssist -

. E Nassist,i - NUnits, EC,i s
NWOrkdays ,Empl i

i € {Process Steps}

The number of overhead FTEs are calculated as a percentage of the number
of skilled and assistant workers. It follows

NindStaff = TSpan,Lead * (Nskillwork + NVassist)
NClean = TSpan,Clean * (NSkillwork + NAssist)

with Tspan Lead a0d Zgpan,Clean as the percentage of overhead required. The
personal cost are then calculated as

Cpas = 3 Ni-Ci , i€ {Skillwork, Assist, Indirect, Cleaning}

with C; = Nworkdays, Empl - Nshift, Hour - ¢i 88 the associated yearly wages (¢;
corresponding to the hourly wage).

Energy costs

The cost of energy consumption is based on the variable energy consumption
of the individual process steps plus an overhead charge for heating or cooling
of the building. In both cases this paper calculates energy consumption as
electricity in kWh. The variable energy cost are calculated as

CEnergy,var = CElectricity ' Z Ei ) NS {PI‘OCGSS Steps}
7

with Ei the energy consumption of process step i in kWh and Criectricity the
electricity price per kWh. The overhead energy cost are calculated based on
the size of the basic, dry room, and laboratory areas of the factory. It follows

CEnergy,ﬁx = CElectricity . E Pareal,i : AProd,i + ABuild . Pareal,Basic
ie{DR,Lab}
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Full costs

Full cost are calculated by dividing the total yearly production cost by the
total yearly production output in kWh. The formula used in this paper is

IO + Zzwil (It —+ wy + Ft + dt)
ZtT£1 Ot

with Tf the lifetime of the factory, I; the periodic capacity investments (i.e. the
initial factory investment and recurring machine investments), wy the periodic
variable cost, F; the periodic fixed operating cost, d; the yearly depreciation,
and ot the output in year t.

FC =

Levelized costs

Levelized cost are calculated by setting the formula for the net present value of
the battery factory to zero and solving it for the price. The NPV is defined as

Tr
NPV =— Z I; - 4" (Discounted yearly investments)

t=0
Tr

+ Zp -0y -" (Discounted revenues)
t=1
Tr

- Z wy - 0y -y' (Discounted yearly variable cash flows)
t=1
Tr

— Z Fy - ' (Discounted yearly fized cash flows)
t=1
Tr

— Z QTaxes (D 0f — wy - 0y — Fy — dy)y* (Discounted yearly tazes)
t=1

with a discount factor v = (1 + 7)~! where the cost of capital are defined by
r, p the price realized from selling one unit of output and araxes the effective
corporate income tax rate.

Setting the NPV formula to 0 and solving for p yields the levelized cost of
battery production (LCBP):

T
LCBP pizt lwt 0t Zt lFt Zt 0 t aZtFl
Zt 10t - 7t Zt 10t 7t (1 _aTaxes) Zt 10t vt
Marginal costs

Marginal cost are calculated by dividing the yearly material, variable energy
and variable personal costs by the yearly factory output (in kWh). As all these
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costs are linearly increasing with the production output, these average yearly
variable costs are equal to the marginal cost. For energy and personal costs,
only electricity and personal directly required to operate the machines on
the shopfloor are considered (i.e. overhead such as managers or electricity for
heating are not considered in the marginal cost). The marginal cost formula is:

Tr
Zt:1 Wy
Tr

t=19t

MC =
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Cell, process, and

production parameters for case studies

Supplementary Note 2

A Cell design
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Table A3: Considered electrode recipes, values in wt. %
NMC811 LFP Graphite G+ G +
3wt. % Si 5wt.% Si
Active material 97 94 94 92 92
Carbon Black (C65) 1.5 1 1 1 1
PVDF 1.5 - - -
CMC - 2 2 7 7
SBR - 3 3 - -
Solvent NMP Water Water Water Water
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Table A5: Design of the electrodes

25

Cells Areal capacity™ / Mass loading / Coating density
mAhcm™ mgecm~ / gem 3

NMC811 / Graphite

Cathode 5.00 27.80 3.63

Anode 6.00 17.73 1.68

NMC811 / Graphite + 3wt. % Si

Cathode 5.00 28.17 3.63

Anode 6.00 14.27 1.54

NMC811 / Graphite + 5wt. % Si

Cathode 5.00 28.48 3.63

Anode 6.00 12.49 1.45

LFP / Graphite

Cathode 3.44 24.67 2.24

Anode 4.13 12.20 1.68

*after cell formation (including losses due to SEI formation); no loss in anode active material

assumed
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B Process design
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Supplementary Note 3: Additional figures

(a) Rolled cell, round core (4680)

Extra
separator Core
windings radius
Radius
round cell
Distance $ @ y
roll - cap ( VRS
~__-1
| 1
! 1 )
1 | Height
/’ 1 | round
Case 1 1 cell
thickness | 1 1
! 1
! ]
S —
N~ —

(b) Rolled cell, prismatic core (PHEV2)

Extra separator
windings Core
radius

Core
width
Case

I l/ thickness

Distance
roll - cap ¢
Height

N~ ——— -~
‘/Lngth

€ Distancetab-case €
Width

Fig. A1l: Considered cell types including the individual dimensions
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Current
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Fig. A2: Coil usage in rolled cells with two continuous coating tracks
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(a) PHEV2 | NMCB811 - Graphite
M Outdoor Production ' Remaining areas

Space, in tsd. m?

Area Normal Dry room Lab Total Machines
I undeveloped property 184.0 - - ii 170.0 -
Ancillary, functional and social areas 18.4 - - E170 -
Warehouse and shipping 16.6 - - 153 -
Administration 83 - - B76 -
Mixing 0.3 - - -0.3 Mixer (7/5), Doser (4/2) (Anode/Cathode)
Coating & Drying 3.0 26 - k5.6 4
Calendering 0.3 0.3 - -0.6 Anode: 1 — Cathode: 1
Slitting 0.4 0.4 - r0.8 Anode: 3 — Cathode: 4
Post-Drying 0.2 0.6 - r0.8 Anode: 2 — Cathode: 2
Winding - 12 - -1.2 30
Contacting - 0.7 - -0.7 7
Inserting & Closing of lid - 0.3 - -0.3 4
Electrolyte filling - 2.0 - t2.0 8
Wetting - 0.8 - -0.8 49
Forming & Degassing - 1.0 - -1.0 70
Closing - 1.6 - F1.6 6
Aging - - 8.6 W86 498
End-of-line Test - - 0.3 -0.3 18
Packaging & Shipping 1.7 - 1.7 k33 -
Total 237.9 117 105 |/ 237.9
(b) PHEV2 | LFP — Graphite
¥ Outdoor Production Remaining areas
Space, in tsd. m?
Area Normal Dry room Lab Total Machines
W Undeveloped property 267.9 E R W/ 2679 R
Ancillary, functional and social areas 26.8 - - 268 -
Warehouse and shipping 24.1 - - 241 -
Administration 121 - - B121 -
Mixing 0.5 - - -0.5 Mixer (8/10), Doser (4/4) (Anode/Cathode)
Coating & Drying 8.4 - - | 28 6
Calendering 0.9 - - -0.9 Anode: 2 — Cathode: 2
Slitting 1.0 - - -1.0 Anode: 3 — Cathode: 3
Post-Drying 0.6 0.6 - -11 Anode: 4 — Cathode: 6
Winding - 2.1 - F2.1 52
Contacting - 1.2 - -12 11
Inserting & Closing of lid - 0.5 - -0.5 6
Electrolyte filling - 3.4 - I3.4 13
Wetting - 14 - F1.4 81
Forming & Degassing - 1.6 - -16 113
Closing - 2.7 - t2.7 10
Aging - - 14.4 B144 837
End-of-line Test - - 0.4 -0.4 30
Packaging & Shipping 2.3 - 2.3 k4.6 -

Total 3751 134 171 | 3751

Fig. A3: Space and machine requirements for a 10 GWh factory for the pris-
matic PHEV?2 cell with a NMC811-Graphite chemistry (a) and a LEP-Graphite

chemistry (b)
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Supplementary Note 4: Variables
A Greek Symbols

Symbol Unit description

Oladd,Site - factor for additional area demand of site

QElyte,Cyl/HC - dosing factor electrolyte for 4680/PHEV?2

QtParallel, Age,Cyl/HC - parallelization factor for 4680/PHEV2 for
process step Aging

QtParallel, EOL,Cyl/HC - parallelization factor for 4680/PHEV2 for
process step End-of-line test

QParallel, Fill,Cyl /HC - parallelization factor for 4680/PHEV2 for
process step Filling

QParallel,Form,Cyl/HC - parallelization factor for 4680/PHEV2 for
process step Formation

QtParallel, Wet,Cyl/HC - parallelization factor for 4680/PHEV2 for
process step Wetting

QEC,i - excess capacity of process step i

Q'Taxes - effective corporate income tax rate

Qrecover,CC,A/C - share of recovered anode/cathode current
collector material

Qrecover,Coat, A /C - share of recovered anode/cathode coating

Qrecover,Form,Cyl/HC - fraction of energy recovery during formation
for 4680/PHEV2

Qrecover,FC - share of recovered filled cells

Qrecover,Roll - share of recovered jelly rolls/flat packs

Qlrecover,SL,A /C - share of recovered anode/cathode slurry raw
materials

Qrecover,Solvent, A /C,i - fraction of recovery of anode/cathode sol-
vent ¢ during drying

Qutilization - utilization rate of factory

AVg; - volume expansion of silicon (300 %)

y=01+r)"t - discount factor with interest rate r

YDry gs~'m~2 drying rate of the electrodes

€goal - goal porosity of the G-Si anode

€x%S3 - required porosity of the G-Si anode to allow
for volume expansion

€Coat,A/C - porosity of anode/cathode coating

€Sep - porosity of separator

Nc,cyl/HC - coulombic efficiency of first charging cycle of
4680/PHEV?2 for process step Formation

7z,Cyl/HC - cell efficiency of 4680/PHEV2 for process
step Formation

PCC,A/C gem ™3 density of anode/cathode current collector

PElyte gem ™3 density of electrolyte
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pScp
PSlurry,A/C
Psolid,A/C

Psolid,A/C,i
PSolvent,A/C

PSolvent,A/C,i
PCoat,A/C

gem™
gem™
gcm

gcm
gcm

gcm
gcm

3
3
3

3
3

3
3

density of separator

overall density of anode/cathode slurry
overall density of solid anode/cathode mate-
rials

density of solid anode/cathode material i
overall density of solvents in anode/cathode
slurry

density of solvent 7 in anode/cathode slurry
density of anode/cathode coating

B Latin Symbols

Symbol Unit description

ap/ci - mass fraction of solid anode/-
cathode material ¢

AAM,A/C - mass fraction of anode/cathode
active material

apm,A/C - mass fraction of anode/cathode
passive materials

golid, A /C - solid content of anode/cathode
slurry

ASolvent,A /C,i - mass fraction of anode/cathode
solvent ¢ in relation to total
anode/cathode solvent mass

Across,HC mm? cross sectional area of wound
hard case cell body (excluding
additional separator windings)

AAdmin mm? area for administration

Apuild mm? area of building

Acase,Cyl mm? surface area of cylindrical cell
case

Acase,HC mm? surface area of hardcase cell case

Acc,a/c mm? area of anode/cathode current
collector

Acoat,A/C mm? area of (one-sided) anode/cath-
ode coating

ACoat,tot,A/C mm? total area of anode/cathode
coating in cell

Acoater,A/C m? area requirement for anode/-
cathode coating machine

ADosefeed, DR, Mix, A /C m? Unit~* area demand for anode/cathode
dose feeder in process step Mix-
ing

Apr m? total dry room area demand
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ALapb
AScp

AScp,inncr

AScp,outcr

AScp,tot
AShipStore

Asite
AUnits,std
AUnits std,i
Aunits,DR
AUnits,DR,i
AUnits,Lab

AUnits,Lab,i

AUnits,tot

AProd

Aprod,add, Units

AProd,add,Storc

AProd,add,othcr

Aprod,i
AProd,std

Aprod,DR

65

total laboratory area demand
area of a single separator (in
wounded cell)

additional area of one separa-
tor due to additonal windings
around core

additional area of one separa-
tor due to additonal windings
around cell body

total area of separators in cell
area for shipment storage

area of site

normal area demand for
machines in alle process steps
normal area demand for
machines in process step i

dry room area demand for
machines in all process steps
dry room area demand for
machines in process step i
laboratory area demand for
machines in all process steps
laboratory area demand for
machines in process step i

total area demand (all kind of
areas) for machines in all process
steps

total area demand (all kind of
areas) for production

total area demand (all kind
of ares) for operating machines
(excluding machine area) for pro-
duction

total additional area demand (all
kind of ares) for intermediate
storage in production

total other additional area
demand (all kind of ares) for
production

total other area demand for pro-
duction in process step i

normal area demand for produc-
tion

dry room area demand for pro-
duction
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AProd,Lab m? laboratory area demand for pro-
duction

Asocial m? social and functional area
demand

Agq m?2 total normal production area
demand

AUnits,i m? area demand for machines inde-
pendent of type of area

AUnit,std, i m? Unit™* normal area demand for one
machine in process step i

AUnit,DR,i m?2 Unit ! dry room area demand for one
machine in process step i

Aunit,Lab,i m?2 Unit~* laboratory area demand for one
machine in process step i

Ayse m? effective area for production,
shipment storage and adminis-
tration

AUnit’pOStDr% A/C m?days ™' Unit ™! areal throughput of one drying
machine in process step Post
Drying

CAssist $h-t hourly rate supporting staff

CClean $h-t hourly rate cleaning staff

CIndStaff $ht hourly rate indirect staff (execu-
tives and administrative employ-
ees)

CRamp,Mat % material cost share for factory
ramp-up

CRamp,Oh % employees and overhead cost
share for factory ramp-up

CSkillwork $h-t hourly rate specialists

Clareal,CC,A/C $m—2 costs of anode/cathode current
collector per area

Careal,Sep $m—2 costs of separator per area

Cmass,solid7A/C7i $kg_1 costs of solid material ¢ of
anode/cathode coating per mass

Cass,Solvent, A /C $kg_1 apparent costs of anode/cathode
slurry solvent per mass (consid-
ering solvent recovery)

Cmass,Solvent,A/C,i $kg? costs of solvent ¢ in anode/cath-
ode slurry per mass

Chass,Coat,A/C $kg! costs of anode/cathode coating
per mass

Cvol,Elyte $L-1! material costs of electrolyte per
volume

Cassist $at yearly wage supporting staff
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CCasc
Ccen

CClean
Cloat,A/C

Ccc,a/c

CElectricity
CElyte

CEnergy,ﬁx
CEnergy,var

Crndstaft

CPers
CSep

Cskillwork
Csolvent,A/C

CR
Careal ,building
dy

doatline,A/C,Cyl/HC

dor,A|C

doL,cc,A/C|Sep

doL,Sep|A
Eareal,DR

E areal,Lab

Espec
Evol
Eyol,DR

$cell
$cell

mim

material costs of casing per cell
material costs of one cell

yearly wage cleaning staff
material costs of anode/cathode
coating per cell

material costs of anode/cathode
current collector per cell
electricity price

material costs of electrolyte per
cell

total fix energy costs for the bat-
tery production

total variable energy costs for the
battery production

yearly wage indirect staff (execu-
tives and administrative employ-
ees)

total yearly personal cost for the
battery production

material costs of separator per
cell

yearly wage specialists

material costs of anode/cathode
solvent per cell

C-rate for testing cell samples
annual areal costs for building
yearly depreciation

distance between anode/cathode
coating lines for 4680/PHEV2
overlapping distance of anode
coating compared to cathode
coating

overlapping distance of anode/-
cathode current collector com-
pared to separator

overlapping distance of separator
compared to anode coating
energy consumption of dry room,
normalized by area

energy consumption of labora-
tory, normalized by area

specific energy of cell
volumetric energy density of cell
energy consumption of dry room,
normalized by volume
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ECcll,Form

EQA,Form

FC
hcel,cyl
hcenmC
hi,cen,HC
hgap,Cyl
hgap,HC
hi,cell,cyl

Iareal,Build
Iareal,DR

Iareal,Lab

Iareal,Site

I

IBuild
IDosefeed,A/C,Mix

ISite
Ttnit,i,A/C

IUnit,i

IUnits,i
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Wh

&

$ Unit~*

$ Unit—*

$ Unit—*

required energy for formation of
one cell

required energy for quality assur-
ance (continuous cycling)
annual energy consumption of
process step i

annual cell energy output (equal
to o)

periodic fixed operating cost in
year t

specific full cost for the battery
production

outer height of cylindrical cell
case

outer height of hardcase cell case
inner height of hardcase cell case
distance from top of cell body
to inside of casing for cylindrical
cell

distance from top of cell body to
inside of casing for hardcase cell
inner height of cylindrical cell
case

total areal costs of building
total areal building costs of dry
room

total areal building costs of lab-
oratory

total areal costs of property
periodic capacity investment in
year t

investment costs for raw building
investment cost for one dose
feeder for anode/cathode pro-
cessing in process step Mixing
investment costs for site
investment cost for one machine
for anode/cathode processing in
process step i

investment cost for one machine
for process step i

investment cost for all machines
in process step i
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lfag,A/C,Cyl/HC

li,cen,HO
ZApplicator,A/C
la,cy1/HC
lcen,HC
lcoina/c
lcoil,Sep

lDryer,A/C

lScrap,Coil,A/C,i

lPostDry,A/C

Iajci
lcc,a/cii
lCC,rccovcr,A/C,i

lSep,i

lSep,recover,i

Mareal,A/C
MCase
mcc,A/C

mcell
MCoat,A/C,tot

MElyte
MSep,tot

min

B

0]

0]

length of anode/cathode current
collector protrusion compared to
coating edge for 4680/PHEV2
inner length of hardcase cell case
length of application unit of
anode/cathode coating machine
including un- & rewinder

length of anode of winded cylin-
drical/hardcase cell body

outer length of hardcase cell case
length of anode/cathode coil
length of separator coil

length of anode/cathode dryer in
process step Coating and Drying
length of fixed scrap of anode/-
cathode coil in coil process step
i

anode/cathode processing speed
in process step Post Drying
length of required anode/cath-
ode coating per year for process
step i

length of required anode/cath-
ode foil per year for process step
i

length of anode/cathode foil per
year for process step i that is
retrieved via recycling

length of required separator foil
per year for process step i
length of separator foil per year
for process step i that is retrieved
via recycling

area specific mass loading of
anode/cathode coating

mass of cell housing (including
cap and cap connectors)

mass anode/cathode current col-
lector per cell

total mass of cell

mass anode/cathode coating per
cell

mass of electrolyte per cell

mass separator per cell
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-1 mass of required anode/cathode

coating per year for process step

i

mass of anode/cathode coating

per year for process step i that is

retrieved via recycling

MC $kWh! specific marginal cost for the bat-
tery production

N Assist,i - number of assisting workers to
operate one machine of process
step i

NCoatline,A/C - number of anode/cathode coat-
ing lines on anode/cathode coil
(each line serves for two elec-
trodes)

NCycle - number of cycles until the cell
has reached its end of life in
quality assurance

NRU - number of repetition units per
cell

NSample,QA,3month samples shift ™! number of cell samples per shift
kept under constant cycling for 3
months for quality assurance

NSample,QA,6month samples shift ™! number of cell samples per shift
kept under constant cycling for 6
months for quality assurance

NSample,QA lifetime samples shift ™! number of cell samples per shift
kept under constant cycling until
end of life for quality assurance

TMCoat, A /C,i kga

> —1
MCoat,recover,A/C,i kg a

NSkillwork,i - number of skilled workers to
operate one machine of process
step i

N'Wind,Sep - number of additional separator

windings around cell core and
cell body each

N'Wind,HC - number of windings in hard case
cell

Niength,Roll,A/C sheetsm™! number of anode/cathode sheets
serving for one jelly roll per
meter foil

NAssist - total number of assisting workers
for the battery production

N Assist,i - number of assisting workers for

process step i
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NClcan

NChan,QA,Smonth

NChan,QA,Gmonth

NChan,QA lifetime

NChan,QA,tot

NDosefeed,A/C,Mix

Nndstaff

Nshitt, Day
NShift,Hour
Nsxiltwork
Nskillwork,i

Nskillwork,DR

Nunit,i,a/C

NUnit,Form,QA

Nunit,i

Nunits,EC,i,A/C

Nunits,EC,i

NWorkdays

shifts day !
days shift ™

daysa~

1

total number of cleaning staff for
the battery production

number of channels for quality
assurance cycling (duration: 3
months)

number of channels for quality
assurance cycling (duration: 6
months)

number of channels for qual-
ity assurance cycling (duration:
until end of life)

total number of channels for
quality assurance cycling
number of dose feeders for
anodes/cathodes in process step
Mixing

total number of indirect staff
(executives and administrative
employees) for the battery pro-
duction

number of shifts per day
number of hours per shift

total number of skilled workers
for the battery production
number of skilled workers for
process step 1

number of skilled workers for dry
room management

number of machines in operation
for anode/cathode processing in
process step i (neglecting over
capacity)

number of additionally required
formation machines for quality
assurance (continuous cycling)
number of machines in operation
for process step i (neglecting over
capacity)

number of machines for anode/-
cathode processing in process
step ¢ including overcapacity
number of machines for process
step i including overcapacity
number of working days per year



72 Supplementary Information - Cost modeling for LIB cells

Niworkdays, Empl daysa~! number of employee working
days per year

Ncen cellsa™! number of produced cells per
year

Nceu,i cellsa™! input of cell equivalents per year
in process step i

Ncell’eﬁJ cells daysf1 effective production rate of pro-
cess step i due to utilization

NUnit’i,Cyl JHC cells min ™! throughput of one machine for
4680/PHEV?2 in process step i

0t GWha! annual cell energy output (equal
to Fiot)

p $ price realized of selling one unit
of output

Pireal Basic kWhm~2a annually basic media supply of
electricity for air conditioning
and heating

PQA Form w average power for quality assur-
ance (continuous cycling)

Puniti,a/c kW average power of one machine
for anode/cathode processing in
process step i

Punit i kW average power of one machine for
process step i

q - scale factor

Qareal,A/C mA hem ™2 areal capacity of anode/cathode
coating

Gspec,A/C mAhg™! specific capacity of anode/cath-
ode active material

Qcen Ah capacity of cell

Qo Aha™! annual cell capacity output

r - interest rate

T4,Cell,Cyl mim inner radius of cylindrical cell
case

T'Cell,Cyl mm outer radius of cylindrical cell
case

TCore,Cyl/HC mm radius of winding core of cylin-
drical/hard case cell

T Area,gross % gross area factor

TInfl % inflation rate for labor cost

T"Maintain % rate for maintenance, inspection,

repair and improvement of tech-
nical machinery, plant and equip-
ment

TReplace - replacement factor
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taux,Age,Cyl/HC

taux,Cal,A/C

T aux,Close,Cyl/HC

taux,CoatDry,A/C

taux,Cont,Cyl/HC

Laux,EOL,Cyl/HC

L aux,Fill,Cyl/HC

taux,Form,Cyl/HC

taux,Insert,Cyl/HC

Laux,Mix,A/C

taux,PostDry,A/C

Laux,Slitt,A/C

T aux, Wet,Cyl /HC

T aux,Wind,Cyl /HC

tAge,Cyl/HC

min

min

min

min

min

min

min

min

min

min

min

min

min

days

auxiliary time for processing of
4680/PHEV2 in process step
Aging

auxiliary time for anode/cath-
ode processing per coil in process
step Calendering

auxiliary time for processing of
4680/PHEV2 in process step
Closing of filling opening
auxiliary time for anode/cath-
ode processing per coil in process
step Coating and Drying
auxiliary time for processing of
4680/PHEV2 in process step
Contacting

auxiliary time for processing of
4680/PHEV2 in process step
End-of-line test

auxiliary time for loading cell
rack into filling machine for
4680/PHEV2

auxiliary time for processing of
4680/PHEV2 in process step
Formation

auxiliary time for jelly roll/flat
pack processing for 4680/PHEV2
in process step Inserting an Lid
closing

auxiliary time for anode/cathode
processing per batch in process
step Mixing

auxiliary time for anode/cath-
ode processing per coil in process
step Post Drying

auxiliary time for anode/cath-
ode processing per coil in process
step Slitting

auxiliary time for processing of
4680/PHEV2 in process step
Wetting

auxiliary time for mandrel
withdrawal after winding for
4680/PHEV?2

aging duration for 4680/PHEV2
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tce,a/c pm thickness of anode/cathode cur-
rent collector

LCoat,A/C pm (one-sided) thickness of anode/-
cathode coating

L Coil,PostDry, A /C min processing time for anode/cath-

ode coil in process step Post Dry-
ing (excluding auxiliary time)

tDry,A/C min drying time of anode/cathode in
process step Coating and Drying

tForm,Cyl/HC h formation time for 4680/PHEV2

IMix, A /C min mixing time of anode/cathode in
process step Mixing

trU pm thickness of repetition unit con-

sisting of two separators, one
double-side coated anode and
one double-side coated cathode
including current collectors

tSep pm thickness of separator

twall pm thickness of wall of cell case

tWet,Cyl/HC h Zgggi/nlgHEV2 duration for

TBuild a lifetime of the building

Tpr a technical service life of the dry
room

Tr a lifetime of the factory

T a lifetime of machines

U \% mean discharge voltage

VCal,A/C m min~! calendering speed of anode/cath-

ode in process step Calendering

VCoatDry,A/C mmin~ coating speed of anode/cathode
in process step Coating and Dry-
ing

VCont,Cyl/HC cells min ™! operating speed for
4680/PHEV2 in process step
Contacting

VRill,Cyl/HC cellsmin ™! operating speed for
4680/PHEV2 in process step
Filling

UPostDry,A /C mmin~! web speed of anode/cathode in
process Post Drying

Vslit, A/C mmin~! web speed of anode/cathode in
process Slitting

UWind,Cyl/HC mmin~! web speed during winding for

4680/PHEV2 in process step
Winding
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vf

Vi cent
VAgitator,A/C
Vee,a/c

Veen
Viellbody

VCoat,tot,A/C
VDcad

VElyte

VPorcs
VScp,tot
VElyte,i
VSlurry,A/C
Wy

WCell,HC

Wi, Cell,HC
WCoater,A/C
WCoatline,A/C
WCore,HC
Wcoil,A/C
Wgap,HC
WSep,HC

Tirr

T Admin

Thalance

(0]

volume factor

internal usable volume of cell
case

usable volume of anode/cathode
mixer

volume of anode/cathode cur-
rent collector

outer volume of cell case

volume of cellbody (including
pores)

volume of anode/cathode coat-
ing per cell (including pores)
dead volume of cell (excluding
pores)

volume of electrolyte per cell
total volume of pores per cell
(including separator, anode and
cathode)

volume of separator per cell
(including pores)

volume of required electrolyte
per year for process step i
volume of required anode/cath-
ode slurry per day for process
step Mixing

periodic variable cost in year t
outer width of hardcase cell
inner width of hardcase cell case
width of anode/cathode coating
machine

width of anode/cathode coating
lines

width of core of hard case cell
width anode/cathode coil

width of gap between inner cell
housing and current collectors
width of separator in hardcase
cell

share of irreversible capacity loss
on cathode due to SEI formation
on anode

share of area for administration
relative to effective area

share of excess anode areal
capacity



76 Supplementary Information - Cost modeling for LIB cells

IDR,A/C,i

xloss,t,PostDry,A/C

ZTratio,Agitator,Dosefeed

ZTScrap,fix,i,A/C

TScrap,var,i

TProd,add,Units

TProd,add,Store

ZProd,add,other
ZShipStore
TSocial
TSpan,Lead

ZSpan,Clean

1/x

1/x

share of dry room area com-
pared of anode/cathode process-
ing machines in process step i
fraction of ancillary time for
anode/cathode coil processing in
process step Post Drying
number of agitators per dose
feeders

share of fixed anode/cathode
scrap relative to throughput in
process step i

variable scrap in process step i
share of additional area for oper-
ating machines relative to total
production area

share of additional area for inter-
mediate storage relative to total
production area

share of other additional area
relative to total production area
share of area for shipment stor-
age relative to effective area
share of social and functional
area relative to area of building
ratio of indirect to direct person-
nel

ratio of direct to cleaning and
janitorial staff
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