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A B S T R A C T

The cost saving potential of large-format tabless cylindrical lithium-ion cells has been widely recognized since
Tesla announced their plans to produce and BMW has confirmed to adopt this type of cells due to economic
benefits among other reasons. However, a quantification and deep analysis of the cost reduction emerging
from enlarged dimensions and further innovations such as different housing materials has not been reported
in scientific literature so far. In this study, the process steps of manufacturing a large-format tabless cylindrical
cell are examined and published in detail for the first time. A model is established that incorporates all
manufacturing steps as a function of cell dimensions and choice of housing material. It was found that enlarging
the dimensions from the conventional 2170 to the 4680 format achieved a cost reduction of 10.9% for two
main reasons. First, the manufacturing cost per kWh decreases due to certain manufacturing steps being directly
dependent on the number of cells produced. Second, the cells volumetric energy density itself increases due to
a better volume efficiency of the active material share which further decreases the number of cells required.
Introducing aluminum housings offers additional cost saving potential of as much as 2.5% of the total cost
of 4680 cells due to an efficient backwards impact extrusion manufacturing process and lower cost of the
aluminum raw material compared to nickel-plated steel.
1. Introduction

Large-format cylindrical lithium-ion cells have been widely dis-
cussed in recent years since Tesla announced their 4680 cell with
46 mm diameter and 80 mm height [1]. Especially the tabless electrode
design [2] enables cells with larger dimensions through enhanced
current collecting and thermal pathways [3–6]. Recent works reported
extreme fast-charging performance [7,8] and the influence of cell di-
mensions and housing material on the structural components and the
thermo-electrical performance [9] of large-format cylindrical cells with
innovative tab design. Enhanced energy density and performance are
however only some of the reasons automotive manufacturers plan to
utilize cylindrical cells with tabless electrodes and enlarged dimensions.
According to Tesla they expect to achieve a double-digit percentage
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reduction in total cost by introducing 4680 cells [1]. BMW reported
they aim to cut overall electric vehicle cost by 25% [10] and cut battery
system cost by as much as 50% [11] with the introduction of their
’new-class’ vehicles in 2025 that utilize 46xxx tabless cylindrical cells
with 46 mm diameter and varying height [12]. A number of cell man-
ufacturers such as Samsung [13], BAK Battery [14] and Rimac [15,16]
further announced development of 46xxx cells with 46 mm diameter
and custom height. Scientifically studying and understanding the cost
saving potential of enlarged dimensions is thus necessary to enable de-
velopment of tabless cylindrical cells with optimized trade-off between
enhanced energy density, increased performance and reduced cost
which will speed up the adoption of e-mobility and environmentally
friendly means of transportation.
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There is plenty of literature available for manufacturing pouch cells
and prismatic cells [17–21]. In contrast, studies that investigate man-
ufacturing cost of cylindrical cells are sparse, based on conventional
dimensions such as commercial 18650 and are outdated regarding
recent innovations such as the tabless electrode design [22,23]. Quinn
et al. [24] pointed to the cost saving potential of enlarging the cell
dimension years prior to Teslas announcement of introducing the 4680.
A cost reduction per kWh was also theorized by Waldmann et al. [25]
recently. However, to the best of our knowledge, no scientific study was
able to quantify these thoughts. This is not surprising as manufacturing
cost models required to achieve this are already notoriously difficult
to parameterize for a given cell format and design, let alone including
variable dimensions. A first manufacturing cost model of this kind was
recently introduced by Boerner et al. [26] who reported the impact of
the tabless design on electrode manufacturing including a ’flag forming’
step based on the 2170 format. They however did not investigate the
complete manufacturing process including assembly and finishing and
did not analyze the influence of varying diameters and heights.

Further, to the best of our knowledge there exists no single study
that investigates the manufacturing process and cost of state-of-the-
art cylindrical cell housings. This process is however a key piece for
fully understanding the cost saving potential of larger dimensions as
the number of housings required per kWh decreases [24]. Introducing
aluminum housings rather than common steel housings further en-
hances the thermo-electrical performance through better electrical and
thermal conductivity [7] and allows for tighter packing density [27].
Understanding the implications of aluminum housings on all aspects
of battery systems including cost is therefore of great interest to make
informed decisions about the choice of housing material.

In this paper, a scientific deep dive into state-of-the-art manufac-
turing technology of large-format cylindrical cells with innovative tab
design is reported. Different manufacturing processes for tabless jelly
rolls and innovative new housing designs are explained in detail. For
the first time, a manufacturing cost model is developed for all existing
and new manufacturing steps that were introduced in recent years
as a function of cell dimensions and housing material. A sensitivity
study quantifies the impact of the tabless electrode design, the cell
dimensions and the housing material on the manufacturing cost of
large-format tabless cylindrical cells. The results are suitable to serve
as input for multi-objective battery system optimization.

2. Analysis of the manufacturing process of tabless cylindrical
lithium-ion cells

2.1. Influence of large-format cylindrical cell technology on manufacturing

Cell designs of conventional 18650 and 2170 cells were mostly
unchanged for more than a decade and little innovation has taken
place in this field. Deep drawn cell housings were combined with
crimped endcaps that contain safety devices such as a current-interrupt-
device (CID), integrated burst discs and positive temperature coefficient
(PTC) sealings [28]. The manufacturing processes for these type of
cells are well known and optimized by the manufacturers. Meanwhile,
large-format cylindrical cells have introduced a number of further
innovations in addition to enlarged dimensions and introducing the
tabless electrode design. Especially the design of the cell bottom and
top endcaps is crucial for achieving the desired performance and safety
behavior. However, apart from what has been reported in our previous
studies [7,9,27,29] little information is documented about sophisti-
cated mass-produced large-format tabless cylindrical cell designs other
than what is known about the first generation of the Tesla 4680 [30,
31]. This could lead to the fallacy of believing the Tesla cell design
is the only design that will be present in all future 46xxx cells. In
reality, a variety of different cell designs will emerge in the future that
are heavily optimized towards delivering specifically targeted trade-
2

off between multiple properties when integrated into different battery
systems. Baazouzi et al. [31] recently introduced a categorization of
different tabless cylindrical cell designs that provides a first overview
about the many different viable approaches. Especially the type of
cooling system and the cooled surface [9], possibly mechanical support
to prevent side-wall breaches [29] during thermal runaway and the role
of the cell housing of absorbing shear stress are key to consider before
choosing a certain cell design. For example, the Tesla 4680 model
3 battery is combined with a surface cooling just like the previous
generations of 18650 and 2170 batteries across all Tesla vehicles.
The main advantage of this type of cooling compared to the highly
effective bottom cooling [32] for tabless cylindrical cells with large
diameters and regular height such as the 4680 almost certainly does
not lie in enhanced thermo-electrical behavior [9,32], but rather in the
opportunity of having complete freedom of designing the cell endcaps
and tabless jelly roll to endcap connection [31]. Most importantly,
the venting mechanism can be shifted to the side opposite to the
terminal which is connected to the busbars. This allows for contact-
ing negative and positive poles on one side of the cell and venting
towards the other side. This enhances the reliability of the venting
mechanism and drastically reduces the risk of voltage flashovers and
electric arcs [29]. The safety of cylindrical cells has already been one
of the major advantages compared to pouch and prismatic cells [27,29]
due to the defined venting area and low energy content per cell. The
above described cell design further improves this advantage. Especially
combined with a strong mechanical support between the cells and
low thermal conductivity of the interstitial material it is expected
that cylindrical cells will achieve greater thermal propagation safety
compared to other cell formats. However, implementing the venting
mechanism into the cell bottom imposes restrictions on designing the
electrical connection between the tabless jelly roll and the cell bottom
around the vent area. On the other hand, by introducing the tabless
electrode design a bottom cooling approach is now feasible [7,9,32]
due to the overall drastically reduced electrical resistance and ohmic
losses [3,5,28,33] as well as better thermal connection between the
cell ends and the cell bottom [7]. Contrary to a surface serpentine
cooling, for a bottom cooling setup the thermo-electrical performance
is largely independent of the cell diameter as the ratio of cooled surface
to cell volume and the effective cell length in the direction of the
main heat flow remains constant [9]. When using a cooling plate
however, the venting path at the bottom of the cell is blocked and the
venting mechanism cannot be separated from the terminal. However,
this allows for complete freedom of applying the best manufacturing
technology for minimizing the thermal resistance between the jelly roll
and the cell bottom, which is a key for maximum performance with
bottom cooling [7]. As can be concluded from publicly available CT-
Scans [31] the Tesla 4680 for example is not suited for a bottom cooling
approach for many reasons. Especially the large air gap between the
tabless jelly roll and the crimped cell bottom [30] poses a thermal
insulation in axial direction which would cause dire performance [7].

To summarize, it is important to understand that not only the cell
dimensions and tab designs but rather every single structural cell com-
ponent must be considered and optimized for maximum performance
and safety. OEMs and cell manufacturer must optimize the cell design
towards their specific application and need. For the reasons outlined
above completely different cell designs and therefore manufacturing
technologies are required when combining large-format tabless cylin-
drical cells with different battery system designs. As can be concluded
from this fact, manufacturing lines will vary across different manufac-
turers and flexibility is needed to satisfy future customer demands. In
this paper, a manufacturing line for one specific novel large-format
tabless cylindrical cell design that is optimized for a bottom cooling
setup is assumed to analyze and understand the influence of cell

dimensions and housing materials.
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2.2. Reference cell for further analysis and model parameterization

A state-of-the-art tabless cylindrical cell with 10 Ah capacity and
dimensions between common 2170 with about 5 Ah [34] and 4680 cells
with about 22.5 Ah [30,31] is used as a reference baseline for model pa-
rameterization. The reference cell has a LiNixMnyCozO2 (NMC, x > 0.8)
athode, SiOx-C anode with carbon nanotubes (CNT), DMC:EC:EMC
lectrolyte and an Al2O3 coated separator. The housing is made from
n extruded Al-3003 aluminum-manganese tube with laser welded end-
aps, the copper and aluminum current collector foils are wound with
ontinuous overhangs and joined to a collector plate on both sides. The
ame cell has been subject to extensive research in a number of previous
tudies including thermo-electrical-electrochemical behavior [7–9], ge-
metric aspects of the structural components [9], experimental thermal
unaway and thermal propagation characterization with focus on the
ylindrical aluminum housings [29] as well as analysis of measures
o prevent thermal propagation [27]. Further detailed analysis and
odeling of the manufacturing techniques, structural components and

ctive material composition will be done in the following sections.

.3. Manufacturing of large-format tabless cylindrical cells

This section analyses the steps of manufacturing large-format tabless
ylindrical lithium-ion cells at the example of a cell design that is
ptimized towards a bottom cooling approach and derived from the
ell design of the reference cell introduced above. A difference between
he reference cell and the cell design assumed here is that the housing
f the reference cell is made from an extruded aluminum tube with
penings on both sides [7,9,27,29] while in this work the housing is
ssumed to be produced by deep drawing for steel or impact extrusion
or aluminum to form a can with a single opening on one side. Fig. 1
isualizes the set of key steps involved in manufacturing such a state-
f-the-art tabless cylindrical lithium-ion cells with deep drawn steel
ousing or impact extruded aluminum housing, laser welded endcaps
nd ultrasonic welded bottom collector plate. Note that the process may
iffer for different housing materials, tabless design approaches and the
epicted steps are just one way to manufacture a tabless cylindrical
ell. The manufacturing steps that are well documented and similar to
hose of former single tab cells are analyzed based on existing literature.
nalysis of the newly introduced novel manufacturing steps that are not
et documented in scientific literature is based on the experience of the
uthors that include academia, research institutions and independent
ndustry experts.

.3.1. Categorizing the manufacturing steps
Literature usually categorizes manufacturing of lithium-ion cells

ncluding cylindrical formats as follows [35]:

• A) Electrode preparation
• B) Assembly
• C) Finishing

This categorization neglects manufacturing steps of cylindrical hous-
ngs and treats those as given external input as is usually assumed
n previous studies that analyzed manufacturing cost of cylindrical
ells [22]. This makes it impossible to analyze the influence thereof
s a function of dimensions, choice of material and manufacturing
echnology. Therefore, for this study we suggest an extended and
lightly different categorization that is visualized in Fig. 1:

• A1) Tabless jelly roll manufacturing
• A2) Housing manufacturing
• B) Assembly
3

• C) Finishing t
This categorization is based on the thought of which steps can
e performed in parallel and simultaneously before components from
ifferent steps are required to continue manufacturing. Even though in
eality those steps are likely not performed within the same facility, this
ategorization has proven to be intuitive and easy to understand. In this
ase, the tabless jelly roll including tabless winding and collector plate
elding (A.1) may be produced simultaneously to the housing (A.2)
hich is manufactured depending on the material, cell and endcap
esign. The tabless jelly roll is then inserted into the housing to finalize
he assembly (B). Subsequent cell finishing is classified identical to
xisting literature (C).

.3.2. A1) Tabless jelly roll manufacturing
The impact of introducing new innovative tab designs and new

ousing manufacturing methods on the jelly roll manufacturing steps
eeds to be closely analyzed with respect to the actual kind of tabless
esign and manufacturing technique applied. First, the mixing process
nd preparation of the slurry is generally unaffected by the subsequent
ab design. As for the influence on coating and drying, a distinction
etween two different common tab approaches is required. In the past,
ither an additional tab piece was welded to the metal foils or the
oils were cut such that the created overhang itself acted as a tab.
hese two approaches are referred to as ’welded tabs’ or ’foil tabs’

n the literature, respectively [25]. For welded tabs it was necessary
o position a tab within the middle of the electrode leaving a blank
pot and posing a requirement for an intermittent coating process [26].
or a tabless jelly roll, this is no longer necessary and a continuous
oating process without requirements for blank spots is applicable. For
anufacturing foil tabs, precisely controlled cuts had to be performed

efore winding such that the overhangs appear at the desired positions
ithin the subsequent spirally wound shape of the jelly roll [25]. A

ecent study by Boerner et al. [26] compared the manufacturing cost
f single tab jelly rolls to tabless jelly rolls based on Teslas notching
esign [30,31]. This design requires equidistant ‘flags’ that have to be
ut into the metal foils similar to the described former foil tab designs.
he authors found that the additional step which they call ’flag forming’

ncreases manufacturing cost [26]. The reference cell that acts as a
aseline for this study utilizes an advanced manufacturing technique
hat does not require flag forming. The collector plates are laser welded
irectly onto the metal foil overhangs in a 90◦ angle. This erases the
eed for a flag forming step. In-detail explanation and modeling of this
eld is supplied in the following sections of this study. For detailed
nalysis of the structural components of the reference cell the reader is
eferred to [9].

Assuming the 90◦ jelly roll to collector plate welding technique,
part from the now continuous coating process all steps of mixing,
oating and drying, recovery of N-Methyl-2-pyrrolidone (NMP) for
athode only, calendering, cutting and vacuum drying are unaffected by
he tab design. Changes arise after the vacuum drying process. Fig. 1
eft depicts the following winding and welding process for manufac-
uring a tabless jelly roll. The winding process may now happen with
ontinuous copper and aluminum foil overhangs on both sides. There
s no more need to focus on the placement of the welded single tabs or
he alignment of the multi foil tabs such that they can be collectively
elded together after winding. After winding so called ’collector plates’
re welded onto the foil overhangs in a 90◦ angle [7,9,27,29] as
xplained above. The collector plates usually have holes to allow for
lectrolyte insertion, degassing of gaseous byproducts from SEI forma-
ion or electrolyte degradation and most importantly to allow venting
as to built up pressure and blow up the venting mechanism before
hermal runaway initiation. Also, for ultrasonic welding of the bottom
ollector plate the electrode needs to be inserted through the hollow
ore such that the top collector plate must have a central hole [9]. The
ollector plates for the 90◦ technique have grooves that are pressed into
he ends of the jelly roll and laser spot welded to the foils. This ensures

hat the collector plates are well attached and in contact with the
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Fig. 1. Manufacturing process of large-format tabless cylindrical lithium-ion cells including can and endcap. Top left: manufacturing of tabless jelly roll with collector plates (A1),
top right: deep drawing (steel) or impact extrusion (aluminum) of the can (A2), middle: cell assembly (B) and bottom: finishing (C). Note that this is just one of the many ways
to manufacture a tabless cylindrical cell.
foils, ideally over a large cross section to minimize internal resistance.
This type of weld erases the need for flag forming [26]. However, it
is exceptionally difficult to perform and control with highest quality
during mass production. Very thin metal foils with thickness less than
8 μm of copper and less than 15 μm of aluminum have to be carefully
pressed against the collector plates with precisely controlled force.

The overall process of tabless winding and tabless current collector
plate welding can be viewed in a video released by Tesla [36]. Note that
their tabless jelly roll depicted in this video is however manufactured
with the flag forming approach [26] rather than the 90◦ welding
technique.

2.3.3. A2) Housing manufacturing
Housings of lithium-ion cells provide the first level of thermal and

mechanical protection for the cell interior components [37]. An ideal
housing would act as a barrier for oxygen and vapor, be mechanically
4

stable, resistant to internal pressure, chemically resistant to the elec-
trolyte, electrically and thermally conductive, suitable for welding and
bonding and be light and easy to manufacture. For decades, cylindrical
cell housings for 18650 and 2170 have mostly been made of deep
drawn nickel-plated steel cans combined with crimped endcaps [37,38]
to meet these demands. Greatly initiated by the Tesla battery day in
2020 [1] a lot of innovation is taking place in this area nowadays that
has not yet been documented in scientific literature. One of these trends
is the introduction of aluminum rather than steel housings. Especially
for large-format tabless cylindrical cells such as 4680 or 46xxx cooling
becomes more challenging compared to common 18650 and 2170 as
the surface-to-volume ratio decreases [9]. Materials with higher elec-
trical and thermal conductivity such as aluminum are thus desirable to
reduce ohmic losses caused by the current flow within the can for one-
sided contacting and to enhance heat dissipation. Especially the latter
also contributes to increased thermal propagation resilience, possibility
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of decreased cell-to-cell spacing and tighter packing density on battery
system level [27]. Recent studies further reported extreme fast-charging
performance of novel tabless cylindrical cells with housings made
from extruded aluminum tubes [7,9]. However, manufacturers are still
hesitant to introduce cylindrical aluminum housings even though they
have been state-of the art for prismatic hardcase housings for a long
time [38].

For cylindrical housings, usually aluminum of the essentially pure
1-series (1050, 1200) or aluminum-manganese alloy 3-series (3003,
3005) are used. Aluminum housings may theoretically be produced on
regular deep drawing machines also used for steel cans. However, as
aluminum has better flow behavior due to less mechanical strength
new possibilities for manufacturing arise. Based on the experience
of the authors, applying a backwards impact extrusion process has
many advantage such as having less manufacturing steps involved,
less tooling is needed, a faster manufacturing speed can be achieved
and the process in general is highly flexible compared to conventional
deep drawing of steel housings. Natori et al. [39] recently formulated
similar thoughts with regard to the application of backwards impact
extrusion for aluminum housings of cylindrical lithium-ion cells. Fur-
ther, different housing heights may be produced with the same tool by
inserting different thicknesses of raw work pieces. For multistep deep
drawn steel housings, every single tool for each step has to be adjusted
to manufacture housings with different heights even if the diameter
remains constant. This is a huge disadvantage compared to backwards
impact extrusion with regard to the supposed new standard cell format
of 46xxx with constant 46 mm diameter and varying height [9].

The endcap of 18650 and 2170 steel cells is usually crimped onto
the open end of the cell can [37] left after deep drawing. In this case
the endcap usually contains safety devices such as burst discs PTC
sealings [28]. This is an expensive design as the endcap is made of five
different individual parts [22]. For regular deep drawn 18650 and 2170
cells, the endcap is responsible for roughly 2∕3𝑟𝑑 of the housing cost
ased on the experience of the authors. Further, the crimped design
s rather complex and does not use the available height of the cell
fficiently which decreases the achievable coating height of the jelly
oll and thus the cells energy density. Also, the venting mechanism
s commonly located at the same side as the central terminal and
lectrical contacting, making it difficult to ensure the desired safety
ehavior due to the risk of voltage flashovers and electric arcs [29].
nstead, laser welding a flat endcap for both steel and aluminum is
heaper to produce and has better packing efficiency. In this case, safety
eatures such as the venting mechanism may be directly integrated for
xample by engraving predetermined breaking lines [29]. This design
lso allows for easy one-sided contacting and to realize the venting
echanism on the opposite side of the terminal resulting in safer

verall system design. The reference cell used for parameterization
f the modeling frameworks in our previous studies [7,9,29] is such
n example of a tabless cylindrical cell with novel aluminum tube
ousing, double sided laser welded endcaps and venting separated from
he electrical contacting. The Tesla 4680 combines a deep drawn steel
ousing with one crimped endcap on the cell bottom and the addition
f a central terminal on the top side of the cell [30,31].

To reveal the influence of different material choices and manu-
acturing techniques on the manufacturing cost, the housing in the
odeling part of this study is assumed as either a common 5-stage
eep drawn steel can or an impact extruded aluminum can with one
aser welded endcap in both cases. Fig. 1 right depicts the basic impact
xtrusion process which includes placing a cylindrical raw work piece
nto a die and forming of the can by punching. For detailed explanation
f this process the reader is referred to the study of Natori et al. [39].

.3.4. B) Assembly
After the tabless jelly roll with welded collector plates is finished,

ne of the collector plates is joined to a central terminal. In case of a
5

luminum can, the copper collector plate, in case of a steel can, the
aluminum collector plate. As depicted in Fig. 1 bottom right (tabless
welding II) this may be realized by laser welding a metal connector to
both components. Other approaches may realize this connection with
a ‘pin’ as is done in the Tesla 4680 [30,31]. Afterwards, the jelly roll is
inserted into the can and an ultrasonic welding process is applied via
a welding electrode that is inserted through the hollow core. This step
is similar to the manufacturing of single tab cells except not a single
tab but the collector plate is spot welded to the bottom center of the
can. Experiments have confirmed that it is indeed possible to create
a successful laser weld from outside the cell can through the bottom
without the need to insert an electrode through the cell core. This weld
allows for larger coating heights and welding area which reduces the
ohmic resistance and enhances the thermal pathway, but is however
more challenging to control. In the future, it is likely that this kind
of weld becomes more common as manufacturers learn to control and
optimize this approach.

In a final step the endcap is laser welded to the can and the cell
is ready for vacuum drying and electrolyte filling. If an aluminum tube
with openings on both sides was used, both ends of the jelly roll can be
joined with a metal connector before laser welding the endcaps to the
open ends. The manufacturing steps following endcap welding remain
unchanged, electrolyte filling and closing of the fill hole.

2.3.5. C) Finishing
The finishing steps of formation, aging and end of line (EOL) check

are generally unaffected by the new cell designs and remain unchanged
to how they were performed in the past.

3. Modeling

In this section, all existing and newly introduced manufacturing
steps are mathematically modeled using a process-based cost model
(PBCM). In the following sections, the term total cost refers to the sum
of the manufacturing cost and material cost. The model is implemented
in MATLAB.

3.1. Approach: process-based cost model

The PBCM is a bottom-up approach that calculates material cost
and manufacturing cost analytically on the basis of technical and
operational parameters [17,40,41]. A product is first broken down
into its individual components. These components are divided into
the resources and processes required [17]. A number of different cost
types such as material, equipment, building, maintenance, labor, en-
ergy and fixed overhead cost are then allocated to those resources and
processes in order to produce the desired amount of products [22].
Previous studies have used this approach to investigate manufactur-
ing of prismatic [21] and cylindrical cells [22] due to its ability to
reveal which parameters contribute most to the total cost among other
advantages [17].

Parameterizing a detailed PBCM for manufacturing of lithium-ion
cells however is notoriously difficult as the values needed are usually
hard to come by and often kept secret by manufacturers. Especially for
novel large-format tabless cylindrical cells a race between manufactur-
ers to produce the best cell for the least cost is underway [13,14,16,42,
43] and little information is publicly shared. In this study, parameteri-
zation was made possible by a close collaboration of academia, research
institutions, leading independent industry experts and the support of
cell manufacturers.

The PBCM established in this study includes a geometrical model,
a process model, an operations model and a financial model. This
study focuses on exploring the influence of the tabless electrode design,
enlarged dimensions and new housing materials and manufacturing
techniques. This is mainly considered in the geometrical model that
describes the structural components and energetic properties as well

as the process model which adjusts the individual manufacturing steps
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to produce exactly the cell described by the geometrical model. The
operations and financial model have more generic character and are
not directly affected by the primary variables investigated. This study
however aims to provide full parameterization of each submodel in
order to enable other researchers to expand on this basis in the future.
Therefore, in the following sections of the main text the geometrical
model and the process model with strong focus on parameterization
subject to the novel tabless electrode design as well as the dependency
on cell diameter, cell height and housing material is explained in-detail.
This includes the highlighted steps of tabless winding, tabless welding
I, tabless welding II, endcap welding and the housing manufacturing in
Fig. 1. Further parameterization can be found in the Appendix. With
the information from the main text and the Appendix combined, the
complete parameterization of the PBCM is disclosed with exception of
the reference cells active material geometrical properties as those are
subject to confidentiality. This provides other researchers the opportu-
nity to qualitatively reproduce the results, adjust the parameterization
and extend the model to solve the many additional future research
questions that must be answered and which go beyond the scope of
this work.

3.2. Geometrical model

The geometrical model provides a description of the cell under
consideration such that the material masses can be determined and the
manufacturing processes can be adjusted in order to produce cells with
a certain specific geometrical description. At this point this description
must be developed as a continuous function of the variables investi-
gated in this study, namely the cell diameter, the cell height and the
housing material.

In our previous study such a model was developed that describes the
geometry of the cells structural components including wall thickness,
core diameter, inactive height and jelly roll trajectory as a function
of cell dimensions and housing material subject to certain defining
load-cases [9] based on the tabless reference cell. For this study, the
manufacturing line is modeled with regard to exactly this variable cell
geometry. Therefore, the geometrical model from [9] is first adopted
as is. This assures that all results are obtained on a consistent basis and
can be used to generate understanding of all aspects of large-format
cylindrical cell technology at the example of a common reference cell.

Table 1 summarizes the equations adopted from [9]. The trajectory
of the layers 𝑟(𝜑) and the total length of the jelly roll 𝛥𝑆 is calculated as
a function of the layer thickness 𝑡𝑙𝑎𝑦𝑒𝑟, core diameter 𝑑𝑐𝑜𝑟𝑒 and housing

all thickness 𝑡𝑤𝑎𝑙𝑙 according to Eqs. (1)–(9). The core diameter 𝑑𝑐𝑜𝑟𝑒
s primarily determined based on the risk of core collapse (Eq. (7)).
he wall thickness 𝑡𝑤𝑎𝑙𝑙 is derived from the raw material yield strength
nd experimental data of the cells venting behavior in order to provide
he required burst pressure during thermal runaway (Eqs. (8)–(9)).
hicknesses of anode coating 𝑡𝑎𝑛𝑜, copper foils 𝑡𝑐𝑢, cathode coating 𝑡𝑐𝑎,
luminum foils 𝑡𝑎𝑙 and separator 𝑡𝑠𝑒𝑝 are parameterized based on the
ctive material present in the tabless reference cell. The coated height
f the jelly roll ℎ𝑐𝑜𝑎𝑡 is determined by a constant inactive offset on anode
ide ℎ𝑖𝑛𝑎𝑐𝑡,𝑎𝑛𝑜 and cathode side ℎ𝑖𝑛𝑎𝑐𝑡,𝑐𝑎 that is required for integrating
he tabless electrode design and to prevent the heat generated by the
aser from damaging the active material during welding of the collector
lates (Eqs. (10)–(12)). The cell energy 𝐸𝑐𝑒𝑙𝑙 is calculated from the
ength of the jelly roll 𝛥𝑆, layer thickness 𝑡𝑙𝑎𝑦𝑒𝑟, coating height ℎ𝑐𝑜𝑎𝑡
nd specific volumetric energy density 𝑒𝑣𝑜𝑙,𝑎𝑐𝑡 of the active material
Eq. (13)). The specific volumetric energy density 𝑒𝑣𝑜𝑙,𝑎𝑐𝑡 of the active
aterial present in the reference cell was identified as 852 Wh l−1.

or deeper explanations of the formulas the reader is referred to the
riginal source [9].

For the PBCM some additions to the geometrical model in Table 1
re required. First, the volumes 𝑉𝑗 of anode coating, cathode coating,
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opper foils, aluminum foils and separator are calculated with the
ength of the layer trajectory 𝛥𝑆, the thicknesses 𝑡𝑗 and heights ℎ𝑗 of
ach of the listed components according to Eq. (14).

𝑗 = 𝛥𝑆(𝜑𝑠𝑡𝑎𝑟𝑡, 𝜑𝑒𝑛𝑑 )𝑡𝑗ℎ𝑗 (14)

he true solid coated material volume 𝑉𝑠𝑜𝑙𝑖𝑑,𝑗 within each electrode 𝑗 is
alculated with the porosity 𝜙𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒,𝑗 of anode and cathode according

to Eq. (15). The absolute pore volume therefore calculates according to
Eq. (16). The porosity was determined by experimental analysis of the
active material present in the reference cell.

𝑉𝑠𝑜𝑙𝑖𝑑,𝑗 = 𝑉𝑗 (1 − 𝜙𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒,𝑗 ) (15)

𝑉𝑝𝑜𝑟𝑒𝑠,𝑗 = 𝑉𝑗𝜙𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒,𝑗 (16)

The solid coated material volume is further divided into the volumes
𝑉𝑖 of material 𝑖 by multiplying with the gravimetric share constant 𝜓𝑖
according to Eq. (17). This includes SiOx, graphite, nickel, manganese,
cobalt, binder, carbon black, CNT, carboxymethyl cellulose (CMC),
styrene-butadiene rubber (SBR) and polyvinylidene fluoride (PVDF).
The gravimetric share constant 𝜓𝑖 of each of the above listed materials
was determined by extensive chemical analysis of the active material
present in the reference cell.

𝑉𝑖 = 𝑉𝑠𝑜𝑙𝑖𝑑,𝑗𝜓𝑖 (17)

The required electrolyte volume is calculated according to Eq. (18).
Here, 𝑉𝑝𝑜𝑟𝑒𝑠,𝑡𝑜𝑡 is the total pore volume of anode coating, cathode coating
and separator that requires being completely filled with electrolyte ac-
cording to Eq. (19). An additional overfill factor 𝜅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 that considers
free electrolyte volume outside of the pores is considered, 𝜅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 > 1.
The overfill factor 𝜅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 was determined from gravimetric analysis
of the reference cell.

𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 = 𝑉𝑝𝑜𝑟𝑒𝑠,𝑡𝑜𝑡𝜅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 (18)

𝑉𝑝𝑜𝑟𝑒𝑠,𝑡𝑜𝑡 = 𝑉𝑝𝑜𝑟𝑒𝑠,𝑎𝑛𝑜 + 𝑉𝑝𝑜𝑟𝑒𝑠,𝑐𝑎 + 𝑉𝑝𝑜𝑟𝑒𝑠,𝑠𝑒𝑝 (19)

The volumes of the housing components divided into deep drawn or
impact extruded can volume 𝑉𝑐𝑎𝑛, endcap volume 𝑉𝑒𝑛𝑑𝑐𝑎𝑝 and terminal
volume 𝑉𝑡𝑒𝑟𝑚 are calculated according Eq. (20), Eq. (21) and Eq. (22),
respectively. Note that the wall thickness and therefore housing compo-
nent volume is a function of the choice of housing material according
to the formulas in Table 1 [9].

𝑉𝑐𝑎𝑛 = 𝜋(𝑟2𝑐𝑒𝑙𝑙 − (𝑟𝑐𝑒𝑙𝑙 − 𝑡𝑤𝑎𝑙𝑙)2)(ℎ𝑐𝑒𝑙𝑙 − 𝑡𝑒𝑛𝑑𝑐𝑎𝑝) + 𝜋(𝑟𝑐𝑒𝑙𝑙 − 𝑡𝑤𝑎𝑙𝑙)2𝑡𝑏𝑜𝑡 (20)

𝑉𝑒𝑛𝑑𝑐𝑎𝑝 = 𝜋(𝑟2𝑐𝑒𝑙𝑙 − 𝑟
2
𝑡𝑒𝑟𝑚)𝑡𝑒𝑛𝑑𝑐𝑎𝑝 (21)

𝑉𝑡𝑒𝑟𝑚 = 𝜋𝑟2𝑡𝑒𝑟𝑚ℎ𝑡𝑒𝑟𝑚 (22)

Finally, by multiplying with the density 𝜌𝑖 the mass 𝑚𝑖 of every
individual material 𝑖 is known from Eq. (23). Raw densities and particle
densities assumed are listed in Table 2. Detailed breakdown of all
masses is necessary in order to calculate the material cost with best
possible accuracy.

𝑚𝑖 = 𝑉𝑖𝜌𝑖 (23)

3.3. Process model

This section introduces the models established for the processes
necessary to produce a tabless cylindrical lithium-ion cell as modeled
with the geometrical formulas. This is explained in the same order and
categorization as visualized in Fig. 1, starting with manufacturing of the
tabless jelly roll and manufacturing of the housing followed by tabless
cell assembly and finishing. All monetary values are given in $. In case
the sources reported values in EUR, they were converted to $ with the

average exchange rate during the assumed period of time.
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Table 1
Geometrical model of large-format tabless cylindrical lithium-ion cells as a function of cell dimensions and housing material, adopted from [9].

Value Formula

Layer trajectory 𝑟 = 𝑎𝜑 (1)

Constant a 𝑎 = 𝑡𝑙𝑎𝑦𝑒𝑟
2𝜋

(2)

Layer thickness 𝑡𝑙𝑎𝑦𝑒𝑟 =
∑

𝑡𝑖 = 2𝑡𝑎𝑛𝑜 + 𝑡𝑐𝑢 + 𝑡𝑠𝑒𝑝 + 2𝑡𝑐𝑎 + 𝑡𝑎𝑙 + 𝑡𝑠𝑒𝑝 (3)

Length of spiral curve 𝛥𝑆(𝜑1 , 𝜑2) = ∫ 𝜑2
𝜑1

||𝑓 ′(𝜑)||2𝑑𝜑 = 𝑎
2
[𝜑
√

1 + 𝜑2 + ln
(

𝜑 +
√

1 + 𝜑2
)

]
|

|

|

|

𝜑2

𝜑1

(4)

Inner jelly roll start angle 𝜑𝑠𝑡𝑎𝑟𝑡 =
𝑟𝑠𝑡𝑎𝑟𝑡
𝑎

= 2𝜋( 𝑟𝑐𝑜𝑟𝑒
𝑡𝑙𝑎𝑦𝑒𝑟

+ 1
2
) (5)

Outer jelly roll end angle 𝜑𝑒𝑛𝑑 = 𝑟𝑒𝑛𝑑
𝑎

= 2𝜋( 𝑟𝑐𝑒𝑙𝑙−𝑡𝑤𝑎𝑙𝑙
𝑡𝑙𝑎𝑦𝑒𝑟

− 1
2
) (6)

Core diameter 𝑑𝑐𝑜𝑟𝑒 = 3.75 mm + 1
20
(𝑑𝑐𝑒𝑙𝑙 − 21 mm) (7)

Housing wall thickness 𝑡𝑤𝑎𝑙𝑙,𝑠𝑡𝑒𝑒𝑙 = 0.25 mm + 0.01 (𝑑𝑐𝑒𝑙𝑙 − 21 mm) (8)
𝑡𝑤𝑎𝑙𝑙,𝑎𝑙 = 0.425 mm + 0.015 (𝑑𝑐𝑒𝑙𝑙 − 21 mm) (9)

Coating height ℎ𝑐𝑜𝑎𝑡 = ℎ𝑐𝑒𝑙𝑙 − ℎ𝑖𝑛𝑎𝑐𝑡,𝑎𝑛𝑜 − ℎ𝑖𝑛𝑎𝑐𝑡,𝑐𝑎 (10)

Inactive height ℎ𝑖𝑛𝑎𝑐𝑡,𝑎𝑛𝑜 = 5.5 mm (11)
ℎ𝑖𝑛𝑎𝑐𝑡,𝑐𝑎 = 4.5 mm (12)

Cell energy 𝐸𝑐𝑒𝑙𝑙 = 𝛥𝑆(𝜑𝑠𝑡𝑎𝑟𝑡 , 𝜑𝑒𝑛𝑑 )𝑡𝑙𝑎𝑦𝑒𝑟ℎ𝑐𝑜𝑎𝑡𝑒𝑣𝑜𝑙,𝑎𝑐𝑡 (13)
Table 2
Material densities for parameterization of the geometrical model.
Cell component Material Raw density in g cm−3 Particle density in g cm−3 Source

Housing Al-3003 2.73 – [44]
Steel 7.75 – [45]

Anode Copper foil 8.92 – [46]
Graphite – 2.25 [19]
SiO – 2.13 [19]
CMC – 1.00 [47]
SBR – 0.98 [48]
Carbon black – 1.90 [49]
CNT – 1.74 [50]

Cathode Aluminum foil 2.70 – [51]
NMC811 – 4.78 [19]
PVDF – 1.92 [52]

Separator PE – 0.962 [53]
Al2O3 coating – 3.9 [54]

Electrolyte DMC 1.07 – [55]
EC 1.32 – [56]
EMC 1.01 – [57]
FEC 1.49 – [58]
VC 1.40 – [59]
3.3.1. A1) Tabless jelly roll manufacturing
The initial steps of mixing, coating, drying, NMP recovery, cal-

endering, cutting and vacuum drying are unaffected by the tabless
electrode design assuming the 90◦ collector plate welding technique as
explained earlier. The parameterization of these steps is mainly based
on existing literature with additional assumptions and can be found in
the Appendix. Modeling and parameterization of the tabless winding
and collector plate laser welding as a function of cell dimensions has
not been reported in the literature to the best of our knowledge and is
explained in the following sections.

Tabless winding
General values for the winding machine are taken from [20]. The

winding time as a function of electrode length is not yet documented
in public literature and based on experience from Fraunhofer Institute
for Manufacturing Engineering and Automation IPA. The winding time
in this study is defined as the total time of positioning and fixating
the electrode separator stack within the winding machine, the actual
winding process and the ejection of a wound jelly roll. The winding
time itself scales in an almost linear relation to the jelly roll length con-
sidering acceleration and deceleration. Fixating and ejection are near
constant offsets for a single jelly roll independent of dimensions. For
instance, winding time for 1 m of jelly roll is 1.25 s while winding time
for 2 m of jelly roll is 1.50 s. An increase of 100% in length increases
winding time by only 20% in this example. Complete parameterization
of tabless winding is summarized in Table 3 and a complete graph of
7

winding time vs. jelly roll length is included in the Appendix.
Table 3
Parameterization of the PBCM for tabless winding per machine.

Parameter Value Source

Workers per shift 1 [20]
Power consumption in kW 8 [20]
Invest in mio. $ 1.416 [20]
Tabless winding time in s Appendix This study
Scrapp loss in % 0.6 [20]
Machine area in m2 12 [20]

Laser welding of collector plates
The following calculations for the welding steps involved in tabless

cylindrical cell manufacturing have been conducted in conjunction
with the Institute for Welding and Joining (ISF), RWTH Aachen Uni-
versity and Fraunhofer Institute for Manufacturing Engineering and
Automation IPA.

The welding of the collector plates to the tabless jelly roll is visual-
ized in Fig. 2(a). The aluminum and copper collector plates are joined
with the 90◦ technique to the respective metal foils at the end of the
jelly roll. This welding connection is similar to an overlap joint. Based
on the literature it is possible to estimate welding power and speed
with sufficient accuracy without the necessity of executing extensive
experimental studies. However, there are many different laser types
and strategies that are generally suitable to achieve the desired welding
connection, such as short pulse laser welding [60,61] using a green [62]
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Fig. 2. Welding strategy for manufacturing a tabless cylindrical lithium-ion cell based on the reference design [7,9,27,29] with impact extruded aluminum housing and laser
welded endcap. Welds are marked as red lines and dots. (a) laser welding of collector plate to the jelly roll with continuous foil overhangs in a 90◦ angle at the example of
the anode copper collector plate. The process is identical for the cathode aluminum collector plate on the opposite side. Note that the depicted collector plate is a simplified
representation without holes and grooves that are actually present within the reference cell. (b) laser welding of copper strip to collector plate and central terminal to connect
the anode to the negative terminal. (c) insertion of electrode through hollow core and ultrasonic welding of aluminum collector plate to the cell bottom to connect the cathode
to the positive can, (d) bending of metal strip and laser welding of endcap to can. Note that the material combinations at the weld spots would be different for cells with steel
housing as the potentials of terminal and can would be reversed.
or infrared laser [63]. Using an ultra short pulse laser makes the weld
seam small and thin with less heat input than continuous wave (CW)
laser welding, due to the short interaction between laser and material.
Disadvantageous is the rough weld seam surface and spatters on the
top of the copper surface as shown in [60]. Small spatters and welding
edges can lead to small voltage flashovers which can damage the cell.
Additionally, the weld seam width is small with large ohmic resistance
for current flow. Strategies like welding several lines with a minimal
distance between each other is possible. However, the cross section
of those weld seams show pores and a rough welding surface [64].
Also negative, the high investment cost is detrimental for a pulse laser
compared to the CW laser. More promising are green laser which have
a higher surface absorbance for copper and aluminum compared to
typical NdYAG-Laser due to the smaller wavelength. Thereby, less laser
power is needed to melt the material. This advantage over the infrared
laser is irrelevant when getting into the deep penetration welding. In
deep penetration welding, the laser beam propagates into the keyhole
with multi reflection which increases the absorbance. To overcome the
intensity threshold on the surface of the material to deep penetration
welding, the laser source needs high beam quality and a resulting
small beam diameter. This is possible with a single mode fiber laser.
Additional advantage of infrared laser compared to green laser is the
reduced influence of shielding gas and metal vapor on weld seam
quality and stability [65]. [63] proofs the use CW fiber laser for solid
overlap connection between copper and stainless steel. Therefore, a
laser welding setup with CW single-mode fiber laser and programmable
focus optic (PFO) is assumed for welding the collector plates to the
metal foils. Additionally, a clamping device is needed to ensure exact
positioning and clamping force. Miss alignments or gaps can lead to
welding defects and follows with insufficient connection. A detailed
description of all components assumed is supplied in the Appendix.
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The welds are assumed to be distributed in a star like pattern
as shown in Fig. 2(a). This represents how they are aligned in the
reference cell. With the assumption of equidistant angles between the
welds 𝜑𝑤𝑒𝑙𝑑 calculates according to Eq. (24) with 𝑛𝑤𝑒𝑙𝑑 as the number
of welds. Note that varying the angles between individual welds is a
valid strategy to make room for larger metal connectors, but this is
disregarded in this study.

𝜑𝑤𝑒𝑙𝑑 = 2𝜋
𝑛𝑤𝑒𝑙𝑑

(24)

The weld seam length 𝑙𝑤𝑒𝑙𝑑 is calculated according to Eq. (25) with
𝑘𝑤𝑒𝑙𝑑 as the weld length factor. 𝑘𝑤𝑒𝑙𝑑 determines the ratio between
collector plate radius and weld length and is assumed as 0.6. Welding
is executed from inside to outside in order to avoid heat collection.

𝑙𝑤𝑒𝑙𝑑 = 𝑘𝑤𝑒𝑙𝑑𝑟𝑐𝑒𝑙𝑙 (25)

The inner radius on the weld 𝑟𝑤𝑒𝑙𝑑,𝑠𝑡𝑎𝑟𝑡 is calculated such that the weld
is positioned with the same distance to the inner and outer radius of
the collector plate according to Eq. (26).

𝑟𝑤𝑒𝑙𝑑,𝑠𝑡𝑎𝑟𝑡 = 𝑟𝑐𝑜𝑟𝑒 +
𝑟𝑐𝑒𝑙𝑙 − 𝑡𝑤𝑎𝑙𝑙 − 𝑟𝑐𝑜𝑟𝑒 − 𝑙𝑤𝑒𝑙𝑑

2
(26)

The distance for repositioning the laser 𝑙𝑝𝑜𝑠 between the end coor-
dinates �⃗�𝑒𝑛𝑑,𝑖 of weld 𝑖 and the start coordinate �⃗�𝑠𝑡𝑎𝑟𝑡,𝑖+1 of weld 𝑖+ 1 is
obtained according to Eq. (27).

𝑙𝑝𝑜𝑠 = 𝑛𝑜𝑟𝑚(�⃗�𝑒𝑛𝑑,𝑖 − �⃗�𝑠𝑡𝑎𝑟𝑡,𝑖+1) (27)

The total welding time 𝑡𝑤𝑒𝑙𝑑 and positioning time 𝑡𝑝𝑜𝑠 are calculated
according to Eqs. (28) and (29) with the welding speed and positioning
speed vweld and vpos, respectively.

𝑡𝑤𝑒𝑙𝑑 = 𝑛𝑤𝑒𝑙𝑑
𝑙𝑤𝑒𝑙𝑑 (28)

𝑣𝑤𝑒𝑙𝑑
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Table 4
Parameterization of the PBCM for collector plate laser welding. The values are based
on the experience of the authors unless stated otherwise.

Parameter Value Source

Workers per shift 0 This study
Power consumption in kW 3.01 This study
Invest in mio. $ 0.451 This study
Positioning speed laser in mm s−1 3000 This study
Welding speed laser in mm s−1 500 This study
Clamping duration per cell in s 1 This study
Cycle time in s Eq. (30) This study
Machine area in m2 2.3 [20]

𝑡𝑝𝑜𝑠 = (𝑛𝑤𝑒𝑙𝑑 − 1)
𝑙𝑝𝑜𝑠
𝑣𝑝𝑜𝑠

(29)

he total cycle time 𝑡𝑐𝑦𝑐𝑙𝑒 for welding the collector plates of a single
ell is defined according to Eq. (30) with the clamping time 𝑡𝑐𝑙𝑎𝑚𝑝.

𝑐𝑦𝑐𝑙𝑒 = 𝑡𝑤𝑒𝑙𝑑 + 𝑡𝑝𝑜𝑠 + 𝑡𝑐𝑙𝑎𝑚𝑝 (30)

A laser power of 600 W at a welding speed 𝑣𝑤𝑒𝑙𝑑 = 500 mm s−1

eaches a sufficient weld penetration through a 240 μm copper foil [63]
which is close to the collector plate thickness of the reference cell. For
the aluminum collector plate, the same welding speed is assumed but
less laser power is needed due to the lower melting point of aluminum.
The welding process including the positioning of the laser beam is
calculated to be 9 ms for each collector plate on cells with 18 mm
diameter. An increase to 50 mm diameter increases the total welding
time to 24 ms. The positioning, clamping and removing of the collector
plates to the jelly roll for the welding process is estimated to be 1 s
independent of the cell dimensions. Complete parameterization for
collector plate laser welding is summarized in Table 4.

3.3.2. A2) Housing manufacturing
To the best of our knowledge, parameterization for manufacturing

of cylindrical cell housings with different materials and manufacturing
techniques as a function of cell dimensions has not been documented
in the literature before. The following parameterization of a manufac-
turing line for cylindrical cell housing is based on the experience of
industry experts from SFT-Consulting (Meisenberg, Germany).

Multistep deep drawing of steel can
Parameterization of the deep drawing process is based on values

for existing real manufacturing lines for 2170 and 4680 steel cans.
A 2170 line that produces 100 mio. cans requires 2.25 workers per
shift, 4.13 mio. $ invest and 330 m2 plant area, whereas a line for
4680 cans requires 4.8 workers per shift, 30.68 mio. $ invest and
825 m2 plant area. Labor, invest and plant area are scaled by linear
approximation as a function of the cell diameter. Cost of energy is
assumed as 3% of the cost of material and labor [22]. Scrap loss of
housing material is assumed as 6% due to the necessity of cutting off
some of the deformed can material at the end of the deep drawing
process. In stable state of manufacturing a variable scrap loss of 3%
of housings is assumed. Complete parameterization for deep drawing
of steel cans is summarized in Table 5.

Backwards impact extrusion of aluminum can
For the backwards impact extrusion process the parameterization is

based on real values for a 4680 manufacturing line independent of the
cell dimensions. Every cell format may be produced on the same ma-
chine by changing the dimensions of die and stamp. A manufacturing
line for 80 mio pieces requires 6 workers per shifts, 11.8 mio. $ invest
and 440 m2 plant area. Scrap losses of material and housings as well as
cost of energy are assumed equal to the deep drawing process. Note that
in theory for cells with smaller diameter a smaller extrusion machine
could be feasible. This study assumes the size of a 4680 extrusion
9

Table 5
Parameterization of the PBCM for deep drawing of steel cans. The values are based on
the experience of the authors unless stated otherwise.

Parameter Value Source

Workers per shift 0.1 𝑑𝑐𝑒𝑙𝑙
mm

+ 0.11 This study
Energy cost in $ 3% of cost of material and labor [22]
Invest in mio. $ 1.062 𝑑𝑐𝑒𝑙𝑙

mm
- 18.172 This study

Process rate in mio. pieces year−1 100 This study
Material loss per piece in % 6.5 This study
Scrap loss in % 3 This study
Machine area in m2 19.8 𝑑𝑐𝑒𝑙𝑙

mm
- 85.8 This study

Table 6
Parameterization of the PBCM for backwards impact extrusion of aluminum cans. The
values are based on the experience of the authors unless stated otherwise.

Parameter Value Source

Workers per shift 6 This study
Energy cost in $ 3% of cost of material and labor [22]
Invest in mio. $ 11.8 This study
Process rate in mio. pieces year−1 80 This study
Material loss per piece in % 6.5 This study
Scrap loss in % 3 This study
Machine area in m2 440 This study

line for all cell dimensions as no extrusion line for aluminum cells
with diameter less than 46 mm is known to the authors. Complete
parameterization for backwards impact extrusion of aluminum cans is
summarized in Table 6.

3.3.3. B) Assembly
Parameterization for the manufacturing steps of tabless welding

which to the best of our knowledge have not been reported in the
literature are explained in the following sections. Parameterization
for electrolyte filling and closing of the fill hole are supplied in the
Appendix.

Laser welding of copper connector to copper collector plate and
terminal

The welding process of the copper connector to the collector plate
on one side and the terminal on the other side is depicted in Fig. 2(b).
Proper welds for these connection can be achieved with a laser system
and welding parameters of the same design and kind as for welding the
collector plates to the metal foils. A small distinction in laser power
for aluminum and steel housing will ensure sufficient welding penetra-
tion for both material combinations. More difficult is the positioning,
clamping and integration in the assembly line. The collector plate and
the housing is electrically connected via the metal connector which
is a thin rectangular sheet as shown in Fig. 2(b). This thin foil can
bend or break due to the desired short cycle times and the resulting
acceleration force. The cycle time for contacting the terminal can be
calculated similar to the contacting the collector plates. It should be
noted that the contacting of the connector to the collector plate and
endcap involves only two parallel welds each, the length of which is
about 15% of the cell radius. Following, the positioning and clamping
time are most essential on the cycle time. Complete parameterization
for laser welding of copper connector the collector plate and housing
is summarized in Table 7. No staff is required for laser welding.

Ultrasonic welding of aluminum collector plate to aluminum hous-
ing

After inserting the jelly roll into the can (Appendix), a short ul-
trasonic welding process can be used to join the aluminum collector
plate to the cell bottom as depicted in Fig. 2(c). The two-in-one process
step safes cycle time and is adjustable for different weld diameters. The
cycle time of the contacting is estimated to be 1 s, with the actual weld-
ing process taking only 250 ms at an energy input of 80 J. Ultrasonic

welding is a fully automated process, which requires no staff to operate
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Table 7
Parameterization of the PBCM for laser welding of connector to cu collector plate and
terminal. The values are based on the experience of the authors unless stated otherwise

Parameter Value Source

Workers per shift 0 This study
Power consumption aluminum in kW 3.01 This study
Power consumption steel in kW 2.86 This study
Invest in mio. $ 0.451 This study
Positioning speed laser in mm s−1 3000 This study
Welding speed laser in mm s−1 500 This study
Clamping duration in s piece−1 1 This study
Cycle time in s Eq. (30) This study
Machine area in m2 2.3 [20]

Table 8
Parameterization of the PBCM for ultrasonic welding of aluminum collector plate to cell
bottom. The values are based on the experience of the authors unless stated otherwise

Parameter Value Source

Workers per shift 0 This study
Power consumption in kW 0.52 [22]
Invest in mio. $ 0.041 This study
Cycle time in s 1.0 This study
Machine area in m2 2.3 [20]

Table 9
Parameterization of the PBCM for laser welding of the endcap to the can. The values
are based on the experience of the authors unless stated otherwise.

Parameter Value Source

Workers per shift 0 This study
Power consumption aluminum in kW 3.01 This study
Power consumption steel in kW 2.86 This study
Invest in mio. $ 0.451 This study
Welding speed laser in mm s−1 400 This study
Clamping duration per cell in s 1 This study
Cycle time in s Eq. (30) This study
Machine area in m2 2.3 [20]

and allows for efficient process monitoring to predict insufficient weld
connections [66]. Complete parameterization for ultrasonic welding
of aluminum collector plate to aluminum housing is summarized in
Table 8. Note that the material combination for this weld would be
copper and steel for a steel housing as the potential on the can would be
reversed. The parameterization is assumed identical for both material
combinations in this case as the influence on the results is expected to
be negligible.

Laser welding of endcap
For welding the endcap to the can as depicted in Fig. 2 (d) a

different welding setup is needed. To overcome the corner connection
and generate a round weld seam, a bigger focus diameter of the laser
beam is needed which can be realized in general with multimode lasers
or with beam oscillation. Newer laser applications such as dynamic
beam shaping [67] or multi focus such as BrightLineWeld [68] allow
similar or better weld seams at higher welding speed. The best suited
laser beam source for this application can only be found out by a
comparative study. In our case, we refer to an adjustable ring mode
laser which allows solid corner connection at 100 mm s−1 [69]. Laser
power is estimated as 1000 kW based on an average thickness of the
can. The welding speed is slower compared to the previous welding
steps in order to ensure a tightly sealed cell which is a crucial quality
and safety requirement. In order to precisely weld the endcap to the
aluminum can, again a clamping device is needed. Same as before a
clamping time of 1 s is assumed. The cycle time for sealing the housing
can be calculated using Eq. (30). The length of the weld seam equals
the circumference of the cell. The positioning time is omitted in this
case, since the start and end points of the weld seam coincide. Complete
10

parameterization of endcap laser welding is summarized in Table 9.
Table 10
Operating conditions for parameterization of the operations model.

Parameter Value Source

Location of gigafactory Germany [70]
Annual output in GWh year−1 40 [70]
Shifts per working day 3 [71]
Working hours per shift 8 [71]
Working days per year 300 [71]
Machine availability in % 90 [20]

Table 11
Material prices for parameterization of the financial model.

Component Material Price Unit Year Source

Housing Al-3003 3.19 $ kg−1 2021 SFT-Consulting
Steel (nickel-plated) 3.54 $ kg−1 2021 SFT-Consulting

Anode Copper foil 1.20 $ m−2 2022 [72]
Copper 9.46 $ kg−1 2021 [73]
Graphite 10.0 $ kg−1 2022 [72]
C-SiOx 25.0 $ kg−1 2018 [74]
CMC 10.0 $ kg−1 2021 Manufacturer
SBR 10.0 $ kg−1 2021 Manufacturer

Anode and Cathode Carbon black 7.0 $ kg−1 2022 [72]
CNT 90.0 $ kg−1 2018 [75]

Cathode Aluminum foil 0.20 $ m−2 2022 [72]
Aluminum 2.56 $ kg−1 2021 [73]
NMC811 26.0 $ kg−1 2022 [72]
PVDF 15.0 $ kg−1 2022 [72]

Separator Polyethylene (PE) 0.60 $ m−2 2018 [74]
Al2O3 coating 0.30 $ m−2 2018 [74]

Electrolyte LiPF6 in EC:EMC 10.0 $ l−1 2022 [72]
Solvent NMP 2.70 $ kg−1 2018 [74]

3.4. Operations model

Based on the input from the process model the resources required
for producing a targeted annual output are calculated by the opera-
tions model. The operating conditions are listed in the main text. All
further parameterization and formulas used in the operations model are
supplied in the Appendix.

In march 2021 Volkswagen AG announced six gigafactories within
Europe with an annual output of 40 GWh each [70]. Based on this the
same annual output of 40 GWh produced within a gigafactory located
in Germany is assumed in this study. A three-shift work day with eight
working hours per shift at 300 working days per year and a machine
availability of 90% is assumed as listed in Table 10.

3.5. Financial model

Based on the input from the business model the material and
manufacturing cost are calculated by the financial model. The assumed
material prices have major influence on the total cost and are therefore
included in the main text. Further explanation of all formulas used for
the financial model and values for parameterization can be found in
the Appendix. Price parameterization regarding labor, capital, energy
and area are based on average values of the year 2021. This period
of time was chose for two reasons: (1) the prices especially for energy
were inflated throughout 2022 and parts of 2023 due to the special
global circumstances of this year and evaluated as not representative
and (2) the access to studies and analysis for lithium-ion cell manufac-
turing as well as official statistical price databases was important for
parameterization and validation of the model. For 2021 a large number
of studies and databases were found which were not yet available for
2023 at the time of conducting this study. The parameterization of the
financial model regarding material prices is therefore also mainly based
on public sources from 2021 [73] and the BatPac v5.0 release from
July 2022 [72]. A few values were taken from slightly older sources
from 2018 [74,75]. All values that were initially given in EUR were

−1
converted to $ with an average exchange rate of 1.18 $ EUR for the
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Fig. 3. In-detail breakdown of total cost. Parameterization of material prices are mainly based on values from 2021 (Table 11 and the Appendix). Top row: total cost divided into
type of cost and bottom row: material cost divided into cell components for 2170 and 4680 cells with steel housing.
year 2021 [76]. Table 11 summarizes the material prices assumed in
this study, the respective years and sources of the values. Prices include
discounts due to the huge purchasing quantity related to the assumed
annual output. Values that were taken from non-public sources include
prices for CMC and SBR that were supplied by a manufacturer who
wished to remain unnamed. Values for Al-3003 and nickel-plated steel
were supplied by SFT-Consulting.

4. Results and discussion

This section explores the influence of cell dimensions and housing
materials on the total cost. First, an in-detail comparison between the
2170 and the newly introduced large-format 4680 with steel housing
is presented to establish an overall understanding of how the cost
structure looks like for different standard cell formats. The calculation
results are compared to the literature and public sources to verify the
meaningfulness of the results. Then, the overall sensitivities of the
manufacturing cost on the cell diameter, the cell height and the housing
material are analyzed.

4.1. Validation

4.1.1. Exemplary cost breakdown: 2170 vs. 4680

2170
Fig. 3 shows an in-detail breakdown of the manufacturing cost of

a 2170 compared to 4680 cell. Fig. 3(a) shows a donut chart divided
into cost of material, labor, depreciation, capital, energy, plant area
and others for a 2170 cell. An annual output of 40 GWh requires
2,540,650,000 2170 cells with an energy content of 15.74 Wh cell−1.
This translates to total cost of 1.70 $ cell−1 or 107.88 $ kWh−1. The
material cost has a share of 72.0% and manufacturing cost therefore has
a share of 28.0%. Fig. 3(b) shows a further breakdown of the material
11
cost. The main cost drivers are the electrode materials with the NMC
cathode having the main share of 54.8% and the SiOx-C anode having
a share of 20.9%. The separator has a share of 12.9%, the electrolyte
has a share of 6.1% and the steel housing has a share of 5.3%.

A recent study of Fraunhofer Institute for Systems and Innova-
tions Research ISI analyzed the manufacturing and materials cost
for different cell formats [77]. They reported average total cost of
100 EUR kWh−1 which equals 118 $ kWh−1 based on material prices,
energy cost and average exchange rate of 2021 across all cell formats.
The authors further state that cylindrical cells are cheapest to produce
followed by prismatic cells while pouch cells are most expensive.
This agrees well with the total cost of 107.88 $ kWh−1 calculated
for the 2170 cells found in this study. It is as expected within the
reported range but slightly lower than the average value across all
cell formats. Further, [77] reports average manufacturing cost share
of 20%–35% and average material cost share of 65%–80% across all
cell formats based on extensive literature survey. The values of 28.0%
for manufacturing cost share and of 72.0% for material cost share
calculated in this study lay well within this range.

[77] further reports in-detail manufacturing cost breakdown at the
example of a 2170 cell for manufacturing cost. They report the main
manufacturing cost drivers are machine depreciation, followed by labor
and energy cost. The same order is calculated by the model in Fig. 3
for the 2170 cell assumed in this study.

A study by strategic research provider BloombergNEF [78] reported
average cell cost of 110 $ kWh−1 for NMC811 cells at the end of 2021.
Again, without mentioning the specific cell format. This value agrees
well with the values calculated in this study though it is slightly lower
than what is reported in [77].

Overall, at the time of writing the absolute values for the total
cost as well as the relative shares of manufacturing cost and material
cost lay well within what is reported by other sources for the assumed



Journal of Energy Storage 98 (2024) 112863H. Pegel et al.
Fig. 4. Uncertainty analysis at the example of a 2170 cell with steel housing. Sensitivity of the total cost as a function of the percentage uncertainty for (a) labor, plant area and
energy, (b) Weighted Average Cost of Capital (WACC, detailed explanation in the Appendix), service life and plant invest, (c) price of graphite, NMC811, copper and aluminum,
(d) price of separator, electrolyte and steel. An especially strong sensitivity of the total cost on the price of cathode material is identified.
period of time. We emphasize that material prices vary on a daily basis
and various different manufacturing technologies are used by different
manufacturers. Thus, the model presented in this study is suitable to
analyze absolute values only for the assumed period of time. However,
we emphasize that this study focuses on revealing the influence of
varying diameter, height and housing material. The overarching in-
fluence of those variables on the total cost is expected to be largely
independent of raw material prices. We thus conclude that the absolute
values from this study are valid only for price parameterization within
the assumed period of time. The qualitative relationships with regard to
the variables investigated however are expected to remain valid even
if material prices and boundary conditions change in the future.

4680
In contrast, Fig. 3(c) and (d) show the same cost breakdowns for

the 4680 cell. In this case, for the annual output of 40 GWh only
431,170,000 4680 cells with an energy content of 92.77 Wh cell−1

are required compared to the 2,540,650,000 2170 cells. This equals
8.92 $ cell−1 or 96.12 $ kWh−1 which is a reduction of 10.9% compared
to 107.88 $ kWh−1 for the 2170. The material cost now has a share of
79.7% compared to the of 72.0% of the 2170. This is mainly caused
by significantly lower manufacturing cost and less so by a change
in material cost. The material cost in Fig. 3 (d) decreases slightly
to 76.62 $ kWh−1 compared to 77.66 $ kWh−1 for the 2170. The
underlying reasons for these observations will be analyzed in detail
within the following sections.

Overall, a total cost decreases for the 4680 cell compared to the
2170 cell was expected as this was one of the reasons Tesla intro-
12

duced the 4680 as was publicly stated [1]. The cost decrease mainly
arises from lower cost of manufacturing while material cost varies
only slightly. This was already hypothesized by Quinn et al. [24] and
Waldmann et al. [25] and is confirmed here. Thus, we overall conclude
the general influence of varying dimensions agrees with what would be
expected based on scientific literature and non-scientific public sources.

4.1.2. Uncertainty analysis
Fig. 4 shows the sensitivity of the total cost on different parameters

for 2170 cells with steel housing and assumed 40 GWh annual output.
The 𝑥-axis shows the percentage variation of a single parameter and the
𝑦-axis shows the resulting impact on the total cost with respect to the
2170 baseline scenario. For cost of labor, area and energy in Fig. 4(a),
a positive linear correlation for all parameters is visible with rather
low sensitivity. Even an extreme variation of 50% for one of these
parameters results in less than 4.5% change in total cost. For WACC
and invest in Fig. 4(b) a similar positive correlation exists, however the
latter has a larger influence on the total cost. An uncertainty of 50%
results in 6.2% change of total cost. The service life of machinery has
a strong and nonlinear degressive influence on the total cost. This is
because the depreciation is calculated as the quotient between invest
and service life. Cutting the service life in half results in 13.1% larger
total cost, while extending the service life by 50% results in 4.3%
less total cost. The influence of the material cost in Fig. 4(c) and (d)
all have a positive and linear correlation to the manufacturing cost.
An uncertainty in the price of graphite, copper, aluminum, separator
material, electrolyte and steel by 50% however all have an influence
of less than 5% on the total cost. The price of NMC811 has by far

the greatest influence of all parameters considered. This was already
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Fig. 5. Influence of the cell diameter and the manufacturing cost of tabless cylindrical lithium-ion cells with steel housing. (a) Absolute and relative manufacturing cost for varying
cell diameters compared to the manufacturing cost of a 2180 cell. (b) comparison of cost breakdown between a 2180 and 4680 cell for material, labor, depreciation, capital,
energy, plant area and other. (c) comparison of cost breakdown for each manufacturing step.
expected from Fig. 3(a) and (b) that show the material cost makes up
72.0% of the total cost while the cathode is responsible for 54.8% of
the material cost. This means the cathode makes up 39.46% of the
total cost. An uncertainty of 50% in the price of NMC811 therefore
results in nearly 20% change of the total cost. Overall, there is no single
parameter that has enormous influence on the total cost except for the
price of NMC811. Therefore, we conclude that even if some parameters
vary on daily basis and some have a degree of uncertainty due to the
difficulty of accurately parameterizing a PBCM for lithium-ion cells,
the model is fully applicable for understanding the influence of cell
dimensions and housing materials which is the main focus of this study.

4.2. Influence of cell dimensions

4.2.1. Influence of cell diameter
Fig. 5(a) shows the total cost as a function of the cell diameter

for xx80 cells with constant height of 80 mm and variable diameter
between 21 mm and 46 mm. For the assumed annual output of 40 GWh
2,177,700,000 2180 cells and 431,170,000 4680 cells are required
which is a reduction of 80.2%. This value is important for later analysis.
For 2180 cells total cost of 104.98 $ kWh−1 is calculated. Enlarging
the diameter decreases the total cost to 96.12 $ kWh−1 for 4680
13

cells which is a decrease of 8.44%. The curve shows a near quadratic
shape. Fig. 5 shows (b) shows a cost breakdown divided by type of
cost. Similar to Fig. 3(a) it is visible that the material cost is almost
constant while the cost of labor, depreciation, capital, energy, area
and other cost decreases. Material cost decreases only slightly from
77.18 $ kWh−1 to 76.62 $ kWh−1 while manufacturing cost decreases
from 27.80 $ kWh−1 to 19.50 $ kWh−1. Further understanding of the
underlying reasons for this observation can be gained from Fig. 5(c)
that shows the aforementioned types of cost for each manufacturing
step for a 4680 cell in colored blocks with the overall cost for 2180 cells
in one large dotted green block. In other words, the green blocks on top
of the colored blocks represent the overall manufacturing cost savings
for 4680 cells compared to 2170 cells. The cost for manufacturing of the
electrodes up to vacuum drying is almost unchanged as these steps are
performed independent of the cell diameter. During winding the first
major decrease in manufacturing cost of 54% is visible. This is because
with larger diameters less cells are required and less time is wasted for
fixating the electrode-separator stack at the beginning of the winding
process and ejecting a finished jelly roll as those are assumed constant
independent of the diameter. The winding time including acceleration
and deceleration is however a function of the length of the jelly roll.
Therefore, the cost decrease does not scale exactly with the decrease
in number of cells of 80.2%. Manufacturing cost for welding of the

collector plate onto the ends of the foil overhangs decreases by 78.0%.
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This is because the time required for positioning is much greater than
the actual welding process itself. Positioning time is assumed as 1 s
while the welding process takes 85 ms for a 2180 cell and 186 ms for
a 4680. The overall process time for a single cell therefore increases
very slightly while the number of cells required decreases significantly.
For the same reason manufacturing cost for laser welding of the metal
connector to the top collector plate and the terminal, ultrasonic welding
of the bottom collector plate and laser welding of the endcap to the can
decrease by 79.2%, 79.8% and 76.5%, respectively. For insertion of the
jelly roll into the can a cost decrease of 80.0% is achieved which almost
perfectly matches the decrease of cells required as the process time
is assumed independent of the cell dimensions. An underutilization
of the last machine however may lead to small deviations between
both values. For electrolyte filling the cost is nearly identical as a
constant volumetric filling time as in s ml−1 is assumed and the required
electrolyte volume is in linear relationship to the total cell capacity
which is constant for a given targeted annual output. In reality, the
electrolyte volumetric filling time is expected to have a dependency on
the cell height as was hypothesized before [79]. We therefore recom-
mend reviewing and updating the assumptions for this manufacturing
step as a more sophisticated formula is found. Cost for closing of the fill
hole also decreases by 80.0% and behaves similar to the number of cell
required with small influence of underutilization of the last machine.
Cost for dry room decreases by 60.2%. As only the cell assembly is
conducted in the dry room, this value is dependent on the reduction
of required plant area for the assembly of the 4680 cells compared to
the 2170 cells. For formation, a relative cost decrease of 61.0% and
the largest absolute cost reduction of 2.97 $ kWh−1 is achieved. The
cost for formation is mainly determined by the required number of
channels and control panels and to a minor degree by the cell capacity.
Therefore, the decreased number of required cells significantly reduces
the formation cost which is only offset by the larger cost per channel
due to the increased cell capacity to a lesser degree. Cost for aging is
reduced by 32.3%. These costs are partly a function of the storage area
required. As the cell energy density increases with increasing diameter
due to less share of inactive housing and core area, less storage area is
required for the same targeted annual output. The major cost reduction
however is caused by the lower amount of control panels required. One
control panel is assumed to be designed to operate 50000 cells per
day and therefore the required amount decreases significantly. Cost for
shipping reduces only slightly as it is mainly determined by the weight
and therefore the specific gravimetric cell energy density which does
increase for larger cells due less share of wall thickness [9]. The cost
for producing the deep drawn steel housing decreases slightly as less
housings need to be produced which however is offset by larger cost for
invest, labor and area. Further discussion of the cost saving potential
of housing manufacturing will be done in a later section.

The manufacturing steps that are related to the tabless design
assumed in this study (welding of the collector plates, contacting of the
top collector plate to the terminal and contacting of bottom collector
plate to the can bottom) are responsible for 0.3168 $ kWh−1 for a 4680
ell. This is only 1.9% of the manufacturing cost and 0.33% of the total
ost. Further optimizing the tabless design therefore likely has greater
mpact on the thermo-electrical performance and safety features of the
ell [9,29] and less so on future cost saving efforts.

In summary, a significant decrease of the manufacturing cost of
9.9% from 27.80 $ kWh−1 to 19.50 $ kWh−1 was achieved by en-

larging the diameter from 2180 to 4680 and further decrease for even
larger diameters is expected.

4.2.2. Influence of cell height
Fig. 6(a) shows the manufacturing cost as a function of the cell

height for 46xxx cells with constant diameter of 46 mm and variable
height between 80 mm and 120 mm. For achieving 40 GWh annual
output 431,170,000 4680 cells are required compared to 274,380,000
14

46120 cells which is a decrease of 36.36%. A 46120 cell has an energy
content of 145.78 Wh cell−1 and costs 13.56 $ cell−1 compared to the
92.77 Wh cell−1 and 8.92 $ cell−1 for the 4680. By enlarging the cell
height from 80 mm to 120 mm, total cost decreases by 3.26% from
96.12 $ kWh−1 to 92.99 $ kWh−1. Material cost decreases slightly from
76.62 $ kWh−1 to 75.62 $ kWh−1 while the manufacturing cost de-
creases by 10.92% from 19.50 $ kWh−1 to 17.37 $ kWh−1. Fraunhofer
Institute for Systems and Innovation Research ISI recently stated they
expect a cost saving potential of up to 20% in manufacturing cost by
increasing the cell height from 4680 to 46120 [79]. With the assump-
tions made in this study this seems optimistic. However, if a dry coating
process would reduce or eliminate the cost of electrode manufacturing
in the coating/drying, NMP recovery and vacuum drying steps that
are not sensitive to the cell dimensions, the remaining manufacturing
steps that are indeed highly sensitive would have a larger share and
a manufacturing cost reduction of 20% or even more may become
realistic based on our assumptions. The overall shape of the curve in
Fig. 6(a) looks fairly linear as the cell energy has a linear relationship to
the cell height according to Eqs. (10)–(12). However, from Eq. (10) the
coating height and therefore cell energy is calculated by subtracting a
constant inactive offset from the cell height that is required to integrate
the tabless design. The larger the cell height the more the cell energy
density converges against the active material energy density. Therefore,
the percentage gain in cell energy is larger for cells with less height
when adding a given absolute additional height [9]. For this reason the
curve is not perfectly linear but flattens towards larger heights. Further,
the curve oscillates up and down around certain heights. This is because
the working width of electrode manufacturing machines is not always
perfectly utilized. This did not have an influence for varying only the
diameter in the previous section. Fig. 6(b) shows the cost breakdown
of a 4680 compared to a 46120 cell. The cost reduction takes place
almost exclusively within the manufacturing cost while the material
cost is only slightly reduced as the ratio between dead volume and jelly
roll volume decreases for larger heights. Fig. 6(c) shows the comparison
of the cost breakdown for each manufacturing step between a 4680
in one large green block and a 46120 in colored blocks divided into
cost types. Again, the cost of manufacturing the electrodes is nearly
unchanged. The cost of winding, laser welding of the collector plates,
laser welding of the top collector plate to the terminal, insertion of
the jelly roll into the can, ultrasonic welding of the bottom collector
plate to the can bottom, laser welding of the endcap, closing of the
fill hole, Aging/EOL check and housing manufacturing all show a cost
reduction between 33.47% and 37.0% and are directly correlated to the
percentage decrease of required cells of 36.36%. Cost for electrolyte
filling shows almost no change as the filling time is assumed as a
function of the total electrolyte volume required which itself depends
on the total required capacity as discussed earlier. Same as for a change
in diameter, the cost of formation reduces by 27.32% which is less than
the change of cells required as the number of required channels and
control panels decreases accordingly but the cost per channel on the
other hand increases for larger cell capacities. Cost for the dry room
decreases by 22.3%. Cost for shipping is again almost constant.

Overall, it can be concluded that enlarging the cell height decreases
the manufacturing cost. In this case, an increase of the cell height
reduced the manufacturing cost by 10.92% from 19.50 $ kWh−1 to
17.37 $ kWh−1 and further reduction is expected for even larger
heights.

4.2.3. Influence of number of cells
In the previous section the influence of the cell dimensions was

analyzed and the number of cells required was identified as a major
factor. Fig. 7 further deepens the understanding of the relationship
between cell diameter, cell height, number of cells as well as material
cost, manufacturing cost and total cost. Fig. 7(a) shows the number of
cells required as a function of the cell diameter between 21 mm and
as large as 60 mm with each curve representing a different cell height

between 70 mm and 120 mm. As reported in [9] the volumetric energy
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Fig. 6. Influence of the cell height on the manufacturing cost of tabless cylindrical lithium-ion cells with steel housing. (a) absolute and relative manufacturing cost for varying
cell heights compared to the manufacturing cost of a 4680 cell. (b) comparison of cost breakdown between a 4680 and 46120 cell for material, labor, depreciation, capital, energy,
plant area and other. (c) comparison of cost breakdown for each manufacturing step.
density increases with larger dimensions due to less areal share of
inactive components. Therefore, the required number of cells decreases
stronger than 𝑑2𝑐𝑒𝑙𝑙 for a given height. For example, the 4680 cells
has 4.7982 times the cross section of a 2180 while 5.0507 times the
amount of 2180 cells is required compared to 4680. The number of
cells required decreases 5.3% stronger than the cell cross section for
80 mm height due to less share of housing area (Eq. (8)–Eq. (9)). This
equals exactly the increase in specific volumetric energy density of the
cell. The energy density also increases with the cell height due to a
constant inactive offset between the cell height and the coating height
of the electrodes (Eqs. (10)–(12)). Shorter cells therefore gain a larger
percentage increase in energy density from a given absolute addition of
height [9]. This is visible in Fig. 7(a) as the cell height shifts the number
of cells required up or down but the relative reduction in required cells
reduces the larger the cell for fixed steps of adding 10 mm of cell height.

Fig. 7(b) shows the material cost and total cost while the difference
between both equals the manufacturing cost for the same parameter
variation of diameters and heights. The total cost and manufacturing
cost decreases. The material cost stays almost constant for a given
height. Therefore, the percentage decrease of the total cost is weakened
compared to the percentage reduction in number of cells required. This
leaves the following summarizing conclusions:

• Observation: The material cost has low sensitivity on the number
of cells required.
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Reason: The components of the active material are the main
material cost drivers (Fig. 3) while the housing material plays a
minor role. The amount of active material required scales with
the annual output. If the annual output is assumed constant, the
material cost for the active material remains constant.

• Observation: The manufacturing cost has a noticeable sensitivity
on the number of cells required.
Reason: Some manufacturing steps have aspects that are directly
correlated to the number of cells required.

• Observation: The percentage decrease in manufacturing cost is
significantly lower than the percentage decrease of the number
of cells required.
Reason: The manufacturing steps that are related to the electrode
preparation are mostly unaffected by the cell dimensions and thus
the number of cells required. The manufacturing steps that are
indeed heavily influenced by the number of cells however also
do not show a perfect linear correlation. Some cost shares are
constant independent of the number of cells and some cost shares
scale with the dimensions and thus weaken the relationship.
Examples were given in the previous sections.

This leads to the first finalizing main conclusion of this study. There
exists a cost saving potential through enlarging the cell dimensions
and reducing the number of cells. It is however limited as it is almost
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Fig. 7. Sensitivity of the manufacturing cost on the number of required cells for 40 GWh assumed annual output. (a) Number of required cells and (b) material, manufacturing
and total cost as a function of cell diameter between 21 mm and 60 mm with each curve representing a cell height between 70 mm and 120 mm.
exclusively drawn from a portion of a limited number of manufactur-
ing steps. The manufacturing cost does not decrease indefinitely but
converges.

Generally, enlarging the cell dimensions is comprehensive from a
cost saving perspective. With the assumptions made in this study it
is likely a large portion of the cost saving potential has been realized
with the switch from 21 mm diameter to 46 mm diameter. Fig. 7(b)
also suggests that OEMs who have chosen the 46xxx format like BMW
with their 4695 and 46120 [11] or Nio with their 46105 [80,81]
have a noticeable further economic advantage over Tesla [1] and other
OEMs like General Motors [82] that are rumored to adopt the 4680
format. Increasing the cell dimensions beyond the above mentioned
values could be feasible to squeeze out the last bit of cost saving from
these variables. Cell heights beyond 120 mm could be more beneficial
from a cost saving perspective than diameters beyond 46 mm as the
volumetric energy density increases stronger with the height than with
the diameter [9]. Introducing extremely large cylindrical cells should
however be carefully considered with respect to the thermo-electrical
performance, required cooling strategies, achievable packing density
and thermal propagation safety.

4.3. Influence of housing material

Fig. 8 shows a breakdown of the manufacturing cost for steel and
Al-3003 housings for (a) 2170 and (b) 4680 cells. Steel housings are
manufactured with a multi-steep deep drawing process while aluminum
housings are manufactured with a backwards impact extrusion process.
2170 steel housings cost 5.61 $ kWh−1 while 4680 steel housings cost
4.67 $ kWh−1. This is achieved because the material cost decreases
due to less relative share of housing volume to active material volume
for larger dimensions as the energy density increases with larger cell
diameters and cell heights. The manufacturing cost decreases only
slightly as larger machines are required that cause more depreciation
while the cost for labor decreases. 2170 aluminum housings costs
6.51 $ kWh−1 while 4680 aluminum housings cost 2.27 $ kWh−1.
The relatively high manufacturing cost for extruded 2170 housings is
caused as the parameterization is based on a real 4680 extrusion line
that may produce very large dimensions. No data was available or
known to the authors for extrusion lines specifically tuned for 2170
housings. This is an uncertainty for the manufacturing cost of 2170
aluminum housings that vanishes for larger dimensions towards the
correct parameterization for 4680 cells. What is especially interesting
is that the specific material cost per kWh of aluminum housings is
16

significantly lower compared to the steel housing for all dimensions.
Although required wall thicknesses of aluminum housings are about
1.6 times larger than wall thicknesses of steel housings due to less
tensile strength and temperature stability of the raw material [9],
material cost for 4680 aluminum housings of 1.36 $ kg−1 is 60.6%
lower than 3.45 $ kg−1 for 4680 steel housings. Assumed raw material
cost of 3.19 $ kg−1 for aluminum is similar to 3.54 $ kg−1 for steel.
However, the density of aluminum is only 2.73 g cm−3 and therefore
only about 1/3rd of 7.75 g cm−3 for steel. This results in noticeably
lower housing material cost of aluminum cells for all cell dimensions
compared to steel cells. The total cost of 4680 cells with steel housing
was calculated to 96.12 $ kWh−1 (Fig. 3). For 4680 cells, impact
extruded aluminum housings cost 2.27 $ kWh−1 while deep drawn
steel housings cost 4.67 $ kWh−1 despite thinner walls which is an
absolute difference of 2.4 $ kWh−1. This is 2.5% of the initial total cost
of 96.12 $ kWh−1 of 4680 cells with steel housing. This is an incredibly
large cost saving potential from a component that has not received a
lot of attention in the past. In addition, it was previously reported that
aluminum housings significantly boost the thermo-electrical behavior
due to larger thermal conductivity and less ohmic resistance compared
to steel [9] and further allow for tighter packing density [27]. This
makes the choice of housing material a crucial decision for automotive
manufacturers during development that may lead to an advantage not
only in performance and weight but also cost.

5. Conclusion

This study introduced a process-based cost model to analyze the
influence of cell dimensions and housing material on the manufacturing
and material cost of tabless cylindrical lithium-ion cells.

It was found that enlarging the cell dimensions reduces the total
cost for two reasons. First, the larger the cells, the lower the manufac-
turing cost due to a direct dependency of certain manufacturing steps
on the number of cells produced. Second, for larger dimensions the
cell volumetric energy density increases due to less share of inactive
components which further reduces the total cost. Overall, the material
cost however remained rather constant it is mainly determined by the
annual output in terms of energy content and the required active mate-
rial components are the main cost drivers. Assuming an annual output
of 40 GWh, increasing the cell dimensions from the conventional 2170
to the new 4680 format achieved a cost reduction from 107.88 $ kWh−1

to 96.12 $ kWh−1 or 10.9%. The overall cost saving potential of further
enlarging the dimensions is however limited as it is mainly realized
within only a certain number of manufacturing steps.
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Fig. 8. Total cost for the housing as a function of cell dimensions, housing material and manufacturing technique. (a) and (b) manufacturing cost for 2170 and 4680 housings,
respectively, made from deep drawn steel cans or impact extruded aluminum cans with laser welded endcaps in both cases.
The choice of housing material was identified as another opportu-
nity to lower the cost that has not received a lot of attention in the
past. Due to the better flow behavior for housings made of aluminum
a backwards impact extrusion process may be applied instead of the
conventional deep drawing process for nickel-plated steel housing that
is highly flexible with regard to the cell height. For 4680 cells, the
total cost of the housing can be reduced by 51.4% through introducing
aluminum housings. This equals a cost reduction of as much as 2.5%
of the total cost of 4680 cells with steel housing. A large portion of
this is achieved by lower cost of the required amount of aluminum raw
material compared to nickel-plated steel.

Overall, it was shown that the trend to larger cylindrical cell di-
mensions results in significant cost reduction and the choice of housing
material should further be considered in this regard.
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Symbol Meaning Unit
Latin
A Area m2

a Archimedean spiral
constant

m

BC Bound capital $
C Capacity Ah
CO Cost $
d Diameter m
E Energy Wh
evol,act Volumetric active material

energy density
Wh l−1

h Height m
INV Invest $
IR Interest rate %
kweld Weld length factor –
l Length m
Mprelim Quantity of preliminary

product per cell
–, kg, m−2, l

MA Machine availability factor –
m Mass kg
n Number, amount or

quantity of components or
material

–, kg, m−2, l

P Power W
PR Process rate –, kg, m−2, l

per respective
unit

p Specific price $ per
respective
unit

RW Residual worth $
RINV Reinvest $
r Radius or radial coordinate m
𝛥S Archimedean spiral length m
Sp Scrap losses %
SL Service life years
t Thickness or time m, s
U Voltage V
UTlast Utilization of last machine –
V Volume m3

v Speed m s−1

WACC Weighted average cost of
capital

%

�⃗� Weld coordinate vector m
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Symbol Meaning Unit
Greek
𝜂CE Coulomb efficiency %
𝜂cell Energy efficiency %
𝜅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 Eletrolyte overfill factor –
𝜌 Density kg m−3

𝜙electrode Electrode porosity –
𝜑 Archimedean spiral angle –
𝜑weld Angle between star pattern

welds
–

𝜓 i Gravimetric share constant
of material i

–

Subscript and superscript Meaning
Subscripts
act Active material
al Aluminum
ano Anode
area Machine, manufacturing or plant area
bot Housing part can bottom
ca Cathode
can Housing part can
cap Capital
cell Cell or cells
chc Charging
clamp Clamping for fixation
coat Electrode coating
core Hollow core of cylindrical cell
cu Copper
cycle Cycle of a certain manufacturing step
cycler Cycler for formation or aging
depr Depreciation
dryer Dryer for electrode drying
dsc Discharging
electrode Electrode
electrolyte Electrolyte
end End angle or coordinate
endcap Housing part endcap
energy Energy
first First formation cycle
form Formation
i Material i or ith weld of star pattern
inact Inactive height at cell ends
j Component j of active material
lab Labor
layer Repetitive layer of active material
mach Manufacturing machine or machines
maint Maintenance
manu Manufacturing
mat Material
nmp N-Methyl-2-pyrrolidon
nom Nominal value
overh Overhead
pores Pores within electrode or separator
pos Positioning
prod Product
salable Salable cells
scrap Scrapped cells or preliminary product
sep Separator
solid Solid material share
spc Specific value
start Start angle or coordinate
steel Steel (nickel-plated)
steps Manufacturing steps
18

swd Shifts per working day
Subscript and superscript Meaning
Subscripts
target Targeted annual output
term Housing part terminal
tot Total or absolute value
wall Housing wall
wdy Working days per year
weld Weld or welds
wh Working hours
whs Working hours per shift
wm Workers per machine
Superscripts
i Material i
j Manufacturing step j
k Running variable in product notation

Table A.12
Parameterization of the PBCM for mixing.

Parameter Value Source

Workers per shift 0.25 [20]
Power consumption anode in kWh 14 [20]
Power consumption cathode in kWh 19 [20]
Invest in mio. $ 3.0 [20]
Mixing duration anode in min 140 [20]
Mixing duration cathode in min 270 [83]
Planetary mixer volume in l 1120 [20]
Scrap loss in % 1 [20]
Machine area in m2 11.4 [20]

Appendix. Full parameterization of PBCM

A.1. Process model

A.1.1. A1) Tabless jelly roll manufacturing

Mixing
Machines for mixing anode and cathode are separated to prevent

cross contamination. For binder solution an anchor stirrer with dis-
solver disc is used. Process times for mixing of the anode are taken
from [20] and for NMC811 from [83]. As the bottleneck is the planetary
mixer, all other machinery are designed to match the capacity thereof.
Other values are taken from [20] as listed in Table A.12.

Coating and drying
A sequential coating process is assumed where one side of the metal

foils is coated and dried first and afterwards the opposite side. It is
assumed the power consumption can be approximated according to
the formula listed in Table A.13. For the coating speed a value of
52 m min−1 is calculated as an average of a survey of recent literature
and data from machine suppliers [20,38,72,84,85]. For the working
width values of 250 mm to 1500 mm are reported in the literature
for coating and drying, [20,35,72,84,85], 600 mm to 1500 mm for
calendering [20,21,84,85] and 600 mm for cutting [20]. For this study,
a working width of 1000 mm is assumed throughout all manufacturing
steps that handle the same geometry of coated foils. Drying times for
anode and cathode are a function of the gravimetric coating density
as the quotient from absolute coating weight mcoat and electrode area
Aelectrode. Dryer length ldryer is calculated by multiplying coating speed
vcoat with the drying time tdry.

NMP recovery
NMP recovery is exclusively necessary for cathode manufacturing as

the anode uses water as solvent. Values for parameterization are taken

from [20,71,72,87] as listed in Table A.14.
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Table A.13
Parameterization of the PBCM for coating and drying.

Parameter Value Source

Workers per shift 4 [20]
Power consumption anode in kWh 350 ( 𝑙𝑑𝑟𝑦𝑒𝑟

35 m
) [20]

Power consumption cathode in kWh 510 ( 𝑙𝑑𝑟𝑦𝑒𝑟
36 m

) [20]
Invest in mio. $ 24.55 [20]
Coating speed in m min−1 52 [20,38,72,84,85]
Working width in mm 1000 [20,35,72,84,85]
Drying duration anode in s 0.25 𝑚𝑎𝑛𝑜

𝐴𝑎𝑛𝑜

m2s
kg

+ 2.18 s [86]
Drying duration cathode in s 0.22 𝑚𝑐𝑎

𝐴𝑐𝑎

m2s
kg

+ 0.95 s [86]
Dryer length in m vcoat tdryer [20]
Machine area in m2 3 (2 + 𝑙𝑑𝑟𝑦𝑒𝑟

m
) [20]

Table A.14
Parameterization of the PBCM for NMP recovery.

Parameter Value Source

Workers per shift 2 [71]
Energy consumption in kWh kg−1

𝑛𝑚𝑝 10.2 [87]
Invest in mio. $ 15.0 [20]
Process rate in kgnmp h−1 1910 [71]
Ratio NMP:PVDF 19:1 [20]
Efficiency of recovery in % 99.5 [72]
Machine area in m2 275 [71]

Table A.15
Parameterization of the PBCM for calendering.

Parameter Value Source

Workers per shift 0.5 [20]
Energy consumption in kWh 17 [20]
Invest in mio. $ 5.35 [20]
Calender speed in m min−1 68 [20,35,38,72,85]
Working width in mm 1000 Table A.13
Machine area in m2 40 [20]

Calendering
Separate large calenders are used for anode and cathode to prevent

cross contamination. Values for parameterization are taken from [20]
based on a working width of 600 mm. In order to match the previous
assumption for the working width of 1000 mm the values for the
required plant area and the power consumption are scaled with a linear
approach from 10 kW to 17 kW and from 24 m2 to 40 m2, respectively.
For the calendering speed an average of 68 m min−1 is calculated
based on a reported range between 30 m min−1 and 100 m min−1 in
recent literature [20,35,38,72,85]. Due to the adapted working width
and calendering speed to throughput increases from 18 m min−2 to
68 m min−2. The invest is thus scaled with a linear approach to
match the increased throughput from 1.42 mio $ to 5.35 mio $. Full
parameterization is summarized in Table A.15.

Cutting
Cutting for anode and cathode is conducted via a roller scissor with

ceramic knives. Parameterization is based on [20] and a working width
of 600 mm. Due to a different assumption for the working width of
1000 mm the plant area and power consumption is scaled to match
with the same linear approach as for the previous sections from 7 kW
to 12 kW and from 16 m2 to 27 m2,respectively. Again for the cutting
time an average of 72 m min−1 is calculated based on reported values
of 50 m min−1 to 115 m min−1 in recent literature [20,35,84]. Due to
the adapted working width and cutting speed the throughput increases
from 30 m min−2 to 72 m min−2. The invest is thus scaled with a
linear approach to match the increased throughput from 0.65 mio. $
19

to 1.55 mio. $. Full parameterization is summarized in Table A.16.
Table A.16
Parameterization of the PBCM for cutting.

Parameter Value Source

Workers per shift 0.5 [20]
Power consumption in kW 12 [20]
Invest in mio. $ 1.55 [20]
Cutting speed in m min−1 72 [20,35,84]
Working width in mm 1000 Table A.13
Machine area in m2 27 [20]

Table A.17
Parameterization of the PBCM for vacuum drying.

Parameter Value Source

Workers per shift 4 [71]
Power consumption in kW 1296 [20]
Invest in mio. $ 4.0 [71]
Dryers per machine 10 [71]
Process rate in m2 h−1 2500 [71]
Machine area in m2 330 [71]

Fig. 9. Tabless winding time as a function of the jelly roll length. The values are
based on the experience of Fraunhofer Institute for Manufacturing Engineering and
Automaton IPA.

Vacuum drying
For intensity drying a vacuum approach is assumed. This has the

advantage that multiple electrode coils with multiple hundred meters
of length may be dried simultaneously and low plant area requirements.
Larger water diffusion coefficient is another advantage compared to
drying under regular atmosphere [88]. Values for parameterization are
taken from [20,71] as listed in Table A.17.

Tabless winding
The tabless winding time as a function of the jelly roll length

is depicted in Fig. 9. The winding time includes the fixating of the
electrode-separator stack at the beginning, the actual winding process
and the ejection of the finished jelly roll. Marked is the jelly roll length
of 1.11 m and 5.57 m for 2170 cells and 4680 cells with steel housing,
respectively. This translates to winding times of 1.278 s and 2.971 s,
respectively. The comparison of the correlating specific winding speed
of 0.869 m s−1 (2170) and 1.875 m s−1 (4680) emphasizes the increased
process rate for larger diameters.

Equipment for laser welding of collector plates
Characteristics of assumed continuous wave single-mode fiber laser:

• Laser source with high beam quality and good focus ability,
possibility of pulse mode to ensure dynamic use response, long
use stability, fiber diameter <= 50 𝜇m
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Table A.18
Parameterization of the PBCM for inserting the jelly roll into the can.

Parameter Value Source

Workers per shift 0.2 [20]
Power consumption in kW 5 [20]
Invest in mio. $ 0.63 [22]
Process rate in pieces min−1 35 [22]
Scrap loss in % 0.05 [20]
Machine area in m2 5 [22]

Table A.19
Parameterization of the PBCM for electrolyte filling.

Parameter Value Source

Workers per shift 0.34 [20]
Power consumption in kW 20 [20]
Invest in mio. $ 1.8 [22]
Filling speed in ml s−1 0.5 [20]
Number of parallel filling channels 12 [20]
Machine area in m2 6 [20]

• Exemplary manufacturers: IPG Laser GmbH & Co. KG (Burbach,
Germany), TRUMPF Laser- und Systemtechnik GmbH (Ditzingen,
Germany), Coherent, Inc. (Sante Clara, California)

haracteristics of assumed scanner optic:

• PFO with 2D positioning, high accuracy in positioning writing, F-
Theta lense, optical interfaces to monitor process, spot diameter
<= 70 μm

• Exemplary manufacturers: RAYLASE GmbH (Wessling, Germany),
IPG Laser GmbH & Co. KG (Burbach, Germany), Precitec GmbH
& Co. KG (Gaggenau, Germany), TRUMPF Laser- und Systemtech-
nik GmbH (Ditzingen, Germany), SCANLAB GmbH (Puchheim,
Germany)

Characteristics of assumed clamping fixture:

• Clamping fixture: Positioning and clamping collector plates to
jelly role, integrated into assembly line, high accuracy, uniform
contact pressure

.1.2. A2) Housing manufacturing
Complete parameterization in the main text.

.1.3. B) Assembly

nsertion of jelly roll into can
After preparing the tabless jelly roll with joined connector and

ndcap, it is inserted into the can. Values for parameterization are
ased on [20,22] as listed in Table A.18

lectrolyte filling
For electrolyte filling a rotary table is assumed that can fill a number

f cells at the same time. Different sources report different values
or the invest cost for such types of machines [20,22]. Therefore, an
verage between the values is assumed. The filling speed is assumed as
.5 ml s−1 independent of the dimensions. It is highly likely that this

is a very rough estimation as we hypothesize the filling speed will be
mainly a function of the cell height as the electrolyte has to travel a
larger distance along the 𝑧-axis of the cell. Similar assumptions were
formulated recently in other sources [79]. This is a possible source of
error that has to be kept in mind when interpreting the results and an
aspect that can be improved in future studies once this relationship is
revealed in detail. Full parameterization is summarized in Table A.19.

Closing fill hole
The fill hole is closed by inserting and laser welding a small steel

ball. Afterwards, the cell is sealed and protected against the atmosphere
20
Table A.20
Parameterization of the PBCM for closing of the fill hole.

Parameter Value Source

Workers per shift 0.2 [20]
Power consumption in kW 5 [20]
Invest in mio. $ 0.53 [22]
Process rate in pieces min−1 40 [20]
Scrap loss in % 0.05 [20]
Machine area in m2 4 [20]

and subsequent steps can be performed outside of the dry room. Values
for parameterization are taken from [20] while the process speed is
again an average between [20,22] as listed in Table A.20.

A.1.4. C) Finishing

Formation
Continuous parameterization of the formation step as a function of

dimensions has not yet been reported in the literature to the best of our
knowledge. A number of literature sources were used and combined
with our own assumptions to establish reasonable parameterization.

For formation the cells are inserted into a cycler with an indi-
vidual channel for each cell. The invest for the machine is primarily
determined by the amount of channels required and the requirements
of power consumption thereof. Larger cells require larger currents
for a given C-rate which translates into higher power consumption
per channel [20]. According to [89] the invest per channel can be
linearly approximated with respect to the cell capacity. The invest for a
formation machine with 140 cyclers and 1600 channels each amounts
to 28 mio. $ [71]. This translates to 125 $ per channel for a cell with
67 Ah. For cells with more than 80 Ah the invest increases by 10%
according to [71]. With the assumption of a linear relationship Eq. (31)
is established to calculate the invest 𝐼𝑁𝑉𝑓𝑜𝑟𝑚 with 𝐶𝑐𝑒𝑙𝑙 as the cell
capacity.

𝐼𝑁𝑉𝑓𝑜𝑟𝑚 = 0.96𝐶𝑐𝑒𝑙𝑙
$
𝐴ℎ

+ 60.6 $ (31)

he cell assumed in [71] is a pouch cell with 16.10 cm2 area occupied
n the cycler, for 1600 channels per cycler this equals an area of
𝑐𝑦𝑐𝑙𝑒𝑟 = 2.576 m2 which is provided for cells. Eq. (32) is assumed

o calculate the number of tabless cylindrical cells 𝑛𝑐𝑒𝑙𝑙,𝑐𝑦𝑐𝑙𝑒𝑟 with the
iameter 𝑑𝑐𝑒𝑙𝑙 that fit into this area while the cells are assumed to be
rranged in a 90◦ angle. No dependence on the height is assumed. For
peration of the cycler a control unit with a process rate of 50000 cells
er day and an invest of 0.59 mio $ per control unit is used.

𝑐𝑒𝑙𝑙,𝑐𝑦𝑐𝑙𝑒𝑟 =
𝐴𝑐𝑦𝑐𝑙𝑒𝑟
𝑑2𝑐𝑒𝑙𝑙

(32)

Energy consumption for the formation of one cell 𝐸𝑓𝑜𝑟𝑚 as a function
f the capacity is calculated according to Eq. (33) based on [90]. Here,
𝑐ℎ𝑐,𝑓 𝑖𝑟𝑠𝑡 is the energy required for charging including the first cycle

loss, 𝐸𝑐ℎ𝑐 is the energy required for regular charging and 𝐸𝑑𝑠𝑐 is the
nergy released during discharging of the cell.

𝑓𝑜𝑟𝑚 = 𝐸𝑐ℎ𝑐,𝑓 𝑖𝑟𝑠𝑡 − 𝐸𝑑𝑠𝑐 + 𝐸𝑐ℎ𝑐 − 𝐸𝑑𝑠𝑐 + 0.5𝐸𝑐ℎ𝑐 (33)

q. (33) assumes a formation protocol with two full charging and
ischarging cycles and a charge to 50% state of charge (SOC). The
nergy for a first cycle charge 𝐸𝑐ℎ𝑐,𝑓 𝑖𝑟𝑠𝑡 and a regular cycle charge
𝑐ℎ𝑐 is calculated according to Eq. (34) and Eq. (35), respectively. The
nergy for a regular discharge 𝐸𝑑𝑠𝑐 is calculated according to Eq. (36).
ere, 𝑈𝑛𝑜𝑚 is the nominal voltage, 𝜂𝐶𝐸,𝑓𝑖𝑟𝑠𝑡 is the Coulomb efficiency of

he first cycle and 𝜂𝑐𝑒𝑙𝑙 is the energy efficiency of the cell for the C-rate
nd environmental temperature assumed during formation. 𝜂𝐶𝐸,𝑓𝑖𝑟𝑠𝑡 is
ssumed as 87% and 𝜂𝑐𝑒𝑙𝑙 is assumed as 98%.

𝑐ℎ𝑐,𝑓 𝑖𝑟𝑠𝑡 =
𝐶𝑐𝑒𝑙𝑙𝑈𝑛𝑜𝑚 (34)
𝜂𝐶𝐸,𝑓𝑖𝑟𝑠𝑡𝜂𝑐𝑒𝑙𝑙
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Table A.21
Parameterization of the PBCM for formation.

Parameter Value Source

Workers per shift per cycler 0.036 [71]
Energy consumption in kWh cell−1 1.1 𝐸𝑓𝑜𝑟𝑚

𝐽
(Eq. (33)) [90]

Invest in $ per channel Eq. (31) [71]
Invest control unit in $ cell−1 11.8 [20]
Cells per cycler Eq. (32) [71]
Formation duration in h cell−1 26 [20,35,91]
Scrap loss in % 0.5 [71]
Machine area in m2 per cycler 1.375 [71]

Table A.22
Parameterization of the PBCM for aging and EOL check.

Parameter Value Source

Workers per shift per shelf 0.002 [71]
Power consumption in kW 50 [20]
Invest in $ per shelf 5555 [71]
Invest control unit in $ cell−1 11.8 [20]
Cells per shelf Eq. (32) [71]
Aging duration in h cell−1 336 [71]
Scrap loss in % 4.5 [71]
Machine area in m2 per shelf 1.375 [71]

𝐸𝑐ℎ𝑐 =
𝐶𝑐𝑒𝑙𝑙𝑈𝑛𝑜𝑚
𝜂𝑐𝑒𝑙𝑙

(35)

𝑑𝑠𝑐 = 𝐶𝑐𝑒𝑙𝑙𝑈𝑛𝑜𝑚𝜂𝑐𝑒𝑙𝑙 (36)

or the total energy consumption of the formation machine an addi-
ional 10% is assumed for the infrastructure in addition to the energy
equired for formation according to Eq. (33). Workers per shift are
caled linearly with the number of cyclers to 0.036. Formation duration
s assumed to 26 h which is an average of values reported in the
iterature [20,35,91]. Full parameterization is summarized in as listed
n Table A.21.

ging and end of line check
Aging and end of line (EOL) check is done in a similar facility

s formation but no current flow or supervision is necessary [71].
ccording to [71] a machine area of 990 m2 or 1800 m2 effective
anufacturing area is required for this step. With the assumption

f the same area of 2.576 m2 as for the cyclers, this translates to
20 shelves. One aging machine with 720 shelves requires invest of
.0 mio $ and 1.5 workers per shift [71]. Therefore, 5555 $ per shelf
nd 0.002 workers per shift per shelf are assumed. The number of
ells per shelf is calculated identical to Eq. (32). Power consumption
s mainly determined by the electronical aging management system.
herefore, the power consumption is scaled with the number of control
nits required and set to 50 kW.

In case a cell shows a strong aging behavior an internal short circuit
s likely and those cells are scrapped. According to [71] a scrap loss
f 5% for formation and aging combined is reasonable. As Table A.21
lready assumes 0.5% scrap loss for formation another 4.5% is assumed
or aging and EOL check according to Table A.22

.1.5. Others

ncoming
Parameters for incoming are based on [71] with the assumption

f two-shift operation and 5 workers per shift. No value for power
onsumption was given in [71], thus values from [20] are linearly
caled to match 7700 kg process rate from [71] as listed in Table A.23.
21
Table A.23
Parameterization of the PBCM for incoming.

Parameter Value Source

Workers per shift 5 [71]
Power consumption in kW 38.5 [20]
Invest in mio. $ 8.0 [71]
Process rate in kg h−1 7700 [71]
Machine area in m2 880 [71]

Table A.24
Parameterization of the PBCM for shipping.

Parameter Value Source

Workers per shift 15 [71]
Power consumption in kW 41 [20]
Invest in mio. $ 20.0 [71]
Process rate in kg h−1 8200 [71]
Machine area in m2 1375 [71]

Table A.25
Parameterization of the PBCM for the dry room.

Parameter Value Source

Workers per shift per m−2 1
6100

[71]
Power consumption in kW day−1m−2 6.8 [20]
Invest in $ m−2 1147 [71]

Shipping
Similar to incoming the parameters for shipping are based on [71]

with the assumption of a power consumption of 10 kW per 2000 kg h−1

rocess rate from [20]. A process rate of 8200 kg h−1 from [71] thus
ields a power consumption of 41 kW as listed in Table A.24.

ry room
Winding, contacting of the collector plates and the whole cell

ssembly must be carried out in a dry room with humidity of less than
%. The dry room generally is a large power consumer which is mainly
etermined by diffusion of steam through the walls, air intake through
he air locks, the number of workers inside the room and the exchange
f fresh air. Values for parameterization for a dry room with invest of
mio. $ and 6100 m2 area are taken from [20,71] and scaled with

he area as listed in Table A.25. The energy consumption is calculated
ased on the dry room area with 6.8 kWh day−1m−2 [20].

.2. Operations model

In this sections, the superscript 𝑗 is added if the value refers to a
pecific manufacturing step 𝑗 and the superscript 𝑖 is added if the value
efers to a specific material 𝑖. Values refer to annual values within a
eriod of one year in which the annual output of 𝐸𝑡𝑎𝑟𝑔𝑒𝑡= 40 GWh is
argeted.

.2.1. Machinery, plant area, working hours and energy consumption
The required plant area, working hours and energy consumption

re mainly determined by the total number of required machines to
roduce the annual output. The total number of machines 𝑛𝑗𝑚𝑎𝑐ℎ,𝑡𝑜𝑡
equired for manufacturing step 𝑗 is calculated according to Eq. (37)
ith 𝑛𝑗𝑝𝑟𝑜𝑑,𝑡𝑜𝑡 as the total annual required quantity of product in the

espective measure and 𝑛𝑗𝑝𝑟𝑜𝑑,𝑚𝑎𝑐ℎ𝑖𝑛𝑒 as the quantity of product a single
achine can produce. As only an integer number of machines may be
tilized the result is rounded up which means an underutilization of
achines is considered in this study.

𝑗
𝑚𝑎𝑐ℎ,𝑡𝑜𝑡 = ⌈

𝑛𝑗𝑝𝑟𝑜𝑑,𝑡𝑜𝑡
𝑗 ⌉ (37)

𝑛𝑝𝑟𝑜𝑑,𝑚𝑎𝑐ℎ𝑖𝑛𝑒
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The total annual required quantity of product per manufacturing step
𝑗 is calculated such that at the end of the manufacturing process the
targeted annual output 𝐸𝑡𝑎𝑟𝑔𝑒𝑡 is met. Due to inevitable scrap losses
t might be necessary to produce a larger quantity of product for
anufacturing step 𝑗 than is eventually utilized in salable cells. First,

he total required manufacturing volume of salable cells 𝑛𝑐𝑒𝑙𝑙,𝑠𝑎𝑙𝑎𝑏𝑙𝑒,𝑡𝑜𝑡 at
he end of the manufacturing process is calculated with Eq. (38). Here,
𝑐𝑒𝑙𝑙 is the energy content per cell calculated with the formulas from

he geometrical model in Table 1. The manufacturing volume of salable
ells is corrected by the scrap losses along the manufacturing process to
alculate the actual total number of cells 𝑛𝑐𝑒𝑙𝑙,𝑚𝑎𝑛𝑢,𝑡𝑜𝑡 the manufacturing
ust aim for according to Eq. (39). Here, 𝑆𝑘𝑝 is the scrap loss for a

pecific manufacturing step 𝑘 counted along all manufacturing steps,
= 1...𝑛𝑠𝑡𝑒𝑝𝑠. In general, 𝑛𝑐𝑒𝑙𝑙,𝑚𝑎𝑛𝑢,𝑡𝑜𝑡 is always greater than 𝑛𝑐𝑒𝑙𝑙,𝑠𝑎𝑙𝑎𝑏𝑙𝑒,𝑡𝑜𝑡.

𝑐𝑒𝑙𝑙,𝑠𝑎𝑙𝑎𝑏𝑙𝑒,𝑡𝑜𝑡 =
𝐸𝑡𝑎𝑟𝑔𝑒𝑡
𝐸𝑐𝑒𝑙𝑙

(38)

𝑛𝑐𝑒𝑙𝑙,𝑚𝑎𝑛𝑢,𝑡𝑜𝑡 = 𝑛𝑐𝑒𝑙𝑙,𝑠𝑎𝑙𝑎𝑏𝑙𝑒,𝑡𝑜𝑡
1

∏𝑛𝑠𝑡𝑒𝑝𝑠
𝑘=1 (1 − 𝑆𝑘𝑝 )

(39)

The total required quantity of product 𝑛𝑗𝑝𝑟𝑜𝑑,𝑡𝑜𝑡 for manufacturing step
𝑗 is calculated according to Eq. (40) with 𝑛𝑐𝑒𝑙𝑙,𝑚𝑎𝑛𝑢,𝑡𝑜𝑡 corrected by
the scrap losses 𝑆𝑘𝑝 occurring during all previous manufacturing steps,
𝑘 = 1...𝑗 − 1, meaning less relative quantity of product is required
as the manufacturing progresses. In case the unit of measure for the
output of a certain manufacturing step 𝑗 is not a number of cells but a
reliminary product, multiplication by the respective required quantity
f preliminary product per cell 𝑀 𝑗

𝑝𝑟𝑒𝑙𝑖𝑚 is necessary.

𝑛𝑗𝑝𝑟𝑜𝑑,𝑡𝑜𝑡 = 𝑛𝑐𝑒𝑙𝑙,𝑚𝑎𝑛𝑢,𝑡𝑜𝑡
𝑗−1
∏

𝑘=1
(1 − 𝑆𝑘𝑝 )𝑀

𝑗
𝑝𝑟𝑒𝑙𝑖𝑚 (40)

The quantity of product 𝑛𝑗𝑝𝑟𝑜𝑑,𝑚𝑎𝑐ℎ a single machine can produce for
manufacturing step 𝑗 is calculated with Eq. (41) and the annual process
rate 𝑃𝑅𝑗 . Here, 𝑛𝑤𝑑𝑦 is the number of working days per year, 𝑛𝑠𝑤𝑑 is the
number of shifts per working day, 𝑛𝑤ℎ𝑠 is the working hours per shift
nd 𝑀𝐴𝑗 is the percentage machine availability factor for the machines
f manufacturing step 𝑗.
𝑗
𝑝𝑟𝑜𝑑,𝑚𝑎𝑐ℎ = 𝑛𝑤𝑑𝑦𝑛𝑠𝑤𝑑𝑛𝑤ℎ𝑠𝑃𝑅

𝑗 ×𝑀𝐴𝑗 (41)

he total plant area 𝐴𝑗𝑚𝑎𝑐ℎ,𝑡𝑜𝑡 for the required amount of machines to
erform manufacturing step 𝑗 is calculated with Eq. (42). Here, 𝑛𝑗𝑚𝑎𝑐ℎ,𝑡𝑜𝑡

is the total number of machines according to Eq. (37) and 𝐴𝑗𝑚𝑎𝑐ℎ is the
required plant area for a single machine of manufacturing step 𝑗.

𝐴𝑗𝑚𝑎𝑐ℎ,𝑡𝑜𝑡 = 𝑛𝑗𝑚𝑎𝑐ℎ,𝑡𝑜𝑡𝐴
𝑗
𝑚𝑎𝑐ℎ (42)

In some cases the last machine is not fully utilized for the given annual
output which affects the power consumption and the working hours.
Therefore, the overall percentage utilization of the last machine 𝑈𝑇 𝑗𝑙𝑎𝑠𝑡
of manufacturing step 𝑗 is calculated according to Eq. (43).

𝑈𝑇 𝑗𝑙𝑎𝑠𝑡 = ⌈

𝑛𝑗𝑝𝑟𝑜𝑑,𝑡𝑜𝑡
𝑛𝑗𝑝𝑟𝑜𝑑,𝑚𝑎𝑐ℎ

⌉ −
𝑛𝑗𝑝𝑟𝑜𝑑,𝑡𝑜𝑡
𝑛𝑗𝑝𝑟𝑜𝑑,𝑚𝑎𝑐ℎ

(43)

he total amount of required working hours 𝑛𝑗𝑤ℎ,𝑡𝑜𝑡 and energy 𝐸𝑗𝑡𝑜𝑡
of manufacturing step 𝑗 can finally be calculated with Eq. (44) and
Eq. (45), respectively. Here, 𝑛𝑗𝑤𝑚 is the required number of workers per
machine and 𝑃 𝑗𝑚𝑎𝑐ℎ is the power consumption per machine.

𝑛𝑗𝑤ℎ,𝑡𝑜𝑡 = (𝑛𝑗𝑚𝑎𝑐ℎ,𝑡𝑜𝑡 − (1 − 𝑈𝑇 𝑗𝑙𝑎𝑠𝑡))𝑛
𝑗
𝑤𝑚𝑛𝑤𝑑𝑦𝑛𝑠𝑤𝑑𝑛𝑤ℎ𝑠 (44)

𝐸𝑗 = (𝑛𝑗 − (1 − 𝑈𝑇 𝑗 ))𝑃 𝑗 𝑛 𝑛 𝑛 (45)
22

𝑡𝑜𝑡 𝑚𝑎𝑐ℎ,𝑡𝑜𝑡 𝑙𝑎𝑠𝑡 𝑚𝑎𝑐ℎ 𝑤𝑑𝑦 𝑠𝑤𝑑 𝑤ℎ𝑠 e
Table A.26
Scrap loss for different manufacturing steps. The values are identical with those
reported in the respective tables for the individual manufacturing steps.

Manufacturing step 𝑗 Scrap loss in % Type of scrap loss

Mixing 1 Anode material and cathode material
Winding 0.6 Tabless jelly rolls
Jelly roll insertion into can 0.05 Cell without electrolyte
Closing of fill hole 0.05 Finished cell
Formation 0.5 Finished cell
Aging and end of line check 4.5 Finished cell

A.2.2. Material
The required respective material masses for the targeted annual

output are calculated with consideration of the required number of
salable cells as well as scrap losses along the manufacturing process.
First, the total material mass within the salable cells 𝑚𝑖𝑠𝑎𝑙𝑎𝑏𝑙𝑒,𝑡𝑜𝑡 for
each individual material 𝑖 is calculated according to Eq. (46) with the
number of salable cells from Eq. (38). Here, 𝑚𝑖𝑐𝑒𝑙𝑙 is the mass of material
𝑖 per cell calculated with Eq. (23).

𝑚𝑖𝑠𝑎𝑙𝑎𝑏𝑙𝑒,𝑡𝑜𝑡 = 𝑚𝑖𝑐𝑒𝑙𝑙𝑛𝑐𝑒𝑙𝑙𝑠,𝑠𝑎𝑙𝑎𝑏𝑙𝑒,𝑡𝑜𝑡 (46)

The additional total scrap loss 𝑚𝑖𝑠𝑐𝑟𝑎𝑝,𝑡𝑜𝑡 for material 𝑖 is calculated
ith Eq. (47). Here, 𝑆 𝑖,𝑘𝑝 is the percentage scrap loss for material 𝑖
er manufacturing step 𝑘 counted along all manufacturing steps, 𝑘 =
...𝑛𝑠𝑡𝑒𝑝𝑠, and 𝑛𝑐𝑒𝑙𝑙,𝑚𝑎𝑛𝑢,𝑡𝑜𝑡 from Eq. (39). It is important to note that
he actual type of scrap loss for each manufacturing step must be
onsidered here. For instance, mixing has a percentage scrap loss of
%, but this refers to pure raw anode material and cathode material.
he closing of the fill hole produces only 0.05% scrap loss but this
efers to complete cells that are wasted with all the material required
p to this step. For easy overview Table A.26 summarizes the values
f 𝑆𝑖,𝑗𝑝 . The values are identical with those already reported above for
arameterization of each manufacturing step.

𝑖
𝑠𝑐𝑟𝑎𝑝,𝑡𝑜𝑡 = 𝑛𝑐𝑒𝑙𝑙,𝑚𝑎𝑛𝑢,𝑡𝑜𝑡(1 −

𝑛𝑠𝑡𝑒𝑝𝑠
∏

𝑘=1
(1 − 𝑆𝑖,𝑘𝑝 ))𝑚𝑖𝑐𝑒𝑙𝑙 (47)

inally, the total material mass 𝑚𝑖𝑡𝑜𝑡 for material 𝑖 is the sum of the
aterial masses present within the salable number of cells 𝑚𝑖𝑠𝑎𝑙𝑎𝑏𝑙𝑒,𝑡𝑜𝑡

nd the scrap losses 𝑚𝑖𝑠𝑐𝑟𝑎𝑝,𝑡𝑜𝑡 according to Eq. (48).

𝑚𝑖𝑡𝑜𝑡 = 𝑚𝑖𝑠𝑎𝑙𝑎𝑏𝑙𝑒,𝑡𝑜𝑡 + 𝑚
𝑖
𝑠𝑐𝑟𝑎𝑝,𝑡𝑜𝑡 (48)

.3. Financial model

.3.1. Material
The total material cost 𝐶𝑂𝑖𝑚𝑎𝑡,𝑡𝑜𝑡 of material 𝑖 along all manufactur-

ng steps is calculated with Eq. (49). Here, 𝑚𝑖𝑡𝑜𝑡 is known from Eq. (48)
nd 𝑝𝑖 is the respective material price for component 𝑖 according to
able 11. Eq. (49) is formulated with the areas and volumes instead
f the masses for the components which prices are given with respect
o these values in Table 11. The total material cost 𝐶𝑂𝑚𝑎𝑡,𝑡𝑜𝑡 for all
aterials is calculated according to Eq. (50) as the sum of the material

ost of all 𝑛𝑚𝑎𝑡 = 18 different materials present in the reference cell.

𝑂𝑖𝑚𝑎𝑡,𝑡𝑜𝑡 = 𝑚𝑖𝑡𝑜𝑡𝑝
𝑖 (49)

𝑂𝑚𝑎𝑡,𝑡𝑜𝑡 =
𝑛𝑚𝑎𝑡
∑

𝑖=1
𝐶𝑂𝑖𝑚𝑎𝑡,𝑡𝑜𝑡 (50)

.3.2. Labor
The cost of labor is calculated based on the ERA EG 7 collective

greement for the metal and electrical industry in Baden-Württemberg,
ermany [92] in 2021. The values reported in ERA EG 7 represent

he gross wage for workers. Additional cost for the employer arises for

xample from social security payments. It is assumed the true cost for
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Table A.27
Labor cost for parameterization of the financial model for the year 2021.
ERA paygroup ERA gross wage in $ year−1 Total cost for employer in $ year−1 Labor cost in $ h−1

EG 7 45 885.48 78 005.3 53.06
A

e
p

t
f

𝐶

the employer is 1.7 times larger than the value stated in ERA EG 7 [20].
Table A.27 summarizes the assumptions that lead to a specific cost of
labor 𝐶𝑂𝑙𝑎𝑏,𝑠𝑝𝑐 = 53.06 $ h−1 based on a 7 working hour shift, 210

orking days per year and worker and thus 1470 working hours per
ear per worker. The original source reports wages in EUR [92] which
re converted to $ with the average exchange rate of 2021. The total
ost of labor 𝐶𝑂𝑗𝑙𝑎𝑏,𝑡𝑜𝑡 per manufacturing step 𝑗 is calculated according

to Eq. (51) with the total required working hours 𝑛𝑗𝑤ℎ known from
Eq. (44).

𝐶𝑂𝑗𝑙𝑎𝑏,𝑡𝑜𝑡 = 𝑛𝑗𝑤ℎ,𝑡𝑜𝑡𝐶𝑂𝑙𝑎𝑏,𝑠𝑝𝑐 (51)

A.3.3. Capital
The cost of capital refers to the cost that arises with providing

the capital for use within a business. As the required capital could be
invested into the capital market with a given interest rate, the cost of
capital considers the opportunity cost of the capital invested into the
business.

The cost of capital 𝐶𝑂𝑐𝑎𝑝 is calculated with the average bound
apital within the business 𝐵𝐶 calculated with the assumption of linear
eduction of the difference between the initial invest 𝐼𝑁𝑉 and the

residual worth 𝑅𝑊 at the end of the service life according to Eq. (52).
he average bound capital is then multiplied with an interest rate 𝐼𝑅
ccording to Eq. (53).

𝐶 = 𝐼𝑁𝑉 + 𝑅𝑊
2

(52)

𝑂𝑐𝑎𝑝 = 𝐵𝐶 × 𝐼𝑅 (53)

s interest rate the Weighted Average Cost of Capital (WACC) is
ssumed which represents the average cost of equity capital and bor-
owed capital for a business [93]. The WACC is assumed as 7.6%
hich represents an average value within the automotive industry in
021 [94]. The residual worth of the machines is assumed as 10% of
he invest [20]. The total cost of capital 𝐶𝑂𝑗𝑐𝑎𝑝,𝑡𝑜𝑡 for manufacturing step
is then calculated according to Eq. (54) with the invest per machine
𝑁𝑉 𝑗

𝑚𝑎𝑐ℎ and the number of machines 𝑛𝑗𝑚𝑎𝑐ℎ,𝑡𝑜𝑡 known from Eq. (37).

𝑂𝑗𝑐𝑎𝑝,𝑡𝑜𝑡 =
(1.0 + 0.1)𝐼𝑁𝑉 𝑗

𝑚𝑎𝑐ℎ
2

𝑛𝑗𝑚𝑎𝑐ℎ,𝑡𝑜𝑡𝑊𝐴𝐶𝐶 (54)

.3.4. Depreciation
Depreciation refers to the continuous value reduction of the fixed

ssets and represents the yearly reserves required to be able to reinvest
nto a new machine at the end of the service life. There are different
ethods to calculate the depreciation while the linear method is most

ommonly used.
The calculation should be based on the expected cost of reinvest

𝐼𝑁𝑉 into the machines [20]. The cost of depreciation 𝐶𝑂𝑑𝑒𝑝𝑟 per
achine is thus calculated with Eq. (55) with the linear method. Here,
𝑑𝑒𝑝𝑟 is the number of periods assumed for the depreciation.

𝑂𝑑𝑒𝑝𝑟 =
𝑅𝐼𝑁𝑉 − 𝑅𝑊

𝑛𝑑𝑒𝑝𝑟
(55)

or parameterization of Eq. (55) it is assumed the reinvest for the
achines is 110% of the initial invest due to inflation [20] while the

esidual worth in 10% of the invest. Service life 𝑆𝐿 of the machines is
ssumed to be eight years [20]. The total cost of depreciation 𝐶𝑂𝑗𝑑𝑒𝑝𝑟,𝑡𝑜𝑡
or manufacturing step 𝑗 is then calculated with Eq. (56) by multiplying
ith the number of machines 𝑛𝑗𝑚𝑎𝑐ℎ,𝑡𝑜𝑡 known from Eq. (37).

𝑂𝑗 =
(1.1 − 0.1)𝐼𝑁𝑉 𝑗

𝑚𝑎𝑐ℎ 𝑛𝑗 (56)
23

𝑑𝑒𝑝𝑟,𝑡𝑜𝑡 𝑆𝐿 𝑚𝑎𝑐ℎ,𝑡𝑜𝑡
.3.5. Energy
Cost of energy is calculated based on an average specific price for

lectrical energy including taxes for the German industry of
energy =0.2523 $ kWh−1 (0.2138 EUR kWh−1) according to the ’Bun-

desverband der Energie- und Wasserwirtschaft e.V. (BDEW)’ [95]. For
each manufacturing step 𝑗 the total cost of energy 𝐶𝑂𝑗𝑒𝑛𝑒𝑟𝑦,𝑡𝑜𝑡 is then
calculated with Eq. (57) and the total amount of energy required 𝐸𝑗𝑡𝑜𝑡
known from Eq. (45).

𝐶𝑂𝑗𝑒𝑛𝑒𝑟𝑔𝑦,𝑡𝑜𝑡 = 𝐸𝑗𝑡𝑜𝑡𝑝𝑒𝑛𝑒𝑟𝑔𝑦 (57)

A.3.6. Area
According to the German ministry of statistics construction prices

for factories averaged at 1450.22 $ m−2 (1229 EUR m−2) in 2021 [96].
Land for commercial use could be purchased for 110.75 $ m−2(93.86
EUR m−2) [97]. For buildings a depreciation period of 50 years is
assumed [20]. Considering a WACC of 7.6% the capital cost calculates
to 59.32 $ m−2 according to Eq. (54) and the depreciation calculates
to 31.22 $ m−2 according to Eq. (56). For yearly maintenance 1% of
the construction and land cost is assumed [20] which calculates to
15.61 $ m−2. Baseline energy consumption for electricity, heat and
lighting is assumed as 5 W m−2. Based on 300 working days per year
and the assumed specific cost of energy of penergy = 0.2523 $ kWh−1

this equals 9.09 $ m−2. The total cost of area calculates to 115.23 $ m−2

with respect to the plant area. The total required plant area is assumed
as 440% of the manufacturing area [20] which translates to specific
cost per manufacturing area of 𝐶𝑂𝑎𝑟𝑒𝑎,𝑠𝑝𝑐 = 507 $ m−2

𝑚𝑎𝑛𝑢. The total cost
of area 𝐶𝑂𝑗𝑎𝑟𝑒𝑎,𝑡𝑜𝑡 for manufacturing step 𝑗 is finally calculated according
o Eq. (58) with the required manufacturing area for machines 𝐴𝑗𝑚𝑎𝑐ℎ,𝑡𝑜𝑡
rom Eq. (42).

𝑂𝑗𝑎𝑟𝑒𝑎,𝑡𝑜𝑡 = 𝐴𝑗𝑚𝑎𝑐ℎ,𝑡𝑜𝑡𝐶𝑂𝑎𝑟𝑒𝑎,𝑠𝑝𝑐 (58)

A.3.7. Maintenance and overhead
According to [22] for manufacturing of cylindrical cells an addi-

tional 10% can be assumed for total cost of maintenance 𝐶𝑂𝑗𝑚𝑎𝑖𝑛𝑡,𝑡𝑜𝑡
with respect to the total cost of depreciation according to Eq. (59) with
𝐶𝑂𝑗𝑑𝑒𝑝𝑟,𝑡𝑜𝑡 known from Eq. (56). For total overhead cost 𝐶𝑂𝑗𝑜𝑣𝑒𝑟ℎ,𝑡𝑜𝑡 33%
can be assumed with respect to the total cost of maintenance, cost of
depreciation and cost of area [17] according to Eq. (60) with 𝐶𝑂𝑗𝑎𝑟𝑒𝑎,𝑡𝑜𝑡
known from Eq. (58).

𝐶𝑂𝑗𝑚𝑎𝑖𝑛𝑡,𝑡𝑜𝑡 = 0.1𝐶𝑂𝑗𝑑𝑒𝑝𝑟,𝑡𝑜𝑡 (59)

𝐶𝑂𝑗𝑜𝑣𝑒𝑟ℎ,𝑡𝑜𝑡 = 0.33(𝐶𝑂𝑗𝑚𝑎𝑖𝑛𝑡,𝑡𝑜𝑡 + 𝐶𝑂
𝑗
𝑑𝑒𝑝𝑟,𝑡𝑜𝑡 + 𝐶𝑂

𝑗
𝑎𝑟𝑒𝑎,𝑡𝑜𝑡) (60)
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