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SUMMARY

Sustainable energy systems demand energy-dense, scalable, manufacturable, and readily integrable lithium-
ion batteries, yet available literature provides fragmented comparisons of commercial cell formats. Here we
report a unified, industrially grounded benchmarking framework for cylindrical, pouch, and prismatic cells us-
ing parameters selected for high-fidelity derivability across formats and direct relevance to manufacturing
and system integration. At cell level, active/inactive volume allocation, gravimetric and volumetric energy
densities, and assembly complexity are quantified. At pack level, we evaluate nominal voltage and capacity,
pack energy, gravimetric cell-to-pack ratio, cooling, and structural integration descriptors. Chemistry-
dependent single-cell and pack-scaled costs are estimated from prospective cost trajectories. Fast-charging
capability, resistance growth and aging, and quantitative thermal performance are excluded due to noncom-
parable datasets; pack thermal implications are discussed qualitatively. The framework shows cylindrical
lithium nickel manganese cobalt oxide cells maximizes cell-level energy density but increases structural
overhead, whereas lithium iron phosphate blade designs maximize cell-to-pack ratio, pack volumetric en-

ergy, and cost competitiveness.

INTRODUCTION

Modern electrochemical energy storage is dominated by lithium-
ion batteries, which enable applications ranging from consumer
electronics to electric vehicles (EVs)'® and renewable-energy
systems.** Their performance is determined by specific energy
and power, cycle life, and safety. Specific energy depends on
electrode materials and their micro- and nano-structural proper-
ties, while specific power is governed by electrode conductivity,
reaction kinetics, ionic transport, and electrolyte behavior. Cycle
life remains a key constraint, as degradation depends strongly
on operating conditions,” while safety concerns persist due to
risks of thermal runaway triggered by overheating, overcharging,
or internal short circuits.*¢®

The structure of current lithium-ion cells is well established:
graphite anodes and metal-oxide or phosphate cathodes are
separated by a liquid electrolyte and enclosed in rigid or lami-
nated housings.”*~'" While electrode manufacturing and cell fin-
ishing strongly influence electrochemical and thermal behavior,
the cell format has a decisive role at the product level, particu-
larly in EV battery-pack integration.'’'? Each format presents
distinct advantages and trade-offs: large-format cylindrical cells
employ a wound structure within a robust can, offering mechan-
ical stability and high manufacturing throughput'®~'°; prismatic
cells use a flat-wound or stacked electrode arrangement in a

rectangular housing, improving packing efficiency and reducing
the number of cell-to-cell connections'®"'%; pouch cells, based
on stacked electrodes enclosed in a laminated aluminum-poly-
mer film, minimize weight and achieve high volumetric utilization,
though at the cost of low mechanical rigidity.'® The rapid expan-
sion of gigafactories, driven by decarbonization targets and the
transition to electric mobility, has brought manufacturing scal-
ability to the forefront. High-automation, high-productivity envi-
ronments demand cell formats that balance energy density,
safety, thermal behavior, and ease of production. Understanding
which design choices facilitate or hinder scalable manufacturing
is therefore essential for identifying suitable technologies for
next-generation EVs,?%?

This work contributes to the growing literature inves-
tigating format-specific implications for mass production and
system integration. By combining teardown-based geometric
reconstruction, volumetric decomposition, and analysis of as-
sembly workflows, the study provides a comparative evaluation
of six commercial cell formats representative of current industrial
practices. The assessment spans metrics such as energy and
power density, component-level volumetric allocation, and
manufacturing process intensity, highlighting how design
choices influence both performance and producibility. Because
cells ultimately function within battery packs, the analysis ex-
tends to pack-level architecture, examining how cell geometry
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Figure 1. Cell component layout and internal volume distribution in cylindrical cells
Exploded 3D reconstructions show the main components of each cylindrical lithium-ion cell, including casing, electrodes, separator, and connectors. The pie
charts below quantify the internal volume allocation among active and inactive components, highlighting differences in material distribution and packaging

efficiency between the two architectures.
(A) Tesla 4680 Gen 1 cell.
(B) Tesla 4680 Cybercell.

affects integration and overall energy availability. The study also
incorporates an economic dimension, linking cell architecture
and volume utilization to projected cost trends, with the aim of
identifying formats that offer both technical and economic ad-
vantages under gigafactory conditions. Identifying the trade-
offs associated with cell format is therefore not only a matter of
electrochemical performance but a strategic requirement for
minimizing production bottlenecks, managing thermal risk, and
reducing cost per kWh in high-volume manufacturing environ-
ments. This integrated perspective could support informed deci-
sion-making in the development of future lithium-ion technolo-
gies for large-scale electrification.

RESULTS AND DISCUSSION

This section first compares the reconstructed cell architectures
and assembly process flows across formats, then reports the re-
sulting cell-level energy and volume metrics. It then extends the
analysis to pack-level cell packaging strategies, cooling systems,
and cost projections to identify format-dependent trade-offs.

4680 cylindrical cells

Tesla’s recent 4680 cell format (46 mm in diameter and 80 mm in
height) has a wound electrode-separator layered structure en-
closed in rigid cases. The low production costs and fast assem-
bly make them ideal for a wide range of applications, including
consumer electronics, hybrid (HEVs), and EVs.”® One of the
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main advantages is their durable hard case, which offers
strength. The rigid housing helps constrain the jelly-roll expan-
sion due to swelling phenomena, by maintaining consistent elec-
trode pressure.'® This new cell format offers an internal volume
that is 5.5 times greater than that previously used in EV''
21700 format and 8 times greater than the 18650 format. Unveil-
ing the second-generation 4680 cell (“Cybercell”) in 2024, Tesla
continues to make significant advancements in the battery
sector.

4680 cell design and components

The two generations of Tesla 4680 cylindrical lithium-ion cells
share the same external dimensions but differ significantly in
structure, materials, and manufacturing, as shown in Figure 1.
Cell metrics and specifications are reported in Table S1.

Both cells use a jelly-roll structure of positive and negative
electrodes separated by polymer films of PP (polyethylene) or
PE (polyethylene), and a central void left by mandrel removal.
The 4680 Gen 1 cell (Figure 1A) employs a nickel manganese co-
balt oxide (NMC)811 cathode and graphite anode in a nickel-
plated steel can that provides mechanical, thermal, and chemi-
cal protection. Electrical and thermal connections are achieved
through aluminum and copper disks with hexagonal symme-
try,'>?7?8 while safety features include an insulating disk
element and a plastic gasket, a copper closing pin, and a pres-
sure-release vent with engraved rupture lines.'"'

As shown in the cell teardown analysis provided by Munro
Live?® and The Limiting Factor,*° the second-generation 4680
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The comparison highlights the key differences in tab design, welding sequence, and housing assembly between the architecture of cells. Each schematic step

was reconstructed based on descriptions and data from published literature sources.

cell, or Cybercell, (Figure 1B) introduces design optimizations to
reduce weight, streamline manufacturing, and increase effi-
ciency. The cell’s nickel-plated steel housing is approximately
10% thinner and lighter, while the cathode chemistry is up-
graded to NMC955. The internal architecture is simplified
through direct welding of the negative tabs to the cell cap
substituting the copper tab, the use of a thinner and simplified
positive aluminum disk, and the removal of the plastic insulating
disk. These modifications enhance energy density, thermal man-
agement, and production scalability. The venting system has
also been redesigned, featuring a bottom-mounted ball bearing
that ejects under excess internal pressure to ensure safe pres-
sure release.®" %

The main differences in geometry and component dimensions
between the two cylindrical cells designed by Tesla are reported
in Table S2.

Figure 1 also provides a comparison of the volumetric pro-
portions calculated from the computer-aided design (CAD)
models for each component in Tesla’s 4680 cylindrical cells
(first and second generation), which detailed volumetric values
are reported in Table S3. The main observation from the graph
is the relatively high volumetric share of the case. This results
from the housing with wall thicknesses of 0.5-0.6 mm, signifi-
cantly thicker than the cases of conventional cylindrical
cells,""*? to support the larger format.'* However, this increase
is offset by the greater cell volume, which accommodates
nearly twice as many electrode windings. Consequently, active
materials represent about 80% of the total volume. Other rele-
vant components including the separator, cathode, and anode
foil, contribute limited volume but are essential for cell structure
and conduction. Additional insulation and welding elements
(“connectors” in the graph) further reduce space for active ma-
terials. In the Cybercell, the case volume decreases due to
thinner walls, while insulation and welding components drop
to just 0.3%. This results in a slight increase in active material

11,14,27,34-41

to over 83%. These results highlight Tesla’s progress in opti-
mizing material use and design in large cylindrical cells.

4680 cell assembly

The assembly process steps of the Tesla 4680 Gen 1 and
the “Cybercell” were reconstructed from literature sour-
ces' 14273441 and are illustrated in Figure 2.

For both cells, the assembly process starts with electrode slit-
ting and notching to form flags in the uncoated regions of the
electrode foils by laser cutting. The notches are oriented perpen-
dicular to the winding direction, allowing the formation of multi-
ple current-collecting points after winding.***' The next step is
jelly-roll winding, where the cathode, anode, and separator
layers are wound together under controlled tension.** Subse-
quently, an automated cutting mechanism employs a cutting
knife to trim the material belts, and an adhesive mechanism en-
sures the proper bonding of the battery cell.”® After winding, the
flags are folded toward the centerline of the electrode roll.**'
Subsequently, laser welding of the electrode flags to the collec-
tor tabs is performed. In the 4680 Gen 1, both the anode and
cathode flags are welded to dedicated metal disks (aluminum-
based for the positive and copper-based for the negative),”®
while in the Cybercell only the cathode flags are welded to the
tab, eliminating one welding step.®>”~*%* |n the 4680 Gen 1 pro-
cess, the assembly continues with insertion of a plastic disk to
avoid short-circuits and placement of the jelly roll into the
nickel-plated steel can.”® The aluminum cathode tab is spot-
welded to the positive terminal, and the anode disk is laser-
welded directly to the can.** The case is then mechanically
crimped to seal the top,'"' followed by electrolyte filling""*’
and closing with a pin on the negative side used to seal the filling
hole.

In the Cybercell, the jelly roll is directly inserted into the cell
can, the bottom of which already includes an insulating layer.**
The cathode tab is spot-welded to the positive terminal, while
the anode tabs are laser-welded directly to the lid. The lid is
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Figure 3. Cell component layout and internal volume distribution in prismatic cells
Exploded 3D reconstructions show the main components of each prismatic and blade lithium-ion cell, including casing, electrodes, separator, and connectors.
The pie charts below quantify the internal volume allocation among active and inactive components, highlighting differences in material distribution and

packaging efficiency between the two architectures.
(A) BYD 138Ah blade cell.

(B) CATL BTFO 161Ah cell.

(C) BYD C49 100Ah cell.

then laser-welded to the can, creating a simplified and fully
sealed housing.?® The process concludes with electrolyte
filling""*” and sealing of the filling hole with a ball bearing that
ejects under pressure, working as the primary vent feature.
Compared to the 4680 Gen 1, the Cybercell design reduces
the number of welding steps, eliminates the crimping operation,
and improves electrical and thermal efficiency through a more
direct current path and enhanced housing integrity.
Key considerations in 4680 cells
The main differences and improvements from the first to the sec-
ond generation of 4680 cells are summarized below:

® optimized design structure through components reduction
and lighter and thinner case,

® enhanced energy density due to higher active-material
fraction and improved cathode chemistry, and

® improved manufacturability (few internal elements and
elimination of one welding step in the electrode zone,
more scalable industrial process).

Prismatic cells

Prismatic cells are typically designed with a rectangular or
square shape, offering a compact and easily configurable struc-
ture, which allows for good packing efficiency, maximizing the
use of available space in battery packs. Cell layout typically con-
sists of stacks of alternating electrode layers separated by a
polymeric sheet, all encased in rigid metal or plastic shells.”®*°
To prevent high pressure buildup from cell swelling, many pris-
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matic cells include a pressure vent port on the lid. They require
less “pack hardware” with fewer cell-to-cell connections, poten-
tially leading to higher reliability. Prismatic cells come in various
standard formats,'® but latest trends, such as the BYD Blade,
favor longer and narrower cells.

Prismatic cells design and components

The study focuses on three commercial lithium iron phosphate
(LFP) prismatic battery cells, each featuring distinct design char-
acteristics and internal architectures to optimize energy density,
safety, and structural function, as highlighted in Figure 3. Cells
metrics and specifications are reported in Table S4.

The Blade cell (Figure 3A) developed by the BYD manufac-
turer stands out for its unique thin and elongated form factor,
resembling a blade. BYD’s patents“® reveal that the cell is a
thin and elongated prismatic design enclosed in 0.3-mm-thick
aluminum case.”® Inside, multiple layers of LFP cathodes and
graphite anodes are stacked alternately and separated by poly-
mer sheets. Tabs are positioned on opposite sides and con-
nected to the terminals on the lid, ensuring efficient electrical
contact. Safety is enhanced by a protective insulation film,
side strips, and a pressure relief valve, while the rigid case
also contributes to the rigidity and integrity of the pack.”* The
second cell, CATL BTFO prismatic cell (Figure 3B) used by
Tesla for the Model 3 battery pack, features a dual flat-wound
jelly-roll structure enclosed in a 1-mme-thick aluminum case.
Each jelly roll integrates current collector foils individually
folded and welded to tabs located at the top of the cell. An
insulating resin layer prevents short circuits, while the positive
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Figure 4. Prismatic and blade cells assembly process steps

The comparison highlights the key differences in connections and housing welding operations depending on cell geometry and electrode configuration. Each

schematic step was reconstructed based on descriptions and data from published literature sources.

(A) BYD 138Ah blade cell.
(B) CATL BTFO 161Ah cell.
(C) BYD C49 100Ah cell.

and negative terminals are positioned on the cell cap.””*’ The
BYD C49 prismatic cell (Figure 3C), uses a conventional lami-
nated electrode design housed in a rigid aluminum casing. Cur-
rent collector foils extend from the top of the stacked layers
and are connected to terminals on the cell cap. A pressure re-
lief vent is integrated into the lid to enhance safety.*®*°

The main differences in geometry, cell architecture, and com-
ponents are reported in Table S5.

Figure 3 also illustrates a comparative analysis of the volu-
metric distribution of components in the previously described
prismatic cells, for which detailed volumetric values are reported
in Table S6. Volumes have been calculated from the recon-
structed CAD models. As shown in the chart, the BTFO cell by
CATL reaches the highest volumetric efficiency of all cells as-
sessed, with active materials comprising almost 80% of the total
volume. The flat jelly-roll configuration creates a notable effi-
ciency, which results in a low casing fraction of 7%, maximizing
the volume dedicated to energy-storing materials. The BYD
Blade cell, while adopting a prismatic stacked configuration,
achieves a similar active material fraction at ~78%. This is in
part due to its thin, 0.3 mm casing of aluminum. While the notable
dimension of the aluminum enclosure slightly increases the inac-
tive volume, it provides sufficient mechanical stiffness along the
long, narrow design of the cell. The BYD C49 cell has an active
material fraction of ~77%, which is slightly reduced compared

37,40,48,50-54

to the other cells, primarily due to a thicker casing, which in-
creases inactive volume from a design perspective. This added
casing, however, does provide mechanical stiffness and
increased safety against external loading.

Overall, we observe a clear relationship between design and
material volume or fraction: the BTFO electrodes design effec-
tively maximize active volume by incorporating the active mate-
rials in a space-efficient rolled design in the wound formation,
while the prismatic stacked designs of the Blade and C49 use
a small volumetric penalty in the inactive volume for increased
rigidity.

Prismatic cell assembly

The assembly throughput of a prismatic cell depends on the
electrode’s configuration, which can be produced from either a
winding or stacking process. Prismatic cells are assembled by
stacking multiple sheets of anode, separator, and cathode by
either Z-stacking or single-sheet stacking. Alternatively, the
cathode can be sandwiched by a separator, which allows for
the stacker to pick up the anode and cathode and lay them on
one another, which is a much faster process. The prismatic wind-
ing process resembles that of cylindrical cells but differs in the
shape of the mandrel.

The assembly process steps for each prismatic cell configura-
tion were reconstructed from literature sources®”-*%4:59-5 and
are illustrated in Figure 4.
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The assembly process of prismatic lithium-ion cells begins
with the cutting and preparation of electrodes and metal
foils.®”®* Electrodes are stored in rolls and processed into
sheets or strips matching the manufacturer’s cell geometry.*°
For BYD Blade and BYD C49 (stacked prismatic formats), elec-
trodes are shaped by die punching or laser notching,® while for
the Tesla BTFO (wound-electrodes format) slitting of continuous
electrode rolls is employed.°® In this phase, the edge integrity is
critical: rough or frayed edges may promote short circuits or
dendrite growth. Laser cutting offers clean edges and minimal
burr formation, whereas mechanical punching requires frequent
tool maintenance to maintain accuracy.’®°® Coating removal
near the tab area is performed by selective coating patterns or
localized laser ablation.®

The BYD Blade and BYD C49 adopt stacked electrodes with
Z-folded separators, while the Tesla BTFO features a flat-wound
jelly roll. In stacked cells, continuous separator foils are folded
alternately with anode and cathode sheets, guided by vacuum
suction and vision alignment. The separator’s web tension and
folding velocity are critical; excessive stress leads to foil tearing.*®
For both cells, an additional phase is necessary to wrap and fix
the separator around the stack.”>°" In wound designs, as in the
BTFO, a flat mandrel defines the rectangular winding profile.??
This geometry subjects the composite layer to tension and
bending stresses at the winding radius, increasing internal me-
chanical strain.>>*° The stacked configuration, in contrast, en-
sures uniform pressure distribution and easier thermal manage-
ment but requires more precise handling and alignment.

Following electrode preparation, welding connections are per-
formed on current-collector foils to tabs. In the BYD Blade, elec-
trode flags are first compacted and joined ultrasonically, then
laser welded to the busbar. This dual process minimizes space
and ensures high electrical contact reliability. The BYD C49 em-
ploys a laser-welding operation with a simplified foil-to-tab
layout that reduces welding complexity, contributing to higher
throughput and reduced particle generation.®*°%" This is fol-
lowed by an ultrasonic welding phase to join tabs to outer termi-
nals.®" In the Tesla BTFO, the foil-to-tabs connection is made by
ultrasonic welding, while tabs are laser welded to the terminals
on the cell lid.*

In BYD C49 and CATL BTFO cell assembly process, the elec-
trode stack/jelly roll is wrapped in insulating film and then in-
serted into aluminum housings. For the wound cell, the two flat
jelly rolls are folded upward before the insulation phase.??:°":62
In both cells, the housing closure is performed via laser welding
of the lid, using pulsed or continuous beams that ensure high
mechanical and hermetic quality.*%>°

In the BYD Blade cell, the housing is inserted, closed by laser
welding, and then each metal tab is laser welded to the outer
terminals.?®

Subsequent electrolyte filling and filling-port sealing complete
the assembly process. A metal pin is inserted and laser welded
to the lid to secure the filling hole.?%2%*"

From a manufacturing perspective, the BYD Blade involves
more welding operations than other prismatic formats, but its
large dimensions and high energy capacity per unit enable signif-
icant economies of scale and simpler module integration. The
CATL BTFO, based on a flat-wound core, achieves high volu-
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metric efficiency but introduces greater mechanical strain and
winding precision demands.

Key considerations in prismatic cells

The main differences in geometry, electrode design, and produc-
tion processes between the studied prismatic cells are summa-
rized below.

® The BTFO cell achieves the highest active-material fraction
through its flat jelly-roll design.

® The thinner aluminum housing of the Blade cell lowers
inactive mass.

® Stacked formats offer planar heat dissipation and higher ri-
gidity, whereas wound designs concentrate heat centrally
and require strict tension control.

® Stacked cells involve more cutting, welding, and
alignment steps; wound cells enable faster continuous
manufacturing with fewer joints.

Pouch cell
Large pouch cells combine high energy density, low weight, and
flexible geometry, making them suitable for automotive and
heavy-duty applications.'® They consist of stacked electrodes
sealed in foil pouches, providing efficient space use but limited
mechanical stability and susceptibility to swelling. At battery-
pack level, external support structures are required, and terminal
placement influences the output (opposite sides for power,
same side for energy). Despite their versatility and capacity
range, safety integration and venting control remain major
challenges.'%'%2¢
Pouch cell design and components
The pouch cell chosen for this study (see Figure 5) is a
large-format pouch cell with a nominal capacity of 78 Ah
produced by LG Chem and used in the Volkswagen ID Fam-
ily car’s battery pack. Metrics and specifications of the cell
are reported in Table S7. Measured geometry data and in-
ternal structure layout are taken from the teardown provided
by Giinter et al.'®

The cell stack, composed of alternating anode, cathode, and
separator layers, is inserted into a deep-drawn aluminum pouch
sealed with multilayer polymer tapes to ensure mechanical pro-
tection and gas tightness.'® The sequence of electrodes follows
a repeating separator-anode-separator-cathode pattern, ending
with an anode on one side and a separator on the opposite side,
ensuring electrical insulation and balanced compression during
operation.'®

The anode consists of a graphite-based coating on copper foil,
while the cathode uses an NMC-type chemistry (NMC 712) de-
signed to balance energy density, thermal stability, and cycle
life. This intermediate composition between NMC622 and
NMCB811 combines the higher energy density of the latter with
the improved stability of the former, making it suitable for auto-
motive applications.®® Each electrode includes a metallic current
collector and an active layer on both sides, optimized for uniform
ion transport and mechanical strength. The separator is a thin
polymer film that provides electrical insulation and ionic conduc-
tivity between the electrodes.'® Current collector tabs made of
aluminum (positive) and nickel-plated copper (negative) are
placed at opposite ends of the long electrode edges to reduce
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Figure 5. Component layout and internal volume distribution in LG Chem E78 pouch cell
Exploded 3D reconstruction shows the main components of the pouch cell, including pouch, electrode-separator layers and tabs. The pie charts below quantify

the internal volume allocation among active and inactive components.
(A) Cell architecture and simplified cross section.
(B) Component volume distribution.

electrical resistance and improve heat dissipation.’®?® The
pouch casing, made of laminated aluminum foil, ensures a light-
weight structure but relies on external compression and housing
support for mechanical stability. Unlike prismatic cells, pouch
formats do not include a venting valve: internal pressure is
instead released through a controlled deformation zone, de-
signed to bulge or rupture safely under excessive pressure.'®%*
This pressure-relief mechanism, integrated directly in the pouch
material, improves safety while maintaining compactness and
low mass. Cell swelling is then managed at system level in the
battery pack.

All geometric parameters and dimensions are summarized in
Table S8.

The volumetric distribution of components within the pouch
cell is illustrated in Figure 5B, highlighting the predominance
of active materials. Relative values are reported in Table S9.
The combined anode and cathode coatings occupy over
three-quarters of the total cell volume, confirming the design’s
focus on energy efficiency. Non-active elements represent only
a small fraction of the overall volume. In particular, the
connector volume fraction is exceedingly small because the
pouch design lacks the rigid terminal assemblies typically
used in prismatic cells. The thin aluminum pouch minimizes
structural component mass while maintaining protection and
sealing, allowing most of the internal space to be devoted to
energy-storing materials. This configuration results in high volu-

metric utilization and superior energy density compared with
other cell formats.
Pouch cell assembly
Pouch cells differ from cylindrical and other prismatic cells by
containing tabs welded to the outside of the cell that allow for
electronic transport, so all edges of the pouch must be hermet-
ically sealed to avoid reactions between water and the liquid
electrolyte and/or the cathode. Unlike other cell formats, pouch
cells also require stack pressure to improve cycle life because
their soft casings do not provide stack pressure. The lightweight
and the absence of a hard case and safety makes pouch cells
also prone to swelling.®® Figure 6 summarizes the key stages
of the assembly process for a commercial pouch cell, available
in Iiterature.19’25’40’51’58’60’66’67

As for prismatic cells, the process begins with electrode sep-
aration and flag notching, where anode, cathode, and separator
sheets are cut from roll materials using precision laser cutting to
ensure clean edges and minimize burrs.'®°® The separated
sheets are then combined through Z-folded stacking in the
sequence separator-anode-separator-cathode, ending with a
separator layer. Adhesive tape is used to fix the stack before
pouch insertion.’?°>® The stack can be laminated afterward
by applying elevated temperature and pressure to secure the po-
sition of the sheets.'®*° Conductor tabs made of aluminum and
nickel-plated copper are welded to flags. From the teardown im-
ages, '° the tabs display different patterns embossed on the front
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Figure 6. Cell assembly process steps for LG Chem E78 pouch cell

Each schematic step was reconstructed based on descriptions and data from published literature sources.

side compared to the back side. These patterns are created
through ultrasonic welding in the metal.**** The stacked elec-
trodes are then inserted into a deep-drawn aluminum-polymer
pouch, which is subsequently wrapped around the cell
stack.?>°" Using plastic-metal laminate for the cell pouch re-
duces the amount of material needed for cell packaging.®” The
pouch foil is sealed gas-tight on two sides using impulse or con-
tact heat sealing, leaving tab sides open for electrolyte injec-
tion.“%®! The next phase is electrolyte filling under vacuum, dur-
ing which repeated evacuation-filling cycles promote full wetting
of the electrodes. Once filling is complete, the remaining side of
the pouch is sealed.'® According to literature,®® gases generated
during cycling are released through a degassing step, where the
gas pocket is pierced, the trapped gas is evacuated under vac-
uum, and the opened side is resealed close to the stack. The
external gas bag is then removed, and the cell is sealed into its
final form. This step improves dimensional stability and volu-
metric energy density.>*6%:6°

Key considerations in pouch cell

The main design and process features of pouch cells are sum-
marized below:

® lightweight terminals and housing with an integrated pres-
sure-relief mechanism maximizing active volume and re-
duces inactive mass,

® high energy density enabled by compact architecture and
NMC-based cathode chemistry, and

® limited mechanical strength of the flexible casing requiring
external structural support within the battery pack.

Cells energy metrics and design trade-offs

Results from CAD models, teardown, patents, and datasheets
available have been collected in Figure 7 to compare the key
design parameters, properties, and assembly processes of all
cells examined in this study. This approach enables a detailed
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assessment of the trade-offs between cells energy and design
choices.

Figure 7A shows higher active-to-inactive ratios for the cylin-
drical Cybercell and LG pouch cell (>5) and lower values (<4)
for other formats (a more comprehensive comparison of compo-
nent volume usage is reported in Figure S1). Cylindrical cells
achieve efficient space use through wound electrode design,
and the new-generation 4680 format further improves this via
optimized internal architecture and reduced inactive component
mass. The pouch cell also shows superior volumetric efficiency
due to a lightweight casing, allowing more internal volume for
electrodes but with lower mechanical strength. In contrast, pris-
matic cells exhibit lower active fractions because of thicker
housings and heavier contact components that enhance rigidity
and safety. Also, the choice of cathode chemistry significantly
impacts cell energy, particularly in terms of nominal energy
and energy density (see Figure 7B). Prismatic and blade cells us-
ing LFP cathodes deliver high nominal energy (up to 515 Wh for
CATL BTFO flat-wound prismatic) but relatively low energy den-
sity (160 Wh/kg and 420 Wh/L in the BYD Blade) because of the
lower theoretical capacity of cathode material (~170 mAh/g for
LFP"° vs. ~250 mAh/g for NMC8117"). Their larger size compen-
sates for the limited intrinsic energy density of LFP, while
ensuring excellent safety and thermal stability due to the strong
P-O bonds that prevent oxygen release under stress. In contrast,
NMC-based cylindrical and pouch cells achieve much higher
volumetric and specific energy density (over 600 Wh/L and 272
Wh/kg in Cybercell), enabling compact and lightweight designs
suited for high-performance vehicle applications. However, this
advantage comes with trade-offs in safety and cycle life, since
NMC cathodes are more reactive and prone to degradation
mechanisms such as cation mixing, transition-metal dissolution,
and cathode-electrolyte interface instability during cycling.”®

The manufacturing complexity of different cell formats is
compared in Figures 7C and 7D, based on the number of cutting
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Figure 7. Design, energy metrics, and manufacturing characteristics of battery cells

(A) Active-to-inactive volume ratio (V,/Vy), calculated from CAD-based cell reconstruction. Here, V, includes the electrochemical stack volume (electrodes), while
V4 includes non-electrochemical volumes (e.g., casing/can, tabs, current collectors, and other structural elements), as defined in the methods.

(B) Nominal energy (Enom(Wh)), gravimetric energy density (Enom/Meen,Whkg ™), and volumetric energy density (Enom/Veen, WhL ") for each format, using cell mass
mgey and external cell envelope volume V. Differences in cell chemistry are highlighted: prismatic BYD C49, blade, and CATL BTFO with LFP cathode, LG E78

pouch cell with NMC712, cylindrical Tesla 4680 with NMC811, and Tesla Cybercell with NMC955.

(C) Number of cutting operations per kWh, computed as (Noyt/Enom) x 1000.

(D) Number of welding operations per kWh, computed as (Nyeia/Enom) X 1000. Operation counts are reported as integers and obtained by counting only full cells

per kWh (i.e., partial cells are excluded).

All values are derived point estimates based on nominal specifications and CAD-based reconstruction assumptions.

and welding operations per kWh, which are interpreted here as
distinct process stations rather than the total number of repeti-
tive mechanical cuts or welds to reflect industrial scalability in
a gigafactory setting (where each operation corresponds to a
dedicated workstation). Cylindrical cells (4680 and Cybercell)
show the highest process count, due to their roll-to-roll workflow
that includes slitting, edge trimming, and jelly-roll cutting, fol-
lowed by laser and spot welding for tab and terminal joining.
Although the cutting sequence is efficient and automated, the
number of welding phases increases overall process intensity.
In contrast, stacked prismatic cells (BYD C49 and Blade) involve
more types of cutting operations, such as sheet cutting, notch-
ing, separator trimming, and edge cleaning, since each electrode
layer must be shaped individually. The Blade adds two assembly
steps compared with the cylindrical cell, integrating ultrasonic
pre-welding and laser busbar welding. From an industrial stand-

point, the CATL BTFO represents a production compromise be-
tween prismatic formats, combining the simplicity of cylindrical
winding with part of the electrical contact complexity of stacked
cells. The pouch cell shows the lowest number of joining opera-
tions, and cutting complexity is moderate but slightly higher than
prismatic formats.

From the analysis, two main strategies emerge to reduce the
share of inactive components in a cell. Both aim to maximize
stored energy per mass but act on different design levels. The
first optimizes internal architecture while keeping the same
form factor, as in the cylindrical 4680 cell. By thinning can walls,
integrating current collectors, or merging sealing parts, inactive
volume decreases without changing outer dimensions,
improving gravimetric energy density, and simplifying assembly.
The second increases active material without major production
changes, as in the blade cell. Extending electrode length raises
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Table 1. Main cell-specific results and trade-offs among design, manufacturing, and process

Cell Type Active Volume Assembly Pros Assembly Cons

4680 Gen 1 80.4% high automation and scalability numerous and different welding operations

Cybercell 83.8% simplified current collector welding complex joining; precise alignment needed

LG Pouch 83.9% few joining operations mechanically fragile; sealing sensitivity

BYD Blade 77.0% larger sheets, same cutting operations larger sheets reduce handling

CATL BTFO 80.5% hybrid process balances manufacturing additional welding vs. pure winding process
intensity

BYD C49 741% mature prismatic stacking; robust many cutting operations per electrode layer

mechanical integrity

cell capacity and energy per kilogram while maintaining the
same manufacturing footprint. At battery-pack level, it also re-
duces the number of structural components needed, thereby
simplifying assembly and lowering the likelihood of pack failure
due to the malfunction of an individual cell.

However, larger cells dissipate heat less efficiently from their
core to the surface, heightening the risk of internal hot spots
and requiring more robust thermal management. To mitigate
this, large-format cells often adopt cathode chemistries with
greater thermal and cycling stability, such as LFP, which provide
a wider operating window and longer cycle life, despite lower en-
ergy density than NMC cathodes.

To provide a concise overview of the comparative findings dis-
cussed above, Table 1 summarizes the main assembly and
design-related characteristics of the chosen cell formats shown
in Figure 7 above.

Battery pack module layout

A standard battery system in electric vehicles consists of cells
assembled into modules and integrated with housing, cooling,
battery management system (BMS), and electrical components.
Modules contain several cells connected in a series for the total
voltage and in parallel to increase the capacity, within a mechan-
ical frame.”® Multiple modules are then interconnected, along with
sensors and control systems such as the BMS and thermal man-
agement, to form the full pack. The final structure is enclosed in a
protective housing designed for the specific vehicle.*

To evaluate the system-level implications of the investigated
cell formats, six commercial battery packs employing the corre-
sponding cell types were analyzed and reconstructed as in
Figure 8: Tesla Model Y (4680 cell), Tesla Cybertruck (Cybercell),
Volkswagen ID.3 (LG E78 pouch), BYD Atto 3 (BYD Blade), Tesla
Model 3 (CATL BTFO), and Mercedes CLA 200 (BYD C49). The
selected systems represent distinct design architectures and
integration strategies. This assessment enables a comparative
analysis of how different cell formats influence structural integra-
tion, space utilization, and energy availability within comparable
packaging constraints.

Tesla Model Y

The Tesla Model Y battery pack (Figure 8A) consists of four mod-
ules of Gen 1 4680 cylindrical cells, for a total capacity of
71.5 kWh, arranged in a 92s9p configuration. The overall mass
of the pack is 445 kg, including 294 kg of cells, resulting in a
cell-to-pack mass ratio of 66%. Each module integrates 107
cells configured 23s9p.”* The electrical interconnection relies
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on aluminum busbars with single-sided plating only on the
welded surface. Busbars are narrower in parallel connections
and wider in series sections, and the relaxation of flatness toler-
ances further simplifies production by eliminating rework and in-
spection steps previously required by welding constraints.”®
Thermal management is achieved through north-south oriented
serpentine cooling plates circulating a water-glycol mixture.
Each module contains three cooling channels that cool the
edges of two adjacent rows of cells, with a contra-flow inlet-
outlet arrangement minimizing temperature gradients along the
pack length. The cells are bonded to extruded cooling lines using
a thermally conductive adhesive in a so-called bandelier assem-
bly. The pack functions as a structural element within the vehi-
cle’s chassis: it features a stamped steel tub without internal ex-
trusions, incorporating transverse beams for seat mounting but
not directly tied to the side sills. Cells are housed in polycarbon-
ate trays adhered to the base plate with mica adhesive and vent
downward through a mica layer. Fiberglass phenolic barriers are
placed between modules to limit thermal propagation in the
event of runaway. A polyurethane-based structural foam is in-
jected after busbar installation to fill internal voids and secure
the assembly, while the steel lid (laser welded along the perim-
eter and thickened in the front and seat-mount regions) ensures
rigidity and impact resistance. A deliberate air gap is maintained
beneath the cells since no epoxy bonding connects them to the
chassis. Along both longitudinal sides, high-durometer polyure-
thane foam inserts create compliant crush zones that absorb
side-impact energy, protecting the cells by deforming without
excessive compression. The entire assembly is secured using
only 16 fasteners, enabling simplified assembly and service-
ability while maintaining structural integrity and lightweight
design.”*"®

Tesla Cybertruck

The Cybertruck produced by Tesla employs the second-genera-
tion 4680 cells (Cybercell) and functions as a structural element
of the vehicle chassis (Figure 8B). Seats are mounted directly
onto the pack, eliminating additional body layers and simplifying
assembly. The pack configuration is 192s7p (1,344 cells total),
providing 123 kWh of usable energy.”” The total pack mass is
721 kg, including 470.5 kg of cells, resulting in a 65% cell-to-
pack ratio. The overall structure and layout are similar to the
Model Y battery pack, but it differs in cell and structural
component arrangement. The structure features a bottom metal
cover sealed with room-temperature-vulcanizing (RTV) adhesive
and a single-layer cell layout arranged north-south. The negative



Please cite this article in press as: De Santis et al., Design and production trade-offs in lithium-ion batteries from cell formats to electric vehicles, Cell
Reports Physical Science (2026), https://doi.org/10.1016/j.xcrp.2026.103162

Cell Rerrts .
Physical Science

A Tesla Model Y

Top lid

Electrics/electronics

Top lid

Polyurethane
Housing foam

Cells in module Housing

Contacting
Cooling
channels

D Tesla Model 3

Top lid Electrics/electronics

Housing

—

Cells in module Contacting

Housing with

Cooling channels cooling plate

Cells in module

Figure 8. Battery pack architecture

B Tesla Cybertruck

Cells in module

E Mercedes CLA 200

¢? CellPress

OPEN ACCESS

C BYDAtto3

Top lid

Electrics/electronics

Cooling plate

Cells

Electrics/electronics

Protecting

foam Housing

Contacting

Cooling
channels

F Volkswagen ID 3

Top lid

Top lid

Housing Cells in

module

Insulation

Electrics/

ooling plate electronics

Bottom lid
BMS

Electrics/electronics

The comparison highlights different cell-to-pack layouts and cooling strategies across the selected commercial electric vehicles. Each figure shows the

arrangement of cells, cooling channels, electronics, and structural components, based on literature and teardown data.

A) Tesla Model Y with 4680 cells.

B) Tesla Cybertruck with 4680 Gen 2 cells.
C) BYD Atto 3 with Blade cells.

D) Tesla Model 3 with CATL BTFO cells.

E) Mercedes CLA 200 with BYD C49 cells.
F) Volkswagen ID.3 with LG Chem E78 cells.
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side of the battery pack is on the bottom, and the positive
terminals of the cells are on the other side of it, which has con-
nections to the battery management system. The lid rests on ver-
tical standoffs. Plastic trays are omitted, with void spaces used
for structural function and gas venting. The pack incorporates in-
tegrated crumple zones and an external BMS unit positioned at
the front. Thermal management relies on serpentine coolant
plates circulating a water-glycol mixture, identical to those in
the Model Y. Safety features include green foam and mica bar-
riers for thermal runaway mitigation, venting channels for gas
expansion beneath the cells, and pressure-equalization mem-
branes with spark arrestors.””"%°% A patented self-activated
drain system® allows automatic discharge of leaked coolant,
preventing electrical shorting. Based on Tesla patent
W02021102340A1,%® the lower structure serves as a mechanical
and energy-absorbing element, combining stiffness for normal
operation with controlled deformation under impact. This design
enhances crashworthiness, thermal safety, and mechanical inte-
gration while minimizing mass and improving manufacturability.
BYD Atto 3

The BYD Atto 3 uses long prismatic 135 Ah Blade cells
(Figure 8C). The pack connects roughly 100-120 cells in a series

29,74-92

in a cell-to-body layout without separate modules.’® The battery
pack output energy is 51.8 kWh and the mass 420 kg,° reaching
a 77% cell-to-pack ratio with 324 kg of cells. The cells are
bonded directly to the aluminum tray, enhancing structural stiff-
ness but limiting ease of replacement. Electrical connections
alternate polarity along the pack width, while small circuit boards
serve as fusible links between busbars.®*®' The BMS and con-
trol electronics are positioned at the front within the structural
tunnel section of the vehicle.®” Cooling is provided by a single
large aluminum plate fixed above the cells, featuring front-side
inlet and outlet ports. This design minimizes joints and potential
leaks, while the cooling plate itself adds another safety barrier
between the cells and passenger compartment. However, uni-
form coolant distribution depends on strict flatness and assem-
bly precision. The pack exterior incorporates rubber bumpers
and a thin composite 1id.?***%° The dense cell packing, com-
bined with LFP’s high thermal stability, ensures excellent safety
in case of mechanical deformation or thermal stress.

Tesla Model 3

The Tesla Model 3 equipped with CATL’s LFP pack (Figure 8D)
uses BTFO prismatic cells. The battery is organized into four
modules (two outer 25s1p and two inner 28s1p) for a total
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configuration of 106s1p. The total pack mass is 438 kg, of which
328.6 kg are cells, yielding a cell-to-pack ratio of 74%.5* The
modules are arranged longitudinally, with the prismatic cells
directly attached and compressed inside the structural tray.
This configuration turns the pack into a semi-structural compo-
nent that contributes to overall body stiffness.?*~%° The electrical
interconnections rely on laminated flex circuits integrating
voltage and temperature sensing. Laser-welded busbars ensure
precise and consistent connections, reducing both electrical
resistance and manufacturing tolerance requirements. The
BMS and circuit boards are housed in a front-mounted enclosure
designed for vertical assembly and simple serviceability.*5
Thermal management is handled by a liquid cooling system us-
ing ethylene glycol flowing beneath the cells through aluminum
plates. The cooling loop connects to the vehicle’s HVAC chiller,
enabling both heating and cooling through refrigerant ex-
change.?*#%87 Structurally, the pack is sealed by a metal lid to
ensure waterproofing and mechanical integrity. Air gaps above
and below the modules protect against debris intrusion and
allow limited deformation under impact.®®

Mercedes CLA 200 (2025)

The 2025 Mercedes CLA 200 (Figure 8E) adopts BYD C49 LFP
prismatic cells divided into 4 modules of 48 cells in series (192
cells in total), providing a battery of 61.4 kWh.®” The pack weighs
484 kg and achieves a 75% cell-to-pack mass ratio. It combines
a steel outer frame with an aluminum tray and die-cast internal
reinforcements. Both modules and cooling plates are bonded
to the base frame using structural adhesive, simplifying assem-
bly and improving stiffness. The BMS incorporates reversible
and irreversible high-voltage disconnection mechanisms,
including pyrotechnic switches. These allow controlled isolation
of the HV system during faults or impacts, preserving occupant
safety and vehicle integrity. The cooling system is integrated
into the base frame, with all fluid joints located externally to
isolate high-voltage zones.®® Although this approach slightly
limits thermal efficiency, it significantly enhances safety and
serviceability. Mechanically, the pack undergoes “touch-down
management” tests, in which high loads simulate curb strikes
to verify underbody protection. The modular layout minimizes
busbar length and interconnections, contributing to a robust
and repairable design.

Volkswagen ID.3

Volkswagen’s ID series vehicles are built on the Modular Electric
Drive Matrix (MEB) platform (Figure 8F), which integrates the bat-
tery pack within the vehicle floor to achieve optimal weight distri-
bution.®® The ID.3 employs LG Chem E78 pouch cells based on
NCM cathode chemistry,®° arranged in 9 modules (each config-
ured as 12s2p) for a total of 216 cells,®’ resulting in a total pack
output of 61 kWh. The pack has a total volume of 288 L and an
estimated mass of 376.7 kg, yielding a cell-to-pack mass ratio
of 64.5%.% The battery pack mass was estimated based on
the available data for the Volkswagen ID.4 battery system,®®
considering the modular architecture. BMS and relays are
located in the auxiliary slot on the right side. Rear busbars inter-
connect the modules, while voltage and temperature monitoring
occur at the module level.®*°" Thermal management is achieved
through conduction: heat paste is applied beneath each module
to transfer heat to the aluminum baseplate, while a cooling circuit
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runs along the rear side of the pack. The coolant enters and exits
on the left side, flowing through parallel channels with small re-
strictions to balance flow distribution. No coolant is present in-
side the modules or between the cells, which simplifies assembly
and eliminates the risk of internal leakage.®® Structurally, the
pack employs high-grade aluminum housing that includes a pro-
tective back sheet and internal reinforcement bars. A 15 mm air
gap between the protective plate and the coolant plate provides
both deformation tolerance and impact absorption. The design
balances mechanical protection, modularity, and thermal man-
agement at moderate cost.?%%°

Key considerations in battery-pack configurations

Table 2 summarizes the main specifications of the analyzed bat-
tery packs, highlighting differences in cell format, structural inte-
gration, and cooling strategy, to provide a direct comparison of
energy output, mass distribution, and cell-to-pack efficiency.
Additional metrics of the analyzed battery packs are reported
in Table S10.

Energy and packaging evaluation of battery packs

The demand for longer battery life in electric vehicles continues
to grow, but battery packs still face challenges with low space
utilization.“® The impact of efficient packaging is particularly sig-
nificant in achieving greater driving ranges, as it allows for more
space to accommodate additional cells. Moreover, utilizing the
available space efficiently offers additional benefits: reduced
space requirements lead to less material used for the housing
and other components, resulting in a lighter battery system.
This, in turn, further enhances the vehicle’s range and can also
enable the downsizing of other components, as their strength re-
quirements decrease due to the battery system’s more compact
and lightweight design.®®

Data in Figure 9 reflect the performance and structural charac-
teristics highlighting the main key metrics, such as energy den-
sity, gravimetric cell-to-pack (GCTP) ratio, mass, voltage, ca-
pacity, and total energy. The volumetric energy density is
calculated using the estimated battery-pack volume derived
from the available teardown data. This multi-parameter compar-
ison provides insights into how cell format influences overall
pack efficiency and design trade-offs in electric vehicle
applications.

The comparison among the three charts in Figures 9A-9C re-
veals that the relationship between energy density and cell
arrangement through the GCTP is strongly mediated by cell
chemistry. Prismatic cell-based battery packs (CLA 200, Model
3 LFP) exhibit lower gravimetric and volumetric energy densities,
consistent with the intrinsic limitations of the iron-phosphate
chemistry. However, these same LFP packs achieve the highest
GCTP values (around 74%-75%). This indicates that their lower
heat generation and simpler mechanical requirements allow a
more efficient use of internal pack volume. The BYD Atto 3 (using
the blade cell), instead, achieves one of the highest volumetric
energy densities within the LFP group while maintaining a top-
tier GCTP, reflecting the spatial efficiency of the Blade architec-
ture. In contrast, the NMC-based packs (Tesla 4680, Cybercell,
and LG pouch) attain higher energy densities, with the Cyber-
truck cell achieving the upper end of both gravimetric and volu-
metric scales. Despite this, they display markedly lower GCTP
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D ICEN - Rl = = and discharge simultaneously at the same rate, minor voltage im-
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o % variations, aging, thermal conditions, self-discharge rates, inter-
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These imbalances can result in overcharging or deep discharging
5 of certain cells, potentially leading to distortion and affecting the
f o © o overall performance, safety, and operation of the battery pack.
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tion due to the interruption of current flow.
B The radar plot in Figure 9E provides a consolidated view of the
@ ~ seven performance dimensions and reveals a set of clearly
X o .
§ g g Y § § § g differentiated engineering signatures, each shaped by the inter-
play among chemistry, structural integration, and pack-level
g design choices. The LFP-based packs exhibit strong expansion
=3 along the cell-to-pack ratio axis and comparatively compact
g o o profiles on the gravimetric and volumetric energy-density axes,
Sl 8 S ® b reflecting structurally efficient but lower-specific-energy chemis-
tries. Conversely, the NMC-based systems show pronounced
@ outward extension in both energy-density metrics and a system-
-~ < _ atic retraction in integration efficiency, indicating that their higher
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|8 "é N 'é g 3 mal and structural overhead at pack level. This contrast high-
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2 E; =z 5 2 g cg- g commercial cell formats, since battery cost has become a cen-
S =l S ° a E = 0 hay tral metric in the design and industrialization of battery systems,
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= | © [~ . .
x| 8|e2€2 5 3% & 925 by Orangi et al.'”” offers a detailed bottom-up model of
g = lithium-ion cell and pack production costs, forecasting trends
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E‘T x ] Sa based on cell chemistry, manufacturing advancements, and
£ § g S E integration approaches. Recent projections forecast continued
@ E o o %37 cost declines, with cell-level costs dropping to $20-$30/kWh
2‘; of >3 § - 9 g5 by 2030."%%19% High-nickel NMC cells remain more expensive
sl 2|28 ¢ s 3 3¢ s |g% per kWh than LFP-based cells due to costly raw materials,
el 2leg=e® a &== = |89 even though they offer superior energy density.
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Figure 9. Battery pack-level metrics for the six EVs considered
(A) Gravimetric energy density (Enom, pac,</mpack,WhI(g’1).
(B) Volumetric energy density (Enom, pack/Vpack,WhL”).
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Nominal Energy (kWh)

Cybertruck

(C) Gravimetric cell-to-pack ratio (%), calculated as ([Epack/Mpackl/[Ecei/Mcen]) x 100.
(D) Pack nominal voltage (V), nominal capacity (Ah), and nominal energy (kWh), determined from series/parallel cell configurations.
(E) Radar chart summarizing the main metrics used for comparison across the battery packs.

Corresponding data are reported inTable 2andTable S10.

All values are derived point estimates based on nominal specifications and pack configuration.

Figure 10 presents a prospective cost breakdown for cell for-
mats per kWh and the resulting battery packs, based on projec-
tions through 2030 from Orangi et al.'®

The analysis clearly shows that, at cell level (Figure 10A),
NMC-based cells remain consistently more expensive than
LFP cells across the entire period considered. This cost gap is
primarily driven by the intrinsic price of raw materials: the reli-
ance on nickel and cobalt imposes a structurally higher and
less flexible material cost for NMC chemistries, whereas LFP
cathodes use cheaper and more stable precursors. In contrast,

14 Cell Reports Physical Science 7, 103162, March 18, 2026

LFP cells exhibit higher production costs due to processing re-
quirements, yet this contribution is proportionally less dominant
than the material component in NMC systems. Projected trends
to 2030 indicate a steeper cost reduction for LFP cells. This re-
flects cost-learning dynamics in which an initial material-cost
advantage accelerates industrial scaling, process optimisation,
and technology consolidation. The low and stable cost of LFP
cathode materials has enabled rapid expansion of integrated for-
mats such as Blade and cell-to-pack, enhancing manufacturing
efficiency and deepening cost declines. In contrast, NMC
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Figure 10. Projected cell and battery pack cell-only costs (2024-2030)
(A) Projected cell cost per kWh (USD/kWh) for representative cell formats, grouped by cathode chemistry (NMC pouch and cylindrical vs. LFP prismatic).
(B) Estimated cost of cells in the commercial battery packs (USD), excluding non-cell components (e.g., module hardware, thermal management, electronics).

Projections are based on cost data reported by Orangi et al.'%?

chemistries remain limited by the excessive cost of critical
metals, which constrains their potential for comparable cost-
reduction rates despite ongoing process improvements.

In automotive applications, the target energy of a battery
pack is predetermined by platform constraints, mass limits,
and vehicle positioning. Cell selection therefore takes place
within a fixed energy window that the pack must deliver.
When transitioning from cost at cell level to the cost of the
cell set required to reach the target pack energy, the chemis-
try-driven cost trend becomes markedly more pronounced,
since the total number of cells needed is constrained by the
pack’s predefined architecture. In this context, cell chemistry
and format exert a stronger influence on the effective cost of
the cell content in the pack and, as shown in Figure 10B, the
advantages of LFP chemistries become evident: the prismatic
format consistently emerges as the lowest-cost solution, driven
by its fewer individual cells requirement, higher nominal energy
per cell, low material cost, and efficient pack integration.
Conversely, battery packs based on NMC cells (Model Y and
Cybertruck) remain the most expensive. This disparity is pri-
marily attributed to the elevated cost per kWh of energy deliv-
ered, which stems from both the smaller cell capacity and the
higher electrode material cost of NMC cathodes, and the

greater numbers of cells to meet the same energy requirement.
In fact, despite similar total energy contents (60.5 kWh for BYD
Atto 3 and 71.5 kWh for Tesla Model Y), the resulting pack cost
for the NMC format remains significantly higher throughout the
forecasted period.

Table 3 provides a direct visualization of the advantages and
limitations of the individual cell formats when integrated into
the battery pack.

This study investigates lithium-ion cell formats across multiple
scales, from cell-to pack-level, evaluating their performance,
manufacturability, and cost, to identify format-specific advan-
tages. Unlike prior studies focused on isolated aspects, this
work adopts a cross-sectional approach, recognizing that these
characteristics collectively impact system-level outcomes. An
excessive focus on the single cell may therefore lead to
misleading conclusions in the context of automotive integration
and technological evolution.

A key trend in the battery industry is the dual evolution of two
design strategies: the upscaling of LFP cells into large-format
“blade” architectures, and the internal optimization of NMC cy-
lindrical formats such as the 4680 and Cybercell. While both aim
to improve energy density and production efficiency, they differ
significantly in terms of cost and system integration.
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Table 3. Pack-level advantages, format-specific limitations, and cost
Pack Type Format Pros Format Cons Cost
Tesla Model Y (NMC 4680) high gravimetric energy density cylindrical cooling/structural constraints medium-high
Tesla Cybertruck (NMC 4680 Gen 2) high gravimetric and volumetric energy very high pack mass; demanding thermal/  high

density structural management
BYD Atto 3 (LFP Blade) optimized for CTP integration; improved low nominal energy; moderate layout low

thermal management flexibility
Tesla Model 3 (LFP prismatic) straightforward modules; thermal lower energy density low

uniformity
Mercedes CLA 200 (LFP prismatic)
uniformity
VW ID.3 (NMC pouch)

rigid casing simplifies integration; thermal

efficient packing due to flexible geometry

low energy density; limited specific power  low

require external compression frames and
edge protection

medium-high

Cost analysis based on the model by Orangi et al.,'® which
shows that high-energy density formats do not necessarily
lead to economically efficient solutions. NMC cylindrical cells,
despite their high gravimetric energy density and modularity,
have lower nominal energy and higher integration overhead, re-
sulting in elevated pack-level costs in volume-constrained appli-
cations. In contrast, blade-format LFP cells, though less energy
dense, benefit from simpler geometry and lower material costs,
enabling the most affordable pack configurations.

This divergence introduces a crucial dynamic in the evolution
of lithium-ion technologies: cost differences actively shape tech-
nological trajectories. When a format offers substantial cost ad-
vantages, it attracts greater industrial interest, faster process
refinement, and wider adoption. Cost thereby operates as a
technological accelerator, determining which architectures
receive the most engineering investment and optimization. Me-
chanical simplicity, intrinsic safety, and competitive material
cost of LFP blade cells, combined with rising production vol-
umes, make them strong candidates for large-scale standardiza-
tion and automated manufacturing, making them a compelling
solution for mainstream electric vehicles and other volume-sen-
sitive applications. As the industry moves toward large-scale
electrification, success will strongly depend on cost-efficiency,
manufacturability, and integration potential. Formats that
align with all these factors, rather than excelling in one alone,
are expected to define the next design of lithium-ion batteries.
Blade-format cells appear particularly suited to meet these
requirements.

METHODS

This chapter outlines the methodologies adopted for analyzing
and comparing lithium-ion battery cell formats, focusing on their
geometric, volumetric, and assembly characteristics. This work
moves beyond theoretical comparisons by reconstructing 3D
models from teardown-based data, offering a high-fidelity and
assumption-free benchmarking framework. The development
of precise 3D models for volume analysis, and the evaluation
of manufacturing processes are explained. Additionally, the
study explores the integration of cells into the battery pack and
examines their performance. The research concludes with a
comparative analysis aimed at identifying technological trends
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and providing insights into optimizing battery systems for auto-
motive applications.

Methodological framework for parameter selection

In the comparative assessment of lithium-ion cell formats, the
methodological approach was shaped by the type and quality
of information that can be consistently reconstructed across all
chemistries, geometries, and manufacturing strategies. The
focus was therefore placed on parameters that could be derived
with high fidelity from teardown-based geometric reconstruc-
tion, publicly available specifications, and documented assem-
bly workflows. These include the following: (1) active and inactive
volumes, which quantify how each cell allocates space to en-
ergy-storing materials, providing a basis for comparing formats
with different casings, tabs, and internal layouts; (ii) gravimetric
and volumetric energy densities, which capture the combined ef-
fect of chemistry and geometry on energy efficiency and are cen-
tral for assessing the suitability of each format in mass- and vol-
ume-constrained systems; (3) nominal voltage, capacity, and
resulting pack energy, which define the feasible series-parallel
architecture and influence the extent of electrical interconnec-
tions, with direct implications for pack complexity and safety;
(4) cell assembly process, in which cutting and welding opera-
tions in particular serve as an indicator of manufacturing inten-
sity, since each operation corresponds to a dedicated station
in automated production environments and strongly affects
throughput; (5) cooling interfaces and structural integration,
which describe how each cell format can be embedded within
a pack, highlighting constraints linked to geometry, thermal
paths, and mechanical support; and (6) gravimetric cell-to-
pack ratio, which provides a system-level measure of packaging
efficiency, showing how much of the pack mass is effectively
converted into active material.

Beyond the parameters selected, additional metrics are also
strongly influenced by both cell chemistry and format. Fast-
charging, for example depends on lithium-ion diffusivity and
charge-transfer resistance (typically higher for NMC than LFP
chemistries)'®* and on the current-collector geometry, with cy-
lindrical cells benefiting from distributed or full-tab layouts that
reduce local current density during high-C charging.'® Internal
resistance and its degradation with cycling vary with electrode
design and stacking strategy,’®® but reported data rely on
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heterogeneous protocols that prevent cross-format comparison.
Thermal behavior is likewise format-dependent: cylindrical cells
exhibit longer radial heat-conduction paths, whereas pouch and
prismatic cells offer lower thermal resistance and larger heat-ex-
change surfaces, though they require external compression for
uniform heat management.”"'%” A consistent quantitative anal-
ysis of these parameters could not be performed, as comparable
simulation data and uniform experimental measurements were
not available for all six commercial cells. For this reason, in this
study they are not included. Thermal aspects are discussed
only qualitatively at pack level, focusing on how cooling strate-
gies differ across formats based on teardown evidence.

Selection of battery cell formats

Six representative cells used in commercial battery packs were
chosen for each format, reflecting current market trends and
technologies. The cylindrical format included two Tesla 4680
cells, representing first- and second-generation designs,
selected due to their high energy density and growing popularity
of 46XX format across various manufacturers. For the pouch
format, the LG Chem E78 large-sized cell was analyzed, as it is
extensively used in EVs, especially in Volkswagen ID Family
cars. Among prismatic cells, the study examined the CATL
BTFO and the BYD C49 cells (selected for the distinct electrode
arrangement) and the innovative blade cell from BYD, chosen for
its unique structural and functional characteristics. Together,
these cells capture a diverse range of designs and applications
in automotive batteries.

3D modeling and volume analysis

Given the challenge in obtaining or accurately determining the net
masses of individual components, as in the method employed by
Gorsch et al.,>® we relied on teardown analyses to estimate their
volumes. Volumes calculated from cell models provided a com-
mon database for all analyzed cells, enabling assumption-free
comparisons and avoiding potential artifacts. This analysis
involved calculating and categorizing the volumes of individual
components, grouping them into two main categories: active vol-
ume, where electrochemical charge is accumulated (occupied by
the electrode), and inactive volume, occupied by dead compo-
nents necessary for cell operation but not active in the energy
storage process. Indeed, the inactive volume encompasses
structural and functional components indispensable to the cell’s
functionality and mechanical stability. To gain precise insights,
each cell’s geometry was recreated through detailed 3D CAD
models. The process involves the model development based on
publicly available technical specifications and patents, comple-
mented by design schematics when accessible. To reconstruct
the Tesla 4680 battery model, the data available in the patent®®*’
and the results of the teardown conducted by Ank et al.'* and
Gorsch et al.*® were used. Regarding the “Cybercell” (second-
generation Tesla 4680 battery cell), the analysis was based on
test results back from Munro’s video?® and UC San Diego’s tear-
down.*° For the prismatic cells, the analysis published by Stock
et al.?® on the CATL BTFO was fundamental, along with BYD
C49 cell specifications provided by Battery Design®® and EV
lithium."®® Finally, BYD patent US20240128565A1%° and tear-
down by Hasan et al.>* was used for the Blade battery cell. The
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last LG pouch cell geometrical data are taken from teardown by
Glinter et al.’® The volume of individual components has been
calculated to provide a detailed breakdown of each component
contribution to the total cell volume.

Cell assembly processes

To evaluate the key characteristics of the automated
manufacturing process in relation to cell format, the various as-
sembly operations were analyzed, identifying the major criticalities
at each stage. This assessment provides insight into the manufac-
turability of different cell formats, highlighting how specific design
choices impact production efficiency, process complexity, and
potential limitations. Understanding these factors is essential for
optimizing large-scale manufacturing and ensuring compatibility
with highly automated production systems. The analysis focuses
on assembly steps, welding and cutting requirements, machinery,
and tools essential for production, to determine potential bottle-
necks and advantages inherent to each format.

Comparative analysis and technological trends

The volumetric data obtained from the 3D models, along with in-
sights into assembly processes, have been compared across
the selected formats to identify emerging trends. To compare
formats with different nominal energy capacities, the number
of cutting and welding operations required for each cell
type was normalized per kilowatt-hour. Since individual
manufacturing operations cannot be meaningfully expressed
as fractions, the resulting values were rounded down to the near-
est whole number. This ensures that only complete, physically
executable operations are considered. This analysis aims to pro-
vide actionable insights for future research and development,
highlighting the relative volumetric efficiency of different cell de-
signs, the trade-offs between manufacturing complexity and as-
sembly efficiency, and the impact of cell design on the energy
density and overall performance of battery packs.

Battery pack configurations analysis

As the cell operates within an EV, specifically within the battery
pack, its performance must be assessed in the context of the
complete vehicle system to ensure a meaningful and accurate
comparison. It is worth noting that, although not highlighted in
this work, the geometry of the battery pack will influence the ve-
hicle’s design and dynamics. Examining cells and battery com-
ponents arrangement, this work aims to show how the
complexity of the battery interconnects the electrode architec-
ture with the final vehicle design. The six vehicles and the relative
battery packs studied and compared are as follows: Tesla Model
Y, Cybertruck and Model 3, BYD Atto 3, Volkswagen ID.3, and
Mercedes CLA 200 (2025).

Key metrics from datasheets, such as gravimetric and volu-
metric energy densities, GCTP ratio, total energy, nominal
voltage, and capacity are also evaluated, offering insights into
how the different formats influence the overall energy storage
capacity and efficiency of the battery pack. The energy density
refers to the amount of energy it can store relative to its mass
(Wh/kg) and volume (Wh/L)."® When not declared in available
datasheets, the volumetric energy density has been calculated
based on the estimated volume of the battery pack. The nominal
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voltage of each battery pack is determined by multiplying the
nominal voltage of an individual cell (from datasheet) by the
number of cells connected in series, as the voltages of series-
connected cells sum linearly, while the nominal capacity is ob-
tained by multiplying the nominal capacity by the number of
parallel-connected cells, reflecting the additive contribution of
parallel elements to the overall capacity. These parameters are
critical for quantifying the total nominal energy of the pack, re-
ported by the battery manufacturer, typically expressed in watt-
hours (Wh) or kilowatt-hours (kWh), which represents the theoret-
ical maximum energy that the pack can deliver under standard
operating conditions, assuming full utilization of its nominal pa-
rameters. While useful for comparative and design purposes, it
is important to note that the total nominal energy may differ
from the actual usable energy due to efficiency losses, opera-
tional constraints, and safety margins applied during real-world
operation. The GCTP ratio (in %) expresses a measure of how
the available space within the battery pack is optimized for energy
storage. It is defined as the total mass of all cells to the total mass
of the battery pack.''® This factor provides a direct measure of
how much energy can be stored relative to the weight of the
pack, offering a critical indicator of overall design optimization,
especially in the context of electric vehicle applications where
both weight and energy density are tightly constrained.”'" In
some of the battery packs analyzed (as specified in the table cap-
tions), the cell-to-pack ratio was directly reported in the literature;
if unavailable, it has been calculated based on the declared total
pack weight, the number of cells, and their individual weight.

Lithium-ion battery cost trajectories and comparison

To evaluate the economic implications of different lithium-ion cell
formats, a cost analysis has been conducted, based on projected
production costs as reported by Orangi et al.’% in their compre-
hensive techno-economic model for lithium-ion batteries. The
study provides forecasted cell costs (calculated per kWh) for mul-
tiple cathode chemistries under high-throughput manufacturing
assumptions consistent with future gigafactory scenarios. Values
from 2024 to 2030 were used as the baseline reference for this
work. A graphite-based anode was assumed for all cell chemis-
tries considered. The pack cost was then estimated scaling the
cost at cell level to pack level considering the overall nominal en-
ergy but excluding auxiliary components due to a lack of specific
data. The cost analysis is therefore anchored to the cell chemis-
try. While subsystems such as the BMS, thermal interfaces, and
structural components remain essential contributors, their rela-
tive impact is smaller and exhibits less variability across plat-
forms. The data we found in the literature provided by Frith
etal."'? show that for different battery packs and cell chemistries,
the cost of cells constitutes the dominant share of total pack cost.
Consequently, the strong cost signal originating from the cells en-
ables the identification of a robust trend in pack-level cost evolu-
tion, allowing meaningful comparisons between chemistries.
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