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As battery performance has improved in recent years, all-electric aircraft have become a realistic prospect.
Passenger electric vertical take-off and landing (eVTOL) vehicles have gained attention recently as a solu-
tion for intercity transport, reducing carbon emission, congestion and journey times. However, the per-
formance demands of electrified flight are greater than that of ground-based vehicles, requiring high
energy, power and safety characteristics. While electric vehicles typically use cylindrical, pouch and pris-
matic cells depending on the manufacturers’ needs, it is unclear which form factor is most suited to aero-
space applications. This work appraises a range of commercial cells of different formats and their suit-
ability for use in eVTOLs, considering their electrochemical, safety, cell-to-pack integration and future-
proofing characteristics. The findings indicate that current prismatic cells lack the power density needed
for take-off and landing. While pouch cells offer compelling energy density, there are concerns over their
safety performance and ease of pack integration. While the geometry of cylindrical cells makes them
difficult to pack and are unlikely to be used for emerging all solid-state chemistries, we believe they cur-
rently offer the best balance of safety and performance.

Significant innovation in Li-ion battery materials and cell and pack design has hastened the deployment of batteries in
electric vehicles, with these applications now being relatively common. As the technology has matured the potential appli-
cation of such devices to more demanding fields has increased. Of this aerospace is undoubtedly one of the most techni-
cally challenging. This field requires batteries to balance extremely high power and energy density whilst also delivering
outstanding safety, lifetime and charging performance. Alongside these critical metrics the cells chosen must fulfil manu-
facturing and economic requirements. In recent years an emerging market of electric vertical take-off and landing vehicles
(eVTOLs) has grown in prominence with multiple companies announcing their intention to develop vehicles in this area.
This work assesses the requirements for Li-ion batteries to be deployed as a primary propulsion system in eVITOL appli-
cations. This assessment is conducted using currently available cell technology and provides a framework for cell selection
for this application, considering all of the key metrics which are required for eVTOL systems.

“Advanced Propulsion Lab, Marshgate, UCL, London, E20 2AE, UK.

E-mail: j.b.robinson@ucl.ac.uk

Introduction

As the world moves away from fossil fuels, electrification of all
forms of transport is necessary to reduce carbon emissions
and pollution. Typically, electric vehicles (EVs) are discussed
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battery provides propulsion rather than an internal combus-
tion engine. However, increasingly, the wider electrification of
transport, in particular aerospace is attracting attention, with

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ the UK government putting electric vertical take-off and

10.1039/d4eb00024b

landing (eVTOL) aircraft at the centre of its ‘Future of Flight’
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plan.! Electrified aviation innovations offer opportunities for
rapid, low operating cost, emission-free short haul urban and
inter-city transport. In a similar manner to EVs, eVTOLs use
electric propulsion as their primary power source instead of
conventional fossil-fuel powered engines. The vertical take-off
ability and comparatively small size of these aircraft is pre-
dicted to increase the utilisation of under-used airspace,
opening new opportunities for passenger transport. eVTOLSs
are also flexible in their operational capability, being able to
land on flat ground or small helipads, and recharge using
infrastructure that is available or straightforward to implement
in cities and urban environments.”

The pace of eVIOL development has rapidly increased in
recent years, with a range of companies announcing plans to
develop urban air mobility systems. Predictions estimate that the
eVTOL market is forecast to reach over US$ 22 billion by 2030.
However, the technological and certification requirements for
the aeronautical systems are significantly higher than those
needed for EV power packs with various obstacles still to be over-
come. Expanding charging infrastructure to allow for rapid char-
ging times required for eVIOLs, the economic challenges of
making electric flight a cost-worthy alternative to ground-based
travel for consumers, and the regulatory issues of certifying elec-
tric aircraft are all key areas that will need addressing.*”
Advances in battery technology and chemistry in the last few
years are the critical factor that has made fully electric vertical
flight a plausible reality. While several battery manufacturers,
including Amprius, Molicel and Northvolt, have begun market-
ing cells for the eVTOL market, Joby, a major eVTOL technology
company, have publicly disclosed the use of batteries manufac-
tured for EV applications due to their reliable service record.®®

As with all aerospace applications the mass and safety of an
eVTOL aircraft are amongst the most significant considerations,
with safety in particularly regulated to a greater extent than
automotive or other, more conventional applications.**** The
additional requirements for vertical take-off and landing also
introduce challenges in delivering the required power for
eVTOL systems during these mission phases, often requiring
cells to deliver high power during both high and comparatively
low states of charge. Perhaps most challengingly, the fast turn-
around times between landing and take-off require active
thermal management to keep the battery within it’s safe operat-
ing range. Balancing both the pack infrastructure and light-
weight mass requirements of the aircraft poses a major techni-
cal challenge. Each unit of mass limits the range of the aircraft
and increases recharging time."

Here we compare a range of commercially available cell geo-
metries and chemistries to assess their viability in a primary
propulsion system in an eVTOL application. Initially consider-
ing performance at cell level we also consider the challenges
associated with pack integration and manufacturability to
enable a comprehensive overview of the potential of the cell
types. By focussing on these wide-ranging technical hurdles
involved in the production of an energy storage system that
can meet the significant energy density, safety, and power
demands of aerospace applications we aim to support the
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nascent literature in this area and encourage the development
of cell characterisation activity to accelerate the deployment of
eVTOL applications in the field.

Summary of cell types considered
Cylindrical (18 650 vs. 21 700 vs. 4680)

Cylindrical cells were one of the first formats commercially
adopted due to their high mechanical stability. Current collectors
double-side coated with anode and cathode materials are wound
together with a separator in between. The ellyroll’ formed by the
winding process is placed into a steel can, with positive interior
tabs connected to the top cap and negative interior tabs con-
nected to the bottom. Typically, the whole of the bare exterior of
the cell can is electrically connected to the negative electrode.
The top cap is crimped onto the can containing the jellyroll, with
the cap insulated from the rest of the cell body by a plastic disk.
Heat-shrink wrapping is then used to insulate the rest of cell
from exterior shorting, although some pack manufacturers may
choose to remove the sleeve to reduce mass.

Cylindrical cells come in several standardised sizes. The
sizes of cylindrical cells are denoted by their diameter and
height in millimetres. For example, the 18 650 cell is so-called
because it is 18 mm in diameter and 65 mm in height. The
most used sizes are 18 650 and 21 700; however, more recently
Tesla and BMW have begun incorporating a 4680 design into
their products. These cells have a relatively high cell wall thick-
ness at 500 um which reduces the overall energy density of the
cells, but also adds to the mechanical stability of the cell
during failure events."*

Cylindrical cells’ key advantages are their mechanical stabi-
lity, where they can be more easily incorporated into packs and
modules without the need for significant structural packaging.
The steel can also give cells a degree of protection from impact
or exterior damage. Most pressingly for aerospace applications
the safety profile of cylindrical cells has been extensively
studied with a range of failure modes identified."®

Pouch

Pouch cells involve either winding or stacking electrode and
separator layers together before vacuum sealing in flexible alu-
minium laminate sheeting. Pouch cells offer flexibility in both
physical size and capacity, ranging from credit card sized cell
with capacities of circa. 3 Ah for mobile devices, to automotive
cells such as Farasis P79B3 (295 x 115.5 x 13 mm) with a
capacity of almost 80 Ah.

Pouch cells are typically cuboid in shape, but their specific
dimensions can depend on the application and space avail-
ability. This flexibility is one of the key advantages of the
format. Another advantage is the low weight of the inactive
packaging material relative to the rest of the cell. The light-
weight packaging also allows for greater heat dissipation rela-
tive to cylindrical cells. As discussed later, pouch cells can
achieve by far the highest energy densities at the cell level.
However, unlike cylindrical and prismatic cells, pouch cells do

© 2025 The Author(s). Published by the Royal Society of Chemistry
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not typically have integrated safety devices, such as positive
temperature coefficient devices (PTCs) or current interruption
devices (CIDs). Their lack of mechanical strength also means
more consideration needs to be taken during the pack build-
ing stage, leading to a greater amount of inactive material at
the application level. The flexible aluminium laminate packa-
ging does little to protect cells from propagation during a
thermal runaway event, raising concerns over safety when
applied to eVTOL applications.

Prismatic

The prismatic cell format is gaining increasing prominence in
the EV industry as manufacturers move towards a cell-to-pack
type integrated propulsion unit and adopt the LiFePO, (LFP)
chemistry for their applications. This involves cells of signifi-
cant capacity (>50 Ah) housed in a hard, metal casing. The
electrodes in the cell are generally stacked rather than would,
and as such the manufacturing costs of these cells are typically
higher. Unlike their cylindrical equivalents prismatic cell man-
ufacturers are yet to align upon a set of standardised sizes with
cells as diverse as the EVE LFK22 (131.8 x 148.2 x 17.7 mm) to
the BYD Blade (960 x 13.5 x 90 mm) seen in the market.

The solid casing of the cell enables safety devices to be
implemented, including directionally guided venting should
a safety event occur.'® Despite the solid housing, external
pressure is still typically required to maximise cell performance.
Naturally this results in a reduced gravimetric cell to pack ratio
hampering the potential deployment of this cell format in as
weight sensitive an application as aviation. Prismatic cells are
also typically produced for much higher capacities per cell than
pouch or cylindrical, raising possible safety issues and difficulty
in containing thermal runaway in the event of a single cell
failure, which may in itself be catastrophic.

Candidate cells

In this work, we compare a range of cells from different manu-
facturers, form factors and chemistries. The cells chosen for
this work are based on their high energy density, power
density or, in the case of the BYD Blade battery, safety features,
which provide, on at least one of these critical metrics, the
potential for deployment in eVTOL applications.

When considering the cylindrical format, Molicel have pro-
duced cells with some of the highest power densities available.
The P28A and P45B models, built in 18 650 and 21 700 cylind-
rical formats respectively, are both capable of high discharge
rates matched with a high gravimetric energy density when
compared to alternative cells capable of delivering similar
power. The Murata VIC6A has also been earmarked for aero-
space applications, has been used in other eVTOL studies, and
is capable of high discharge power.'”'® Finally, the new 4680
format, adopted by EV manufacturer Tesla is likely to be an
attractive format for automotive applications once manufactur-
ing capabilities mature. In particular, the ‘tabless’ design and
innovative safety features, such as the directed vent, may offer
compelling cases for eVTOL applications; however, the limited
power density reported to date is likely to prevent the deploy-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ment of this cell format in eVTOLs. 4680s have a greater circum-
ference than both 21 700s and 18 650s, reducing their capacity
to dissipate heat. The 4680 cells with data publicly available are
only rated to a peak discharge of 0.84 kW kg™ which is the
lowest of the candidate cells reported here. As this format has
only recently been put into widespread production, the dis-
charge rating is expected to increase in the coming years.

For pouch cells, three different sizes and manufacturers
have been chosen for this work. Both Northvolt and Ionblox
have specifically introduced their cells as appropriate for pas-
senger urban aircraft on account of their high power and
energy densities. Lilium, a German aerospace company, have
been using Ionblox cells to power their aircraft for several
years. Amprius have also extensively marketed their cells for
eVTOLs. However, data on Amprius cells is currently not pub-
licly available, and Amprius did not respond to a request for
information. The large LG E66A cell is used for high-perform-
ance EVs including the Porsche Taycan. The E66A is capable of
high energy and power density, and the larger size means
there is a lower ratio of packaging weight to active material.
Farasis Energy have also expressed an interest in moving into
the eVTOL space, and the P79B3 represents one of their best
performing EV cells. Larger pouch cells typically display sig-
nificant thermal gradients within the cell which, alongside
their requirement for external pressure, will require a more
complex pack design when deployed in high-power aerospace
applications.

The BYD Blade prismatic format cell has been praised for
its safety features and cell-to-pack integration. However, the
LFP chemistry that gives the Blade cell it's promising safety
performance also means it has a comparatively low energy
density. Like the LG E66A pouch cell, the Samsung CS1200R
prismatic is used in a high-performance EV, the BMW i3.
Finally, Farasis have recently expressed an interest to enter the
eVTOL space, with the P79B3 being the highest performing
cell with information publicly available. Once again large
aspect ratio prismatic cells are likely to require more complex
thermal management systems and pack design to account for
the thermal gradients which arise during high-rate operation.

A summary of the cells considered in this work are shown in
Table 1 below, with these cells all featuring at least one outstand-
ing characteristic for the cell format. Cells which have sufficient
information publicly disclosed information have been assessed;
however, it is likely that there are next generation prototype cells
or pre-production cells which can offer improvements on the
existing state-of-the-art. While this selection of cells represents a
cross section of cell types that initially appeared to have the
most appropriate performance, it is not a completely compre-
hensive list of all the cells and manufacturers available.

Cell requirements for eVTOL applications

As highlighted previously, eVTOL applications are amongst the
most challenging environments for battery technologies. The
aircraft requires a combination of high gravimetric energy and
power density to be delivered simultaneously and must facili-
tate sufficiently rapid heat rejection to ensure the cell remains

EES Batteries, 2025,1,227-241 | 229
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below the upper safe temperature limit even when delivering
ultra-high rates during the take-off and landing phase of the
flight. In addition to the technological requirements, to enable
certification the cells must be extremely safe and resistant to
failure propagation within the pack in the event of a thermal
event. Beyond these three prerequisites for consideration, cells
must also maintain these characteristics for an adequate cycle
life to enable the economic deployment of the propulsion
system in the aircraft. The economic considerations also likely
require cells to be charged quickly to enable rapid turn-around
of the vehicle, where cells may be charged at elevated tempera-
tures to increase total utilisation of the aircraft. Furthermore,
cells are also likely to experience variable external tempera-
tures, with the expected temperature gradient of up to 6.5 °C
km™" while operating across a wide range of geographic
regions.'® Finally, the wider cost of the cells, manufacturability
of cells into packs and the potential reuse of cells in second-
life applications should also be considered when identifying
potential cells for eVTOL applications. This consideration
should also be extended toward recycling due to impending
legislative targets for recycled components within battery
packs.?®

One of the key considerations for any aerospace grade
lithium-ion cell is certification. The only cell specific means of
compliance is ED-312 ‘Guidance on determining failure
modes in Lithium-ion cells, this is a relatively new standard
being released in 2023’. The most well-known and applied
lithium-ion battery standard is the Radio Technical
Commission for Aeronautics (RTCA) DO-311A. In most juris-
dictions including the Federal Aviation Administration and the
European Union Aviation Safety Agency, this standard must be
followed prior to certification of lithium-ion battery systems
for auxiliary power on an aircraft.> Whilst this standard could
not be applied directly to all battery systems because the
largest category is energy systems >100 W h and is not used for
critical applications, there is one part that is being applied in
other jurisdictions, namely the means of dealing with a
thermal runaway onboard the aircraft during flight. At present,
under Appendix-C this standard requires two cells to be simul-
taneously ignited to initiate the thermal runaway condition.
If we assume that approximately 2 L of gas is released per Ah
of a cell during thermal runaway, then this requirement alone
drives a significant impact on design considerations for the
cell.” If a large format automotive cell were used, then the gas
release could be 136-272 L of gas simultaneously. Conversely a
5 Ah 21700 cell used in automotive applications being
deployed would reduce this gas volume to approximately 20
L. Given that containment and release only through a desig-
nated vent is required by this standard this is a significant
factor in cell selection because it drives two different designs.
Large format with CTP integration, such as those applied in
automotive, are significantly hindered by this requirement as
they would require containing very high pressures over large
volumes resulting in increased packaging mass to provide
sufficient housing strength. Even for relatively modest cells of
10-20 Ah this requirement can be difficult to meet. Current

© 2025 The Author(s). Published by the Royal Society of Chemistry
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battery designs with such cells and complying with this
requirement require smaller format packs containing a
reduced number of lithium-ion cells allowing higher the con-
tainment of maximum pack whilst remaining contained.
Other safety standards at pack level, such as those required by
CS-27 require that a propulsion battery be able to sustain a
drop from 50 feet.>* Whilst onerous, it is likely that pack hous-
ings will provide much of the required strength limiting, this
standards impact on the cell choice.

Energy density

More so than land-based applications, aerospace applications
place a high premium on gravimetric energy density as every
kilogram of battery used to power the aircraft must also be
lifted and transported by the powertrain. Unlike EVs, eVTOLSs
also have a requirement for redundant energy should the air-
craft need to be diverted from the original flight path, known
as baulking. This makes the ‘usable’ energy density is also
important. In eVTOLs, the battery will be required to supply
high currents from a low state-of-charge for emergency land-
ings. In addition, eVTOL applications do not reduce in mass
as fuel is consumed, this requires a modified approach to
energy reserve management when compared to conventional
take-off-and-landing vehicles. Fig. 1 shows the effect of loading
on operation range for aircraft with varying performance.>

At the cell level, pouch cells generally have the highest
energy density due to the lighter packaging materials. The
steel can and vent cap of cylindrical cells adds inactive mass
that reduces the overall energy density. However, when scaling
up to the pack level, cylindrical cells require the least amount
of additional pack casing mass as much of the mechanical
strength is self-contained by the form factor. Of the three
cylindrical cell formats discussed in this work, the 4680 and
21700 design have the highest energy density. Surprisingly,
the energy density of the 4680 is no better than the Molicel
P45B 21 700 cell. This is likely due to the extra safety features
required in the larger 4680 cells. It is also important to note
that data from the 4680 is confined to teardowns of early-stage
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Fig. 1 Cruise ranges for single passenger eVTOL based on varying
tonnage and pack-level energy density. Adapted with permission from
Fredericks et al.>> Copyright 2018 American Chemical Society.
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production cells which have a comparatively immature design
compared to 21 700 cells. It is expected that the energy density
and performance will improve in the coming years as Tesla
scale-up and optimise production of this cell format.

The pouch cells analysed here have by a significant margin
the highest energy density at the cell level, with Northvolt and
Ionblox gearing their latest generation of cells towards eVTOL
applications. However, although the energy densities adver-
tised are attractive, pouch cells require the highest additional
packing mass, including plates to apply pressure and supports
for mechanical stability reducing the gravimetric cell to pack
ratio. The two high-energy density pouch cells included in this
work have relatively low capacity per cell, 5.1 and 12 Ah, when
compared to the 65 Ah for the LG automotive cell. This
reduced size of cells will further decrease the gravimetric cell-
to-pack (GCTP) ratio due to the increased mass of cell packa-
ging and pack componentry.

Prismatic cells provide a compromise, as the hard casing
provides pressure to the electrode layers, but still requires sig-
nificant extra packing material to provide mechanical stability.
However, of the candidate cells discussed here, the prismatic
cells have by far the lowest energy densities. For the EVE and
BYD cells, this is due to the LFP chemistry which currently
delivers a substantially lower energy density than NMC or NCA
chemistries, but benefits from possible superior safety
characteristics.”*>*” The Samsung CS1200R does have a conven-
tional Li-ion chemistry, and of the prismatic cells is closest to
matching the other formats. However, at 205 W h kg™" at the
cell level, this is still too low for eVTOLs, especially when con-
sidering to the extra materials required for integrating into a
working pack.

The >300 W h kg™ energy density shown by the small
pouch cells mark this format as a compelling form factor
when simply considering energy density. However, despite the
high packing density that can be achieved (Table 1) the loss of
energy density due to pack integration and cooling will signifi-
cantly impact the gravimetric cell to pack ratio of pouch cells
reducing the benefits of this cell type when compared to
cylindrical and prismatic formats.

Power density

Alongside energy density, power density is of major impor-
tance for eVTOLs. A typical eVTOL mission profile is broken
down into the following phases: take-off, climb, cruise,
descent, and landing. There may also be an additional baulk-
ing phase if the aircraft must undertake an emergency diver-
sion, shown in (Fig. 2). The take-off and landing phases have
the highest power requirements, with Yang et al. estimating a
system-level range between 500-900 W kg™'.°> Several factors
influence the ability of a cell to discharge energy quickly:
chemistry, active material microstructure, electrode archi-
tecture, current collector, the number of tabs and their
thicknesses.”®*'  Of particular importance is thermal
management, which is considered alongside safety later.
Unfortunately, many features which improve power output are
detrimental to energy density.>%3%32
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Of the cylindrical cells considered, the 18 650s and 21 700s
offer the highest power capabilities, with calculated power den-
sities of >2.2 kW kg™'. These cells are made with thick, multi-
tab designs to reduce resistance and better distribute current
and heat throughout the cell. How a manufacturer chooses to
incorporate tabs into the cell is a key factor in the power
density, as the conductivity and subsequent heat build-up at
high currents can act as a limit on the rate of charge or
discharge.’®*® The 4680 is pulse discharge power of 0.84 kW
kg™" and is insufficient for a typical eVTOL mission profile.
The low current rating is likely due to the lower radial thermal
diffusion and by extension heat rejection of this cell format,
where the 4680s low volume specific surface area makes
cooling challenging. However, key to the 4680s ability to func-
tion at all is its innovative tabless design. Rather than use the
traditional tab strips spot welded onto specific points of
uncoated current collector, the Tesla 4680 uses uncoated areas
of current collector at the end of the electrode strips.'* This
design gives improved heat and electrical conduction over the
traditional welded tabs. At present, this still isn’t enough to
make the 4680 a feasible choice for eVTOLs. However, in the
future, the tabless design could be incorporated into smaller
cells or improved to make 4680s suitable for aerospace.
Further it is likely that cooling strategies, alongside the direct
conduction pathways through the cell provided by the current
collectors will increase the potential power density of this cell.

The pouch cells here present maximum discharge rates of
1.7 kW kg™ " for the Northvolt-Cuberg and 1.58 kW kg™ for the
Ionblox cells. Despite their higher gravimetric energy density,
this is lower than the maximum discharge rates available for
the Molicel cylindrical cells. This reduced power performance
is likely to result from the manufacturers’ desire to maximise
energy density. As mentioned previously, there are number of
design choices that manufacturers make to determine the
trade-off between power and energy density in their cells. For
example, thicker electrodes with a higher coating loading can
increase the cell’s energy density.>® However, this reduces Li
diffusion and power capabilities. Thicker, heavier tabs and
current collectors are also necessary for cells to be able to
handle higher currents, which have a negative impact on gravi-
metric energy density. It is likely therefore that the cells exam-
ined in this work have been designed for optimised energy
density at the cost of power. As with energy density, the values
presented here are at the cell level. Pouch cells will require the
largest amount of pack infrastructure before integration into
the aircraft, meaning the pack-scale power density will be
markedly lower.

On the prismatic side: at 0.33 kW kg™ the BYD Blade cell
has a power density too low for eVTOL operation. This is a
product of the battery chemistry, LFP, and the low output
voltage rather than the cell format. The Samsung CS1200R is
much closer to the necessary power density at 1.09 kW kg™
Similarly, the EVE LF105 cell has a greater power density than
the BYD Blade, however, this is still less than half that of the
best performing cylindrical cells, while still requiring a degree
of reinforcement before integrating in the final pack for appli-
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cation use, further reducing performance. The prismatic cells
here are designed for use in EVs, whereas some of the cylindri-
cal and pouch cells are specifically geared towards aerospace.
Their overall poor comparative performance is likely due to the
requirements that they are designed for.

Overall, the cylindrical and pouch cells show the most
promising electrochemical properties. Fig. 3 summarises the
power and energy attributes of the cells discussed here.

Charging rate

As well as maximising energy and power density during dis-
charge, the output of eVTOL cells, fast charging is paramount
for practical as well as economic reasons. Mission profiles for
eVTOLs require charge times of approximately 10 minutes.*
The same attributes that improve power density (thin electro-
des, effective thermal management) also improve charging
times. However, unlike discharging, charging too quickly can
lead to Li plating on the graphite negative electrode.>*™®
Alongside rapid degradation, Li plating and dendrite growth
can lead to major safety concerns and internal shorting, as
well as reducing the safe operating temperature of the cell.*®
Several methods have been developed to detect and monitor Li
plating during operation which could be incorporated into a
pack. Common electrochemical methods include using
electrochemical impedance spectroscopy (EIS), differential
voltage (DV) and voltage plateau analysis to seek characteristic
features in the charge and discharge profiles of the cells that
indicate Li plating.**™*” Alternative approaches include those
developed by Bommier et al. who have presented a direct
monitoring approach for Li plating using acoustic measure-
ments, while Huang et al. have used pressure measurements
observe plating in cells. Both of these methods could provide
additional monitoring signals for advanced battery manage-
ment systems (BMS); however to date they have only been
demonstrated on single pouch cells rather than modules/
packs and would add further mass to the battery pack.*®*° To
mitigate plating, the current available options are to increase
the charging time or preheat the battery pack. While slowing
the charge time presents economic issues by limiting the
number of flights an aircraft could perform per day, the high
discharge loads, and rapid turnaround times of eVTOLs sub-
jected to fast charging, mean the battery is likely to already be
at elevated temperatures negating the need for preheating.
Indeed, keeping the battery cool during fast charging is likely
to be a more significant challenge than Li plating.
Furthermore, the ability of cells to charge quickly is predomi-
nantly a function of the battery chemistry, particularly the
negative electrode and electrolyte, rather than the cell format.
However, as with power density, heat generation is also a sig-
nificant factor, which is affected by cell format.

Again, the cylindrical cells show impressive charging rates,
ranging from 2-3C, which translates to 20-30 minutes.
Finding appropriate data for the Northvolt Cuberg cells was
challenging, with data only available for a C/2 charging rate.
Cells, which employ a lithium metal anode, suffer from a ten-
dency to grow dendrites when operated at high areal current
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densities.?*>*

This effect also poses integration challenges as
maintaining pressure is even more vital to the operation of the
cell. The charging rate may be also need limited to ensure a
usable life span. Although finding data was also difficult,
Ionblox claim they can charge from 10% to 80% capacity in
10 minutes, translating to roughly 6C charge. This is very fast
and would be ideal for the quick turnaround times necessary
for eVTOL applications. From a cell format perspective, this is
a promising development and shows that with sufficiently
advanced thermal management system pouch cells may be
able to meet the charging requirements of electric-powered
flight.

Cycle life

As discussed previously, for eVTOLs to be practical the cells
that power them must be pushed to their operational limits.
Both high charge and discharge rates will hamper the number
of cycles that eVTOL batteries can perform before reaching the
end of life. Fast charging will encourage lithium plating, com-
promising the safety characteristics and accelerating when
aged batteries need to be decommissioned.*®?” Also of
concern is the use of silicon negative electrode active material.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Silicon has received significant attention in the literature and
considerable effort is being made to increase the amount of
silicon in batteries.’>>* Silicon in the negative electrode
increases the capacity of cells, improving both the volumetric
and gravimetric energy density, which are vital for several
applications, and especially eVTOLs. However, irreversible
changes to the microstructure of silicon particles limits their
cycle life.>*™” Combined with extreme charge and discharge
rates, eVTOL batteries are unlikely to last the minimum of
1000 duty cycles that are expected of their EV equivalents.
Ionblox have championed the use of silicon anodes, having
achieved over 700 cycles, albeit using a relatively slow 1C
charge and discharge rate. This is likely to be significantly
lower when undergoing eVTOL mission cycles, which will
exacerbate the swelling and exfoliation issues commonly
found in silicon anode materials.”® Likewise, for the Northvolt
Cuberg cells, publicly available information gives approxi-
mately 670 cycles with a C/2 charge time. In comparison, the
cylindrical cells show similar cycle life, with circa. 85%
capacity remaining after 500 cycles.

It is also important to note that eVTOL cells are unlikely to
be used up to the 80% capacity loss limit set by the EV indus-
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try. The power requirements for aviation are much higher, and
so packs are more likely to be retired once they reach approxi-
mately 90% of their original capacity to account for the more
rapid power fade at high operating rates because of resistance
growth during degradation. The short lifetime of eVTOL
battery packs and necessity for second-life applications puts
even greater emphasis on safety.

Safety

There have been several high-profile incidents in EVs where
batteries have gone into thermal runaway.’®®" Battery safety
remains a highly active area of research, as fire or explosion in
even the most prosaic of applications is likely to have signifi-
cant consequences for both the system and users or those
adjacent to the event."® In eVTOLs, the importance of safety is
even greater due to an inability to evacuate a vehicle in an easy
manner. Currently, the Radio Technical Commission for
Aeronautics’ (RTCA’s) DO-311A is used by regulatory bodies to
outline the safety requirements of cells and battery packs
before they are permissible for use on aircraft.>> Sripad et al.
have published a comprehensive critical analysis of the
DO-311A.° The tests that packs are required to pass include
drop testing, over-discharge, external short-circuit, rapid dis-
charging, and operation in hot or cold temperatures. In large-
scale battery packs used in all-electric eVTOLSs, the key test that
packs are required to pass is in Appendix C, where two cells in
the pack are taken to thermal runaway either by overcharging
or a thermal trigger (heating) as shown in Fig. 4.>> During this
test, the pack must not “release any fragments outside of the
battery system” or allow “escape of flames out of the battery
system, except through designed venting provisions”. This effec-
tively means that the pack must have suitable resistance to
cell-to-cell thermal runaway propagation. The domino effect of
one failing cell causing an adjacent cell to also go into thermal
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runaway is highly likely to fail the DO-311A regulations.
Therefore, considering the safety requirements for cells it is
also important to consider the resistance to propagation. In
this case, pouch cells have the lowest resistance due to the
nature of the housing used. Given the requirements of the
DO-311A regulations it is unlikely that a pouch cell format
would pass the safety testing for eVTOL applications. Given the
high likelihood of propagation between cell formats in the
event of a thermal failure on a safety basis alone pouch cells
using Li-ion chemistries with conventional separators and
safety components should be discounted for eVTOL and aero-
space applications. With sufficient safety architecture installed
to prevent cell-to-cell propagation, a pouch cell-based design
may be able to pass the DO-311A tests, but the wider penalty
on both gravimetric power and energy densities would likely
make these cells unsuitable for eVTOL aircraft (Fig. 4).

The steel casings of cylindrical cells make them the most
resistant to cell propagation and are best placed to pass the
necessary safety regulations. The inherent mechanical stability
provided by the design also makes it best placed to pass drop
testing as well. Previous work has shown that even when
21 700 cylindrical cells are placed flush together, the likelihood
of propagation in a nail penetration test is approximately
50%.°% If the cylindrical cells used show a likelihood of this
sidewall failure over typical ejection through the cap, there
may be a need for extra safety measures. From a pouch per-
spective: the light, thin casing that gives high energy and
power densities make them more vulnerable to propagation.
Although the quick heat dissipation of pouch cell may counter-
act the lack of protection, safety still represents a real challenge
without significant weight or space committed to stopping
propagation. Furthermore, while silicon content in cylindrical
cells is limited due to the mechanical stressing during manu-
facture, the cutting-edge pouch cells appraised in this work
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contain either silicon or lithium metal negative electrodes.
Silicon as part of the negative electrode coating may have a det-
rimental effect on the safety performance, increasing the likeli-
hood of thermal runaway and the severity if it does happen.®®
Similarly, heat dissipating materials, such as aerogels, can be
placed between cells in a pack to reduce the likelihood of
propagation by increase heat dissipation efficiency. However,
this increases the mass and volume of the system, decreasing
the energy and power densities. Prismatic cells sit between the
two, with the aluminium casing providing some protection
from external damage and propagation, but not as much as in
cylindrical cells. Many prismatic cells use an LFP chemistry,
which can give improved safety characteristics, but this is a
product of the choice of materials in manufacture rather than
the form factor.

Some of the safety implications of any of the cells con-
sidered here could be offset by charging the pack separately
from the aircraft, where the pack is detached and removed to a
protected location. This way, the temperature could be more
closely checked, and diagnostic methods, such as acoustic
monitoring, could be integrated to determine the state-of-
health of the pack.*®®* However, this would present a con-
siderable engineering challenge to make the packs easily
accessible and detachable to keep turnaround times to a
minimum. Furthermore, extra manpower would be required
on landing to handle and remove heavy battery packs.
Therefore, this method is not practical. Battery management
system and thermocouple temperature monitoring and cur-
rently considered appropriate for determining the SOH of the
packs, and when they need to be removed and replaced.

Cost and manufacturability

Currently, battery manufacturing costs are dominated by
factors that are universal regardless of format. The price of cell
casings, laminated aluminium or steel cans, are relatively

© 2025 The Author(s). Published by the Royal Society of Chemistry

cheap compared to other parts of the cell, so have a limited
effect on the end price.®*”" After material costs, machine
depreciation and labour are the major components contribut-
ing to cost. Costs can also be affected by the country of pro-
duction, production volumes, and fluctuations in commodity
material prices. At present, there are slightly higher startup
costs for a pouch cell manufacturing line than for prismatic
and cylindrical, with a Fraunhofer study by Neef et al. propos-
ing a status quo of cell prices: cylindrical > prismatic >
pouch.®®®” However, several studies, believe that in time
pouch cells will become the cheapest format. The flexibility of
sizes offered by pouch and prismatic cells also give manufac-
turers the option to increase cell volume for the cost benefit of
reducing inactive material.®® On the other hand, analysis from
Borner et al. shows cylindrical manufacturers can find cost
and performance benefits in moving to a tabless design.””
Comparing the relative costs of the candidate cells con-
sidered here is very difficult, the cylindrical cells are all avail-
able off-the-shelf and benefit from the economies of scale
from mass manufacture. The LG E66A, Farasis P79B3 and the
prismatic cells can be bought from overstock dealers or
second-hand but are not free for purchase by the public in the
same way. The Cuberg and Ionblox pouch cells are effectively
bespoke, available only directly from the manufacturer or
technology-transfer deals with current users. Furthermore,
while cost sensitivity is important considering the short life-
times of eVTOL packs, the cost of electric-powered aircraft will
include expensive materials, specialty parts, maintenance,
infrastructure development, and piloting. Furthermore, given
the relatively early retirement criteria for eVTOL applications,
with cells retaining no less than 90% of their initial capacity,
alongside the need to ensure only high-quality cells are inte-
grated into the propulsion battery pack it is likely that second
life deployment will be leveraged for these systems. The sum
of these extra costs makes the battery cost a tertiary concern
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against safety and electrochemical performance, as opposed to
the EV industry where driving down costs is a key aim.

Pack integration

As discussed, when considering each cell format for transport
applications, it is important to factor the pack level attributes
as well as the cell level properties. Cylindrical cells are at an
advantage here, in that the steel casing provides protection
against thermal runaway, integrated safety features, com-
pression on the electrode layers, resistance to expansion and
delamination, and mechanical stability. However, suffers from
low packing density and the need to weld each individual cell
Prismatic cells share some of these features: integrated safety
mechanisms and some pressure distribution on the electrode
layers. Pouch cells require backing plates to provide com-
pression to the layers, are prone to delamination, and uneven
pressure distribution, and need protection from thermal
runaway propagation. However, the larger surface area of
pouch cells helps keep pouch cells cool through enhanced
heat dissipation. This is key to reaching the high discharge
currents required of eVTOL batteries. At the same time, slim
cells with a large footprint demand larger plates to apply
pressure, as well as reducing overall packing efficiency.”® The
dense cylindrical cells have poorer heat dissipation character-
istics and must be stopped from charging or discharging once
they reach ca. 80 °C. As shown in Table 1, packing density is
theoretically higher than pouch or prismatic cells when pack
infrastructure is not considered.

Chemistry and futureproofing

The cells considered in this work all make use of commercia-
lised (Li-ion, LFP) and semi-commercialised (rechargeable Li-
metal, ultrahigh silicon) chemistries and materials. While the
cell manufacturers rarely disclose the specific of the chemical
makeup of the different cell components, it is important to
consider the impact of chemistry on the suitability of cell for
eVTOL applications. High-nickel layered transition metal oxide
compounds such as Li(Ni,Mn,Co,)O, (NMC) and Li
(Ni,Mn,AL)O, (NCA) are common positive electrode choices
for high-energy cells, with a cell-level capacity of <200 mA h
g~ reported. NCA and NMC are also mature technologies that
have been used for well-over a decade, with both produced at
scale for automotive applications. By increasing the relative
amount of Ni, Ni-rich positive electrodes have been able to
offer both the power and energy density required for eVTOLs.
However, the increase in Ni content has the knock-on effect of
reducing cycle life and thermal stability,*®’* which results in a
need to balance elevated power and energy densities with the
need for more conservative cell and pack designs to maintain
safety. Along with NMC and NCA, LFP is also commonly used
in the automotive industry. Often deployed in prismatic
formats, for instance the Eve LF105 and BYD Blade cells dis-
cussed in this work, LFP has the advantages of superior safety
and lower cost when compared to layered transition metal
oxides.””””” Unfortunately, as demonstrated here, the moderate
energy and power density (capacity of approximately 170 mA h
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g™") of LFP cells makes them unlikely to be suitable.”® More
recently, LMFP compounds have shown improved energy
density performance and, with significant research effort, may
eventually be used in eVTOLs.”® Li-rich compounds are typi-
cally defined as materials with more than 1 Li per molecule,
for example Li; ,Nig,Mng ¢0,.5° While the values vary between
materials, Li-rich electrodes offer improved energy density over
traditional Li-ion electrodes, for example Li; ,Niy ,Mn, O, has
a reversible capacity of 300 mA h ¢™'.®! However, Li-rich are
unlikely to be used in eVTOLs soon due to their rapid energy
fade and limited power density.®"®* At the time of writing Li-
rich materials are still under development and have not been
widely deployed in commercial cells. The early technology
readiness level, and established long term behavioural under-
standing of these materials in the field is also an obstacle
towards adoption in aerospace.

Graphite is currently the main active material used in Li-
ion negative electrodes. Silicon is often used in additive quan-
tities to increase the energy and power density.>*#*%* However,
the microstructure of silicon particle is unable to withstand
the expansion and contraction of repeated cycling, so suffers
from poor cycle life.’>>® The high reactivity of silicon has also
been shown to result in comparatively poor safety performance
which reduces it’s viability in aerospace applications.'>*>%° As
discussed previously, Li-metal negative electrodes offer high
energy and power density, with a theoretical specific capacity
of 3860 mA h g 'and are used by Cuberg in their cells specifi-
cally designed for eVTOL use.>’ As commonly reported in the
literature Li-metal electrodes suffer from dendrite formation
during charging, limiting coulombic efficiency and safety
performance.>>®’

The electrolyte used by commercial cell manufacturers is
particularly difficult to characterise via teardown and it’s com-
position is rarely reported in datasheets. Most manufacturers
are believed to use LiPF, salt dissolved in a blend of organic
solvents, but improving electrolyte formulations is an active
area of research.®® During thermal runaway, reactions around
liquid electrolyte, often comprised of organic solvents, are a
key factor. Efforts have been made to improve the safety of Li-
ion cells by replacing the organic solvents.® For example,
aqueous electrolytes, which use water instead of organic sol-
offer improved safety performance.’*°° However,
aqueous electrolytes also suffer from reduced electrochemical
performances, in particular limited energy density.”" Aqueous
electrolytes also require the use of more experimental elec-
trode materials that are not yet use commercially.”® Improving
the electronic conductivity of the electrolyte can also increase
the rate that charge carrying ions intercalate in and out of the
active material structure, increasing power density. Ionic
liquids, which are molten salts that are liquid at room temp-
erature, have been investigated as a method of increasing
power density.’® Despite improvement in electrochemical per-
formance, ionic liquids are significantly more expensive and
difficult to produce compared to traditional electrolyte formu-
lations, so would require improvements in scalability before
adoption in any commercial application.’?

vents
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There are a huge number of novel positive and negative
electrode and electrolyte solutions that are currently being
researched and are outside the scope of this work. Of these,
the most likely to find widespread commercialisation in the
next 5 years are solid-state electrolytes.

As the name suggests, solid-state electrolytes use a solid
electrolyte instead of the traditional lithium salt in organic
solvent. Solid-state electrolytes have gathered significant
research attention, promising improved cyclability, energy
density and better safety characteristics. At present, solid-state
electrolytes still suffer from Li* conductivity issues and high
interfacial resistances, making them difficult to scale-up. The
potential low power density and fast-charging ability of all
solid-state batteries would likely prevent them from being used
in eVTOL applications for several years. However, if the electro-
chemical performance could be brought to the appropriate
level, the safety improvements would make them ideal for
aerospace. Solid-state cells can only be made in pouch or pris-
matic cell format. The windings process required for cylindri-
cal cells would break the electrolyte layer and make the device
unusable. If high-performance solid-state cells become a
reality, it would be easier for an eVTOL manufacturer who is
already using pouch or prismatic cells to incorporate all solid-
state cells into their current aircraft, as opposed to a manufac-
turer who has previous built their vehicles around cylindrical
cells. Lithium sulfur cells are also considered to be compara-
tively close to commercialisation and are regularly discussed
in the context of aviation.’® While this is the case for conven-
tional take-off and landing vehicles and unmanned aircraft the
power density demanded by eVTOL render this chemistry un-
likely to be deployable in this application.

Conclusions

Electric flight has more demanding requirements for safety,
energy and power than today’s EV batteries. The aim of this
work was to provide an assessment on the optimal choice of
battery cell format for eVTOL applications, using a selection of
candidate cells taken from the best performing available cells of
each format. Based purely on electrochemical performance,
pouch and cylindrical cells are the standout choices, with
pouch cells giving the best performance due to their light inac-
tive packaging. Prismatic cells typically use LFP chemistries and
do not have the energy density required for eVTOLs, although
Li-ion and Li-metal variants are emerging. The prismatic cells
in this work are designed primarily for EVs, which have lower
power requirements. However, when considering safety, cylind-
rical cells are the best choice as they are best placed to pass the
rigorous safety standards required for electric flight, such as
RTCA DO-311A. The cells used in eVTOLs must be resistant to
cell-to-cell propagation during a failure event. The solid casing
on the cylindrical cells makes them most resistant to external
damage, whereas the thin pouch cells casings make them sus-
ceptible to external heating and thermal runaway. Overall,
cylindrical cells are likely the best format for eVTOLs based on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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current technology. Although this may change in future with
the maturity of next-generation chemistries.
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