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Abstract

The weight of battery modules keeps hindering them from being commercially attractive
as the sole power supply for short-range electric passenger flights. Furthermore, the
challenging requirements for aerospace applications limit the range of options for module
elements and complicate the implementation of lightweight solutions. Hence, the objective
of this study is to elaborate and evaluate concepts for battery modules to identify promising
solutions for electrified aircraft propulsion systems. For that purpose, a house of quality
is compiled to assess the relations between options for module elements and module
requirements, as well as correlations between options. Potential concepts are elaborated
by combining suitable elements. Finally, the concepts are evaluated to highlight the most
preferable and compatible ones for aircraft battery modules.

Keywords: battery pack design; energy density; electric aviation; house of quality

1. Introduction

Within the scope of the Flightpath 2050, the ACARE has set goals to reduce the climate
impact of the aircraft industry. One promising concept to achieve these objectives is the
transition to All-Electric Aircraft (AEA) powered solely by batteries [1]. However, current
solutions cannot provide the energy required for the propulsion of a large AEA even for a
short-range flight. To overcome this challenge, significant advancements are required for
the energy density of the cells and the mass overhead at the module and pack levels [2].

This study provides an overview of module elements contributing to the mass over-
head of battery modules. Based on that overview, a house of quality (HoQ) is compiled
to elaborate and evaluate promising lightweight module concepts that integrate compati-
ble elements.

2. Overview of State-of-the-Art Module Elements

Battery modules consist of various elements which can be summarised into the fol-
lowing groups: the battery as a stack of cells, structural elements for the protection from
environmental factors and the fire insulation of the module, elements for the thermal
management of the battery, mechanical elements for high strength, control elements for
monitoring and regulation of the battery, and electrical elements for power transmission [3].
In the upcoming sub-sections, potential options for the module elements are explored.
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2.1. Battery

In order to select a battery cell, it is necessary to define the cell type, size, and chemistry.
Within the context of the module arrangement, the chemistry is neglected. However, it
has to be considered in relation to the module requirements, given the variation in energy
density and thermal behaviour across different chemistries [4].

2.1.1. Cell Type

Only cylindrical and pouch cells are considered, as prismatic cells are projected to
offer comparatively low energy densities in the near-term future [4]. For integration into
an AEA, at least 450 Wh/kg and 900 Wh/1 are required at the cell level according to de
Vries et al. [2] to enable a short-range flight of 800 km.

2.1.2. Cell Size

Common types of cylindrical cells are 18650 and 21700. The first two digits stand
for the diameter (e.g., 18 mm) and the remaining digits for the height (e.g., 65.0 mm) of
the cylindrical cells. The 4680 cell is an alternative variant characterised by increased
height and thickness [5]. In contrast, pouch cell sizes range currently between 0.04 L [6]
and 0.80 L [7]. Even though the cell size has been discussed in a prior publication [4],
the thermal behaviour with regard to cell dimensions is of special interest and has been
investigated by Pesaran et al. [8].

Their results demonstrate that the average temperature of cylindrical cells can decrease
by ~5 °C by reducing the volume. Using a larger base area while maintaining a constant
volume for pouch cells is also advantageous, as the cooling surface increases and the
thermal diffusion length in the thickness direction becomes shorter [9]. The positive impact
of taller and thinner cylindrical cells is relatively low. Furthermore, smaller cells produce
less heat during a thermal runaway (TR) event [8]. In summary, small cells are preferable
compared to large cells, with regard to the thermal behaviour.

2.2. Structural Elements

Rothgang et al. [10] have highlighted the mass distribution of module elements for
automotive applications. The elements with the greatest proportion, apart from the cells
accounting for ~70% of the total weight, are the cooling system and the encasing with ~10%
each. It should be noted that both of these elements play a critical role in TR mitigation.

2.3. Thermal Elements
2.3.1. Thermal Runaway Propagation Mitigation and Containment

Strategies for passive mitigation of TR propagation and TR containment include
heat spreaders [11], phase-change material (PCM), and aerogel [12]. A heat spreader
can distribute the heat from a single cell to the module to avoid hot spots [11]. PCMs
are promising due to their ability to absorb a large amount of heat during TR, which is
attributed to their high latent heat. An aerogel can serve as an additional insulation layer
between cells, delaying the propagation of TR [12].

2.3.2. Cooling System

The selection of an appropriate coolant is necessary and it must be determined whether
direct or indirect contact with the cells is preferred. The location of the cooling hardware
can vary, being at the top, bottom, or sides of the cell stack, between the cells, or at the cell
tabs. Furthermore, cooling strategies are divided into active and passive methods [4].

A common approach for cylindrical cells involves the utilisation of a cold plate,
typically placed at the bottom face of the cell stack. Alternatively, a meander structure can
be considered as well [13]. Moreover, Lai et al. [14] have introduced a novel approach in
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which the coolant flows from an upper reservoir on top to a bottom reservoir at the bottom
of the cell stack, passing through a thermal conductive structure (TCS), which is aligned to
the lateral area of the cells. In contrast, the thermal behaviour of pouch cells depends on
the cell cooling coefficient (CCC) [15]. Pouch cells with a high CCC generate more heat in
the base area, while a low CCC indicates hot spots at the cell tabs. Therefore, the optimal
contact area of the cooling system is dependent on the cell type and size [15].

The cooling system also plays a critical role in meeting the TR requirements of the
EASA [16]. Although a direct cooling system may seem appealing due to its simplicity,
the use of natural convection by air is not sufficient at a C-rate above 1 C [17], which is an
operating condition required for a short-range flight of a large AEA [18]. In comparison
to direct air cooling systems, immersion cooling systems, which have been successfully
tested at TR conditions, currently demonstrate a far too high mass penalty [19]. Two-
phase cooling systems, such as those using PCM, are promising for mitigating TR as
well. It has been proven that a hybrid cooling system consisting of a cold plate between
adjacent cells and a PCM in contact with the base area of the cells can successfully prevent
TR propagation [20]. However, the viability during normal operation must be analysed.
Moreover, that hybrid cooling system resulted in a high mass penalty as well. An option
may be to use a vapour cycle system which offers a potential for further weight reduction
by replacing the single-phase cold plate of the aforementioned hybrid cooling system.

2.4. Mechanical Elements
2.4.1. Fixation

Pouch cells can be integrated into frame structures which can be glued to each
other [21]. Alternatively, each cell with its frame can be stacked in a form-fit connection in
a gap pad, allowing for compensation of cell expansion during operation [22]. In contrast,
cylindrical cells are typically fixed using cell holders. Further options are heat-shrink
tubing [11] and particle foam surrounding the lateral surface area of the cells [23].

2.4.2. Pressure Control

While pressure control is not necessary for cylindrical cells, given that the cell can is
already providing compression, pouch cells require compression and compensation as they
expand during operation [24]. One option for compensation is to utilise flexible adhesives,
which also offer a range of benefits including the compensation of manufacturing tolerances
for uniform compression and the protection against dust and moisture. Structural adhesives,
in particular, stand out due to their high strength and uniform stress distribution, as well
as enhanced thermal conductivity which improves heat transfer from the cell [25]. They
can be placed between adjacent cells or between the base area of the cell and the cold
plate, indicating their suitability for integration with all three cooling options mentioned
earlier [24]. Pressure pads between adjacent cells are an alternative option for compensation,
to maintain a pre-defined pressure range against the base area of the cell [17]. Flexible
compression is hereby identified as a key factor, to increase the cycle life of the cells [26]. To
achieve uniform compression, a pair of stiff compression plates connected with flexible tie
rods or bolts can be used [27].

2.4.3. Venting

Even though cylindrical cells do have safety measures, such as a positive temperature
coefficient and a current interruption device, to be used in case of TR, an additional venting
channel is suggested to guide the gases from a harmed cell to the environment without
affecting neighbouring cells. For pouch cells, a more sophisticated design is necessary as
they do not have these inherent safety features [28]. At the cell level, the inner design of a
pouch cell can be adjusted by intentionally adding a weak spot into the sealing region of

https://doi.org/10.3390/engproc2026133018


https://doi.org/10.3390/engproc2026133018

Eng. Proc. 2026, 133, 18

40f11

the cell, from which the gases can be guided to prevent uncontrolled behaviour in case of
TR [17]. At the module level, a concept has been proposed in which break valves are placed
on top of a cell stack that open in case of overpressure to release the gases to a venting
channel [29]. The options at the cell and module levels can be combined to increase safety.

2.5. Control Elements

The battery management system (BMS) is divided in distributed and nondistributed
topologies. For the latter topology, which includes centralised, master—slave, and modular
configurations, a central element manages multiple modules, while in the distributed
topology, a BMS board is assigned to each cell, necessitating coordination between them.
The fully centralised topology, where all cells are connected to one central element, has
been waived, as it is impractical for this use case due to its high wiring complexity [11].

2.6. Electrical

Cell interconnection options are distinguished in the following joining technology
categories: interlocking, chemical bonding, and force fitting. Generally, soldering should
be avoided as it can cause localised heat damage, creation of debris, and suboptimal joint
strength under vibration [30].

3. Methodology

For the identification of promising module concepts, the HoQ is applied. It is an
implementation of the quality function deployment and serves as a process to compare cus-
tomer requirements with technical options to derive optimal and competitive solutions [31].
The resulting HoQ of this study is shown in Figure A1 of the appendix and compiles

(1) The options of elements described in Section 2;

(2) The requirements named in Section 2 and the criteria;
(3) The relations between requirements and options;

(4) The correlations between the options;

(5) The concept elaboration of Section 4;

(6) The concept evaluation of Section 5.

The following criteria are derived from the module requirements and must be re-
spected during the selection of options for module elements in part (2) of the HoQ [9]:

e Weight: It is essential to consider the flight range and passenger capacity when
determining a minimum energy and power density requirement. These specifications
must be met, while respecting the maximum battery weight, considering the structural
loading and strength of the aircraft.

*  Compactness: Given the limited space of the aircraft, module elements must be densely
packed, while maintaining a minimum cell-to-cell distance to prevent TR propagation.

¢ Thermal stability: Operation within a temperature range between 0 and 40 °C, as well
as a temperature gradient below 5 °C, has to be adhered to.

e  Structural stability: Adequate measures, such as compression and compensation
for expanding pouch cells, have to be implemented, as well as robustness to pres-
sure changes.

*  Life-cycle cost: The production and maintenance costs as well as the reliability of the
elements must be considered.
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¢  Safety: The module design must respect the requirements for non-propagation and
containment in case of TR according to the EASA [16] to avoid a chain reaction
during operation and to guide the venting gases. Moreover, different environmental
conditions must be respected [32].

In the framework of this process, the relations between the requirements and the
technical options are assessed in part (3) of the HoQ), as well as the correlations between the
technical options themselves in part (4). For instance, the correlations between the battery
and the cooling system are shown in Figure 1. It must be emphasised here that the cooling
system is, in particular, dependent on the cell size, highlighted with specific colours in the
figure. While surface cooling can result in a high number of cold plates for small pouch
cells, side cooling can lead to a higher thermal gradient for elongated pouch cells. Tab
cooling is an alternative for pouch cells, as the majority of the heat is concentrated in the
tabs, but it is not appropriate for elongated pouch cells due to their high CCC. Moreover,
the application of a TR strategy becomes more challenging for elongated pouch cells.
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Figure 1. Excerpt of the resulting HoQ of this study.

Based on the relations and correlations, the elaborated and evaluated concepts from
part (5) and (6) of the HoQ will be described in the upcoming two sections.

4. Elaboration of Concepts

Three concepts are derived in part (5) of the HoQ), which are described below.

4.1. Small Pouch Cell Module (Concept 1) and Elongated Pouch Cell Module (Concept 2)

The designs of the pouch cell modules are shown in Figure 2a,b. The cells, or rather
the cell frames, can be connected with glue or adhesives, resulting in a lightweight and
compact design. In contrast, the use of gap pads would result in an easier disassembly
process but can also reduce the distance between adjacent cells, as no adhesives or pressure
pads are placed in between. The gap pads would also complicate the use of a cold plate or
PCM between adjacent cells. In order to ensure structural stability in terms of compensation
of the expansion of soft-packaged pouch cells, compression plates with flexible tie rods can
be inserted at the end plates of the module, resulting in a compact design, while pressure
pads and adhesives between adjacent cells are alternative options. The former option
is the preferred choice in case of concept 1 to ensure direct contact between PCM and
base area of the cells. Pressure pads are neglected for concept 2 so that the heat transfer
of the cold plate does not deteriorate. One of the most preferred welding technologies
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is currently laser welding, where the tabs of two adjacent pouch cells can be welded.
Alternative welding technologies have to be investigated in terms of process stability and
joint characteristics. Although clinching may be applied to pouch cells to interlock two
adjacent tabs, the structural integrity of the cells may be affected. Consequently, tab welding
is currently the preferred choice for pouch cells [30]. Finally, a distributed BMS may be
better suited for a small number of large cells. With decreasing cell size, the number of
cells increases, leading to a greater coordination complexity between them. Despite the fact
that wiring complexity will increase, the master-slave or modular topology seems to be the
preferable choice for small cells [11].

<" "= Venting
channel
) v - Cell inter-
¥ v o | N connection
—— Cell hold
Break valve Break valve ell holder
Connector
Connector — PCM
Cover sheet Frame
PCM
Pouch cell PCB I -
__ Cylindrical
PCB Pouch cell cells
Side cooling |
Frame Adhesive PCB ., — Cell holder
Compression plate — Surface cooling .. — Cold plate

Gap pad Cover sheet

(a) (b) (c)

Figure 2. (a) Concept 1: small pouch cell module; (b) concept 2: elongated pouch cell module;
(c) concept 3: small cylindrical cell module.

4.2. Cylindrical Cell Module (Concept 3)

In case of cylindrical cells, the design of the module is less dependent on the cell size
compared to the pouch cell modules discussed in the previous sub-section. Therefore,
a small-cell concept as shown in Figure 2c is favoured due to the reduced thermal gradients.
A cell holder is the preferred choice for the cylindrical cell concept. While a heat-shrink
tubing on the one hand would result in a reduced distance between cells, increasing the
probability of TR propagation, the use of particle foam on the other hand would limit design
options, particularly for the utilisation of PCM to mitigate TR. However, it may be possible
to produce the cell holder from the material of the particle foam which demonstrates
a lower density. The cooling system is based on a cold plate placed at the bottom of a
cell stack, as the heat transfer in the axial direction is multiple times higher than in the
radial direction for cylindrical cells [4]. Alternatively, the TCS and meander structure have
demonstrated a reduction in the overall temperature and temperature gradient with a
low weight ratio of the cooling system to the cells [13,14]. However, a combination of the
meander structure with a PCM may be challenging as both of them require contact with
the majority of the lateral area of the cells. A reasonable joining method for cylindrical
cells besides laser welding is wire bonding, which has been chosen here due to its high
technological maturity [30]. As for the small pouch cell module, a master—slave or modular
topology seems to be the preferable choice, considering that concept 3 can result in a higher
number of cells than shown in the exemplary design of Figure 2c.
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5. Evaluation and Conclusions

The evaluation is conducted in part (6) of the HoQ. The results demonstrate that the
small cylindrical cell module is the preferred option and outperforms the small pouch
cell module with regard to reliability and life-cycle cost. Both of these concepts have a
higher rating than the elongated pouch cell module in terms of TR strategy as well as
module weight and compactness. It must be noted that the resulting chart of this work
can be further expanded by taking more options into consideration, such as elements for
humidity control or electrical elements like high-voltage connectors. A critical aspect for
the preferred choice is the applicability of a hybrid cooling system as a proven successful
measure against TR propagation. For the pouch cell, a hybrid cooling system may be more
challenging due to the design complexity when including mechanical elements. Further
analyses are required to understand the differences in temperature course, pressure drop,
and weight of the cooling system. Therefore, the effectiveness of a hybrid cooling system
must be investigated in subsequent work. Moreover, the HoQ elaborated in this study can
serve as a baseline for future battery module design studies to enable short-range electric
passenger flights and contribute to the aviation sustainability goals set by the ACARE.
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Abbreviations

The following abbreviations are used in this manuscript:

AEA  All-Electric Aircraft

BMS Battery management system

CCC  Cell cooling coefficient

EASA  European Union Aviation Safety Agency
HoQ  House of quality

PCM  Phase-change material

TCS Thermal conductive structure

TR Thermal runaway
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