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Abstract: Transportation methods are changing, and electric vehicles (EVs)
may replace to some extent combustion ones in the short-term. Nevertheless,
new EVs technology does not transmit so much reliance due to its safety issues
and limited range. Hence, in this paper, an introduction is made to outline EV’s
current state and safety problems, and it aims to give an overall view of the
different available solutions to design a battery pack (BP) and their limitations.
Due to the extension of the criteria to design a BP, this paper is focused on the
cells (types, integration in the BP, and joining methods) and the thermal safety
of the system [how to detect a thermal runaway (TR), battery thermal
management systems (BTMSs) and cooling strategies] from the point of view
of the implementation to the BP. Finally, some features that limit BP designs in
which more research is needed have been identified.
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1 Introduction

Electromobility is a word that has become common in everyday life. Electric vehicles
(EVs) are more affordable than ever before. In 2020 there was an increase of 58% in EV
sells and 93% more energy capacity was developed (Kolesnikova and Adamas
Intelligence, 2020). Nowadays, Li-ion batteries (LIBs) are the most used ones in the
automotive industry, due to their high energy density, high cycle life, and high efficiency
(Srinivasan, 2008). They have been enhanced since they were commercialised in the
early ‘90s, and in 2023, it is expected that the cost of the kWh will be below $100/kWh
owing to the research concerning this technology (Henze, 2020). These improvements
have inspired carmakers to put faith in EVs. Nevertheless, the governments have also
been crucial in this change. For example, Regulation (EU) 2019/631 issues that every
manufacturer must have an emission average below 95 g CO»/km among its annual car
sales (the same as 4.1 1 petrol/100 km) since 2020 (European Parliament, Council of the
European Union, 2019). These policies are part of a process to remove combustion car
sales in 2035.
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Despite this boost to LIBs, these batteries have several limitations and issues that
must be cleared up to become the flagship battery cell type in the future. EVs store
energy in battery packs (BPs) consisting of interconnected individual battery cells (Perner
and Vetter, 2015). Safety is one of the toughest challenges for LIBs to deal with. As a
new technology, it is hard to reassure people, and it is harder if EVs are involved in
several accidents because of the battery every year.

A LIB can fail if it suffers different types of abuses in its lifetime. The most common
mechanical damages are the loads that the assembly must withstand in a vehicle
(Stephens et al., 2017). The resistance of the housing to projections of debris or the
impact that may suffer in a crash should be considered. Moreover, the random vibrations
due to irregularities in the asphalt can generate great fatigue and wear that affect the
structure of the BP and the ageing of the cells. Hence, the parts of the system must be
well fixed and protected (Zwicker et al., 2020).

This system also needs to manage its thermal behaviour. The hardest issue to achieve
is to keep the cells within their limited operating temperature range of 15-35°C (Pesaran
et al., 2013; Pesaran, 2002). It must be borne in mind that, in the different connections
that are made among cells or modules, there is a resistance in which energy losses are
generated by the Joule effect (Zwicker et al., 2020). This heat can result in a rise in
temperature inside the battery that is not favourable for it, therefore, an attempt should be
made to achieve the smallest possible resistance. This attempt should go with the efficient
cooling of the system not to exceed this range. Additionally, having considerable
temperature differences within a module is also something that should be avoided
(AT < 5°C) (Pesaran et al., 2013; Pesaran, 2002), since the uneven thermal expansion that
two adjacent cells or two materials can undergo. If they come into contact, plastic
deformations or fractures will be generated.

Temperatures above 70—100°C must not be achieved due to the risk of starting a
thermal runaway (TR) (Khateeb et al., 2005). This is one of the most important
phenomena to avoid in a BP. It is an abrupt exothermic reaction that will produce fire and
gases (Borger et al., 2019; Chidambaranathan et al., 2020). Another way to begin a TR is
by electrical incidents. The most common ones are an internal or external short-circuit
and BP’s overcharging or over-discharging. The aforementioned mechanical issues can
also start a TR.

Because of the breadth of the topic, this paper is focused on the cells (types,
integration in the BP and joining methods) and the thermal safety of the system (how to
detect a TR, battery thermal management systems (BTMSs), and cooling strategies) from
the point of view of the implementation to the BP. This paper aims to alleviate such
concerns at battery designing. The different solutions to fulfil BP’s requirements are
summarised, with their limitations. In this way, an overall view of the current state of
different solutions to design a BP is given.

2 Cell integration

The cell is the electrochemical reference unit (Thomas, 2011). A BP is formed by
gathering several cells and joining them in series or parallel to achieve a desired voltage
and current.
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2.1 Cell types

These cells can be classified into three groups regarding their shape. These groups are
cylindrical cells, prismatic cells, and pouch cells.

Figure 1 Cell types, (a) pouch (b) cylindrical (c) prismatic (see online version for colours)

(a) (b)
Source: Lobberding et al. (2020)

2.1.1 Cylindrical cells

The cylindrical cell, as its name suggests, is shaped like a cylinder. These cells are made
up of a hard casing, usually made of nickel-plated steel, in which the electrolyte and the
active material (anode and cathode) can be found rolled up. This shape helps to control
internal stresses that can arise during charging and discharging cycles due to expansion of
materials or generation of gases (Das et al., 2018). These cells usually have a very low
capacity, approximately 2-3 Ah (Flash Battery, 2020). In addition, the sizes are
standardised. The most used cells are 18,650 (18 mm and 65 mm high) and 21,700
(921 mm and 70 mm high).

One of the biggest issues with this type of cell is the loss of volume when some of
them are gathered. The optimal use of space packaging circles is generated with a
hexagonal lattice (Weisstein, 2021). Even with this configuration, about 10% of the
volume is not used.

2.1.2 Prismatic cells

Prismatic cells also have a hard shell, but their size is not standardised. They are shaped
like a cuboid and vary in length, width, and height depending on the model and
manufacturer. Inside the case, the active materials are also rolled, but in this case, ending
with a shape that adjusts to the volume of the housing (Christen et al., 2017). Its shape is
ideal for the optimisation of space since there is almost no waste of volume when some
cells are gathered. The terminals of these cells are usually found on the same face, but far
from each other.
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2.1.3 Pouch cells

Pouch cells are soft shell cells. They are shaped like a bag and their most frequent shape
is rectangular. The active materials inside are interspersed with each other (Raccichini
et al., 2019). These types of cells are the lightest, but their drawback is their changing
shape. In charging/discharging cycles they swell up and their size varies, making that
tolerance an important factor when designing. The size increases by 6% compared to
their resting shape (Lee et al., 2003).

The terminals of these cells do not follow a specific configuration. They are located
on the edges of the bags, but you can find cases with both terminals at the same edge or
opposite edges.

2.2 Cell integration in the BP

As well as different cell types exist, there are also different ways to structure these cells
in the BP. Proper cell integration must be done to ensure the requirements that the BP
must withstand.

2.2.1 Topology

The internal topology of the BP is classified according to the number of packaging levels
it has. There are three different ways to arrange the cells in the BP: modular, cell-to-pack
(CTP), and cell-to-chassis (CTC).

Table 1 BP topologies regarding the packaging levels

Topologies Cell Module Pack Application
Modular 4 4 v v
CTP 4 v v
CTC 4 v

The structure of the BPs seems challenging. It consists of different packaging levels one
inside the other one. The modular topology is based on several cells interconnected and
packaged in modules. Then these modules are interconnected simultaneously and
packaged in a structure or pack. Finally, this structure is installed in the application. Thus,
four packaging levels are identified: cell, module, structure, and application.

CTP topology is similar to the modular one, but it removes the module level. Instead,
all the cells are packaged in the structure, becoming a three-level BP.

Finally, the CTC topology removes another level of packaging. This strategy
packages the cells directly in the application. US Patent 20210159567A1 (Ruddell et al.,
2020) reveals a redesigned chassis to create a compartment for the cells and to be able to
insert them there. In this way, they eliminate the structure level and the function of
storing the cells is added to a part of the application that already has its functionality,
such as the chassis, creating a structural BP. The system only has two levels: cell and
application.
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Figure 2 BP packaging levels, (a) cell (b) module (c) pack

Contact tab
= Battery celis Battery modules

Battery management

(a) (b) (©)
Source: Kampker et al. (2016)

The main difference among these topologies is the subsequent maintenance of the BP and
its weight and volume. The more levels removed, the less weight and volume it will have.
Consequently, if all the cells are gathered in the same place, it will be more difficult to
repair any failure. However, when they are structured in groups, the issue is easier to
identify and fix.

2.2.2 Cell compression

On one hand, if pouch cells are used in a BP, it has been observed that they are normally
assembled compressed. As they do not have a solid casing, they have little mechanical
stability and, therefore, require consistent packaging to favour their operation and safety.
The packaging of pouch cells usually consists of interspersing the cells with compression
pads, cold plates, or some good thermal conductive material and plastic frames. This
packaging turns into compression in the cells which is usually obviated when analysing
their lifespan. However, when designing a system, it is essential to know how
compression affects the cell, how much pressure should be exerted, and how it should be
applied.

Figure 3 Disassembled module of a Chevy bolt EV BP (see online version for colours)

L

Source: Fehrenbacher (2015)



Criteria and integration limitations for cells and thermal management 7

On another hand, it can be broadly concluded that the effect of the compression in cell’s
efficiency is parabolic. There is an ideal or optimal pressure and if it is exceeded, it
worsens, even having worse performance than without applying any type of compression
(Mussa, 2018; Zhao et al., 2017). A slight compression can favour the lifespan of the cell
by reducing the losses that occur in each cycle of the cell, helping to maintain contact
between the anode, electrolyte, and cathode, and avoiding the delamination of these
layers (Miiller et al., 2019; Mussa et al., 2018). However, the impedance of the cell
increases with increasing pressure, decreasing its power and capacity (Barai et al., 2013).
The challenge is in the characterisation of the ideal pressure.

According to Barai et al. (2013), after comparing compressions of 0.02 MPa, 0.04
MPa, and 0.08 MPa in pouch cells, at 25°C the only compression that improves the
performance of the cell is 0.02 MPa. They also confirm that at 45°C the cell should be
without compression to work properly. However, Miiller et al. (2019) compare different
fixed and flexible compressions and conclude that the optimal fixed pressure is 0.08 MPa
and the flexible one is 0.42 MPa. Nevertheless, Zhao et al. (2017) conclude that a much
higher fixed compression, 0.32 MPa, is favourable for the cell. These disparate
conclusions insinuate that each different cell has its own optimal compression, and for
that reason, a generic ideal compression cannot be defined.

In addition, due to the swelling up of the cells in the charging/discharging cycles and
the permanent deformation that they suffer, the applied compression would increase over
time. Barai et al. (2017) begin an experiment with a 5 ksi compression, and it increased
with a peak increase of 74% after 150 cycles, and 199% after 1,200 cycles.

2.3 Cell joining methods

A BP has many different connections since it is a complex device: closing the casing,
fixing the modules, positioning the cells, etc. All these joints vary according to the
design, but there is a connection that occurs in all cases and that is the most important to
achieve a correct operation: the connection between cells.

Figure 4 Different types to carry out battery connections, (a) tab-to-tab connection
(b) tab-to-busbar connection

Joining

(@) (b)
Source: Solchenbach et al. (2014)
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To achieve the necessary energy in the battery connections are made between the cells
depending on the configuration. These joints can be of two types: tab-to-tab or
tab-to-busbar (Das et al., 2018). Self-evidently, tab-to-tab connections are the ones in
which two cells’ tabs are joined directly, and in tab-to-busbar connections, the cell tabs
are connected to a busbar.

These connections can be done by different methods. The most common ones are
ultrasonic welding (UW), resistance spot welding (RSW), laser beam welding (LBW),
wedge bonding (WB), and mechanical fastening (MF). The feasibility of each method
concerning the cell type is shown in Table 2. Each joining process has its advantages and
disadvantages and they are broken down below.

Table 2 Feasibility of cell joining methods regarding the cell type

uw RSW LBW WB MF
Cylindrical ) ° ° ° o
Prismatic © ° ° ° °
Pouch ° 0 ° o )

Notes: o: feasible, ©: acceptable and o: not possible.

2.3.1 Ultrasonic welding

UW is a joining process that generates heat by friction between two or more materials.
The process is done using a sonotrode and an anvil. The anvil is a fixed structure in
which the material is placed and the sonotrode is the moving tool that contacts the
materials generating pressure and vibrations at a certain frequency and this way
generating friction (Brand et al., 2015). This friction generates plastic deformations in the
pieces and consequently the welding between the materials.

UW is mainly used with pouch cells since reaching both sides of the tabs is possible
and the process can solder multi-layered foils (Das et al., 2018). This technique is
possible with prismatic and cylindrical cells, nevertheless doing it on a large scale is
more difficult, due to the complexity in fixing the cells to transmit the vibration and make
a good joining.

The biggest limitation with this type of welding is hard materials since they do not
work well with friction. However, it is the best process for welding dissimilar materials
(Das et al., 2018). It is not recommended to make multiple welds with this method in the
same area, since the vibration of a second weld can damage the first one (Zwicker et al.,
2020). Weld parameters are very important as well, too much pressure or too much
welding time can create an excessive deformation, not creating a good weld (Brand et al.,
2015).

Brand et al. (2017) analysed the contact resistance of different joining methods in
battery cells. UW seems to have the bigger resistance. In order to reduce it, the joining
area has to be increased.

2.3.2 Resistance spot welding

RSW is a joining method by electrical current. To make this type of welding, two
electrodes or a two-tipped electrode is necessary. An electric current is conducted from
one electrode to the other or between the two tips and passes through the pieces to be
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joined. The electrical resistance of the materials causes heat until they reach their melting
point (Brand et al., 2015). When the two materials are in a liquid state and subsequently
solidify, a union will be generated between the pieces.

The biggest problem in this process is the joining of dissimilar materials, since each
one, having different melting points, can lead to the case that one reaches its boiling point
before the other melts, creating voids and achieving a very low-quality joining (Das et al.,
2018). Another problem in this process is the difficulty of welding materials with little
electrical resistance. This makes it difficult to generate heat and they are usually materials
that cannot be welded using this process.

However, there is a strategy called projection that can solve these problems. This is
based on creating deformations in one of the materials to generate smaller contact areas
(Das et al., 2018). Hence, all the current is conducted through these specific points,
concentrating the generation of heat there and obtaining connections that, otherwise,
would not be possible.

This process could be considered the least professional because it is not widely seen
in the industrial field, but it is widely used in DIY projects due to the low price of the
equipment necessary to carry out the process. Moreover, the generated connections have
a quite small contact resistance, and it can be easily reduced by welding more spots in the
connection (Brand et al., 2017).

Concerning the cell type, the most common is to use it with cylindrical cells, although
it is not dismissed for prismatic cells or pouches.

2.3.3 Laser beam welding

The LBW process is the most versatile since the laser beam can be moved arbitrarily
creating any shape in the joint (Brand et al., 2015). In this way, the shape can be
optimised for each case. If the welding conditions are good, it is an expeditious process,
being able to do up to 54 welds per min (Amada Weld Tech, 2020); in addition to its
accuracy, thanks to being able to focus the laser on a specific point. The only thing that
must be considered is that the materials to be joined are well fixed and in contact with
each other. Unlike UW and RSW, where pressure is applied to the material to ensure
contact, here it is welded at a distance from the materials. The air gap that can be left
between the materials cannot be welded, so fastening is important.

Despite all its advantages, the process has a great disadvantage: reflective materials
such as copper, which is widely used in electrical conduction due to its low resistivity,
cannot be duly welded. The reflection of the laser in these materials can damage the
surrounding areas (Zwicker et al., 2020) since it tends to reflect red light. As the laser is
commonly this colour, the material does not manage to absorb enough energy to be able
to weld properly. Therefore, this is a great challenge today for which different solutions
are emerging.

Green laser welding has been developing for a few years. The wavelength goes from
being 1,064 nm for the red laser to 532 nm for the green laser, achieving high-quality and
much more controlled results when welding these types of materials (Amada Weld Tech,
2020).

Another solution that has been found is the high-power adjustable ring mode (ARM)
fibre laser (Coherent, 2021). This laser emits a beam of light composed of a ring and a
core in which it can divide the laser power between these two areas with a certain
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configuration according to the need to achieve welding in conditions that would not
otherwise be possible.

If a high-quality connection is achieved, it will have low contact resistance. This
resistance is reduced by increasing the welded area (Brand et al., 2017). For example, a
connection done by two parallel seams has less contact resistance than a connection done
by a unique seam.

2.3.4 Wedge bonding

The process of WB is based on the joining of two pieces by welding one or more wires
between them. This process is used for joining different components on PCBs; however,
it is innovative within batteries. It became known in the industry because Tesla patented
this idea in 2006 (US Patent 20100216010A1) (Straubel et al., 2007) and applied it to the
BP of some of its models.

The WB is done using a wedge (Powell and Palomar Technologies Inc., 2014). This
wedge is the one that positions the cable, welds it, and cuts it. This cable is welded using
friction, with the same principle explained previously in the UW.

One of the advantages of this process is that the welded wire can work as a safety
feature in the system. Defining a specific diameter to the wire to be welded can make it
work as a fuse. In the event of an overload or short circuit in the system, in which a
current greater than that specified passes through it, the wire will break, isolating
electrically that cell from the rest. For example, making the connections with a copper
wire with a diameter of 0.5 mm would suppose a fuse of 35 A (Hesse Mechatronics,
2017). In case of needing very large currents, there is an alternative: ribbon bonding. It is
the same process as WB, except that instead of welding a wire, it welds a ribbon.

This virtue is a double-edged sword. Although the function of the fuse is to protect
the integrity of the BP, the method of protecting it is by heating the wires. These losses
due to the Joule effect are energy losses for the battery and the temperature that rises
inside it. For this reason, the operation of the system must be properly tested in case this
process is used.

2.3.5 Mechanical fastening

The fixing and joining by this method are done mechanically. This is a great advantage
since it is a cold process which means that the cell will not suffer in the joining process
by the heat input into battery cells.

There are different strategies for joining two cells mechanically. One of them and the
most typical is by nuts and bolts. This process is widely used in prismatic cells, installing
threads on their terminals and nuts to fix the joints. Clinching is also a possibility. In
pouch cells, for example, two tabs could be clinched (Das et al., 2018). Another option is
the mere compression to hold cells with a force applied to the terminals.

MF has low contact resistance (Brand et al., 2017). This resistance can be reduced by
polishing fasteners’ contact surfaces. This way more area will be in contact to conduct
electricity.
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3 Thermal safety

As aforementioned, LIBs are the most widely used energy storage systems because of
their specific energy and specific power ratio. These characteristics are very important
when it comes to design since, in many cases, the aim is to optimise the weight.
However, these batteries need to face a big problem: their safety.

Most batteries heat up in use because the heat they generate is greater than the heat
they dissipate (Borger et al., 2019). This gives rise to two of the main problems in the
battery: the exceeding of the allowed temperature during charging or discharging and
irregular temperature distribution in the system that generates punctual deteriorations
(Chidambaranathan et al., 2020). If this temperature rise is not counteracted, it can
damage the cell and even cause a TR.

TR is one of the major threats in BPs. TR is an exothermic chain reaction that occurs
when a critical temperature is exceeded and heat is generated uncontrollably. If there is
no way to extract it, the internal temperature of the cell will increase rapidly with
irreversible damage (Borger et al., 2019; Chidambaranathan et al., 2020). Along with this
temperature rise, gases also start to be exhausted uncontrollably, which can increase the
internal pressure of the system with the danger of generating an explosion.

Current applications demand higher energy density than any previous one and this
leads to an increase in the number of cells in the pack (Kim et al., 2019). This, in turn,
limits the spacing between cells, and if one cell suffers a TR, it affects the rest more
easily. This is what is known as thermal propagation (TP); the sequence of multiple TRs
in a system triggered by the TR of a single cell (Borger et al., 2019). Additionally, the
term TP is also used for heat transfer between adjacent cells.

Figure 5 A study of 101 xEV fires’ causes up to 2019 (see online version for colours)
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As mentioned in the introduction, the EV industry has been booming in recent years. This
increase in sales has made visible some previously mentioned security issues.
Figure 5 shows data from a battery fire report. It classifies several EV fire incidents
according to the TR initiation.

38% of the accidents identified were the result of spontaneous combustion in the
battery, without knowing the apparent causes. As a result of these accidents, in recent
years, the regulations to be considered when bringing this type of product to the market
have increased. China has decreed three standards regarding this sector and its safety (GB
18384 2020, GB 38031 2020, GB 38032 2020) (Yu, 2020). In Europe, in 2018, a new
standard was published: the Global Technical Regulation No. 20 on the safety of EVs
(UN GTR 20) (United Nations, 2018). These two standards cover the whole EV, from
some criteria for product design to the tests that they must successfully pass before
bringing to the market. For example, the European standard specifies the duties that the
vehicle must meet concerning cell electrolyte projection, battery retention, and electrical
isolation of the chassis in the event of a collision.

Concerning the thermal safety of the vehicle, both agree that the vehicle must warn its
occupants of a thermal problem five minutes before the hazard reaches the occupants’
cabin so that they have enough time to safely exit the vehicle. The problem is identified
as TP due to the TR of a single cell.

Figure 6 Readings of different sensors two TR tests, (a) hot plate testing (100% SOC)* (b) nail
puncture testing (100% SOC)** (see online version for colours)
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3.1 Detection of a TR

As a result of these regulations, the importance of the sensorisation of the internal
behaviour of the battery to early detect a TR appears. There are different ways to detect
the onset of a TR in the system. Koch et al. (2018) carries out a test using six different
indicators to predict which would be the best option. The indicators are voltage drop, gas
generation, heat generation, smoke generation, pressure, and cell swelling. The TR of a
cell is forced by two processes accepted by the aforementioned regulations: overheating
and nail penetration of one of the cells. In Figure 6 the obtained results are observed.

In both cases, the gas seems to be the best option for TR detection thanks to its stable
signal and, in contrast, the voltage seems to be one of the worst since its signal delays 10
and 20 seconds respectively in the detection.

3.2 Thermal management strategies

There are different strategies for the implementation of thermal management in BPs.
These strategies define if the heat will be dissipated with an active or passive strategy, if
the BP is cooled directly or indirectly, from which part of the BP the heat is dissipated.

3.2.1 Active/passive cooling

First of all, it is specified whether the cooling is to be active or passive. Passive cooling
means that the environment in which the system is cooled will not be forced. However, if
it is done actively, an external power supply is needed to move the environment (Kim
et al., 2019). For example, in the case of air cooling, fans are used to move the air. This
makes it more effective. Passive cooling can be used in BP with low C rates as they will
not need to dissipate as much heat.

3.2.2 Direct/indirect cooling

Another specification is whether the cooling is done directly to the system or indirectly.
Direct cooling refers to being in contact with the part to be cooled directly (Kim et al.,
2019). This strategy is not always possible due to the accessibility of the area. Otherwise,
it could be cooled indirectly. This method tries to move the heat to a more accessible area
and cool it from there. This strategy can be seen in typical pouch cell modules, for
example, due to the difficulty of dissipating heat directly from several pouch cells. In
these BPs the heat is moved to a side of the module created by frames and then dissipated
from that part.

3.2.3 Tab cooling

A strategy that is not seen much in the industry, but that can be used is the cooling from
the terminals or tab cooling. Imperial College London has conducted several
investigations and argues that it can benefit battery life, especially in pouch cells (Hales,
2019). By cooling from the terminals, a smaller temperature difference is achieved
between adjacent layers of active material, resulting in better cell performance. However,
it is not always a useful strategy because depending on the requirements of the BP it may
not be efficient enough, since if the cooling covers more area, it will be more efficient.
To know if this strategy is viable or not, researchers are trying to identify a new feature
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called cell cooling coefficient (CCC) with which the feasibility of tab cooling can be
calculated.

Figure 7 Thermal gradient representation in, (a) surface cooling (b) tab cooling
(see online version for colours)
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3.3 Battery thermal management systems

BTMSs are extra systems that are added to the BP. They deal with cooling to dissipate
heat from the battery and heating to increase the cell temperature when it is too low to
maintain a proper operating temperature (95). The solutions are mainly focused on
cooling the system as high temperatures entail a major hazard.

In addition, BTMSs must meet requirements such as compactness, lightweight, low
cost, high reliability, easy maintenance, low parasitic power consumption, and simple
packaging for use in EVs (94). Different solutions are available.

3.3.1 Intumescent material

Intumescence is the effect of volumetric growth (expansion) of a substance under the
effect of heat. The physical phenomenon of this quality deals with the formation of a
foamy layer of carbonised materials that works as a thermal barrier to combustion and
smoke (Lacosta Berna, 1991). This material can appear in different formats such as
paints, plastics, foams, or rubbers. The best-known application is the coating given to
structural steel to protect it in fires (Catala and Comité Productos Proteccion Pasiva,
2015).

Materials of this type usually have a very low thermal conductivity ranging from 0.1
to 0.4 W/m-K (Luangtriratana et al., 2018). This means that the heat from the fire cannot
damage the material to which an intumescent layer is applied. All the heat is absorbed by
the charred material which expands. This layer usually expands at critical temperatures
ranging from 100-150°C (Lacosta Berna, 1991). As it is used in steel, it can also be used
in a BP to protect the cells, the housing, or other specific area from degeneration or even
melting. Nevertheless, this protective coat has an issue. The thermal conductivity of the
materials is reduced when this intumescent material is applied, so heat will be more
difficult to dissipate.

3.3.2 Phase change material (PCM)

These materials have another interesting property for thermal management. They can
store or release large amounts of heat when their phase is changed, and this phase change
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can occur at a desirable temperature (Wang et al., 2016). Such materials are introduced
into BPs to heat or cool the system with this energy.

In Figure 8 the characteristic curve of a PCM is observed, which shows the reaction
of the PCM when it reaches its melting point. It can be seen how the temperature rise
slows down during the period in which the PCM is making the phase change (Joshy et al.,
2020). Something similar would happen with the temperature of the system. The reverse
operation would be the same. Lowering the temperature would also slow down the
process because of the energy absorbed by the PCM in heating, which would now be
dissipated as heat.

Figure 8 A schematic of sensible and latent heat storage principles of PCMs (see online version
for colours)

#
”

’ ’ Sensible

Temperature of
Phase change -

Temperature

Latent Sensible

L

Stored thermal energy

Source: TK and Raj (2018)

PCMs’ main problems are low thermal conductivity, additional weight, as well as leakage
problems. Due to its low thermal conductivity heat accumulations can appear during
normal or aggressive operations. Because of that, the PCMs must be well-positioned.

3.3.3 Heat pipe

The heat pipe can transport large amounts of thermal energy over considerable distances
and at high speed without external energy. For this purpose, the structure only consists of
an airtight container and a fluid. It has an evaporation section, an adiabatic section, and a
condensation section. The heat source is brought into contact with the evaporation
section. This heat will cause the internal fluid to evaporate and due to the pressure
difference, it will move to the condensation section through the adiabatic section. There
the fluid condenses by heat transfer with the outside. Once in a liquid state, it returns to
the evaporation section thanks to capillarity. This process causes the heat from the
source, in this case, the BP, to be effectively transported to another place where it is
dissipated (Kim et al., 2019).
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3.3.4 Fins

Fins are protruding elements that are used in multiple applications to increase the heat
transfer surface area (Spakovszky and Waitz, 2007). Convection heat transfer is
proportional to the area in contact with the environment. Therefore, fins are designed to
increase this contact area and therefore increase the heat transfer. The material of the fin
usually has high thermal conductivity to promote convection. It is widely used in air
cooling systems to improve the efficiency due to air’s low thermal conductivity.

3.3.5 Air cooling

This BTMS can be performed by natural convection by letting the ambient air cool the
BP, or forced convection, moving the air around the system (Chidambaranathan et al.,
2020). If the convection is forced, the system is more efficient than if it is natural, since
the air is constantly renewed, but it supposes a parasitic load to the BP. Blowing air by a
fan or a wind tunnel over the cells (direct air cooling), or fins connected to the cells
(indirect air cooling), is probably the simplest and most cost-effective way to regulate the
system temperature (Arora, 2018). In order to optimise the air-cooling system, the air
inlet and outlet channels have to be well-designed and positioned. Locating the air inlet
and outlet on opposite sides and avoiding the unidirectional flow are strategies to
improve the cooling efficiency (Zhao et al., 2021).

Table 3 Compeatibility of different materials with cooling liquids

Ethylene Propylene Mineral

Water Refrigerants Dielectrics

glycol glycol oil
Polymers Commodity ° ° 0 ° o )
plastics
Engineered ° ° ) ° ®eto0 )
thermoplastics
Elastomers ° ° ° . ® 0O etoo
Metals  Aluminium ') ° ) ° ) )
Brass (plated) ° ° © ° ° °
Copper 0 0 . ° .
Stainless steel ° ) ) ° ° °

Notes: ®: recommended (little or no potential for chemical reaction), ©: good option
(minor potential for chemical reaction) and o: not recommended (mild to severe
chemical reactions).

Source: Langer and Sekeroglu (2021)

3.3.6 Liquid cooling

Compared to air, liquid has higher thermal conductivity and specific heat and, therefore,
BTMS developed with liquid can be up to 3,500 times more efficient than those with air
(Arora, 2018). The liquids typically used are water, mineral oils, or other refrigerants.
There are mainly three ways to do liquid cooling:
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1 Circulating liquid through different jackets or tubes in contact with the system.

2 Circulating liquid through a cold plate. Cold plates are thin pieces of metal with one
or more flow channels inside, through which the fluid circulates, and which are
placed in contact with the system. This solution is one of the most popular because it
does not require great difficulties in design.

3 Immersing the system in the fluid itself. In this case, it must be taken into account
that the liquid must be a dielectric. Compared to the first method it is more effective
since the liquid is in contact with a larger surface of the system.

When using a liquid, the chemical compatibility of the liquid with the materials with
which it will be in contact must be considered. Table 3 shows the compatibility
limitations of the most commonly used liquids.

4 Conclusions

This paper has given an overview of the current state of the BP design concerning the cell
integration in the BP and its thermal safety. A BP is not a one-size-fits-all system. There
are a lot of features to choose regarding its requirements as cell type, cell’s configuration,
how they will be joined, the BTMS. The target must be clear since the beginning due to
the limitations of each choice.

Regarding the cell integration in the BP following limitations must be taken into
account:

e More packaging levels your BP has, more easily will be fixed, but the heavier it is
and more volume it has.

e If pouch cells are used, applied compression is a feature to be considered. An
optimal compression seems to exist for each cell which increases cells’ lifespan, but
excessive compression worsens cell’s efficiency. More research is needed for the
characterisation of the optimal compression as it cannot be calculated.

e Minimal contact resistance must be sought. As each cell interconnection has a
contact resistance is important to be as small as possible to lose the minimum energy
and not to heat the BP. More research is needed to characterise this resistance.

Concerning the thermal safety of the BP following limitations must be considered:

e Regulation regarding BP’s safety is changing as these systems are optimised.
Nowadays, the most important limitation is that the vehicle must warn its occupants
of a thermal problem five minutes before the hazard reaches the occupants’ cabin so
that they have enough time to safely exit the vehicle. The problem is identified as TP
due to the TR of a single cell. More security issues seem to appear in the future.

e The best indicator for TR detection seems to be the generated gas in the BP. It
returns an instant and homogenous signal as soon as the TR is initiated. Voltage drop
seems to be the worst indicator.

e Tab cooling strategy uniforms adjacent active material layers’ temperature and it
improves cell efficiency.
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e PCMs have potential to support another system in a hybrid BTMS but positioning is
key due to their low thermal conductivity. More research is needed in increasing
their thermal conductivity.
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