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Abstract: The continuing increase in pollutant emissions requires the use of alternative power
sources. This includes the use of electric or hybrid vehicles whose energy storage system is based
on batteries of various types, including lithium-ion batteries. The optimum operating temperature
is between 15 °C and 35 °C. Too high temperatures can lead to catastrophic phenomena such as
thermal runaway. The thermal gradient within the system should not exceed 5 °C. An effective Bat-
tery Thermal Management System can mitigate this problem. This study analysed a lithium-ion
battery with a bag structure. Temperature control was evaluated using a passive (low-cost) system
with phase-change materials (PCMs). The material chosen was n-octadecane (paraffin) due to its
thermophysical properties and market price. Four different cooling methods were analysed, includ-
ing air, fins, pure PCM, and a mixed system of single cells and small battery packs. The results show
that an undesirable temperature peak around 50 °C (323.15 K) can occur at hot spots. The best sys-
tem for containing the temperature inside the battery pack is the PCM cooling system with fins. The
optimum fin thickness is 1.5 mm. To contain the temperature inside the battery pack, the number of
fins studied is 10, while the best temperature containment is achieved with n+ 1 plates, where n is
the number of cells.
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1. Introduction

The transport sector is one of the major emitters of pollutants and a large contributor
to global warming. To reduce climate-changing emissions, the quickest solution is to im-
prove the conversion efficiency of conventional vehicles [1,2]. Fossil-fuelled vehicles con-
sume large amounts of fuel, and overall efficiency is limited to 40 percent or less [3]. For
the combined reduction in pollutant and climate-altering emissions, the plausible solution
lies in the transition to alternative fuels, such as biofuels, green hydrogen, etc. [4,5]. The
use of electric vehicles could also be advantageous as an alternative system to fossil fuels
and to complement other alternative propulsion systems [4,6]. For this reason, manufac-
turers have shown increasing interest in the development and construction of electric cars
in recent decades. Despite the many advances, there are still points that can be worked on
and improved, such as long charging times, limited range, and poor battery performance
due to operating temperatures [7]. The most important is poor battery efficiency. When
operating at high temperatures, user safety is not guaranteed. High temperatures have
the most destructive effect on battery cell and module performance, as they can lead to
thermal loss, fading, limited range, and safety issues [8-12]. Thermal runaway (TR) under
stress conditions can shorten battery life. It can also create a risk of fire or explosion [12].
Mainly, three macrocategories of abuse lead to the phenomenon of TR. Mechanical abuse
is by far the most complex to predict, and the Battery Management System (BMS) fails to
intervene promptly [13,14]. It was also found that thermal leakage temperature varies
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according to the state of charge [15]. The main parameters to consider in thermal manage-
ment systems for electric vehicles are battery life, battery weight, compactness, maximum
battery temperature, temperature gradients within cells and modules for uniform temper-
ature distribution, safety, range, and cost [16,17]. Better performance from a power and
energy density perspective is driving the electric vehicle world to use technologies such
as NMC (Nickel Manganese Cobalt) and NCA (Nickel-Cobalt-Aluminium) to produce
cells. The benefits of using LFP (Lithium Iron Phosphate) cells include smaller batteries
and, thus, more compact electric vehicles [18]. The ideal working temperature for lithium-
ion cells is between 15 and 35 °C (288-308 K) [17]. Failure to meet this range may cause
problems with the durability and safety of the cell. Even in extreme cold weather condi-
tions (—20 °C-253.15 K), the cell will suffer problems related to improper storage [19].
However, the loss of capacity is attributed to the loss of lithium and the reduction in active
material within the battery [20], while the origin of the power reduction is the increase in
the cell’s internal resistance due to high temperatures [21]. Another problem arises from
the non-uniformity of temperature between the cells of the battery pack and within the
cell itself. The maximum acceptable temperature difference between the cells of the bat-
tery pack and the battery as a whole is 5 °C to avoid any performance problems [17,22].
The primary objective of a BTMS (Battery Thermal Management System) is to maintain
the batteries at an optimal operating temperature with uniform temperature distribution
throughout the cell and pack. The classification of BTMSs can be based on the location of
heat removal (internal or external) and whether it is passive (use of the surrounding envi-
ronment) or active (cooling with forced fluids) [23]. A comprehensive review of cooling
techniques for BTMSs has been extensively studied in the literature [24-29]. A review
work on the battery cooling solution proposed by Wazeer et al. pointed out that most
commercial vehicles have passive or active air cooling [30]. Due to its low cost and sim-
plicity of design, the air-cooling technique is widely used [10]. Problems arise because of
the poor thermophysical properties of air [31] and the difficulty of letting the central part
of the battery core cool down [10]. The thermophysical properties of liquids, such as water,
provide greater cooling system efficiency than in the case of air alone [32]. These systems
have the major flaw of showing a pushed control to avoid extreme temperature spikes.
This can be dampened and partly limited using PCMs. PCM-based BTMSs reduce cell
temperature rise due to their ability to absorb the latent heat of phase change [33]. Because
of the lower complexity of phase-change management and the reduced volumes involved,
solid-liquid PCMs are the most widely used. These materials can be divided into three
main groups: organic (paraffin, non-paraffinic compounds such as fatty acids), inorganic
(hydrated salts, metals), and their eutectic mixtures. PCMs with a high latent heat can
significantly reduce temperature and temperature difference, promoting a uniform distri-
bution within modules and individual cells [34]. The physicochemical properties of PCMs,
such as thermal conductivity, latent heat, and melting temperature, have an important
effect on the performance of BTMSs. Geometric parameters such as thickness, contact area,
number of layers, structure, etc., are also important [35]. Extreme conditions of use and
consequent safety issues require the optimisation of the properties of PCM materials [36].
It is necessary to implement thermal conductivity enhancement (TCE) methods in PCMs.
To improve material performance, the addition of materials with high thermal conductiv-
ity has been considered to increase the heat transfer rate. The inclusion of fins, beads, or
metal powders leads to a 60-80% increase in overall thermal conductivity [37]. Finning
can increase the heat transfer area on the side with lower conductivity [38]. Thanks to
optimisation procedures, thermal efficiency can be increased by up to 24% [39]. The goal
is to integrate a passive thermal energy storage system with a PCM structure with electri-
cal energy storage systems in HEVs. By removing heat, the overall efficiency of the vehicle
can be improved. The main novelty of this research work concerns the use of a passive fin
system with phase-change materials to control the temperature uniformity of the bag cells
under normal operating conditions by working on several parameters (fin thickness, num-
ber of fins, fin spacing, C-rate). These results can be considered, starting with a single-cell
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study and then scaling up to battery packs of a few elements, due to issues of computa-
tional cost and geometrical expediency. This study will be developed further by simplify-
ing the geometry of a battery pack system to observe the scale-up of a passive battery
system under extreme working conditions.

2. Material and Methods

The objective of the present work is to implement an effective cooling system with
PCM and finned housings for a single cell and a battery pack. The proposed model for the
thermal behaviour of the battery pack was built with Ansys Fluent (USA), and validation
was carried out with experimental data from the literature.

2.1. Geometry of the Model

The proposed model and the procedure for identifying the equivalent circuit param-
eters were applied to two Nickel Manganese Cobalt (NMC) cells with nominal voltage
and capacity of 3.70 V and 59.3 Ah, respectively [40]. Tables 1 and 2 show the geometric
and electrical parameters of the pouch cell studied. The cell has a pouch structure with
the same side terminals, which is a typical solution for automotive applications. The liter-
ature highlights how the capacity of tested cells varies according to temperature and dis-
charge current [40]. The pouch cell consists of an alternating series of anode-separator—
cathode assemblies protected by an aluminium casing. This case is filled with the electro-
lyte and sealed, leaving the positive and negative terminals exposed [31]. The current-
collection tabs are placed on the same side as the active part. The temperature difference
is minimal, and the discharge current at which the model must be validated is 1C, at which
point the differences are less pronounced. For this reason, it was possible to consider the
different tab arrangements as ineffective for successful validation [41]. The model, once
validated, is tested under higher-reality conditions with a 2C discharge ratio.

Table 1. Geometric characteristics of cells [40].

Axial Parameter

Dimensions (mm) X y z
Active Zone 95 300 14
Tab Zone 30 15 8

Table 2. Electrical parameters of cells.

Nominal Cell Capacity [Ah] 59.3
C-Rate (h) 1

Min. Stop Voltage (V) 2.5

Max. Stop Voltage (V) 4.25

The goal of this research is to minimise the maximum temperature the battery can
reach and to optimise the temperature distribution within the cell. These conditions are
essential to maximise battery life. Initially, our study involved the analysis of a single cell
subjected to different cooling systems, then the cooling system was developed for the bat-
tery pack (consisting of three cells placed in series). The phase-change material was placed
in direct contact with the walls of the active part of the battery pack. Then, an aluminium
layer (metal fins—thermal conductivity 160 W/mK, specific heat 903 J/kgK, density 2700
kg/m3) was added to increase the heat exchange surface between the cell and the PCM. To
demonstrate the effect of increasing the exchange surface area on the thermal behaviour
of the battery, it was decided to adopt a geometry that was the perfect combination of
PCM and heat sink, as shown in Figure 1. The choice of size was largely arbitrary but
inevitably influenced by the physical and computational limitations of the problem. To
ensure good stability in solving the problem, very thin volumes do not allow proper
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mapping of the geometry. As can be seen in Figure 1, the plates that act as supports for
the fins have been placed on the faces of the cell, leaving the narrow sides and the base of
the cell free. The configuration chosen for the battery pack is a 1P3S, which is simply three
batteries connected in series. This series arrangement of the cells ensures that the voltage
of the entire module is equal to the sum of the nominal voltages of the individual cells.
The bus bar is made of copper, while the case is made of aluminium. To avoid safety is-
sues, a bimetallic transition plate has been installed. The geometry of the simplest case
analysed concerns a scheme of three coils arranged in an equidistant series of 4 mm. All
the walls have natural convection as the only cooling system.

Figure 1. Batteries with PCM and finned housing geometry (single cell, with PCM in the external
part—orange portion) on the left and battery pack geometry on the right (1P3S); the tab and connec-
tions are underlined in red, blue, and grey.

2.2. Thermophysical Properties of the Cell

The typical internal structure of a bag cell consists of alternating layers that identify
the outer aluminium, the positive or negative electrode or collector, the positive or nega-
tive electrode material, and, finally, the separator. The structure is repeated throughout
the development of the cell thickness, alternating the collector materials and the positive
and negative electrodes (see Figure 2). The alternation of layers is not directly realisable
in the geometry developed in the model; in fact, the active part of the cell is made as a
single block. In this case, it is useful to assume that the thermophysical parameters of the
cell are invariant with temperature since the variation in the latter over time is of the order
of tens of degrees. The value of the product of density and heat capacity is calculated as
follows [42]:

5 piChiV
pCp — lzli Iil L (1)
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Figure 2. Aluminium laminated battery 3.2 V/10 Ah LFP [41].

where Vi denotes the volume (m?3), cp,i is the specific heat (J-kg7-K™), and ri is the density
(kg'm=) of a specific component of the battery. Contact resistance for the active part is
negligible because all voids are filled by the electrolyte, and its thermal conductivity is of
the same order of magnitude as that of other materials [41].

Because Li-ion batteries consist of multiple layers of different materials separated by
electrolytes, the thermal conductivity coefficient of the battery is anisotropic. Heat transfer
can be divided into parallel heat transfer and series heat transfer [43]. The average coeffi-
cient of thermal conductivity in parallel can be determined from Equation (2), and that in
series from Equation (3) [43].

Mgl + ALy, + ALy,

Ay =4, L ()
y
e by
I L, L ®
/113 An Ag

Ay, Ay, and 4, are the heat conductivity of the battery materials (W-m=-K) at the
directions of x, y, and z, respectively. Lp, Ly, and Ls (m) are the anode slice, cathode slice,
and separator slice within the battery, respectively. Since the control volume is extremely
small compared to the volume of each component, the above equations work well for es-
timating physical properties [43]. UDS diffusivity instead of electrical conductivity is used
by Ansys (Inc., Canonsburg, PA 15317, USA) in the active area to consider both materials
(the collector and the electrode). Equation (4) was used to calculate the values of UDSO
and UDSI. In the equation, UDSO is the positive side diffusivity (m?/s), o is the electric
conductivity (S'm), d is the thickness, and subscripts ¢ and e denote the collector and
electrode (m), respectively. An analogue equation was used to estimate UDS], the nega-
tive side diffusivity [44].

0.50, 6, +0.50, &,

6total

The pouch cell studied has dimensions of 150 x 100 x 6.67 mm in terms of W x Hx T,
with a weight of 237 g and a NMC chemistry [45]. Table 3 shows the main details of the
pouch cell to carry out the simulation.

UDS, = @)




Batteries 2024, 10, 190

6 of 28

. au 2R, Tk
Q = asin(ws - Q)e - UOC) + asin (T ﬁ) + Ueff(v®s)2 + keff(v(be)z + -

Table 3. Envelope cell used for simulation.

Axial Parameters

X Y Y4
Thermal Conductivity [W-m1-K™] 23 31.6 0.74
Specific Heat [J-kg1-K™] 1091
Density [kg-m7] 1930

The order of magnitude of the contact resistance is comparable to the resistance of
the tab; it is an effect that cannot be ignored [46]. The rate of heat generation in the current-
collecting tabs due to ohmic and electrical contact resistances, q, can be obtained from the
following expression [47]:

q=(r+r)i ©)

where r is the resistivity of the current-collecting tab ((Qm), r¢ is the resistivity of the
electrical contact between the current-collecting tab and the lead wire connecting the bat-
tery cell and the external cycler ((Qm) (see Table 4 [48]), and i is the current density con-
cerning the cross-sectional area of the current-collecting tab (Am™).

Table 4. Parameters related to the heating of current-collecting tabs.

Parameter (unit) Electrode Value
re [Qm] Positi.ve 2.6 x10°
Negative 4.8 x 1010

2.3. Physics of the Problem

The first step in numerical simulations is to create a thermal model for the studied
batteries. To represent heat generation inside the battery, it is useful to combine electro-
chemical models with thermal models [19]. During the charging and discharging process,
the battery generates heat. Some of this heat is dissipated to the outside and managed by
cooling systems. The remaining energy is retained inside the active part [19]. The simpli-
fied formulation of the energy conservation equation is given in Equation (6), which gives
the temperature distribution inside the battery [23].

orT 0 or\ 0 oTy 0 oT .
e = ax (ae) * 35 (o 3y) + (e + € ©

The generation of heat @ of lithium-ion batteries includes both reversible and irre-
versible heat, depending on the origin of the production process. A localised heat genera-
tion equation is shown in Equation (7), which is derived from the electrochemical analysis
[49].

eff dinfy

dinc,

0 — 1) (1 + )Vlnce Vo, (7

F
The first term refers to the polarisation heat, the second term is the reaction heat, the
third term is the joule heat, and the fourth and fifth terms refer to the ohmic losses due to
the impedance to the ionic transport in the electrolyte phase.
It is also possible to follow the method proposed by Bernardi et al. [50], where the
irreversible heat is calculated with the ohmic production (first term), while the second
term expresses the reversible heat.

anc) ®)

aT

where Uy is the open-circuit potential and V is the operating potential of the battery cell.
The second term is the reversible heat or entropy generation term. The term (dU_OC/dT)
is the entropy coefficient, which is a function of the density and temperature of the battery

Q=I(Uoc_V)_(T
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cell. The term (dU_OC/dT) changes sign in charge and discharge modes and becomes zero
when there is no current.

The thermal and electric fields of the battery are solved in the CFD (Computational
Fluid Dynamic) domain at the battery-cell scale using the following differential equations
for a complete view [51]:

dpc,T
at

= V- (kVT) = O'+|V¢+|2 + O'_lV(Z)_lZ + QEch + Qshort + Qabuse 9

V- (04Ve,) = _(jEch — Jshort) V* (0_Vo_) = (jEch _jshort) (10)

In this study, the term abuse is set to zero, meaning the conditions of abuse are
avoided. The Equivalent Circuit Model (ECM) is used to analyse the electrochemical be-
haviour (see Figure 3 [51]).

L v, (1) ;:4 V,(t) >:
| | |
! | !
! | |
I R I R, IR I(1)
e R R
I =
G '
' V@) |
()Voa(soc) |
|
I(t) v
E ©

Figure 3. Electric circuits used in the ECM model.

In the Equivalent Circuit Model (ECM), the electrical behaviour of the battery is sim-
ulated by an electrical circuit. ANSYS Fluent adopted a six-parameter ECM model, fol-
lowing the work of Chen [52]. In this model, the circuit consists of three resistors and two
capacitors, as shown in Figure 3. The extracted nonlinear open-circuit voltage [Voc (Vsoc)
(V)]/ series resistor (RSeries) (Q)/ and RC network (RTransient_S/ CTransient_Sr RTransient_Lr
and Crransiene 1) (€2) [52] are functions of the state of charge (SOC) and discharge current.
All extracted RC parameters are approximately constant between 20% and 100% SOC and
change exponentially between 0% and 20% SOC due to the electrochemical reaction
within the battery. One of the limitations of Chen’s model is that it is only applicable to
an assigned temperature value, so the parameters can only vary as the state of charge
progresses. The physical reality of the problem, however, is quite different, as changes in
these parameters depend on both SOC and temperature variations [45]. Under operating
conditions, cell operating temperature is the real culprit in the variation in ECM model
parameters [40]. The operating range of the battery under examination is around 10 °C
(DT) during a complete discharge cycle at 1C. Therefore, it was possible to make an ap-
proximation, which was to consider Chen’s model with only the variation in parameters
as a function of SOC as a basis. The small parameter differences between the curves for
different discharge currents indicate that these parameters are approximately independ-
ent of the discharge currents, which may simplify the model [52].

2.4. PCM Model Description

It is difficult to describe the behaviour of phase-change materials because the moving
interfaces have a velocity range governed by the heat absorbed or lost [53]. The solidifica-
tion process is dominated by heat conduction [39], and natural convection acts only at the
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beginning of the process. Consequently, after these hypotheses, the energy equation be-
comes the following:
d(pH)

—5 - =V-@An) +5 (11)

where p is the density (kg-m™) of the PCM, A is the thermal conductivity (W-m™"-K-1), H
is the enthalpy (J), and S is the source term. The source term is directly derived from the
battery domain in this case, and its value is calculated as discussed above. The liquid frac-
tion of the PCM is a quantity that is calculated iteratively and represents the volume in
liquid form; it can range between 0 and 1 in the mushy zone [54]. The sensible enthalpy
can be expressed as follows:

T
H = Href +m CpAT (12)
Tref
H=H+AH (13)

where H,.; is the reference enthalpy (J) at the reference temperature Tre (K), cp is the spe-
cific heat (J-kg-K-?), m is the mass of the PCM, L is the latent heat of the PCM (]), y is
the liquid fraction that occurs during the phase change between the solid and liquid states
when the temperature is T, > T > T, and AH is the heat content used in (13). Thus, AH
may be written as follows [55]:

AH=7y-L (14)
y=0 if T<T,
y=1 if T>T,

_ (T_Ts)

== [ T,>T>T,
Y (TI_TS) lf l s

Normal octadecane was chosen for the current study as the PCM. Its melting point is
about 27.7 °C (300.85 K), making it more suitable for the current application and temper-
ature control [31,56]. Solidus and liquidus temperatures also depend on the purity of the
materials. The values considered for n-octadecane are T; = 303.15K and T, = 301.15 K.
During the phase transition, the PCM does not change its temperature unless the effects
are due to impurities in the material itself. Such impurities affect the temperature con-
stancy at the beginning and end of liquefaction, but with a range that varies by more than
about 2 °C (275.15 K) (T different from T;). Thermal conductivity and density in the
mushy phase are defined as follows [57]:

=5 7L 15
> (15)
Ps t Py
! 16)

The value of dynamic viscosity was obtained from the literature [58]. A piecewise
polynomial function was used to implement the variation in dynamic viscosity, density,
and thermal conductivity as a function of temperature. The Differential Scanning Calo-
rimetry of commercial n-octadecane can be obtained from the work published by Abdi et
al. [59].

3. Results and Discussion
3.1. Model Discussion
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Temperaturo [K)

A summary of the main working hypotheses that led to the creation of the model is

presented here:

The boundary between the terminal and the cell itself is a “coupled” type of bound-
ary condition that assures the continuity of the temperature across the defined
boundary;

The initial temperature is considered to be 298 K, which is equal to the ambient tem-
perature;

No flow field is considered for the liquid phase of the PCM;

The contribution of thermal radiation is not considered;

The time step was set to 0.6 s, and the number of time steps was determined based
on the different C-rates until the cell was completely discharged. The convergence
criterion was set with a residual threshold equal to 10 for all computational varia-
bles monitored;

Heat transfer from the end surfaces to the room temperature occurs by free convec-
tion, and the heat transfer coefficient was set at 10 W/m2K [40].

The very simplified structure of the battery allows a “structured” type of mesh to be

adopted. Figure 4 shows the “Mesh Independent Grid”, and from the results obtained, the
total number of elements was 16,300 with 20,526 nodes. Figure 5 identifies the measure-
ment points located on the surface of the cell.

——764Cementy =738 Elements 51360 Clements

Mesh Generation

Mesh
=3 Elernent Quality
20/00/2022 71:31
[Hexa Dominant 099993 Max
0,00074
Mesh Indipendence Grid g
H 099919
lEIement Quality \/h\l oo
g 095054
0,99846
0,99827
0,99609
0,83731
0,93772
093734
SIZING ez
QUALITY CHECK 0%
09963
0,99682
0,99644
092625
0,99607
ey
v 16300 Elements bgsszs
0‘995“‘1
0,92426
v im
. 20526 Nodes hisly

500 1000

15

Flow Time

5 [ «Structured» Mesh

j
2000 1350 " 3000

v Min 0.994

Figure 4. Evaluation of the mesh independence grid versus temperature.
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Figure 5. Identification of measuring points.

The validation process consists of a comparison between the data obtained experi-
mentally, contained in the study by Perez Estevez et al. [44], and those obtained from the
numerical model through the CFD simulation. A pouch cell with a graphite anode and a
NMC cathode was used for the experimental activity. The voltage at 100% charged state
was 4.2 V, and the depth of discharge varied from 0.9 to 0.4 at a temperature of 25 °C, with
the C-rate set to 1.

In this case, a comparative analysis of the temperature and voltage trends of the sin-
gle cell was performed. For this purpose, the temperature trend of two characteristic
points of the cell (the central part of the surface and the area adjacent to the positive tab,
as shown in Figure 5) was used as a reference. For the voltage trend, the average trend of
the active part of the cell was used as a reference. The average trend of the active part of
the cell was used as the reference for the voltage trend. Specifically, the analysis was per-
formed with a discharge current of 1C at a temperature of 25 °C, as shown in Figures 6
and 7.
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Figure 6. Voltage comparison at 298 K and 1C rate.
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Figure 7. Corner (a) and centre (b) temperature comparison at 298 K and 1C rate.

The Figures 6 and 7 show the time course of the above quantities. Attention should
be paid to the values presented in the final part of the simulation: the canonical discharge
time should have been 3600 s (1C rate), but in this case, the simulations automatically stop
at a time of 3520 s. The reason for this behaviour lies in the fact that, as a function of the
ECM parameters of the state of charge of the battery, in the final phase of the discharge,
these parameters grow exponentially, generating instability in the resolution of the char-
acteristic equations [52].

In the phase between 3500 and 3600 s, the state of charge is between 3% and 0%,
which are values to be considered categorically avoidable in real battery operation (the
optimal state of charge range is between 80% and 20%). The Mean Squared Error (MSE)
method is used to evaluate the performance of the model. The final value of the MSE for
the battery centre temperature curve is 0.12, a value very close to the optimal value of 0.
A similar approach was followed by Panchal et al. [60,61]. The points with the greatest
discrepancy are those representing the initial and final parts of the simulation. The highest
values of heat generation were obtained under both extreme DOD conditions [62]. Maxi-
mum heat production is generated at around 0% of the SOC. The temperature difference
may be related to the determination of the set boundary conditions; in particular, the nat-
ural convection condition and its coefficient are an approximation of the reality of the
problem [44]. The final MSE value for the battery voltage curve is 0.0413, a value strongly
biased towards 0. This means that the curve obtained from the numerical model optimally
simulates the experimental trend. The animation of the temperature contour of the cell
subjected to a discharge current of 2C rate was made. Figure 8 shows the contour of the
battery temperature at four significant times: (a) 15 s after the start of the discharge; (b)
102 s after the start of the simulation; (c) 300 s after the start of the simulation; and (d) 1083
s after the start of the simulation.
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Figure 8. Simulated temperature contour at different time steps at 298 K and 2C—(a) 450 s, (b) 900
s, (¢) 1350 s, (d) 1800 s.

The thermal distribution of the cell can be seen in the Figure 8. In the initial phase of
the discharge (a), the greatest concentration of heat is on the positive tab, while the “cool-
est” region turns out to be the negative one. Shortly after the start of the simulation (b),
heat begins to spread evenly over the entire volume of the active part. The only exception
is the region adjacent to the negative tab, which has an expected behaviour since contact
resistances of a lower order of magnitude have been set in this region. These results are
supported by He et al. during the discharge phase [63]. In the third snapshot (c), there is
a loss of homogeneity in heat distribution and, hence, temperature. In the last snapshot
(d), all regions of the battery assume a heat distribution very similar to that of the final
configuration, obtained for a discharge time of about 1800 s. In this case, it can be appre-
ciated that the core temperature is the highest temperature in the cell, which confirms the
importance of CFD studies in investigating temperature peaks. All this leads to a sudden
rise in the temperature gradient in the battery itself. In the case of a discharge current
equal to the 2C rate, the maximum DT is 2.35 °C (275.5 K).
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To demonstrate the ability of the proposed design to control battery temperature,
numerical simulations were performed for discharge rates at 1C and 2C. A significant de-
crease in battery surface temperature was observed by switching from natural convection
to the use of heat sinks. The core temperature for natural convection was 45.6 °C (318.75
K) (2C rate). In comparison, the temperature for a heat sink without PCM was 39.5 °C
(312.65 K) due to the better surface heat transfer. It should also be noted that the two
curves follow an almost identical time course, overlapping for more than two-thirds of the
simulation. In the last phase, there is a natural separation of the curves given by the insta-
bility of the processes inside the cell, with SOC values tending to 0%. The second case
analysed is the addition of phase-change material blocks to the cell surfaces. At about 600
s after the start of the discharge, the temperature increase slows down until 1400 s of dis-
charge.

Such behaviour indicates that the material has begun to change state. The latent heat
of the phase change “absorbs” the heat generated by the coil, preventing the coil temper-
ature from rising. Due to the high latent heat absorption characteristics, the pure PCM
module limits the core temperature below 32.9 °C (306.05 K) (see Figure 9). Unlike heat
sinks, the temperature difference between the positive and negative plates is almost elim-
inated due to the negligible value of the contact resistance. In addition, unlike the cases of
natural convection only and convection with fins, the addition of the phase-change mate-
rial results in long uniformity in the Y direction of the heat distribution. The largest tem-
perature difference occurs between the outer surface and the centre of the active part
(along the Z direction of the geometry). The temperature difference achieved with heat
sinks is better in absolute terms, but the heat uniformity along the Y direction is not com-
parable. The thickness of the PCM remains unchanged from the previously analysed case;
this choice was made to better visualise the effect of the fins on the thermal behaviour of
the battery and the material itself.

Simulated Center Temperature

=—8— Heat sinks

PCM-Fin Structure
Matural Convection

Pure PCM

400 600 800 1000 1200 1400 1600 1800
Flow Time [s]

Figure 9. Simulated centre temperature with various cooling systems—2C discharge current.
The inclusion of a finned structure led to a reduction in the temperature range. In the

first part of the discharge, the increased exchange surface area in the PCM has no influ-
ence.
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However, as the core temperature continued to exceed the minimum temperature of
the phase transition, the rate of battery temperature increases at the same state of dis-
charge decreased in the case of the fin structure in the PCM. The phase-transition segment
in which the centre temperature increased linearly formed almost a temperature plateau
in the case of the fin structure in PCM, whose temperature increase was only 1.2 °C (274.35
K). Although the introduction of the fins slightly reduces the volume of the PCM, the fins
affect the thermal behaviour of the PCM by improving heat conduction and natural con-
vection (see Tables 5 and 6). Notably, the PCM-fin structure further improved the thermal
performance of the battery by containing the temperature rise in the mid-to-late discharge
process [64].

Table 5. Summary of the performance of the various cooling systems with 1C discharge current.

1C Discharge Rate T nax [K] AT 1ax
Natural Convection 308.55 1.2
Cooling Method T ax [K] Performance AT o Performance
Heat Sinks 305.25 -9.3% 0.88 —27%
Pure PCM 303.55 -13.9% 1.05 -14.3%
PCM-Fin Structure 303.05 -15.6% 0.81 -32.5%

Table 6. Summary of the performance of the various cooling systems with 2C discharge current.

2C Discharge Rate T nax [K] AT 1ax
Natural Convection 318.75 2.35
Cooling Method T ax [K] Performance AT pax Performance
Heat Sinks 312.65 -13.45% 1.79 -23.9%
Pure PCM 306.05 -27.8% 1.97 -16.2%
PCM-Fin Structure 304.95 -30.3% 1.57 -33.2%
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In the following figure (Figure 10), and using Tables 5 and 6, it is possible to observe
the maximum temperature reduction and thermal gradient. Figure 10 visually describes
the comparison of different cooling systems for the single pouch cell. From the contour
plot, the effectiveness of the system with the PCM and the finned housing can be seen.
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Figure 10. Cooling system comparison (the performance for the configurations studied decreases to
the right).

The purpose of inserting the fins is to increase the heat exchange surface area of the
PCM to make up for the reduced thermal conductivity. The resulting useful effect reduces
the battery centre temperature in the case of pure PCM. In the case of the finned housing,
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the phase-change onset time is reduced by about 200 s. In addition, the maximum fraction
of liquid formed during discharge reaches a value of 47%, compared to 39% in the case of
pure PCM.

3.2. Battery Pack

A battery pack with three pouch batteries in series was analysed by evaluating the
cooling system (see Figure 11).

0,55323
0,52978
0,50634
0,48289
0,45945
0436
041256
0,38911
0,36567
0,34222
0,31878
0,29533 Min

T T T T T T T T T T I I I T I T

Figure 11. Battery pack geometry (1P3S). Tab and connections are underlined in light blue and blue.
The mesh and the element quality are underlined.

Results are shown for a battery pack without a cooling system, with a PCM-filled
housing, and with a PCM-filled finned housing. The housing with PCM is studied by an-
alysing the effect of PCM thickness. The finned housing is studied in terms of cooling by
also considering the thickness and spacing of the fins. The main purpose is to monitor the
maximum temperature and maximum temperature difference of the housing during the
discharge process, as reported before. In the following figure (Figure 12), the time trend
of temperature in the battery pack without cooling (natural convection) is shown. The
maximum temperature value registered was 45.7 °C (318.85 K), while the maximum tem-
perature difference was 2.5 °C (275.65 K).
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Figure 12. Battery pack temperature distribution (natural convection).

The first battery pack cooling system analysed consists of placing two layers of PCM
inside the metal housing. The thickness of the two layers of PCM is 8 mm. Figure 13a
shows the maximum temperature trends of the first and second cells inside the battery
pack. The two trends are jarring, and this is due to the uneven distribution of the cooling
system, as can be seen from the contour (see Figure 13b). All this leads to a lowering of the
maximum cell temperature (34.7 °C-307.85 K) but a 28% (3.25 °C-276.4 K) increase in the
temperature difference of the whole module.

a) b)
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Figure 13. Battery pack max. temperature (a), battery pack temperature distribution (b) (PCM).

Another interesting aspect to note is the maximum temperature trend of a PCM layer
(see Figure 14). The first phase is pure solid, the second phase is what is called the “mushy
zone”, in which there is a phase change, and the last phase is pure liquid. The phase
change does not occur at a constant temperature because the PCM analysed is not free of
impurities (CH3(CHz2)16CH3-99%, Sigma Aldrich (US), CAS 593-45-3).
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o

The choice of PCM thickness is not arbitrary but conditioned by the sensitivity anal-
ysis conducted. From Figure 15, the temperature trend shows an increasingly sparse var-
iation as the PCM thickness increases. Both the 8 and 11 mm thicknesses manage to keep
the temperature below the desired range. The abatement of temperature difference tends

to be unchanged as thickness increases, as confirmed by the literature [64], and the optimal
thickness is 8 mm.
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Figure 15. Maximum temperature difference versus PCM thickness.
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The second cooling method analysed is the insertion of a PCM—fin structure between
the active parts of the cells.

The PCM blocks are 8 mm thick, and the fin configuration is the same as that used in
the single battery analysis. Due to the high latent heat absorption characteristics, the PCM-
only module limited the maximum temperature to less than 33.4 °C (306.55 K). Compared
to the case without a PCMfin structure, the temperature curve shows a maximum peak
reduction of 26.9 percent, which in absolute terms corresponds to a total reduction of 12.3
°C (285.45 K). The maximum value of the liquid fraction is lower than in the case of pure
PCM, but the average distribution of the liquid fraction at the end of the simulation is 14
percentage points higher in the case of the PCM—fin structure. The reason for this is the
greater uniformity of heat distribution due to the presence of heat sinks (see Figure 16).
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Figure 16. Battery pack with PCM-fin: liquid fraction (left side), temperature distribution (right
side).

A further sensitivity analysis concerns the thickness and number of fins. An increase
in thickness with the same spacing leads to an increase in the exchange surface area and
a reduction in the volume of PCM. This results in an increase in maximum temperature
and maximum temperature difference (see Figure 17). The described behaviour was sup-
ported by a previous literature study [64]. With the same thickness, increasing the number
of fins produces a similar effect [64]. The only difference concerns the case with 20 fins,
where the excessive increase in the exchange surface generates the maximum temperature
drop. The best configuration remains that with 10 fins of 1.5 mm thickness each (see Fig-
ures 17 and 18).
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Figure 17. Maximum temperature for the module versus fin thickness (upper part); maximum tem-
perature difference versus fin thickness (lower part).

Figure 18 shows how the maximum temperature is reached with 15 fins, while the
maximum temperature decreases with 10 fins. A fin spacing of 9.5 mm allows for a small
temperature difference compared to the other fin spacing values considered.



Batteries 2024, 10, 190

21 of 28

306,55

w
[=3
o
w

306,45

Temperature [K]

306,4

306,35

306,3

295

2,9

N
-2}
w

(o4
©

Temperature [K]

N
~
w

2.7

2,65

Max Module Temperature

as

11 12 13 14 15 16 17 18 19 20 21
Fin number

Max Temperature Difference

S S, 6 6,5 7 75 8 85 9 95 10
Fin Spacing [mm)]

Figure 18. Maximum temperature for fin number (upper part); maximum temperature difference
versus fin spacing (lower part).

3.3. Effect of the Number of Plates

Previously, the analysis was performed with n — 1 plates, where n is the number of
cells involved in the stack configuration.

As discussed earlier, this approach leads to an increase in the inhomogeneity of the
temperature distribution among the cells. The reason is that only one of the three batteries
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hits the cooling system on both sides. In this further analysis, the effect of placing n + 1
cooling plates inside the battery pack is studied. In this way, all cells are affected by the
cooling system on both surfaces. The effects presented in this section concern the maxi-
mum temperature reached by the cells, the maximum value of the liquid fraction of the
different PCM layers, and the direct comparison of these parameters with previous con-
figurations. To carry out our study, a modification was made to the most efficient cooling
system. The latter turned out to be the one with a PCM wing structure (10 metal fins with
a thickness of 1.5 mm). Two additional cooling plates were inserted on the side surfaces
of the pack. In contrast to what has been seen previously, the maximum temperature of
the first cell is always lower than the central one (see Figure 19). The temperature curves
coincide throughout the entire discharge time, and in the case of four cooling plates, the
maximum liquid fraction of the PCM is lowered overall, which allows the paraffin to be
used for much higher discharge currents.
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Figure 19. Battery pack temperature contour with a 4-plate PCM—fin structure at 3600 s, 1C rate
(bottom part).

As shown in Figure 20, the first observation that can be made concerns the maximum
value reached by the two curves. In the case of four cooling plates, the maximum value is
15.7 percent (as previously reported), while in the case of two cooling plates, the maxi-
mum value is 35.8 percent. The layer under consideration is the same and in contact with
the same cells. The reason for such a large difference (about 20 percentage points) is the
different nature of the heat sources. In the case of two cooling plates, cell 1 is in contact
with only one layer, which results in higher heat generation than in the case of four plates.
The addition of an extra layer in contact with cell 1 significantly reduces the heat gener-
ated by the latter; this is evidenced by the fact that the maximum temperature of cell 1 is
even lower than that of cell 2. A second aspect to be considered is the time of onset of the
phase change: in the case with two plates, liquefaction starts about 700 s earlier than in
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the case with four plates. This aspect should not be underestimated, since the use of mul-
tiple layers could lead to a wider operating range, especially in cases with discharge cur-
rents above 1C and 2C rates. The largest temperature difference occurs between cell 1 and
cell 2. The reason is in the physics of the cell. The reason lies in the physics of the problem,
where cell 1 is subject to greater cooling. The largest temperature difference is found at
the end of the discharge phase and corresponds to about 0.92 °C (274.07 K), a 26.4 percent
reduction from the 1.25 °C (274.4 K) obtained in the case with only two plates. The second
analysis presented concerns the 2C discharge current. All the considerations presented in
the case of the 1C discharge current have the same value from a qualitative point of view.
The absolute value of the temperature reached by the first cell at the end of the discharge
is 31.6 °C (304.75 K), a reduction of 5.4 percent compared to the 33.4 °C (306.55 K) reached
with the two-plate system alone. Cell 2 also experiences a temperature drop to 31.8 °C
(304.95 K), a 1.7 percent reduction from 32.37 °C (305.52 K) in the two-plate case. In this
case, unlike the 1C discharge, there is no delay in the onset of the melting of the material.
The liquid fraction formed in the first layer is 45 percent (PCM layer 1), while the maxi-
mum achieved for the second layer is 34.9 percent (PCM layer 2). The greatest temperature
difference occurs between cell 1 and cell 2. The reason is the physics of the material. The
reason lies in the physics of the problem (cell 1 is subject to greater cooling). The maximum
temperature difference is found at the end of the discharge phase and corresponds to
about 2.07 °C (275.22 K), a 23.3 percent reduction from the 2.7 °C (275.85 K) obtained in
the case with only two plates.
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Figure 20. Battery pack temperature of cell 1 during the discharge time —comparison between plates
and C-rates.

4. Conclusions

The model built in this work was aimed at studying the passive cooling of a single
LIB cell and a simplified battery pack consisting of three LIB cells, placed in series. Four
different cooling methods were studied, including natural convection air, finning, pure
PCM, and PCM and finning. The model was validated using experimental tests conducted
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by Perez Estevez et al. [44]. The purpose of the presented model is to highlight the results
obtained during the discharge phase at 1C and 2C. Natural cooling with natural convec-
tion alone is insufficient, and the maximum temperature is intolerable for normal system
operation, decreasing the battery’s life. The validated model showed high accuracy, except
for the last 60 s of discharge (an interval difficult to predict in a real operating regime).
The results obtained show a temperature peak near 40 °C (313.15 K) (for the single cell)
and near 50 °C (323.15 K). An appropriate cooling strategy must be implemented. The
maximum temperature and the maximum temperature difference of the cells were rec-
orded. To optimise the BTMS, a sensitivity analysis of parameters such as PCM thickness,
thickness, and distance of the cooling fins was conducted. Some concluding remarks can
be made as follows:

- The thickness of the fins is designed into the battery pack, reducing the maximum
temperature and temperature difference and increasing the heat exchange area with
the PCM. The best configuration was achieved with 10 fins of 1.5 mm thickness each.

- The fin spacing and number of fins are important factors that should be carefully
considered when designing the PCM-fin structure. A fin spacing of 9.5 mm results
in the smallest temperature difference among the other values considered.

- Adequately increasing the thickness of the PCM can improve thermal performance
and is more efficient than other factors. After the PCM thickness exceeded the critical
value of 11 mm, the improvement in heat dissipation efficiency was insignificant.

These values are used to dimension a passive system (PCM-fins) to control the max-
imum temperature of a battery pack of a few elements. Future work will focus on the
parallel configuration of the battery pack, increasing the energy capacity of the system (a
more realistic battery pack), and also including extreme conditions. In addition, a suitable
experimental setup will be set up at the Energy Centre facilities to validate the proposed
model.
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Nomenclature

Acronyms

1P3S three batteries connected in series
BMS Battery Management System

BTMS Battery Thermal Management System
CFD Computational Fluid Dynamic

DOD depth of discharge

ECM Equivalent Circuit Model

HEV Hybrid Electric Vehicle

LFP Lithium Iron Phosphate

LIB Lithium-Ion Battery

MSE Mean Squared Error

NCA lithium Nickel Cobalt Aluminium oxide
NMC Nickel Manganese Cobalt

PCM Phase change material
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SOC state of charge

TCE thermal conductivity enhancement

TR thermal runaway

UDS User-Defined Scalar

Variables

Cp specific heat (J-kg-K1)

Cpi, specific heat for the specific component (J-kg-K)

H PCM enthalpy (J)

Hret reference enthalpy (PCM) (J)

i current density (Am2)

A thermal conductivity of the liquid phase (W-m-K)

As thermal conductivity of the solid phase (W-m-K-1)

L latent heat of the PCM (J)

Ln cathode slice (m)

Lp anode slice (m)

Ls separator slice (m)

m PCM mass (kg)

0 volumic heat generation rate (W-m)
heat generation rate (W-m?)

r resistivity of the current-collecting tab (Wm)

Te resistivity of the electrical contact (Wm)

S source term (W-m3)

t time (s)

T temperature profile (K)

T temperature of the liquid phase (PCM) (K)

Ts temperature of the solid phase (PCM) (K)

UDS0 diffusivity of the positive side (m?/s)

UDS1 diffusivity of the negative side (m?/s)

Uoc open-circuit potential (V)

Vi volume of the specific component (m?)

\% battery operating potential (V)

DH latent heat content variation: 0 for the solid phase and 1 for the liquid
phase (J)

de collector thickness (m)

de electrode thickness (m)

g liquid fraction

Ix heat conductivity coefficient on the x-axis (W-m-K)

ly heat conductivity coefficient on the y-axis (W-m=1-K-1)

I, heat conductivity coefficient on the z-axis (W-m"-K1)

r density (kg:m-3)

Ii density for the specific component (kg-m=)

1 density for the liquid phase PCM (kg-m™)

I's density for the solid phase PCM (kg-m~?)

Sc electric conductivity of the collector (Sm™)

Se electric conductivity of the electrode (Sm™)
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