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Abstract. The main goal of this study is to investigate numerically the thermal
performances of thermal management systems (TMSs) for an electric vehicle
battery pack. Three different TMSs were considered i.e. natural convection TMS
mode, passive TMS using phase change material (PCM) and hybrid liquid coolant-
PCM TMS mode. A lumped thermal dynamic model is developed based on tran-
sient energy balances and then validated with measured data from the literature.
An in-depth parametric study is carried out where the influence of several design
and operation parameters on the TMS’s performances is presented and analyzed.
When compared to passive PCM and natural convection, the results demonstrate
that combining PCM with liquid cooling for battery thermal management reduces
the maximum battery temperature by around 38 and 4.5°C, respectively.
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1 Introduction

The transportation industry is one of the greatest producers to greenhouse gas emissions,
and as such, it will also be an important factor in determining whether or not countries are
able to achieve the Net Zero objective by 2050 [ 1, 2]. The deployment of battery-powered
electric vehicles is one of the potential zero-carbon alternatives in the transportation
sector. This is due to the fact that their deployment will restrict CO, emissions and provide
flexibility to the national electrical grid of the country [3-5]. Because of this, it has gained
widespread acceptance in the transportation industry as an environmentally friendly
technology that may improve pollution levels and provide energy security, particularly
when driven by renewable energy sources [6, 7].

Li-ion batteries emit three types of heat throughout the charging and discharging
processes: irreversible heat, Joule heating from ohmic losses, and reaction heat from
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an increase or decrease in entropy [8]. Therefore, the capacity, longevity, and safety
of the battery may be negatively impacted if the heat created during the operation of
the battery pack is not removed effectively, resulting in an increase in the overall the
system’s temperature. Maintaining a safe and reliable battery temperature while the EV
is in motion is a top priority [9]. Lithium-ion batteries perform best when stored in
an environment with a constant temperature of 15 to 35°C [10]. Many different thermal
management systems (BTMS) have been designed, evaluated, and experimentally inves-
tigated in order to address these issues. The division of BTMS can be done in a number
of different ways, including by type (internal, exterior), operation (cooling, heating), and
power use (either active or passive). In comparison to the other methods, PCM BTMS
stands out as an innovative and efficient method for cooling batteries because it elimi-
nates heat from the battery when it is in phase transition without draining the battery’s
power source. This makes it a standout among battery cooling methods. PCM-based
BTMS’s key advantages lie in their straightforward structure, high-temperature control
capability, cheap, chemically stable property, and wide range of potential uses [11]. In
the present work, the three BTM systems presented and analyzed use either natural air
flow convection mode, PCM mode, or a hybrid liquid coolant-PCM mode to dissipate
heat. For each BTM mode, we develop a thermal dynamic model and validate it against
published experimental data. This study’s key contribution is a thorough examination of
the thermal performance of the BTMS in simulated charging and discharging cycles, as
well as under the real-world conditions of electric vehicles.

2 BTMS Description

The investigated battery pack system is made up of 24 units of 21,700 Li-ion LiNiMn-
CoAlO2 (NMC) batteries that are connected in series (6S4P). This commercial Li-ion
battery was chosen because there is a lot of interest in this format on the market right
now, and because it has a lot of energy per cell, almost 50% more than the 18,650 cells. In
case 1, this battery pack keeps its temperature under control by letting air flow between
the battery cells. In the second scenario, PCM is added around the battery cells to con-
trol the thermal response and absorb generated heat removal from the pack throughout
charge/discharge processes. In Table 1, the basic specs of the battery cell and PCM
material are shown. In the third case study, a hybrid BTMS is used. Nine liquid-cooling
tubes are built into the battery pack, and a PCM is also included (Fig. 1). It is interesting
to note that the used PCM is a paraffine type from Rubitherm Company and a mixture
of water and ethylene glycol is used as the coolant.

3 Modelling Method and Validation

Transient energy balance modeling is used to simulate the used TMS in battery pack.
Because of the similarities between energy transfer and electric transfer, this thermal
modeling allows use of the lumped approach. Effective heat capacity is used to model the
phase transition process under the assumption that the PCM is homogeneous. Moreover,
it is presumed that the liquid coolant flows in a laminar, incompressible, and unidirec-
tional manner. The thermal energy input and output rates is given in the unsteady energy
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Case 1 Case 2

Case 3

Fig. 1 The investigated BTM systems: case 1: natural convection cooling mode, case 2: PCM

cooling mode and case 3: PCM-Liquid cooling mode

Table 1 PCM and Li-ion battery properties

Characteristic Value

The mass of Li-Ion cell (g) 69 +2
The diameter of the Li-Ion cell (mm) 21.74+£0.2
The height of the Li-Ion cell (mm) 70.9 £ 0.2
The nominal capacity of battery cell (Ah) 4

Voltage nominal of battery cell (V) 3.65

The PCM density (kg m—3) 870

The PCM h specific heat capacity (J kg1 K~ 1) 2412

The PCM heat conduction coefficient (W m™! K_l) 5.023

The PCM heat of fusion J g~1) 119.24
The melting point of PCM (°C) 31-36

balance for each part of the battery pack. It is possible to express the total amount of
heat produced by the battery pack during its charging and discharging processes as:
1

Pgene = RI* — IT;,ASﬁ 1)

The internal resistance of a battery, denoted by the symbol R, varies with its temperature
in the following way [12]:

RIQI = [12407 — 0.5345T, + 0.0134T} — 0000173 x 1073 @)

The state of charge (SOC) in charging/discharging of batteries is used to figure out the
entropy change AS, which is given as:

99.88 SOC — 76.67 for 0 < SOC < 0.77
AS[J/K] = {30 for 0.77 < SOC < 0.87 3)
—-20 for 0.87 < SOC < 1
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It’s interesting that the charging current is negative and the current used for discharge
process is positive. The following formula is used to figure out the SOC of the system:

S 1(t)dt

SOC() = SOC(1) ~ =
nom

4)
where Cpom 1S the nominal capacity of batteries (Ah) and SOC(#) is the initial state of
charge of the battery pack.

As previously mentioned, the heat capacity of PCM is calculated as a function of tem-
perature so that the phase change process can be considered. This expression of heat
capacity of PCM, which has been tested in the experiments from Ref. [13] and it contains
latent and sensible heat capacities:

Cp, pcm(T) = Cbase(T) + Cexcess(T) (5)
where:
Cbase(T) = Cp,s(T) + Cp,l(T) (6)
I T0)
Cexcess(T) - Lsa—T (7)

L; is the latent heat and f (T') the fraction of the liquid of PCM. The latter varies between
0 and 1. Following is an expression that can be used to describe the heat capacity of
PCM in terms of its liquid fraction [13]:

Coase(T) = Cp,(T) + Cpi(T) = (I = f(T))Co,s + f(T)Co,u ®)

Both the liquid and solid states of PCM have heat capacities of C¢ s and Cg , respectively.
If the temperature of PCM is smaller than the fusion point, then f{7) is a zero value. On
the other hand, f{T) = 1 if Tyem > T'. The fraction of liquid PCM throughout the phase
transition can be tracked with the help of a temperature-dependent function, as shown

below [14]:
_ 1 2y (T — Ty) T
f(r) = ;I:arctanl:T} + E:| )]

In this expression, T is the PCM temperature, and y is the tilt, which is taken equal to
3.1 [14]. It’s worth mentioning that Eq. (9) also describes why the heat capacity of PCM
goes up after a phase change, so Eq. (5) can be written like this:

Cp,pcm(T) = Cpase(T) + L (10)

n[((T - T,,,?_Z%))z + 1}
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The previous PCM heat capacity expression is integrated in the energy balance equation
for PCM as the following:

(me) Cmancm _ (Tb - Tpcm) + (Tc - TpCm) n (Text - Tpcm) an
p ot Rp — pem Rpem —¢ Rpem — ext

where T, is the average temperature of battery cells, Tpem is the average PCM tem-
perature and T is the coolant fluid temperature. It is important to note the for case
1 where only exterior air is used as the TMS, the term (Tb — Tpcm) / Rp—pem +
(Te — Tpem)/ Rpem—c is equal to zero. For the second case study where both PCM
and exterior air are used as TMS, only (T — Tpem)/ Rpem — ¢ is equal to zero.

To predict the average battery pack temperature, the following energy balance is used:

0Ty (Tpcm - Th)

(me)bW = Pgene + (12)

Ry pcm

where Pgepe is the heat generation term given in Eq. (1). It is interesting to note that
for the hybrid BTMS, the energy used by the coolant pump can be made as efficient
as possible by controlling the coolant liquid flowrate. This is controlled and its value is
based on the average battery pack temperature:

0.02m/s T < 30°C
ve = {02m/s 30 < T < 36°C (13)
0.5m/s Tp > 36°C

All the previous coupled equations were solved numerically by adopting Runge—
Kutta 4th order Method and using Python Language. To prove that the proposed numer-
ical approach for BTMSs is valid, The findings from the computations were compared
with those from the simulations and experiments coming from Ref. [15]. Figure 2 shows
that the proposed model can simulate the BTMSs functioning during continuous charg-
ing/discharging processes. The proposed model is able to replicate battery temperatures
with an average absolute error of 0.27°C and a maximum difference of 2°C.

4 Results and Discussion

Figure 3 depicts how the examined electrical current varies as a function of the battery
pack’s charge level during continuous charging and discharging activities. The function-
ality of the examined BTMSs mode is analyzed with this electric current profile. The
time-dependent changes in the battery cells throughout the ongoing charging/discharging
process are depicted in Fig. 4. It is demonstrated that, for all three scenarios, battery cell
temperatures rapidly rise during fast-discharging periods before gradually falling off
again. It is also shown that the battery pack’s temperature reaches a maximum of 68°C
under the employed conditions. To emphasize, in the latter stage (instance 1), batteries
are directly in contact with the surrounding, which serves as the TMS. When battery
packs reach 68°C, their storage capacity decreases dramatically over time and the risk
of battery runaway increases dramatically. This issue can be avoided by maintaining
the battery pack within a temperature range of roughly 20 to 30°C. Thus, a BTMS is
mandatory.
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Fig. 2 Numerical results versus CFD and Experimental from Ref. [15]: Variation of average
battery temperature during the charging-discharging operation
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Fig. 3 Changes in battery charge and current consumption over time

The model was used to run simulations on case 2 to determine the impact of employ-
ing PCM as TMS. The results demonstrate that the maximum temperature of the battery
is much lower when utilizing PCM rather than the air flow option (casel). By dissipating
and storing the heat produced by the battery cells, the thermal management modes (cases
2) and (PCM-Liquid coolant) (case 3) were able to outperform the natural convection
mode (case 1). At the completion of the 3-C discharging procedure, the battery reaches
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Fig. 4 Temperature of the battery variations over time. A comparison of the three different
approaches of thermal management

its maximum temperature, which in case 3 (liquid coolant-PCM mode) is around 30°C
and in case 2 (passive PCM mode) is around 34.5°C. The hybrid thermal control option
improves the other two in keeping battery temperatures within the optimal range by
reusing the heat already stored in the power conversion module (PCM).

5 Conclusion

In the present work, the thermal performances of three different thermal management
systems (TMSs) for battery packs are presented and compared. The considered case stud-
ies are natural convection TMS mode (case 1), passive TMS using phase change material
(PCM) (case 2) and hybrid liquid coolant-PCM TMS mode (case 3). A thermo-electrical
dynamic model was developed and validated with existing results in the literature. Based
on obtained results, it was shown that using case 3 for battery TMS is more suitable than
case 2 and case 1 as it allows to recover efficiently the generated heat by the batteries
and to maintain their temperatures at the suitable range. The obtained maximal battery
temperature was 68, 34.5 and 30°C for case 1, case 2 and case 3 respectively.
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