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1s4p hydraulic arrangement, is modeled using a multi-domain framework that integrates elec-
trochemical and thermal phenomena. All model input parameters were experimentally measured
in our laboratory, ensuring high physical fidelity. Importantly, the model incorporates ohmic
heating in passive components and heat generated by contact resistance, factors often overlooked
in existing literature. Validation against experimental measurements demonstrates high accuracy
in predicting both transient and steady-state temperature profiles, including spatial temperature
distributions within and between cells. Results reveal that passive component heating can
momentarily account for up to 46 % of total heat generation under high C-rate charge-discharge
cycles, while contact resistance contributes up to 12 % during semi-fast charging. These findings
highlight the critical need to include these sources in thermal models to ensure accurate pre-
dictions and support design improvements. The proposed approach offers valuable insights for
enhancing thermal performance, reliability, and safety of pouch-cell battery modules in electric
vehicle applications.

1. Introduction

After the approval of the European Union (EU) ban on the sale of new petrol and diesel cars and vans from 2035, the electrification
of the transportation has become a key priority [1]. In addition, the EU is actively legislating to reduce greenhouse emissions by 55 %
for 2030 [2], and become climate neutral by 2050 [3]. One of the most fundamental subjects to fulfil these objectives are the Electric
Vehicles (EV). A key concern is the increasing demand for energy, power, safety, lifespan, and charging speed in these vehicles, all of
which are directly linked to battery performance. To address these requirements, lithium-ion batteries have become the most widely
used energy storage technology today.

One of the main obstacles of this kind of batteries is their temperature sensitivity, as performance, degradation, and risk depend on
it. Therefore, they should be maintained between 15 and 40 °C [4-6]. Temperatures beyond safe limits may reduce cell capacity,
induce internal malfunctions, and escalate into a thermal runaway scenario. Therefore, the thermal management of lithium-ion cells is
primordial.

A wide arrange of cooling technologies can be used for this purpose, such as active cooling, passive cooling, phase-change material-
based (PCM) cooling, thermoelectric cooling [7] and hybrid cooling [8]. While indirect liquid cooling (ILC) has traditionally domi-
nated thermal management in EVs, innovative approaches are emerging for preserving optimal battery performance, durability and
safety. For example, heat pipe cooling, adaptive cooling, multi loop cooling and direct liquid cooling (DLC) technologies have
demonstrated their advantages to preserve the temperature within the ideal range. Remarkably, recent years have seen increasingly
rapid advances in the field of DLC cooling strategy, which involve the use of a dielectric fluid in direct contact with the heat generation
sources—both active and passive components—enhancing thermal management performance compared to ILC methods. It is worth
noting that immersion cooling has been highlighted in various review studies as a particularly promising method among direct liquid
cooling (DLC) techniques [7,9].

Several studies have investigated immersion cooling at the cell level, employing both single-phase [10-13] and two-phase
dielectric fluids [14-18]. Moreover, research has extended this cooling strategy to the module and pack levels, encompassing both
experimental and numerical approaches. The following sections provide a structured review of these contributions, beginning with
experimental studies and subsequently addressing numerical investigations, each categorized according to the cell format used.

From the experimental point of view, most of the studies have tested cylindrical battery packs [19-24]. Comparing with ILC, all
studies stated better temperature control of cells. For example, comparing to air cooling, Satyanarayana et al. [25] observed reductions
up to 51.5 % of the maximum battery pack temperature of 20 cylindrical cells for a 3C rate. Similar reductions were demonstrated in
the experiments of Chen et al. [24] and Liu et al. [26] for 4C and 3C, respectively. Furthermore, Liu et al. [21] compared the per-
formance of two different dielectric fluids—mineral oil and natural ester oil—for a 4 cylindrical cells battery module. They showed the
applicability of the ester one in the immersion cooling strategy. Recently, Gonzalez-Agirre et al. [22] examined both numerical and
experimentally a battery pack of cylindrical cells using a novel tab cooling strategy. Under 4C-rate charge, they obtained a temperature
jump reduction of 67 %.

Regarding pouch cell battery packs, one of their main issues is the temperature non-uniformity among individual cells. As in the
cylindrical technology, immersion cooling technology also improves the cooling capacity of these modules [27]. Interestingly, Wang
et al. [27], using a transformer oil, experimentally observed a considerably temperature difference reduction of 71.2 % under 2C
discharge rates. Importantly, both pouch experimental tests showed superior temperatures in the areas closest to the tabs. Never-
theless, authors did not analyze in depth the origin of these heterogeneities. Furthermore, very little attention is paid to the scalability,
power consumption and energy density on these experimental studies. To address this question, the authors of this study previously
published an experimental investigation on partial immersion cooling of a fully modular and scalable pouch-type battery pack [28].
Under 1.5C-rate charge and discharge pulses, hot spots on zones closest to the passive elements were observed. Unfortunately,
considering just the experimental data, the origin of this phenomenon was only analyzed in an indicative way. Consequently, the
numerical research adopted for the present study allows this aspect to be evaluated in detail.

From a numerical perspective, several studies have demonstrated the capability of immersion cooling to meet high thermal de-
mands, using self-validated models across various cell types. As in the experimental case, most of the developments were made for
cylindrical battery packs [29-37]. Dubey et al. [37] demonstrated that their DLC approach with Novec 7500 fluid achieved 3 times
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higher thermal conductance and 15-25 times lower pressure drop than ILC at 3C rate. Similarly, Wu et al. [35] observed at 2C a
temperature drop of 7.2 °C comparing to the 29.7 °C obtained on ILC. However, it is important to highlight the significant discrepancy
between the numerical model and the experiment results (6.5 °C), as well as the fact that the heat generation experimental values
obtained experimentally were used for validation, [36], rather than the temperature values. Other authors have designed innovative
immersion cooling battery packs using new flow circuits [31,33], fins [29] and tubes [32]. It should be noted, however, that tem-
perature non-uniformity is not a major concern in cylindrical cells.

In the case of prismatic battery modules, there are few numerical studies where DLC is applied [38]. Okaeme et al. [39] analyzed a
battery pack (2p9s or 2p12s) of a hybrid truck using Reduced Order Models (ROM). The temperature with parallel configuration was
retained below 55 °C with a standard deviation of almost 0.6 °C under 3C rates. The validation focused exclusively on heat generation,
voltage and average temperature, achieving differences below 1 %. Using the same multi-domain ROM framework, Hussain et al. [40]
studied an innovative channeled immersion cooling for titanate oxide prismatic cells pack. Interestingly, the results were very close to
the experiments (1.5 % for temperature), and they remarkably maintained the maximum temperature below 50 °C under 5C-rate.
Nevertheless, it should bear in mind that the validation was limited to average temperature values, thus neglecting the spatial dis-
tribution within individual cells.

Finally, regarding pouch type-based battery packs numerical studies, Li et al. suggested a 3D numerical model for 18 LFP cell
battery pack. They claimed that, although ILC strategy is not suitable for 10 C-rates, immersion cooling can preserve the maximum
temperature below 35 °C, obtaining an excellent thermal uniformity. Same cells pack was tested by Wang et al. [41], but in this case
water was circulated throughout internal tubes to cool down the dielectric fluid. In contrast to the previous case, this strategy was not
able to cool the pack effectively [40]. Choi et al. [42] created a model of a hybrid battery module combining immersion cooling,
thermal interface materials (TMS) and fins. While maintaining a nearly equal gravimetric energy density with the ILC strategy, a
reduction of 6.7 °C in maximum temperature and 3 °C in thermal heterogeneity was observed under a 3C-rate. Moreover, the power
consumption decreased by 61 %. Patil et al. [11] examined numerically different cooling methods, including a mixed air and im-
mersion cooling strategy. As in the previous cases, the selected strategy reduces the maximum temperature from 40.4 °C to 36.7 °C
when compared to the ILC strategy at 5C-rate.

It is worth mentioning that, to date, the effect of the ohmic heat generated in the passive components (terminal, busbar and tabs)
was only considered by Patil et al. [11]. However, the thermal effects arising from contact resistance between passive components were
not considered in the numerical models. Nevertheless, Wu et al. [43] indicated that the principal source of thermal heterogeneity
within the pouch-type large-format cell itself could arrive from the tab, which could be the result of both the current conduction and
the contact resistance. In the same line, Ghalkhani et al. [44] also attributed the hot spot location to the resistance between the current
collectors and the terminals. Both studies were limited to a single pouch-type cell numerical model. Therefore, as the aforementioned
immersion cooling studies were focused on high C-rate scenarios, a high influence of the ohmic heat generated on the passive com-
ponents is expected. So far, the effect of this heat source has received scant attention in the research literature, particularly in
module-scale analyses (as illustrated in Ref. [45]).

Overall, the findings indicate that DLC provides enhanced thermal management capabilities relative to standard ILC systems
employed in EV applications. Nevertheless, the implementation of partial immersion cooling strategies has been minimally investi-
gated in the current body of literature. Furthermore, these studies present some limitations. On the one hand, the impact of the ohmic
heat of the passive elements on the temperature non-uniformity observed in experimental tests is understudied, particularly for pouch-
type battery packs. On the other hand, numerical modeling efforts have seldom incorporated ohmic heating, and the role of contact
resistance (CR) as a heat source is largely overlooked. However, this heat source could be a contributing factor to both high maximum
temperature and non-uniformities in battery packs, mainly at high C-rates. Thus, the objective of this study is to analyze the influence
of the CR heat on the thermal performance of a fully modular and scalable battery module design for EVs with novel cooling system
solution based on partial immersion. To carry out the analysis, a 3D multi-scale and multi-domain ROM numerical model is developed.
This model not only considers the electrochemical heat generated in the active region, but also the ohmic heat generation within the
passive components and at their electrical contacts. Using the numerical model, the thermal behavior of the battery module is
analyzed, including the temperature non-uniformity within individual cells and between cells, thereby providing valuable insight into
the different heat sources of the module.

Table 1

Cell general characteristics.
Parameter Value
Nominal voltage 3.68V
Minimum voltage 2.7V
Maximum voltage 4.2V
Nominal capacity 60 Ah
Charging maximum current 120 A
Discharging maximum current 180 A
Charging temperature range 10-35°C
Discharging temperature range 20—50 °C
Chemistry Li-NMC
Dimensions 226 x 227 x 12 mm?®
Mass 1.140 kg
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The first section of the paper describes the proposed immersion cooling strategy. In the second section the numerical model is
defined. After validating the numerical model using temperature contours at different flow rates, an analysis of the various heat
sources is presented in the third section quantifying the influence of the CR heat on the thermal performance of the battery module.
Finally, the main conclusions of the study are presented.

2. Battery module description

The battery module is described in detail in our previous study. In this section the main characteristics are described. For more
information, please refer to Ref. [28]. A large format 60 Ah NMC pouch-type cell was selected, which can improve the packaging
efficiency and increases energy density due to its flexibility. Table 1 shows the general characteristics of the cell.

As it was mentioned in the Introduction section, the battery module is chilled using the DLC immersion cooling strategy. However,
with the aim of improving the energy density, unlike the most immersion approaches, only one cell surface is in contact with the fluid
instead of the entire surface. This solution is referred to as a partial DLC strategy. In particular, the module consists of 4 battery cells,
and it is a scale-up of the cell level prototype presented in our previous paper [13], which preserves the prismatisation concept. Fig. 1
shows the module level prototype assembly (Fig. 1a) and the actual image of the module (Fig. 1b). Three prismatisation components
were defined: two are situated on the borders with one flow pattern, while the prismatisation of the center is equipped with channels
on both sides. Thus, any number of modules could assembly linearly pragmatizing the intermediate component.

2.1. Testing boundary conditions

Consistent with our previously published experimental investigations at both the cell [13] and module level [28], the fluid inlet and
ambient temperatures were set to 25 °C. The applied flow rate range (0.3-1.5 L min ') was selected to encompass a broad spectrum of
operating conditions, using 0.9 L min~! as a reference point, as it provides a balance between thermal performance and pumping
power consumption. Furthermore, the thermal analysis was performed under two distinct tests conditions: a steady state 1.5C pulse
test and a transient profile which includes a 1.6C semi-fast charging profile that represents an electric bus operation (Fig. 2).

On the one hand, a constant 1.5C-rate profile was applied between 50 % and 60 % SOC (state of charge) to maintain uniform heat
source during energy input and output operations. Fig. 2a presents the current and SOC profiles of the module for the steady pulse
profile. It is worth noting that there is a minor difference in the heat generation between the different operation periods [13]. Even so,
the thermal behavior reaches to a semi-stationary state enabling the thermal performance analysis discarding the electro-thermal
dynamic effects.

On the other hand, a reference driving profile for an electric bus is applied, which includes a 1.6C semi-fast charging region. As
Fig. 2b shows, the profile integrates a C/4 discharge from 100 % to 20 % SOC, an additional 1.6C semi-fast charge from 20 % to 90 %
SOC, a C/4 discharge from 90 % to 20 % SOC and finally a C/4 charge from 20 % to 100 % SOC.

3. Numerical modelling description

Fig. 3 presents a schematic overview of the numerical model architecture. The battery is modeled using a Multi-Scale Multi-Domain
(MSMD) approach, incorporating data obtained from cell characterization. In parallel, the CFD model solves the governing equations

ent Battery Cells
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Fig. 1. 2p2s DLC battery system, a) module level assembly, b) real prototype.
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Fig. 2. Current and SOC profiles of the battery module: (a) Steady-state pulse condition, and (b) Transient condition.

for both fluid and solid domains. These two models—battery and CFD—are integrated using a ROM methodology.

3.1. MSMD model

To properly model the behavior of electric batteries, an efficient model which integrates both electrical behavior and thermal
generation of the cell in a multi-physics and multi-domain environment is needed. For this purpose, in the present study MSMD
approach proposed by Kim et al. [46] is used for coupling the transient behavior of electrical and thermal phenomena of the battery
cell. The reliability of this method for modelling the electrothermal behavior at cell level was demonstrated in our previous study [13].
In this framework, the battery module is organized in two different regions: active and passive zones. Active zones consist of the active
material, while the passive zones are the positive and negative tabs, connection busbars and terminals. Thus, the energy equation of
these zones is as follows:

PTG hT) =0,V P+ Vo + dscy Eq. 1
where p, k and Cj, are the density, thermal conductivity and specific heat of the cell, T'is the temperature, and t is the time. The terms on
the right-hand side represent the different terms of the heat generation of the battery cells circuit. In particular, the first two terms
account the ohmic heating, where ¢, and o_ are the electrical conductivities of the positive and negative electrodes, respectively;
whereas ¢, and ¢_ are the phase potentials of positive and negative electrodes, respectively. Finally, the last term represents the
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Fig. 3. Schematic description of the Multi-Scale Multi-Domain numerical model.
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volumetric heat generation because of the electrochemical reactions (gg,)-

Due to their layered structure—formed by stacking electrodes and separators—pouch-type cells exhibit anisotropic behavior, with
differing thermal conductivities in the transverse and planar directions. Consequently, their thermal conductivity is orthotropic. To
determine it, a Hot Disk TPS Anisotropic Measurement Module was used, which complies with the international standard ISO 22007-2
[47]. Table 2 presents the thermophysical properties of the components and the dielectric fluid.

In the MSMD approach, the current density and potential equations are solved in the electrode scale in both active and passive
zones. The current density variation is solved using Eq. (2a) and Eq. (2b):

V. (‘7+V‘P+) = — Jch Eq. 2a
V- (6_V¢_)=jrcn Eq. 2b

where jgc, denotes the volumetric current transfer density due to the electrochemical reaction. Both g, and jgcy are computed using
an electrochemical submodel. In the present study the Equivalent Circuit Model (ECM) is employed to compute both terms. This model
mimics the electric behavior of the battery by an electric circuit. In this case, the six parameter ECM model suggested by Chen et al.
[48] is adopted (Fig. 3). This model comprises three resistive and two capacitive components, effectively capturing the dynamic
electrochemical behavior. Thus, the voltage-current connections can be determined using Eq. (3):

V(t) =Eocv(SOC) + Vi (t) + V2(t) — Rinte(SOC)I(t) Eq. 3

Here, V symbolizes the terminal voltage, Eocy the open circuit voltage, which considers the voltage variation with SOC without any
load, V1(t) and V5 (t) are the voltage across the first and second parallel RC loop, respectively, Ry, denotes the ohmic polarization of the
cell and I(t) represents the transient current load. Both voltages across the loops can be obtained using the following equations:

v, 1 1
ek . _ I
&t ~ R, (800)C,(800) " " crsoc) @

Eq. 4a

av, 1 1
“dt ~ R,(SOC)C,(SOC) V:-5, (soc) 1t) Eq. 4b

In Eq. (4a) and Eq. (4b), R; and Ry are the resistances and C; and C; the capacitances of the first and second RC loops, respectively. In
the present study, all the parameters depend on SOC and temperature.

Because of the non-ideal contact between the connection surfaces, contact resistances appear between passive components, which
depend on many different parameters such as surface nature and material, and the employed welding technology. As in the present
study high current load profiles were employed, the CR heat generated in these surfaces could have a significant impact on the
temperature non-uniformity within the cells. Thus far, the influence of contact resistance-induced heat on passive components (ter-
minals, busbars and tabs) has not been comprehensively addressed in either experimental or numerical research. Therefore, the
present study explores, for the first time, the effects of the ohmic heat sources on a battery module cooled by the DLC strategy. The
contact resistance (CR) values used in this study were experimentally measured using a Hioki BT3554 Battery Tester at 1 kHz AC. It is
important to note that CR values can vary depending on several factors such as surface roughness, material properties, welding
technique, applied pressure, and operating temperature. Therefore, the values adopted in the model correspond to the specific as-
sembly and testing conditions of our prototype. Moreover, only a limited number of studies have experimentally quantified contact
resistance in battery interconnects, and these typically focus on isolated joint types. For example, Brand et al. [49] reported tab-joint
CR values of approximately 0.13-0.35 mQ depending on the welding configuration, whereas Choi et al. [50] documented
tab-to-busbar resistances on the order of 0.60-1.20 mQ for 0.3 mm Al tabs connected to Al/Cu busbars. The contact resistances
measured in our prototype lie below these ranges, which is consistent with the high metallurgical quality and cleanliness achieved in
our welded interfaces. This agreement further supports the suitability and internal consistency of the CR inputs used in the present
model.

The resistance values are summarized in Table 3.

In the ECM model, the variation of SOC for a transient current load can be determined by the following equation:

Table 2
The thermophysical properties of the materials defined in the numerical models.
Property Cell Cathode(+Tab) Anode (-Tab) Busbar Dielectric fluid Module housing Mechanical absorber
Density (kg/ma) 1852 2719 8978 8978 774.1 1240 250
Heat Capacity (J/kgK) 1046 871 381 381 2130 1300 1500
Thermal conductivity (W/mK) Planar: 202.4 387.6 387.6 135 0.175 0.07
17.9
Trans.:
0.65
Electrical conductivity (S/m) - 3.5e7 5.8e7 5.8e7 - - -
Kinematic Viscosity (mm?/s) - - - - 4.3 - -
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d )
%% = 36000, Eq. 5

where Qyf is the battery reference capacity. For this study, the reference capacity of each cell was 60 Ah (Table 1).

To predict the dynamic performance of the battery and determine the parameters of the ECM model, High Power Pulse Charging
(HPPC) tests were carried out. The experiments were conducted at two distinct ambient temperatures (25 °C and 45 °C), applying both
charge and discharge pulses to the cell at discrete SOC levels ranging from 0 % to 100 % in 10 % increments. After that, the parameters
for the ECM model were obtained using the Least Square method.

Once known the voltage at the cell scale, the coupling between the MSMD and the ECM is carried out using the transient volumetric
current density, which is determined as follows:

j _ Qtotal ﬂ

= . Eq. 6
Qnominal EOCV q

where Qqotal and Qnominal refers to the total and nominal capacity of the cell, respectively. In this case, the modeled cell is equal to the
experimental one, so both values are identical. Finally, the volumetric heat generation due to the electrochemical reaction is deter-
mined. For this purpose, the generated heat is divided into two different terms: irreversible and reversible heat. On the one hand, the
irreversible heat considers the heat due to the voltage overpotential (first term on the right-hand side of Eq. (7)), while the reversible
heat is determined considering the entropic heating (second term on the right-hand side of Eq. (7)).

. . dE
Qech :]ECh{[EOCV —(p. - )]-T d(;fv}'

Eq. 7

The entropic factor of the reversible heat generation was experimentally determined analyzing the Open Circuit Voltage (OCV)
variation with the temperature (dEgcy/dT). This process is named standby process, and it is used to calculate the variation of voltage
based on temperature changes at different SOC levels. This methodology is especially suitable for large-capacity pouch cells because
maintaining a fixed and uniform temperature minimizes relaxation times and improves measurement stability and accuracy. In this
case, the experiments were carried out at 25 °C. Although the entropic coefficient may slightly depend on temperature, the operating
thermal window of our study is narrow, and the resulting variation of the reversible heat term is expected to be negligible compared to
the total contribution. For this reason, the values obtained at 25 °C are considered sufficiently representative for the thermal conditions
investigated in this study. Fig. 4 presents the entropic factor variation for different SOCs.

3.2. CFD model
After determining the heat generation of the cell, the behavior of the dielectric fluid was modeled. The dielectric fluid flows through

the inlet of the designed module contacting directly with the active cells. Thus, the equation of continuity (Eq. (8a)), momentum (Eq.
(8b) considering laminar flow) and energy (Eq. (8c)) are as follows:

)

a—i+V~(pv):0 Eq. 8a

0

3 (pv)+V - (pvv) = —Vp+pg + V - (uVv) Eq. 8b
oT

pCpE+pCpV -(VT) =V - (kVT) Eq. 8c

In the above equations, v is the velocity vector, p is the pressure and x is the dynamic viscosity of the fluid. The assumption of a laminar
flow regime is justified by the low Reynolds numbers calculated across the system; specifically, the maximum Reynolds number in the
channels (the primary cooling contact area) is Re = 49, which is well below the critical threshold for internal flows. In the solid
domains, (i.e. the rest of the solid components of the mechanic assembly, which is symbolized by subindex s), the energy equation is
the following:

Table 3
Contact resistance in the union of different passive regions.
Contact surface Resistance value [mQ]
Terminal (4) — Busbar (+) 5.102
Terminal (—) — Busbar (-) 5.10 2
Busbar () — Tab (-) 5102
Busbar (+) — Tab (+) 71072
Busbar (//) — Tab (-) 6-102
Busbar (//) — Tab (+) 71072
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Fig. 4. Measured entropic factor values for different SOCs (T = 25 °C).

T
pscp-,S%: V- (ksVTs). Eq. 9

3.3. Reduced Order Modelling (ROM)

The computational time and cost required to solve all the above equations in a transient framework is extremely large. Thus, to
minimize the solver consumption, a particular procedure using a ROM technique is followed. This technique has been successfully
applied in other battery models such as [39,40,51]. For this purpose, the following assumptions are considered [12]: (i) the flow
behavior does not change with temperature, (ii) the electric conductivity of the cell is constant and does not vary with temperature,
and (iii) the transfer current density is uniform in the active zone. First the flow governing equations (Eq. 8a-c) are only solved in a
steady state framework. After that, considering the flow parameters constant (assumption i), the two potential equations are solved for
initial time-steps until the current density and potential reach a steady value on each cell. Proper tuning of the convergence criteria is
essential to guarantee the stable and accurate resolution of both potential equations. Once convergence is achieved, and under as-
sumptions (ii) and (iii), the two equations reduce to homogeneous linear partial differential equations. Consequently, instead of
solving them at each time step, a scaled solution procedure is employed to improve computational efficiency. This approach enables
the potential fields corresponding to any electrical load to be derived from a reference potential field. This reference field is
pre-calculated at reference load conditions, without needing to solve potential equations on each time-step. Thus, the ROM
electrochemical-thermal coupled simulations are reduced to a pure thermal simulation under any current load (steady or transient),
reducing significantly the computational cost of the model [51].
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Fig. 5. Computational domain: (a) External, and (b) Internal view.
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3.4. Computational domain and boundary conditions

Fig. 5 shows the (a) external and (b) internal view of the computational domain. The dielectric fluid enters the domain from the
bottom left side to the interior of the module at specific temperature (Ti,) and flow rate (Qiy), leaving it from the bottom-right zone (set
as atmospheric pressure) of the system in a higher temperature due to the absorbed heat. As mentioned above, this heat is generated in
both active (cells) and passive components (tabs, busbars and terminals).

In the present model the heat generated is also transferred to both the cooling fluid and through the vertical walls to the sur-
rounding air. Therefore, as the experimental tests were carried out in a climatic chamber at T, = 25 °C, Newmann boundary condition
(convective heat transfer) was set to the external faces. To consider the impact of the surface temperature on it, the convection co-
efficient was determined in terms of the wall surface temperature. To determine the convection coefficient (he,, W m~2 K1), the well-
known correlation of Churchill and Chu for vertical plates was employed [52].

Eq. 10

2
0.387Ra)’® oL
Nu=-{0.825+ rm ==

[1 +(0.492/pr)°1®

Properties were determined for the average temperature T,,, =Ty — T, where T, (K) is the temperature of the computational node
located on the wall surface. Thus, by means of the values of Eq. (10), the fitted correlation of Eq. (11) was employed in the numerical
model:

h., =8.00253 - 107*T3 — 7.43528 - 10! T? — 2.30357 - 10°T,, + 2.37941 - 10*. Eq. 11

Apart from that, since the module was leaning on a sheet of insulating material, the bottom surface was considered as adiabatic
wall. In contrast, as the air surrounding passive electrical elements (terminals, busbars and tabs) are enclosed inside the module vessel,
a constant convection coefficient Apassive = 2 W m =2 K! is imposed on these faces. This value was determined using the correlation for
vertical rectangular enclosures proposed by Berkovsky and Polevikov [53].

4. Results and discussion

The results of the numerical model developed are presented below. First, the mesh independence analysis and the validation of the
model are shown. Then, the thermal analysis of the system is deepened, focusing on the heat generation mechanisms and discussing the
relevance of the contact resistances in the total heat generation. Finally, their effect on the magnitude and temperature distribution of
the active parts of the module is analyzed and discussed.

4.1. Mesh independence analysis and model validation

First, the mesh independence analysis is conducted, which was validated using both experimental steady and transient pulse tests.
In the present study, Ansys Fluent Meshing was used to build the different meshes. As the aim of the numerical study is to analyze
the thermal behavior of the cells including passive components (busbars, terminals and tabs) of the DLC technology, the influence of
the mesh size on both passive components and fluid domain is studied. Four different grids are studied as follow: Mesh 1 ~ 5.7 x 10°
elements; Mesh 2 ~ 7.5 x 10° elements; Mesh 3 ~ 10.5 x 10° elements; and Mesh 4 =~ 12.5 x 10° elements. Fig. 6 compares the

33
. . P /s
’ IS A NS N\
A A P 3
o 205 AONN 2NN NN NN N
32 P AN NN AR AN AN
PR R RSN NS N SN
RN i/' N o X -
31 F

[9%)
[}
T

Temperature (°C)
[\ 33
o] =}

"""""" Mesh 1: 5x 10° elements
""" Mesh 2: 7.5x 10° elements
= = = Mesh 3: 10.5x10° elements |

Mesh 4: 12.5x 10° elements

\
25 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 0 20 3 40 50 60 70 80

Time (min)

Fig. 6. Average temperature of each cell over time for four different meshes.



P.F. Arroiabe et al. Case Studies in Thermal Engineering 82 (2026) 108098

evolution of the average temperature of the four cells for different meshes under 1.5C pulse test conditions (see Fig. 2a) with ambient
and inlet fluid temperatures of 25 °C.

Results show that the thermal behavior of the Mesh 3 and Mesh 4 converge to similar values. Thus, to have a good compromise
between a reduced computational cost and numerical accuracy, a grid of 10.5 x 10° elements was selected, having the following main
characteristics: maximum size on busbars, terminals and tabs of 4 x 10™* m, maximum size on the fluid domain of 6 x 10™* m,
minimum of 10 elements on the transversal direction of the fluid domain and a maximum size on the rest of the components of 8 x
107 m.

After ensuring the mesh independence of the numerical results, the model was validated against experimental data. Furthermore, in
order to validate the numerical model over a wide range of inlet flows, the model was simulated under the same electrical (1.5C pulse
test) and thermal operating conditions (ambient and inlet fluid temperatures of 25 °C) with three different cooling fluid flow rates: 0.3
L/min, 0.9 L/min and 1.5 L/min. Fig. 7, compares the evolution of the experimental and numerical minimum, mean and maximum
temperatures of the battery module for the different considered inlet flow rates.

As can be concluded from Fig. 7, the numerical model correctly characterizes the thermal behavior of the tested module throughout
the full range of simulated flow rates. In addition to correctly capturing the magnitude and dispersion of the stationary temperatures of
the battery module after applying 1.5C pulses for around 70 min, the transient evolution of the temperatures is also accurately
captured. For all flow rate values, the minimum, mean and maximum temperature of the module is determined with an error below
1 °C. The difference between the maximum and minimum temperature is correctly captured although the errors become larger as the
volumetric flow rate of the liquid increases. In addition, to further support the validation, the spatial distribution of the steady-state
temperature for internal and external cells was compared. Fig. 8 shows the experimental and numerical temperature contours for
external (cell 1) and internal cells (cell 3) operating under different coolant flow rates. The stationary conditions reached at the end of
the pulse test (t = 71 min) were considered for this purpose.

The numerical model is thus validated as accurately representing both transient and steady-state temperature profiles of the
module. Furthermore, it successfully reproduces the spatial temperature distribution across cells located at the center and sides of the
module under varying coolant inflow conditions, when subjected to 1.5C pulses between 50% and 60% SOC.

In order to finish the validation, the numerical model was also used to calculate the thermal response of the module under a real
driving cycle. The driving cycle includes a fast charge of 1.6C, in which higher heat generation is expected to impact both the mean
temperature value as well as the spatial homogeneity of the temperature. The measured and computed thermal responses are rep-
resented in Fig. 9 for an external (cell 1) and an internal cell (cell 3).

As can be seen in Fig. 9, the numerical model correctly represents the overall thermal response of the cells throughout the driving
cycle. Regarding the most demanding phase, the initial stage of fast charging is accurately captured by the model. However, dis-
crepancies are observed during the final phase, particularly between SOC values of 60 % and 90 %. These deviations are consistent
with three coupled mechanisms that are not fully represented in the present parameterization.

First, the temperature-dependent of contact resistance in the union of different passive regions. Electrical interconnects can
contribute non-negligible Joule heating when contact resistance increases with temperature; this is well documented for tab-to-busbar
welds, and has been shown to produce localized hot spots under high-current operation [54]. Neglecting the temperature rise of
contact resistance may therefore underpredict heat generation near the tabs at high SOC and towards the end of fast charging.

Second, possible underestimation of the reversible heat at elevated SOC. The reversible or entropic heat term becomes increasingly
relevant at high SOC in NMC chemistries. Literature emphasizes that accurate characterization of the entropic factor across
SOC—ideally via multi-temperature OCV-standby protocols—is required to avoid bias in the entropic contribution during fast
charging [55]. While our coefficients were experimentally determined at 25 °C (see Fig. 4), small underestimation at SOC >60 %
would directly translate into lower predicted heat generation and premature saturation of the simulated peak temperature.

Third, pressure-dependent impedance rises due to swelling at high SOC and temperature. Pouch cells experience swelling that
elevates stack pressure; multiple studies link pressure increases and pressure gradients to impedance rise and polarization growth,
especially under high C-rates and elevated temperatures [56,57]. Such electro-chemo-mechanical coupling can sustain higher
experimental temperatures and delay their decay after current reduction, producing precisely the lag observed in Fig. 9.

It is important to note that each of the aforementioned mechanisms would require dedicated electro-chemo-mechanical
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Fig. 8. Experimental and numerical steady-state temperature contours of Cell 1 (external cell) and Cell 3 (internal cell) with 0.3 L/min, 0.9 L/min
and 1.5 L/min cooling fluid flowrates under 1.5C pulses with 25 °C fluid inlet and ambient temperature.

characterization to be fully represented in a predictive model. Such comprehensive modelling lies beyond the scope of the present
study, whose primary objective is to quantify the influence of contact resistances under experimentally validated thermal-fluidic
conditions. For this reason, and to ensure that the contact-resistance analysis is grounded in fully validated scenarios, the final section
of the paper compares the effect of modifying the contact resistances on the system temperature under steady-state operating con-
ditions. This approach ensures that the comparison between simulations with and without contact resistance is performed in a regime

where the model accuracy has already been independently verified, thereby strengthening the robustness and interpretability of the
resulting conclusions.
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Fig. 9. Experimental and numerical thermal responses of the external cell 1 and the internal cell 3 under a real driving cycle. (a, ¢) Evolution of the
minimum, mean and maximum temperature of the cells. (b, d) Difference between the maximum and minimum temperature of the cells.

4.2. Thermal analysis

After validating the numerical model, the thermal behavior of the pouch-module is studied. For this purpose, Fig. 10 shows the
thermal behavior of the active and passive components for the steady (Fig. 10a) and transient conditions (Fig. 10b). As in the validation
case, the thermal maps of the steady state case correspond to the final instant, while for the transient case they coincide with the end of
the 1.6C semi-fast charge (90 % SOC).

The results depict that in both cases the temperature distribution of the components is qualitatively very similar. However, what
stands out in the figures is that the temperatures at the end of the semi-fast profile reach to a slightly superior values (Fig. 10b).
Moreover, both figures postulate that the temperatures of the passive components are significantly higher. In particular, the maximum
temperature resides near the positive terminal. This behavior should be attributed to different aspects. On the one hand, the cooling

Steady Transient

46
44
42
40
38
36
34
32
30
28
26

Temperature (° C)

(@ (d)
cell 1 cell 3 cell 1
(b) (c) (e) ®

Fig. 10. Surface temperature distribution for steady pulses (a, b, ¢) and transient profile at the end of the semi-fast charging region (d, e, f); (a, d)
Battery module, (b, e) cell 1, (e, f) cell 3.
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fluid is only in contact with the active elements (cells) of the module, so the passive components are only refrigerated via the enclosed
air. On the other hand, the high current carried through the terminals, together with the heat generated at the contact region between
the terminals and the busbars, should also cause the temperature increase. In addition to the cooling and contact-resistance mecha-
nisms discussed above, it is also worth noting that the hottest spot consistently appears near the positive terminal due to the intrinsic
asymmetry between the two tab materials. In these cells, the positive tab is made of aluminum, whereas the negative tab is copper.
Since aluminum presents lower electrical and thermal conductivity than copper, the positive side naturally exhibits higher ohmic
losses and reduced ability to dissipate heat. This material-driven imbalance increases the effective contact resistance around the
positive terminal, amplifying the local Joule heating. This phenomenon will be studied in more detail in Sections 4.3 and 4.4.

As in Section 4.1, the temperature distribution of the cell surface is also analyzed. Figs. 10b and c illustrate the thermal map of cell 1
and cell 3 for the steady pulse profile, respectively, whereas Figs. 10e and f provide for the transient profile. It should be noted that the
showed temperature maps are those that are in contact with the dielectric fluid, whereas the maps in Fig. 8 showed the cell temperature
on the surface opposite to that contacted by the liquid, hence they are inverted on the vertical axis. Like in the battery module, both
cases are qualitatively very comparable, achieving slightly superior temperatures in the transient one. Analyzing in detail the cell
thermal maps, results show that the cooling flow direction affects the temperature. Therefore, in general, the temperature is higher
downstream. Nevertheless, the most interesting aspect is the superior temperature of the more elevated zones of the cells that are
closest to passive components. Temperature maps show that the hottest spot corresponds to the tab in contact with the positive ter-
minal. Therefore, the thermal non-uniformity does not only occur due to the warming of the dielectric fluid, but also due to the heat
generated in the passive components (namely conductive joule heat) and in their contact zones (hereafter referred to as contact
resistance heat, or CR heat). Therefore, these results suggest that the ohmic heat could have a significant influence on both the value
and non-uniformity of the temperature of immersion cooling pouch-type battery modules specially under high charge/discharge rates.
Thus, the weight and impact of this heat will be analyzed in Section 4.3.

4.3. Heat generation analysis

To quantify the impact of the heat generated in the passive components, the different heat generation sources within the battery
module were evaluated. By means of the previously validated numerical model, it has been possible to break down the total heat
generation considering the electrochemical heat of the active zones (irreversible heat generation, and the reversible or entropic heat
generation) and the ohmic heat of the passive zones heat (conductive joule heat and the CR heat) during the charging and discharging
phases.

To understand the meaning of the different heat sources, first they are defined. The total generated heat is the sum of all heat
sources within the module. In other words, it is the sum of the total electrochemical heat of the cells (g, of Eq. (1)) and the total ohmic
heat of the passive zones (first two terms of the right hand of Eq. (1)). In particular, the electrochemical heat integrates the irreversible
and reversible heats (first and second terms of right hand in Eq. (7), respectively). Fig. 11 presents the evolution of the different heat
sources for the steady-state profile. In particular, it presents the profile of a single 1.5C charge and discharge cycle between 50 % and
60 % SOC, with a total duration of 8 min.

Results show that the total heat generated (black line) changes slightly with SOC, and significantly between charging and dis-
charging phases. In contrast, the ohmic heat (orange line) is constant throughout the entire range, since this phenomenon does not
depend on whether charging or discharging is performed. Therefore, the fall in the total heat generation should be due to the decrease
of the electrochemical heat (blue line). Focusing on the irreversible heat, it can be observed that it changes with SOC and there is a not
negligible reduction in the electrical current direction change instant. Nevertheless, what is interesting in this chart is the fall in the
entropic heat at the same point. In the analyzed SOC range, the entropic factor (red dots) is positive. This means that during the
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Fig. 11. Different heat generation sources within the module on a single cycle of the steady state pulse profile.
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charging phase, the entropic heat reaction is exothermic, whereas it is endothermic during the discharging phase. Consequently, this
phenomenon causes the drop in total generated heat. Furthermore, these results show that the impact of the ohmic source on the total
heat changes significantly within the cycle, being higher within the discharge rate region.

In contrast, these great changes are not observed in the transient profile case. Fig. 12a presents the aforementioned heat sources for
the real profile of electrical buses, while Fig. 12b shows only the region of the 1.6C semi-fast charge.

Out of battery semi-fast charging zone, the total heat generated is very small (even endothermic, Fig. 12a). In contrast, the heat
generated presents a sharp increase in the semi-fast charge region. Locally examining Fig. 12b, the total heat changes with SOC. In
particular, the total heat generated (black line) increases between 20 and 60 % SOC, and after that it presents a reduction. This trend
can be explained by the combined evolution of irreversible and reversible heat. Reversible contribution is directly governed by the
entropic factor, which remains positive throughout this SOC range. A positive entropic coefficient implies that the open-circuit voltage
increases with temperature; therefore, during charge, the reversible term is exothermic. As SOC rises above 60 %, the experimentally
determined entropic factor decreases in magnitude, reducing the reversible heat contribution. At the same time, the irreversible heat
also decreases due to the reduction of overpotentials at high SOC. The combination of both effects leads to the observed drop in total
heat generation. Therefore, as in the semi-fast charge region the ohmic heat also remains constant, its relative impact is higher in the
beginning and end periods of the charge.

It is also worth noting that the entropic factors experimentally obtained in this work are slightly lower at high SOC compared with
some values reported in the literature for NMC-based chemistries, where the entropic coefficient often shows a stronger positive peak
around mid-SOC before decreasing more gradually at high SOC [55]. This difference may partially explain the reduced reversible heat
contribution predicted numerically at SOC beyond 60 %, and is consistent with the tendency of our model to underestimate cell
temperature during the final stage of fast charging.

Together, steady and transient results provide important insights into the effect that could have the ohmic heat on the total heat
source. To certified this influence, Fig. 13 presents the ohmic heat ratio for both steady-state pulse (Fig. 13a) and semi-fast charge
(Fig. 13b) profiles. This ratio is defined as the proportion between the total ohmic heat of the passive components and the total heat
generated in the battery module. As it can be observed in Fig. 13, the profile of both cases is very different.

On the one hand, the influence of the ohmic heat changes with SOC in the steady state pulse profile (Fig. 13a). In addition, results
show a sharp raise of the ratio due to reversible heat drop in the rate change zone. What stands out in the figure is the remarkable
weight of the ohmic heat in some zones. The ohmic heat ratio could rise up to 46 % at the beginning of the discharge. Apart from that,
its influence does not decrease below 16 %. On the other hand, Fig. 13b presents the semi-fast charge results. There is a great decrease
at the beginning and after that the changes of the ratio are smoother. Interestingly, the average ratio of the ohmic heat in the semi-fast
charge region is 17.5 %. These values correspond to our specific module design, cell chemistry, and operating conditions; extrapolation
to other systems should be done cautiously.

Thus, the results of the ratio indicate that the heat generated in the passive components has a significant influence on the total heat
generated, and therefore, on the thermal behavior of the battery module. Consequently, this ohmic heat contribution should be
included in the numerical model to obtain accurate predictions of the thermal distribution within the battery module. It is important to
note that the high ohmic heat ratios observed in this study are specific to the tested module configuration and operating conditions.
While they highlight the significant thermal impact of passive components, caution should be exercised when extrapolating these
ratios to other battery formats, cooling strategies, or load profiles.

As it was stated in the Introduction, one of the principal novelties of the numerical model of the present study is the consideration of
the heat due to contact resistances between the passive components. This heat, together with the conductive joule heat due to the
intrinsic electrical resistivity of the different components, integers the total ohmic heat. To analyze the impact of the CR heat, Fig. 14
depicts the percentage of each resistance over the total ohmic for the steady state pulse profile. Interestingly, more than two thirds of
the total ohmic heat are due to the heat generated in the CR, stablishing the importance of this heat source. For example, the average
influence of the CR heat can be determined for the semi-fast charging region. Considering an average ohmic ratio of 17.5 % previously
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Fig. 13. Ohmic heat ratio on (a) a single cycle of the steady state pulse profile (b) 1.6C semi-fast charge region.

mentioned, the weight of the contact heat resistance reaches up to 12.2 % of the total generated heat in the semi-fast charging.

In the case of the present battery module, the contact resistances are located on the surfaces between each terminal and their
corresponding busbar (Terminal — Busbar), between the parallelization busbar (Busbar (//)) and the positive and negative tabs (Tab
(+) and Tab (—)) and between the positive and negative busbars (Busbar (+) and Busbar (—)) and their respective tabs (Tab (+) and
Tab (—)) (see Fig. 5). Results reveal that the highest heat generation, driven by the conducted high current, is located in both par-
allelization busbar contacts, and on the surfaces between the terminal and their busbars. In contrast, as the current is divided
throughout two cells in the other busbars, the heat generated on the contact with their cells tabs is significantly lower. Thus, the
enhancement of the contact resistance of the terminals and the parallel busbar could improve the thermal performance of the battery
module.

In summary, these results reinforce the need to consider the ohmic heat (and, mainly, the CR heat) to properly model and get
accurate thermal results of pouch-type battery modules cooled by immersion cooling strategy at high rates. Likewise, the reduction of
these CR would decrease the total generated heat and, as a result, would reduce the maximum temperature, as well as the non-
uniformity of the cells themselves. The next section, therefore, moves on the discussion of this effect.

Cells (0.8%)

Terminals (4.7%)
Busbars (8.6%)

Qo

(30.3%) Tabs (16.1%)
Busbar () — Tab (-) (6%)
Busbar (+) — Tab (+) (8.4%)
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Busbar (//) — Tab (+) (16.8%)
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Total ohmic heat

Terminal (—) — Busbar (-) (12%)

Distribution

Fig. 14. Percentage of the conductive joule heat (Qq) and the contact resistance heat (Qcr) over total ohmic heat, and a breakdown of each one,
indicating the percentage of the heat in each location for the conductive heat, and the percentage of the heat generated in each contact between
passive elements (terminals, busbars and tabs). Both are determined for the steady state pulse profile.
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4.4. Contact resistance influence

To study the impact of the heat generated due to the contact resistances in more detail, a new model with null CR was built.
Therefore, the aforementioned CR heats were not considered in the present case. In this occasion both steady and transient cases are
analyzed. To evaluate the effect in the thermal performance of the battery module, Table 4 provides the overall results of the battery
cells at the end of both steady state pulse profile and the semi-fast 1.6C charge region for the studied cases: with and without
considering CR heat.

It is apparent from Table 4 that the CR has a significant influence on the thermal performance of the cells, mainly on the maximum
temperature and the temperature non-uniformity (AT = Tiax - Tmin) Within the cells. This influence is higher for the semifast charge
case. It is worth noting that the maximum temperature decreased by 2.8 and 4.9 °C after removing the heat contribution from the
contacts, also leading to an improvement in temperature homogeneity. Despite being less significant, the average temperature of the
active components also dropped by 0.6 and 1.5 °C, respectively. Finally, it should be noted that the temperature difference between the
maximum and minimum values was reduced by 2.8 °C and 4.8 °C, respectively, which represents a reduction of more than half in the
semi-fast charge case.

To further study this impact, Fig. 15 shows the thermal maps of both cases for the steady-state profile. In particular, Fig. 15a il-
lustrates the surface temperature of the module components neglecting the CR, while Figs. 15b and ¢ show the temperature difference
when considering and not considering the CR for the external (cell 1) and the internal cells (cell 3), respectively. Compared to the CR
case (Fig. 10d), it is apparent that the achieved temperature in the module is considerably lower. This reduction is more significant
among the passive components. Analyzing the temperature differences in the cells 1 and 3, results show that the impact is more
pronounced in the upper 25 % area, close to the passive components. Interestingly, in this region the temperature rise due to the
contact resistance can range from 1.5 °C to 3.0 °C. In this case, the most influenced zone is located on the zone below the positive
terminal. In contrast, in the rest of the surface the impact is lower, being almost negligible on the bottom part as heat transfer is
dominated by convection to the liquid wetting the face.

In summary, these results indicate the significant impact of the heat generated in the contact between the passive components.
Therefore, they suggest that the contact resistance should be considered to properly model the thermal performance of pouch-type
battery modules working at high rates. Otherwise, the achieved temperature maps will not show the real thermal distribution of
the module. Furthermore, this heat should be also contemplated to understand the results of the experimental studies, as they distort
the temperature uniformity along the cells surface themselves. So, taken together, these findings also indicate that the reduction of the
contact resistance may be a key solution for improving the temperature performance of the battery modules. By applying this
approach, temperature homogeneity among the active components would be reduced, while also decreasing the overall temperature of
the cell.

5. Conclusions

This study presents a validated numerical model of a pouch-type lithium-ion battery module cooled via a partial direct liquid
cooling (DLC) strategy. The model incorporates both electrochemical and ohmic heat sources, including contact resistance (CR) effects
between passive components—an aspect rarely addressed in previous literature.

The model was validated against our own experimental data under both steady-state and transient conditions, and across a wide
range of coolant flow rates. Importantly, validation was not limited to average cell temperatures, but extended to spatial temperature
distributions, allowing the assessment of thermal non-uniformity within and between cells. The model accurately reproduced the
thermal behavior of the module, with prediction errors below 1 °C for the steady state pulse profile.

Results show that under high C-rate conditions (1.5C discharge and 1.6C semi-fast charge), ohmic heating can account for up to 46
% of total heat generation, with CR heat contributing up to 12.2 %. These values are specific to the tested configuration and operating
conditions and should not be generalized without further investigation. Nonetheless, they highlight the significant thermal impact of
passive components and the necessity of including them in thermal models.

Small discrepancies between simulation and experiment were observed during the final stage of fast charging, particularly in
regions close to busbars, tabs, and other passive components. The analysis indicates that these deviations stem from the combined
influence of mechanisms not yet fully captured in the present model—namely, the temperature-dependent increase in contact re-
sistances, a possible underestimation of the reversible heat at high SOC, and swelling-induced impedance rise under elevated tem-
perature and state of charge.

Overall, the proposed model provides a robust framework for analyzing the thermal behavior of pouch-cell battery modules under
demanding conditions. Although the numerical values reported here are specific to the studied configuration, the methodology is fully
generalizable to other module layouts, cell formats and electrical topologies. Moreover, the modeling strategy offers a solid basis for
extending the analysis to more severe thermal scenarios—such as thermal-runaway initiation and propagation—and constitutes a
valuable design tool for assessing alternative geometries, welding processes and contact-interface configurations aimed at minimizing
thermal gradients and contact-resistance effects.
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Table 4

Overall temperature results for the active components (cells) of the battery module with (CR Heat) and without (No CR Heat) considering the contact
resistance.

Case Tavg (°C) Tmax (°C) AT (°C)
Steady-state profile CR Heat 30.5 34.0 7.7
No CR Heat 29.9 31.2 4.9
Semi-Fast charging CR Heat 30.8 36.0 9.3
No CR Heat 29.3 31.1 4.5
cell 1

O 3.0

o 28

46 [0} 2.6
44 O 2.4
c W4 o 2.3
e M40 © <
e W38 (b) E ]?
=] © .
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Fig. 15. (a) Battery surface temperature distribution neglecting the CR heat for the steady state profile. Difference on the surface temperature with
and without considering the contact resistance for (b) external celll, and (c) internal cell 3.
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