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An Integrated Flow–Electric–Thermal Model for a
Cylindrical Li-Ion Battery Module with a Direct Liquid
Cooling Strategy

Litao Yin, Zeyang Geng, Are Björneklett, Elisabeth Söderlund, Torbjörn Thiringer,
and Daniel Brandell*

1. Introduction

Lithium-ion batteries (LiBs) are on their way
to becoming a dominating energy storage
technology, especially for application in elec-
tric vehicles,[1,2] due to their excellent perfor-
mance in terms of combinations of energy
density, power capability, energy efficiency,
and cycle life. In recent decades, there
have been plenty of investigations, both
using experimental measurements[3–5] and
simulations,[6–9] aiming to improve the
safety, energy, and power of LiBs. This has
led to a consensus that the performance of
LiBs is largely dependent on their operational
temperature,[10–14] explaining the growing
interest in thermal control of LiBs, both at
the cell and system level and to increased
efforts in coupled thermal and electrochemi-
cal modeling of cell behavior.[15–19]

However, most of the existing coupled
thermal and electrochemical models are
either built on the single-cell level, which

is not applicable in the investigation of the effect of the battery
module design. Alternatively, they are built based on the most
simply operational air-cooling system. The aim of the present
study is, therefore, to establish an integrated model at the battery
module level, which can take into account the simultaneous and
interdependent thermal behavior of different cells and the effects
from relevant multi-physical fields caused by different cooling
strategies, incorporating fluid flow and heat transfer across both
fluid and solid domains.

Since the thermal behavior of the batteries/module is deter-
mined by the balance between heat generation and dispassion
rate, the first step to building a convincing integrated model is
to understand the heat generation within the battery, i.e., to build
a precise thermal model. The existing thermal models for LiBs can
be classified into lumped-parameter models,[20] electric–thermal
models,[6,21] electrochemical–thermal models,[22,23] and thermal
runaway models.[24,25] Among these, the electrochemical–thermal
model can provide the most detailed information on the battery
physics, which makes it possible to extract heat generated from
different components,[26] making it favorable from a battery design
point of view. For example, Kim et al. discussed the impact of
geometry and position of the tabs on the temperature gradient
in an operated battery,[27] while Lee et al.[28] found that the heat
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An integrated model is constructed for a Li-ion battery module composed of
cylindrical cells by coupling individual first-order equivalent circuit models (ECMs)
with a 3D heat transfer model, also considering the fluid flow dynamics of the
applied cooling liquid, and bench-marked against experimental data. This model
simulates a representative unit of the battery module with direct liquid cooling in
a parallel configuration. Instead of assigning specific values to the featured
parameters involved in the ECMs, they are here defined as 4D arrays. This makes
it possible to simultaneously consider the effect of the state of charge, current rate,
and temperature on the battery dynamics, making the model more adaptive,
versatile, and connectable to the battery cell electrochemistry. According to the
simulation results, the model employing state-dependent battery properties fits
better with the experimental cooling results. Additionally, the temperature uni-
formity of the module with a parallel cooling configuration is improved compared
to a serial configuration. However, the increase of the absolute core temperature
cannot be directly controlled by the surface cooling due to the slow heat transport
rate across the battery material. The simulations also provide directions for the
modification of module design, to the potential benefit of battery pack developers.
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generated from tabs was the main reason for the non-uniform
temperature distribution in a battery.

However, the disadvantage of such a comprehensive model is
the associated large computational load.[29] Especially for a large-
format batterymodule, whichmay include hundreds or even thou-
sands of cells, the complexity and computational cost of employing
an electrochemical-thermal model will be impractically large, let
alone combined with a 3D flow dynamic model. Thus, a
lumped-parameter model or an equivalent circuit model (ECM)
is more often used in the simulation of large-format battery mod-
ules.[30,31] In such models, the heats generated from a single cell
are generally calculated either by using the empirical energy bal-
ance, as originally proposed by D. Bernardi et al.,[32] or by using
Ohm’s law assuming the internal resistance as a fixed value or as a
1D variation (usually as a function of the state of charge,
SOC).[33,34] However, considering that the battery behavior is also
largely dependent on temperature and C-rate, the relevant battery
physics may be oversimplified through the abovementioned
approach. While a few approaches have been employed to account
for such effects,[35–37] a complete multi-factor-impact, including
the joint effects from temperature, SOC, and C-rate, has not been
considered in the existing thermal models so far. Therefore, a new
equivalent circuit model (ECM) is proposed herein, using several
4D arrays that define the relevant featured parameters.

In real applications, such as EV batteries, an unexpected tem-
perature increase of the battery module is generally handled
through appropriate module design, and advanced cooling strat-
egies, e.g., active cooling with air or liquid, or passive cooling
with phase change materials––are usually employed. Among
these, the air-based cooling strategy is frequently used by EV
manufacturers due to its simplicity and low cost.[38–40]

However, the efficiency of air-based cooling is often insufficient
for large format battery modules, especially when operating at a
relatively high C-rate.[41] In contrast, liquid-based cooling is con-
siderably more efficient due to the relatively high thermal capac-
ity and thermal conductivity of the liquid coolant. Specifically,
there exist two different liquid-based cooling strategies: indirect
liquid cooling and direct liquid cooling.[42] For indirect liquid
cooling, the complex module design and the potential leakage
of the coolant are the most challenging problems for practical
applications. Currently, EV manufacturers such as Tesla and
GM are adopting indirect liquid cooling strategies for their bat-
tery modules.[43–45] Direct liquid cooling, in turn, has not been as
widely used in the mass-produced EV market, but is primarily
used conceptually in high-performance EVs and EV racing.[46,47]

This may partly be due to the high cost of the dielectric liquids,
which are required by the direct (immersion) cooling technology,
and partly due to the lack of awareness of the capability of this
cooling technology. In fact, increasing research efforts have
shown that direct liquid cooling is a highly promising cooling
strategy for the large format battery module used in EVs,[48]

and may advance in the next generation of battery thermal man-
agement systems. Thus, in this study, we will apply the estab-
lished integrated model to investigate the thermal behavior of
a large battery module that employs a direct liquid cooling strat-
egy, thereby providing directions for the battery thermal manage-
ment system design. Since the parallel configuration (as
compared to a serial configuration) of the battery arrangement

in the large module is more favorable for temperature unifor-
mity,[6,48] it is the focus of the current study.

2. Model Development

2.1. Module Structure and Representative Unit for Modeling

Figure 1a shows the schematic of the battery module with the
employment of a direct liquid cooling strategy and with a parallel
cooling configuration. Multiple battery modules are connected to a
common rail inlet and outlet that are part of the heating, ventila-
tion, and air conditioning (HVAC) system of the vehicle. Figure 1b
shows the battery arrangement in themodule with engraved liquid
flow channels. The top cover (not shown) has a similar structure.
To obtain a more homogeneous flow rate across the module, the
depth of the channels is larger on the inlet side than on the outlet
side. Simulations show that a linear grading of the channel depths
results in a not perfect, but muchmore uniformly distributed flow
rate compared to a design with identical channel depths. In addi-
tion, to achieve a relatively high energy and power density, the bat-
tery module is designed using a staggered arrangement. This
means that the closest distance between each of the two neighbor-
ing cells is constant, and is set to be 0.5mm. The enlarged illus-
tration in Figure 1b shows that a cylindrical isolator rod is inserted
into each of the coolant units and is tangentially contacted with all
three surrounding cells. This helps to warrant that all cells are sep-
arated effectively and uniformly.

The cooling liquid polyalphaolefin (PAO) flows through the
module in the vertical/axial direction, as shown by the arrows in
Figure 1a. Even though the module is designed to include a large
number of cells for usage in (for example) an electric vehicle, owing
to the advantage of the parallel cooling configuration, the cooling
condition for each cell in themodule should be repeatable. Tomake
the computations practically solvable, a representative unit of the
cooling liquid and its neighboring batteries is therefore abstracted
and simulated. As shown in Figure 1c, the actual simulation
domain contains three 1/6 cells, the isolator rod, and the cooling
liquid flowing through the center of it. The upper and bottom parts
correspond to the graded channels, which together collect and dis-
tribute the cooling liquid uniformly through the module. The rele-
vant geometric factors used in the model are given in Table 1.

2.2. Overview of the Integrated Flow–Electric–Thermal Model

In this study, a commercial @FEM-based software, COMSOL
Multiphysics, was used to build themodel and conduct the numer-
ical simulations. The software can integrate several different phys-
ical fields by a two-direction (full) coupling, which makes it
possible to capture the transient development of the whole simu-
lation system. Herein, the battery will generate heat under usage,
and this heat will be transported across the battery materials and
further transported to the cooling liquid, and finally dissipate out
of the battery module. Both the heat generation rate and the flow
dynamics of the cooling liquid will affect the final cooling effi-
ciency. Thus, as illustrated in Figure 2, it is necessary to take
all abovementioned kinetic processes into account in the model.

Specifically, due to that, the flow rate of the cooling liquid
is not high enough to cause turbulence, a laminar flow interface
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is used in the integrated model to describe the flow dynamic
and calculate the stationary flow rate surrounding each cell.
This flow rate will be used as one of the boundary conditions
in the heat transfer interface. Three electrical circuit models
(ECMs) are used to simulate corresponding battery properties
and calculate the heat generation rate during operation.
These will be integrated into the heat transfer interface as the
kinetic heat source. The main parameter calculated from the heat
transfer interface is the temperature. By averaging the battery
material domains for each cell, the dynamically changing
temperature is fed back to the ECMs, and used to estimate
the predefined SOC/C-rate/temperature-dependent battery
properties. Based on these new properties, the heat generated
from the batteries is updated once at each time step throughout
the simulation. Since the viscosity of typical dielectric liquids

decreases with increasing temperature[49,50] and an increasing
flow rate due to lower viscosity leads to more effective cooling,
this should provide a temperature stabilizing effect. The model
here, however, assumes that such temperature effects on the flow
dynamics are relatively small, and the updated temperature is,
therefore, not used as input to the laminar flow interface.
Instead, the flow dynamic/rate is computed at the beginning
of the simulation. Thereby, the integrated model will converge
more easily and save computational resources. It should be noted
that a more advanced flow dynamic model can be envisioned in
future work which takes the complexity of nonideal flow into
account.

Table 1. Geometric parameters used in the model.

Geometric parameters Value

Battery diameter, d_batt [mm] 21

Battery height, h_batt [mm] 70

Terminal radius, r_term [mm] 3

Terminal height, h_term [mm] 1

Space between different batteries, d_spa [mm] 0.5

Height of the liquid collection space, h_liq [mm] 3
Figure 2. Schematic of the integrated electric-heat transfer-fluid flow
model.

Figure 1. a) Configuration of the cooling liquid flow pattern showing the inlet and outlet common rail that connect different battery modules; b) Battery
arrangement in the module and the enclosure bottom (top cover has similar structure) with engraved liquid flow channels where the enlargement shows
that a cylindric isolator rod is inserted into each of the coolant unit and tangentially contacted with all three surrounding cells; c) Schematic of the
representative unit simulated in the model which includes three 1/6 cell, one isolator rod and the cooling liquid flowing in between.
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2.3. Governing Equations and Boundary Conditions

2.3.1. Laminar Flow Interface

As mentioned earlier, it is assumed that the flow dynamics of the
cooling liquid surrounding each of the batteries can be described
by a laminar flow, since the investigated flow rate is relatively
slow (the Reynolds numbers calculated with the simulated bat-
tery module design and for all the flow rates investigated are less
than 50). Relevant flow dynamics can be calculated based on the
continuity equation and momentum conservation equation as
follows, in which ρ is the density, p is the static pressure, μ is
the dynamic viscosity, u and I are the flow rate vector and unit
vector, respectively.

ρ∇ ⋅u ¼ 0 (1)

ρðu ⋅ ∇Þu ¼ ∇ ⋅ ½�pIþ ðμð∇uþ ð∇uÞTÞ� (2)

Figure 1 shows that the liquid phase includes the upper and
bottom parts, corresponding to both the liquid distributor and
the liquid in the center of three neighboring battery cells. The
liquid flows through the module from the top surface (inlet)
to the bottom surface (outlet) vertically. With respect to the
boundary conditions, a normal inflow velocity of 0.001m s�1

is defined at the top surface, and a free outlet condition is defined
at the bottom surface. The inflow velocity is calculated based on
the real battery module design, in which a liquid pump is used to
tune the flow velocity. The interface between the batteries and the
liquid is defined as a wall, and the other vertical cross-sections are
defined to be symmetric (insulation).

2.3.2. ECM

A first-order electrical circuit model, as shown in Figure 3, which
includes one open-circuit voltage (Voc), one resistor (R0), and one
resistor–capacitor pair (R1–C1), is used to describe the electro-
chemical properties of the batteries in the integrated model.
The terminal voltage (VT) of such a battery model can be
described as

VT ¼ Voc � IR0 � VRC (3)

where the second term on the right is the voltage drop caused by
ohmic resistance and VRC is the potential drop caused by the R–C
pair. The transient voltage dynamics can then be calculated by

dVRC

dt
¼ � 1

R1⋅C1
� VRC þ 1

C1
� I (4)

where R1 and C1 are the resistance and capacitance of the R–C
pair. A very important advantage of the model proposed here is
that all parameters involved in the ECM are updated based on
SOC, C-rate, and temperature, instead of being fixed at a certain
value for different operation conditions. Without this feature, the
usefulness of the model would be very limited. Detailed experi-
mental setup and data fitting are introduced in Section 2.4.

2.3.3. Heat Transfer Interface

Heat transfer in both solid and liquid phases is used to calculate
the temperature distribution in the battery module and follows
the relation

ρCp
∂T
∂t

þ ρCpu ⋅ ∇T þ ∇ ⋅ ð�kT∇TÞ ¼ Q (5)

where ρ, Cp, kT are the density, thermal capacity, and thermal
conductivity of the material in the corresponding domain, e.g.,
the cooling liquid or the solid battery material. In this context,
the battery material is assumed to be a uniform domain with ani-
sotropic thermal conductivity, which can be calculated by lump-

ing properties of different layers in parallel (kT,ang ¼
P

LikT,iP
Li

) or in

series (kT,r ¼
P

LiP
Li=kT,i

),[19,51] with kT,ang, kT,r representing the ther-

mal conductivity of the battery material in the tangential and
radial directions and Li, kT,i denoting the thickness and thermal
conductivity of different layers of the cell, respectively. u is the
flow rate calculated from the laminar flow interface, while Q is
the heat source calculated from the electrical circuit models, and
can be calculated according to[32]

Q ¼ I½ðVOC � VTÞ � T
∂VOC

∂T
� (6)

It should be noted that the featured parameters used in the
abovementioned ECM, e.g., R0, R1, and C1, are dependent on
the operation conditions, including SOC, C-rate, and tempera-
ture. With respect to the boundary conditions, at the top surface
(inlet), a fixed temperature is defined, which is considered deter-
mined by the external battery thermal management system
(BTMS). A free outflow condition is then defined at the bottom
surface.

2.4. Parameterization of ECM

It is commonly acknowledged that the properties of LiBs are
dependent largely on the operational conditions, for instance,
the SOC range in usage, charge/discharge rate, and
temperature––and then not only the temperature of the
surrounding environment, but also the internal temperature
developed within the battery cells. To get more precise simula-
tion results, the parameters used in the ECMs here are defined as
a series of 4D arrays obtained by interpreting separated data sets
that are measured under different conditions, instead of fixed to
certain values.[42]

Figure 3. Schematic of the first order electrical circuit model used in the
integrated model.
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2.4.1. Experimental Setup

Parameterization of the first-order electrical circuit model, as
shown in Figure 3, includes identification of the open-circuit volt-
age (Voc), ohmic resistance (R0), resistance (R1), and capacitance
(C1) of the R–C pair. Among these, Voc was determined by
cycling the battery with a low charge/discharge rate (using the
average value), and the others were determined based on a series
of pulse-relaxation tests.[20] Specifically, both the measurements
and simulations in this study were conducted on a 4.8 Ah com-
mercial 21 700 cylindrical cell. As shown in Figure 4a, the tested
batteries were put in a thermal chamber and the ambient tem-
perature was controlled. To warrant reproducibility, two parallel
tests were conducted at the same time (the two parallel batteries
were put far away enough to avoid disturbances). The test equip-
ment is an advanced battery tester PEC ACT0550 and a temper-
ature sensor PT100 is used to monitor the surface temperature of
the battery. Here, three temperatures 5, 20, and 35 °C were cho-
sen for the measurements, allowing for the temperature depen-
dency of the battery properties to be determined. All tests were
also conducted with different C rates (1C, 2C, 3C), meaning that
there were nine different combinations of temperature and C-
rate which could be used for the interpolation.

Before the real tests, the new batteries were cycled with a 1C
CC-CV protocol five times to initialize the battery. The high and
low voltage limits were 4.2 and 2.5 V, respectively, and the cutoff

current for the CV test was C/20 (0.24 A). After this, the Voc for
both charge and discharge was measured using a C/20 CC-CV
protocol, with the cutoff current for the CV test set to C/100
(48mA). The results are shown in Figure 4b with a high repro-
ducibility of the results from the two cells. Between charge and
discharge, a rest of 30min was inserted to let the system reach
thermal balance.

The other parameters R0, R1, and C1 were determined based
on pulse-relaxation tests.[20] These were conducted during dis-
charge, considering that the EV battery charge process is nor-
mally conducted under controlled conditions. Since the
discharge is dependent on the load (or road) conditions, it is
more challenging and valuable to investigate from a thermal
management point of view. Specifically, the battery was first
charged to 4.2 V with a C/2 CC-CV protocol, and the cutoff cur-
rent was C/50 for the CV process. The battery was then relaxed
for 2 h to reach the thermal equilibrium state. Afterward, the bat-
tery was first discharged to 90% SOC using different C rates. For
instance, this process lasted for 6, 3 or 2min for 1, 2, and 3C
discharge, respectively. Then, the current was cut and the battery
was relaxed for 1 h. The voltage evolution during this relaxation
was recorded to calculate the relevant parameters (R0, R1, C1) at
this SOC level. The abovementioned discharge procedures were
then repeated in 10% SOC intervals until the low voltage limit
(2.5 V) was reached. The discharge current and recorded voltage,
taking 1C current as an example, are shown in Figure 4c.

Figure 4. a) Experimental setup for pulse-relaxation test; b) Open-circuit voltage (Voc) measured for both charge and discharge processes; c) 1C discharge
current and recorded voltage for the pulse-relaxation test; d) Fitting result of the voltage by using the Parameter Estimator of Simulink.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2022, 2101131 2101131 (5 of 12) © 2022 The Authors. Energy Technology published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.entechnol.de


Considering that the battery is placed inside the thermal cham-
ber, and the battery temperature is not supposed to increase
largely during the short discharge period for each of 10%
SOC, and also taking the relaxation period into account, the bat-
tery temperature can be controlled effectively at the set points,
and themeasured data can be used to reflect the operando battery
properties at certain temperatures.

2.4.2. Parameter Dependence on SOC, C-rate and Temperature

Based on the recorded voltage evolution, the parameters involved
in the ECM can be determined under different conditions.
Among these, the ohmic resistance (R0) can be calculated accord-
ing to Ohm’s law

R0 ¼ ΔV t¼ 0

I
(7)

ΔV t¼ 0 is the abrupt voltage change when the current is
switched off, while I is the applied pulsed current. The temporal
evolution of the relaxation voltage can be derived by solving
Equation (4) and can be written as

VRCðtrelaxÞ ¼ IR1 1� e�
tpulse
R1C1

� �
1� e�

trelax
R1C1

� �
(8)

where tpulse is the pulse duration. Till now, all parameters can be
determined by fitting the experimentally measured voltage evo-
lution to the simulated result based on the ECM shown in
Figure 3. This can be done straightforwardly by, for example,
using the parameter estimator in the APPS of Simulink.[52]

Figure 4d shows one of the fitting results. Even though there
are some (very) minor details that cannot be fitted precisely,
the accuracy of the fitting result is acceptable considering the
many assumptions used in the entire integrated model.

As mentioned, the parameterization is done for different com-
binations of operation conditions, including different SOC, C-
rate, and temperature. Figure 5a–c shows an example of fitting
results for R0, in which the nine lines correspond to the nine
different combinations of C-rate (1C, 2C, 3C) and temperature
(5, 20, 35 °C). SOC is drawn on the x-axis, and the parameter
value (R0) is displayed on the y-axis. At low temperature
(5 °C), it can be seen that R0 is relatively higher. This is expected,
considering that mass transport in the electrolyte is inhibited,
and thus the electrolyte conductivity is lower. Moreover, it can
be seen for all temperatures that R0 decreases with increasing

Figure 5. a–c) R0 estimated at different temperatures and C-rates a function of state of charge (SOC); d) Interpolated SOC/C-rate/temperature depen-
dence of R0.
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C-rate, but this trend is pronounced at a lower temperature. This
can be explained by the fact that the temperature of the battery
increased more at a higher discharge rate, and especially at lower
ambient temperature. To take both the effect of temperature and
C-rate into account, an interpolation based on all the displayed
nine lines in Figure 5a–c was conducted, and the 4D array
obtained is shown in Figure 5d. In this diagram, the x-, y-, z-axes
display the SOC, C-rate, and temperature, respectively, and the
color bar shows the R0 value. The same operations have been
performed on the other parameters (for R1 and C1, see
Figure S1 and S2 in the Supporting information), and all the
obtained SOC/C-rate/temperature-dependent parameters were
then used as input for the electrical circuit model, which in turn
is part of the integrated model.

3. Model Validation

3.1. Experimental Setting

To validate the model established earlier, the same operating pro-
cedures were conducted in both experiments and simulations.
Specifically, the measurements were done based on a module
including 288 commercial 21 700 cylindrical cells, which are
the same as those used in the model parameterization. To obtain
a sufficiently large temperature difference between the battery
cells and the coolant, thereby generating heat transfer character-
istics that can be determined with reasonable accuracy, a rela-
tively high discharge rate of 2C was applied when discharging
the module from 90% SOC to 20% SOC. Under real-life driving
conditions, a dynamic current pattern would naturally be more
common. Nevertheless, the applied 2C constant discharge cur-
rent covers the root mean square of the battery current during
driving and thus allows for a margin regarding the real heat gen-
eration conditions. In addition, the direct liquid cooling with a
parallel cooling configuration was used to control the battery tem-
perature, i.e., the coolant flows in the vertical direction. Here, the
coolant used was PAO and its relevant thermal properties are
listed in Table 2. Even though there are limited examples of using
PAO as immersion cooling fluid for batteries, it should be a
highly promising option in the near future, especially for EVs.
Compared with alternatives, PAO has several favorable features:
low toxicity, wide working temperature range, and causing a
more stable structure compared with mineral oil. In contrast
to fluorinated coolants, it will not release additional fluorine dur-
ing cell combustion.[53]

The flow rate of the coolant at the inlet of the battery module
was set to 6 Lmin�1, which is accomplished by a pump power of
5–10W. This is equivalent to the boundary condition defined on
the upper interface of the simulated unit with an inflow velocity
of 0.001m s�1. It should be noted that the initial temperature of
the coolant is controlled to 12 °C here, to avoid battery overheat-
ing when used at a relatively high C-rate. Eight temperature sen-
sors, negative temperature coefficient (NTC) thermistors, were
placed separately at different locations inside the battery module
(including the four different corners, two midpoints of the long
edges and two center points, as shown schematically in Figure 6)
and attached with glue to the copper interconnect sheet close to
the welding point at the positive terminal of the cell. This

provided good thermal coupling between the battery cell and
the sensor. Furthermore, two temperature sensors were placed
at the inlet and outlet of the coolant to measure the temperature
of the liquid flow into and out of the module.

3.2. Comparison Between Experimental and Simulation Results

The integrated flow–electric-thermal model introduced in
Section 2 was used to perform the simulation, and the physical

Table 2. Physical properties and relevant parameters used in the
simulation.

Parameters Value

Battery capacity, Q_batt [Ah] 4.8

1C current, i_1C [A] 4.8

Thermal conductivity of the battery material in radial direction, kT_r
[Wm�1 K�1]

1.13

Thermal conductivity of the battery material in tangential direction,
kT_tang [Wm�1 K�1]

28

Heat capacity of the battery material, Cp_batt [J kg�1 K�1] 1340

Density of the battery material, rho_batt [kg m�3] 2320

Thermal conductivity of the terminal material, kT_term [Wm�1 K�1] 400

Heat capacity of the terminal material, Cp_term [J kg�1 K�1] 385

Density of the terminal material, rho_term [kg m�3] 8960

Thermal conductivity of the coolant PAO, kT_cool [Wm�1 K�1] 0.14

Heat capacity of the coolant PAO, Cp_cool [J kg�1 K�1] 2210

Density of the coolant PAO, rho_cool [kg m�3] 820

Dynamic viscosity of the coolant PAO, mu_cool [Pa s] 8.2� 10�3

Figure 6. Schematic diagram for the module including 288 commercial
21 700 cylindrical cells, showing the locations of the eight thermal sensors
used to obtain temperatures for the model validation.
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properties and relevant parameters used in the simulation are
depicted in Table 2. All boundary and initial conditions were kept
the same as for the validation experiment. Figure 7a,b shows the
comparison of the temperature of the batteries and cooling liquid
at the inlet/outlet between the experimental and simulation
results, respectively.

The colored area in Figure 7a shows the distribution range of
all the experimentally measured temperatures at different loca-
tions on the module. The simulated temperatures are shown
by symbol lines, using the temperatures at the same welding
points as in the experimental measurements. It can be seen that
the simulated temperatures of the batteries fall within the distri-
bution range of the measured temperatures. To demonstrate the
necessity of using the 4D state-dependent parameters as input
for the model, one simulation was also done assuming the inter-
nal resistance of the battery being equal to 35mΩ (a value given
by the manufacturer). This is also how many other works calcu-
late the heat generation rate in a thermal model at the battery
module/pack level.[6,20,30,31,35,38,54,55] It is clearly seen that the
temperature measured experimentally fits better with the simu-
lation results when using the state-dependent parameters. This
may be due to the fact that the internal resistance given in the
datasheet is most likely measured at room temperature, but the
initial and inlet temperature of the coolant is set to 12 °C here. As
seen in Figure 5, the internal resistance of the battery increases at
a lower temperature. Thus, the temperature increase of the bat-
tery will be underestimated if a fixed internal resistance is used
for a lower operational temperature. A similar comparison has
also been done at relatively high temperature (32, 44 °C), but
there are not very significant differences seen. This is reasonable
since the measured internal resistance at higher temperatures
converges to the value provided by the manufacturer.
Additionally, the temperatures of the cooling liquid at the inlet
and outlet of the module are also compared in Figure 7b. Except
that the temperatures measured experimentally are noisier,
which may be due to the nonuniformity of the thermal properties

(e.g., thermal capacity, thermal conductivity) caused by the com-
plexity of the mechanism of the whole module, the experimental
and simulated liquid temperatures compare quite well for both
inlet and outlet points. This further shows that the proposed
model here can relatively precisely mimic the investigated mod-
ule system.

4. Model Application

Compared to experimental methods, modeling and simulation
has considerably larger flexibility to investigate the effect of dif-
ferent parameters and thereby providing directions for the cool-
ant selection, cooling strategy decision, module design, etc.
Some of these applications will be investigated in the following.

4.1. Improved Temperature Uniformity by Using a Parallel
Cooling Configuration

As mentioned in the introduction, the parallel cooling configura-
tion (blue arrows shown in Figure 8a) is favorable to improve the
temperature uniformity in a battery module compared to the
series cooling configuration (red arrows shown in Figure 8a).
To better understand the background to this phenomenon, both
configurations have been simulated based on the same working
conditions as the one used in the model validation, i.e., the bat-
teries in the module were discharged from 90% to 20% with a
2C discharge current, using a PAO coolant and a flow rate of
20mLmin�1 per cell. Since the cooling efficiency of the series
cooling configuration is strongly dependent on the number of bat-
teries the coolant passed, and the largest temperature difference is
between the first and last row of batteries, it is necessary to build a
model that includes all batteries in a module to estimate this dif-
ference. Due to the extremely large computational costs for a 3D
model built for a module containing 288 batteries, here a simpli-
fied 2D model which only considers the variations in the

Figure 7. Temperature monitored from a battery module with direct cooling liquids as a function of the capacity during discharge from 90% SOC to 20%
SOC with a 2C current. a) The solid line is the average of the battery temperature measured experimentally, with the colored area representing the
distribution range of the measured data at different locations, filled symbols are simulated battery temperature using variable parameters, and open
symbols are simulation results when keeping the internal resistance at a fixed value. b) Solid lines denote the experimentally measured temperatures of
the liquid at the inlet (black) and outlet (red), while symbol lines are the corresponding simulation results.
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horizontal direction was built for comparison. Figure 8b,c shows
the temperature distributions calculated based on the series cool-
ing model and parallel cooling model, respectively. It is clearly
seen that the largest temperature difference for the serial cooling
configuration is found between the batteries in the first and the
last row. In contrast, the largest temperature difference for parallel
cooling configuration is found between the top and bottom surfa-
ces of the same battery. This difference should then be the same
for all the batteries, provided that the coolant can be distributed
uniformly across the whole module.

A quantitative temporal evolution of the temperature differ-
ence calculated for series and parallel cooling configurations is
shown in Figure 8d. As can be seen, the temperature difference
is effectively controlled within 5 °C by using the parallel cooling
configuration, while the temperature difference reaches 9 °C by
using the series cooling configuration. It should be noted that the
temperature difference is shown in Figure 8d is calculated using
the highest surface temperature of the batteries minus the lowest
surface temperature, and not using the highest/lowest tempera-
ture of the entire domain. This is due to that the core tempera-
ture of the battery is not only determined by the cooling dynamic
of the coolant, but also influenced by the heat transport from the
core area to the surface of the battery (within the solid phase).
This will be discussed more later (Section 4.2).

Nevertheless, according to Figure 8, the parallel cooling con-
figuration provides better cooling efficiency as compared to the

series cooling configuration under the same coolant flow rate. In
this context, it should be pointed out that to achieve the same
flow rate in a system with typical serial cell-to-cell coolant flow,
there will be an incremental pressure loss at each cell that may
add up to a relatively high total pressure to drive the necessary
coolant flow.[48] Thus, the energy consumption to pump coolant
for such a system is extra high. Moreover, the relatively high pres-
sure requires a more robust mechanical design of various com-
ponents such as pipes, couplers, enclosures, etc. elevating design
cost further, and which also implicates advantages for the cooling
system with parallel configuration.

4.2. Effect of the Coolant Flow Rate

In addition to surface temperature, the cell core temperature is
even more crucial to improve the energy efficiency and safety
during battery usage. As one of the most important advantages
of the modeling and simulation, the details of different coupled
physical phenomena and dynamic changes of different variations
can be analyzed straightforwardly. Information about the battery
core temperature during operation is one such example.

For comparison, the same discharge process as the one used
in chapter 4.1 was also used here, i.e., the battery was discharged
from 90% to 20% with a 2C discharge current and using a par-
allel cooling configuration with the PAO coolant to control

Figure 8. a) Series (red) and parallel (blue) cooling configurations, b,c) simulated temperature distribution of batteries in the module by employing series
(top view) and parallel cooling configuration, and d) temporal evolution of the temperature difference between the highest and lowest surface tempera-
ture of the batteries.
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temperature increase in the module. Results are shown in
Figure 9, in which the black line represents calculations using
the battery properties listed in Table 2. Specifically, the thermal
conductivity of the solid phase of the battery material is assumed
to be calculated by lumping the thermal conductivity of different
layers in parallel or in series, and with different values in tangential
(kT,tang¼ 28Wm�1 K�1) and radial (kT,r¼ 1.13Wm�1 K�1)
directions. According to the black line in Figure 9, the core
temperature of the battery, which is here referred to as the highest
temperature in the core domain of the battery, as expected,
increased more with a lower flow rate of the coolant.
Specifically, with a flow rate of 24mLmin�1 per cell, the core tem-
perature increased by 15 °C compared with the initial temperature
of 12 °C. Compared to the increase in surface temperature (�5 °C)
discussed above, the effect on the core temperature increase is
more dramatic.

To control the increase in temperature and to improve the effi-
ciency of the coolant circuit, the flow rate of the coolant passing
through the module can be increased. As can be seen from the
black line of Figure 9, the core temperature increase is lower at a
higher flow rate. Furthermore, the slope of the line decreases
with increasing flow rate. This is reasonable, considering that
the core temperature of the cell is influenced by two dynamic
thermal processes. First, after generation from different electro-
chemical processes, the heat needs to be transported through the
solid material to the battery surface. Second, the heat needs to be
dissipated from the battery surface to the cooling liquid. The flow
rate of the cooling liquid (shown in Figure 9) can directly only
affect the later process, i.e., heat dissipation from the battery sur-
face to the liquid. With a high flow rate, this heat dissipation is
fairly fast. Thus, the final cooling efficiency is more limited by the
heat transport within the solid material of the battery. To verify
this interpretation, the thermal conductivity in the radial direc-
tion of the battery is artificially increased to 5Wm�1 K�1, com-
pared with the original value of 1.13Wm�1 K�1. The simulated
core temperature under different flow rates is plotted as the red
line in Figure 9. It is clearly seen that the core temperature

increased less (�2–2.5 °C) with the same flow rate of the coolant
if the radial thermal conductivity of the battery is increased. From
the module design point of view, if the aim is to control the core
temperature increase within 8 °C for a relatively low thermal con-
ductivity (1.13Wm�1 K�1), the flow rate of the applied coolant
needs to be as high as 120mLmin�1 per cell. While, if the ther-
mal conductivity of the battery can be increased (to 5Wm�1 K�1)
by some measures, for instance, an optimized battery design or
improvement of the battery material’s heat conduction proper-
ties, the flow rate of the coolant only needs to be 60mLmin�1

per cell. This is more easily achievable and can save much of
the energy needed to pump coolant into the module.

4.3. Modification of Battery Module Design

Apart from increasing the flow rate, the cooling efficiency can also
be improved by an appropriate modification of the module design.
Figure 10a shows the cross-section of one battery and all its neigh-
boring coolant units for the most commonly used battery module
design in the direct liquid cooling system.[53,54,56–58] The modeling
unit adopted in the simulation is shown in Figure 10a’. The mod-
ule design can be modified by inserting a cylindrical rod made of
an electrically and thermally insulating material (e.g., glass fiber
reinforced nylon) into each of the coolant units, and keeping this
cylindrical rod tangentially contacted with all three surrounding
batteries. The cross-section of the modified module is shown in
Figure 10b, the same as the one introduced in Section 2.1.
Through this approach, the hydraulic diameter Dh is reduced
according to Equation (9), where A is the cross-sectional area of
the flow and P is the wetted perimeter of the cross-section.

Dh ¼ 4A
P

(9)

In fluid dynamic, the Nusselt number (Nu) is the ratio of con-
vection to conductive heat transfer at a boundary of a fluid. It is
closely related to Rayleigh number of the fluid. For a forced con-
vection in a fully developed laminar pipe flow, the Nusselt num-
ber tends toward a constant value. For internal flow

Nu ¼ h �Dh

kT
(10)

whereDh is the hydraulic diameter, kT is the thermal conductivity of
the fluid and h is the convective heat transfer coefficient. Specifically,
for convection with uniform heat flux for circular tubes (which is
most relevant to the model settings in this study) the Nusselt num-
ber has a value of around 4.36.[59] Considering that the thermal con-
ductivity of the fluid is constant, a reduction in the hydraulic
diameter (Dh) will lead to an increase in the convective heat transfer
coefficient and thus increase the heat dissipation rate from the bat-
tery surface to the cooling liquid. As a verification, a comparison of
the average battery temperature between the different module
design configurations shown in Figure 10a,b as displayed in
Figure 10c. It is clearly seen that for the modified module design
with inserting isolators, the average temperature of the battery
increases less (4 °C) as compared to the original design.

In practical module design, the isolator rod increases the total
flow resistance by 20%. Assuming predominantly laminar flow

Figure 9. Simulated battery cell core temperature increase under different
flow rates of the coolant. The battery is discharged with a 2C current from
90% to 20% and with polyalphaolefin(PAO) as a coolant.
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conditions, this also increases the pump power by 20%, but the heat
transfer coefficient is increased by 100% and the liquid volume
around the battery cells decreases by 50%. The total liquid volume
is an important parameter to minimize in direct cooled systems,
because it affects the energy density of the total battery system.
In addition, from a batterymodule design point of view, by inserting
one isolator in the volume between each of three neighboring cells
andmaking sure that the isolator is in tangency contact with all three
cells, it helps to warrant that all cells are separated effectively and
uniformly. Thus, the method proposed here can effectively improve
the quality of the module design both economically and technically.

5. Conclusions

This study establishes an integrated model of a LiB module by
coupling first-order ECMs for the individual cells with a 3D ther-
mal model, mimicking a representative unit for the cooling liq-
uid used for direct liquid cooling in a parallel module design.
Relevant parameters used in the ECMs, including OCP, R0,
R1–C1 are determined through pulse-relaxation tests under dif-
ferent temperatures and C rates. By fitting the experimental data,
a series of 4D SOC/C-rate/temperature-dependent parameters
are determined and used as input for the integrated model.
This makes it possible to take the transient and state-dependent
battery properties into account. According to the simulations, the
uniformity of the surface temperature of the batteries, which is
usually the only factor that can be monitored experimentally, is
better for the parallel cooling configuration compared to the

series configuration. However, the increase of the core tempera-
ture cannot be efficiently controlled only by increasing the flow
rate of the cooling liquid. Determination of the flow rate should
balance the gain from temperature control and the energy con-
sumed by liquid pumping. The simulation also provides direc-
tions for the modification of module design, which can largely
save expensive test periods for the battery manufacturers.
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