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ABSTRACT
This study introduces an advanced thermal model for lithium-

ion battery packs, examining cell and module-level heat dynam-
ics. Heat within cells originates from complex electrochemical
reactions described by Fick’s second law. The Single Particle
Model (SPM) utilizes two Partial Differential Equations (PDEs)
to analyze electrode dynamics, considering electric power gener-
ation via Ohm’s law and subsequent heat generation from Joule’s
effect. Conduction interactions within cells and the battery cas-
ing are assessed using a thermal resistance model. Convective
heat within the liquid electrolyte is also considered in the cell
heat analysis. This cumulative heat is averaged per cell within
a module to determine total module heat. A transient heat equa-
tion, employing PDEs, analyzes internal module temperatures,
incorporating the heat exchange system as boundary conditions,
creating a system of PDEs for each module. This approach,
distinct from computational fluid dynamics studies, focuses on
detailed cell-level modeling using PDEs, extending to module-
level heat analysis with boundary conditions. The study’s novelty
lies in its method of employing multiple PDEs to model module
temperature within battery packs, improving accuracy and safety
assessment.
Keywords: Electrochemical-Thermal Model, Lithium-ion
Battery, Battery Pack, Single Particle Model, Transient Heat
Equation.

NOMENCLATURE
𝐴cell Area where the electrolyte is applied [m2]
𝐴conv,ex,𝑖 Internal area of the heat exchange system [m2]
𝑐𝑝 Heat capacity [J kg−1 K−1]
𝑐±𝑠 Solid phase concentration [mol m−3]
𝐶𝑚𝑎𝑥 Maximum concentration [mol m−3]
𝐷±

𝑠 Diffusion of the solid phase [m2 s−1]
𝐹 Faraday constant [C mol−1]
ℎcell Electrolyte convective heat transfer [W m−2 K]
ℎconv,ex,𝑖 Working fluid convective heat transfer [W m−2 K]

∗Corresponding author: Shu-Xia Tang

𝐼 Current applied to the battery [A]
𝑗± Molar flux [mol m−2 s−1]
𝑘 Thermal conductivity [W m−1 K−1]
𝑘cell Thermal conductivity of each part [W m−1 K−1]
𝑘𝑠 Thermal conductivity [W m−1 K−1]
𝐿cell Length of each internal part of the battery [m]
𝐿𝑥 Length of the module unit in the 𝑥-direction [m]
𝐿𝑦,𝑖 Length of the module unit in the 𝑦-direction [m]
𝐿± Length of the positive or negative electrode [m]
𝑞cond,ex,𝑖 Conductive heat in each module [W]
𝑞cond,cell Conductive heat transfer in the cell [W]
𝑞conv,ex,𝑖 Convective heat in the heat exchange system [W]
𝑞conv,cell Convective heat in the cell [W]
𝑄cell Heat generated in each cell [W]
𝑄module Heat generated within the battery module [W m−3]
𝑟1 Internal radius of the cell [m]
𝑟2 External radius of the cell [m]
𝑅i Thermal resistance [K W−1]
𝑅± Particle radius [m]
𝑅±
𝑓

Resistance [Ω]
𝜌 Density [kg m−3]
𝑆cell Electrochemical heat [W]
𝑇fluid Temperature of the working fluid [◦C]
𝑇i Temperature in each module [◦C]
𝑈± Equilibrium potential [V]
𝑉 Voltage [V]
𝜂± Overpotential [V]
+ Positive electrode
− Negative electrode

1. INTRODUCTION
Lithium-ion batteries find applications ranging from watches

to electric vehicles due to their versatility. Electric vehicles, in
particular, demand significant energy and power [1]. Combi-
nations of lithium-ion cells, arranged in series, parallel, or a
combination of both, form modules, collectively constituting a
battery pack to meet these demands. This integration not only
serves the energy requirements of electric vehicles but also holds
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immense potential in reducing gas emissions and environmental
pollution [2].

Managing battery packs poses challenges, particularly in
maintaining the individual cells’ state of health after prolonged
use, as variations in electrical and thermal interactions among
cells often result in non-uniform states of health [3]. Charg-
ing all cells to maximum capacity becomes unfeasible, as some
cells could exceed their maximum voltage threshold, resulting in
thermal instability [4]. This instability may lead to overheating,
triggering a chain reaction known as thermal runaway. In large
battery packs, thermal runaway can cause widespread damage
[5].

Safety measures often rely on over-designing battery packs,
incorporating packaging and passive cooling techniques tailored
for worst-case scenarios [6]. For instance, Tesla’s Model S bat-
tery pack employs a heat exchange system to remove heat from
all modules in the pack, utilizing a mixture of water and glycol as
a working fluid [7]. This system effectively manages thermal dy-
namics in each module, significantly enhancing the pack’s safety
standards.

To address these safety concerns, mitigating the risks linked
to thermal instability and runaway in lithium-ion batteries remains
a crucial focus in advancing battery pack technology. This study
represents a preliminary step in thermal modeling by developing
a comprehensive approach to determining temperatures within
battery packs. The model effectively considers the thermal power
generated in each cell and extends its applicability to the entire
pack.

The contributions of this study are summarized as follows:

• Employing the Single Particle Model (SPM), this study de-
termines the heat generation within each battery due to elec-
trochemical reactions. This approach contrasts with refer-
ence [8], which uses the equivalent circuit model to assess
the generated heat.

• Recognizing that heat exchange system plays a pivotal role
in dissipating the battery pack’s heat, this study integrates
the heat exchange system as a boundary condition for each
module. This approach, unlike studies such as [9], which
estimate temperatures in the cooling pipe without accounting
for the interaction between the pack and the heat exchange
system, considers the dynamic interplay between the battery
pack and the heat exchange process.

• While conventional studies like [10] often view the battery
pack as a singular entity, this study disaggregates it into cells
and modules, enhancing the model’s accuracy and allowing
a more precise representation of thermal phenomena.

The subsequent sections of this article are organized as fol-
lows: In Section 2, the thermal model is introduced. Subse-
quently, in Section 3, the derivation of thermal power is discussed.
In Section 4, the thermal model is partially verified using Ansys
Transient Thermal Simulation. Detailed simulation results for
additional modules of the pack, utilizing a pulse signal as in-
put, are presented in Section 5. Finally, Section 6 discusses the
conclusions drawn and outlines paths for future research.

2. THERMAL MODEL
This section delves into comprehending the thermal behavior

of a battery pack by initially assessing the heat generated in each
cell. The evaluation then extends to encompass each module,
taking into account the number of cells within. Subsequently, the
total heat generated across the entire pack is determined through
the cascaded system. By following this approach, the temperature
within the pack can be accurately measured.

2.1 Battery pack
Battery packs consist of groups of battery modules, each

containing several lithium-ion batteries arranged in series, paral-
lel, or a combination of both. Between these module units, a heat
exchange system is implemented to effectively dissipate heat gen-
erated by each individual module unit. The design of the battery
pack depicted in Figure 1 draws inspiration from the Tesla Model
S Battery Pack.

FIGURE 1: (A) SCHEMATIC REPRESENTATION OF BATTERY PACK.
(B) THERMAL MODEL DEPICTING THE UTILIZATION OF THERMAL
RESISTANCES FOR HEAT TRANSFER ANALYSIS.

2.2 Battery modules
This study employs the heat equation to analyze the thermal

distribution within each module unit and, consequently, through-
out the battery pack. Equation 1 represents the transient heat
equation for each module unit presented in Figure 1 for 𝑖 = 1, 8:

𝜕𝑇𝑖

𝜕𝑡
(𝑡, 𝑥, 𝑦) = 𝛼

(︃
𝜕2𝑇𝑖 (𝑡, 𝑥, 𝑦)

𝜕𝑥2 + 𝜕2𝑇𝑖 (𝑡, 𝑥, 𝑦)
𝜕𝑦2

)︃
+𝑄module(𝑡, 𝑥, 𝑦),

∀(𝑡, 𝑥, 𝑦) ∈ (0,∞) × (0, 𝐿𝑥) × (0, 𝐿𝑦,𝑖), (1)

where𝛼 denotes the thermal diffusivity. The boundary conditions
will be presented in Section 2.2.3. The internally generated heat
within the battery module, 𝑄module, will be presented in Section
2.2.4.
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Remark 1 In a cylindrical cell the axial heat transfer resistance
in a spirally wound configuration is notably lower than in the
radial direction, leading to a simplified thermal dynamics model
that primarily considers radial heat transfer [11]. This explains
why the heat exchange system is implemented in the radial direc-
tion between two modules.

2.2.1 The steady-state temperatures at specific points
along the interface of the heat exchange system and each
module unit, for i = 1, 7. The module units are in contact with
the heat exchange system, as illustrated in Figure (1), which uti-
lizes water and glycol as a cooling fluid. Consequently, the heat
exchange system establishes the boundary conditions for each
module. Building on this setup, the first step is to determine the
temperatures𝑇∗

𝑖
for 𝑖 = 0, 7, as depicted in Figure 1 (B). To calcu-

late these temperatures, a combination of the thermal resistance
method and Newton’s cooling law was applied. This systematic
approach ensures a comprehensive understanding of the thermal
dynamics within the module units and their interaction with the
heat exchange system.

In Figure 1, each module unit in the y-direction has its own
dimension. The design involves the conclusion of one module
unit, followed by a heat exchange, and then the commencement
of a new module. This design choice results in each module’s
direction in the y-axis starting from 0 and extending to 𝐿𝑦,𝑖 , the
subscript "𝑖" designates the module unit under analysis 𝑖 = 1, 8.
Consequently, the frequent occurrence of zeros in the y-direction
is a direct outcome of this structural configuration.

Assumption 1 Considering the heat exchange occurring be-
tween two different module units, and assuming that each module
unit has an equal number of cells, it is presumed that the heat
generated in each module unit at this stage is identical. Conse-
quently, the heat exchange system maintains uniform temperature
on both sides. All parameters marked with ∗ are in the steady-
state.

Within the heat exchange system, the role of the working
fluid is to dissipate heat and ensure the battery pack remains at
a safe temperature. The heat removal within the heat exchange
system for each modules is determined using Newton’s law of
cooling, as expressed in Equation (2), for 𝑖 = 1, 7 :

𝑞∗conv,ex,𝑖 = ℎconv,ex𝐴conv,ex(𝑇∗
𝑖 − 𝑇∗

fluid), (2)

where ℎconv,ex represents the local convection heat transfer co-
efficient, 𝐴conv,ex denotes the internal area of the heat exchange
system, 𝑇𝑖 signifies the temperature of each module in contact
with the heat exchange system wall, and 𝑇fluid indicates the tem-
perature of the working fluid.

The conductive heat within each module is calculated us-
ing classical thermal resistance methods, where Equation (3) is
employed to express conductive heat as 𝑞∗cond,ex,𝑖 . This equation
is dependent on the temperature difference between the top part
of each module and the bottom temperature of each module in
contact with the heat exchange system, divided by the thermal
resistance of conduction, denoted as 𝑅𝑖 , for 𝑖 = 1, 7.

𝑞∗cond,ex,𝑖 =
𝑇∗
𝑖
− 𝑇∗

𝑖−1
𝑅𝑖

. (3)

Assumption 2 According to the law of conservation of energy,
energy cannot be created or destroyed, only transformed. Op-
erating under this premise and assuming no net accumulation
of thermal energy within the system (battery module + heat ex-
change system), the heat conducted out of the module through
conduction must equal the heat removed by the heat exchange
system via convection. This implies that the heat conducted by
the module is effectively dissipated and removed by the heat ex-
change system through convection.

Remark 2 Module 8 is exclusively in contact with the heat ex-
change system at the bottom, while its left, right, and top sides
are exposed to air. Assuming that the temperature at the bottom
of module 8, in contact with the heat exchange system, is the same
as the top of module 7 in contact with the heat exchange, then for
the bottom of module 7, the temperature will be the same as that
of the top of module 6, and so on, as shown in Figure 2.

Applying Assumption 2 and equations (2) and (3), 𝑇7 is derived
as:

ℎconv,ex𝐴conv,ex(𝑇∗
7 − 𝑇∗

fluid) =
𝑇∗

7 − 𝑇∗
6

𝑅7
,

𝑇∗
7 =

𝐴conv,exℎconv,ex𝑅7𝑇fluid (𝑡) − 𝑇∗
6

𝐴conv,exℎconv,ex𝑅7 − 1
.

By employing the same logic for each module, the equation
for each temperature will be the same with different coefficients.
Consequently, here the temperature for each point, for 𝑖 = 1, 7:

𝑇∗
𝑖 =

𝐴conv,exℎconv,ex𝑇fluid𝑅𝑖 − 𝑇∗
𝑖−1

𝐴conv,exℎconv,ex𝑅𝑖 − 1
. (4)

As the cooling fluid passes through the heat exchange sys-
tem, the temperature of the surface changes in both the 𝑥 and 𝑦

directions. The temperatures 𝑇∗
𝑖
, for 𝑖 = 1, 7, represent specific

points. The calculation of 𝑇∗
𝑖

begins from 𝑇1 and extends to 𝑇7,
with 𝑇∗

0 = 𝑇air. The next step involves determining the boundary
conditions for each module, taking into account how the cooling
fluid dissipates heat.

Assumption 3 To the best of the authors’ knowledge, precise
information about the geometry of the “heat pipe” within the heat
exchange system is unavailable. Specifics about the geometry,
such as whether the “heat pipe” is cylindrical, oval, or possesses a
more square-shaped body, are not provided. Because the length is
too long, the “heat pipe” was simplified to a 2D-line to determine
the temperature distribution in the 𝑥 and 𝑦 directions within the
heat exchanger. In Figure 2, the “heat pipe” is where the fluid
operates.

Remark 3 The classical thermal resistance method was em-
ployed to calculate the conductive heat within each module, ac-
knowledging its traditional applicability to 1D steady-state heat
transfer without heat generation. In the specific case of a battery
module, each cell introduces a heat generation region, and the
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FIGURE 2: MODULE INTERACTION WITH THE HEAT EXCHANGE
SYSTEM TO CREATE BOUNDARY CONDITIONS. IN SUB-FIGURE A,
i = 7, 5, 3, 1, AND IN SUB-FIGURE B, i = 6, 4, 2.

overall system may not strictly adhere to a steady state, given that
cell-level heat generation is influenced by factors such as current
discharge, State-of-Charge (SoC), and local temperature.

To address this deviation from traditional assumptions, our
approach involves determining the boundary temperatures of a
module by solving the transient energy equation and explicitly
accounting for heat generation. This ensures the overall cal-
culations remain physically consistent within the context of a
battery module. The net effect of heat generation and transience
is captured in the form of boundary temperatures, providing a
comprehensive understanding of the thermal behavior.

Remark 4 In Figure 2, each module unit extends from 0 to 𝐿𝑥

in the x-direction, and in the y-direction, each module starts
from 0 and extends to 𝐿𝑦,𝑖 . To establish boundary conditions
for each module, an analysis should be conducted at the wall of
the heat exchange system. For all module units, when 𝑥 is 𝐿𝑥

or 𝑦 is 𝐿𝑦,𝑖 , the temperature is set to the module temperature
𝑇i. However, it’s important to note that 𝐿𝑥 and 𝐿𝑦,𝑖 represent
the parts of the module in direct contact with the heat exchange
system. Conversely, the parts labeled −𝑙𝑥 and −𝑙𝑦 in Figure 2 are
width lengths inside the heat exchange system that do not make
contact with each module units. At these points, the temperature
is set to 𝑇fluid.

2.2.2 Temperature distribution in the heat exchange
system in x and y directions, for i = 1, 7. The heat equa-
tion, considering uniform energy generation per unit volume, and
the temperatures𝑇𝑖 and𝑇fluid in the 𝑥 direction (as shown in Figure

2), is given by:

𝜕2𝑇𝑖 (𝑡, 𝑥, 𝐿𝑦,𝑖)
𝜕𝑥2 +

𝑞∗conv,ex,𝑖

𝑘
= 0, ∀𝑥 ∈ [−𝑙𝑥 , 𝐿𝑥], (5)

with the following boundary conditions:

𝑇𝑖 (𝑡, 𝐿𝑥 , 𝑦) = 𝑇∗
𝑖 ,

𝑇𝑖 (𝑡,−𝑙𝑥 , 𝑦) = 𝑇fluid.

The solution of Equation (5) is given by:

𝑇𝑖 (𝑡, 𝑥, 𝐿𝑦,𝑖) = 𝑇fluid +
𝑞∗conv,ex,𝑖

2𝑘
(𝑙2𝑥 − 𝑥2)

+
(︄
𝑇∗
𝑖 − 𝑇fluid −

𝑞∗conv,ex,𝑖 (𝑙2𝑥 − 𝐿2
𝑥)

2𝑘

)︄ (︃
𝑙𝑥 + 𝑥

𝑙𝑥 + 𝐿𝑥

)︃
,

(6)

where 𝐿𝑥 represents the length in the 𝑥-direction as shown in
Figure 2, and 𝑞∗conv,𝑖 is shown in Equation (2), for 𝑖 = 1, 7.

In the 𝑦 direction, the heat equation is given by:

𝜕2𝑇𝑖 (𝑡, 𝐿𝑥, 𝑦)
𝜕𝑦2 +

𝑞∗conv,ex,𝑖

𝑘
= 0, ∀𝑦 ∈ [−𝑙𝑦 , 𝐿𝑦,𝑖], (7)

with the following boundary conditions:

𝑇𝑖 (𝑡, 𝑥, 𝐿𝑦) = 𝑇∗
𝑖 ,

𝑇𝑖 (𝑡, 𝑥,−𝑙𝑦) = 𝑇fluid,

The solution of Equation (7) is:

𝑇𝑖 (𝑡, 𝐿𝑥, 𝑦) = 𝑇fluid +
𝑞∗conv,ex,𝑖

2𝑘
(𝑙2𝑦 − 𝑦2)

+
(︄
𝑇∗
𝑖 − 𝑇fluid −

𝑞∗conv,ex,𝑖 (𝑙2𝑦 − 𝐿2
𝑦)

2𝑘

)︄ (︃
𝑙𝑦 + 𝑦

𝑙𝑦 + 𝐿𝑦

)︃
, (8)

where 𝐿𝑦 represents the length in the 𝑦-direction as shown in
Figure 2, for 𝑖 = 1, 7.

The values of 𝑇∗
𝑖

are obtained from 2.2.1. Each of the PDEs
in 2.2.2 are independent and can be solved separately.

2.2.3 Boundary Conditions for each module unit, for
i = 1, 8. To define the boundaries conditions for each module
unit the first step is substitute the temperature from (4) into (6)
and (8), it becomes feasible to establish the boundary conditions
for (1).

According to Remark 2, the boundary conditions for module
8 are expressed as:

𝑇8 (𝑡, 𝑥, 𝐿𝑦,8) = 𝑇air, ∀(𝑡, 𝑥) ∈ (0,∞) × [0, 𝐿𝑥],

𝑇8 (𝑡, 𝑥, 0) = 𝑇fluid +
𝑞conv,ex,𝑖

2𝑘
(𝑙2𝑥 − 𝑥2)

+
(︃

𝑇∗
7

(𝑙𝑥 + 𝐿𝑥)
− 𝑇fluid

(𝑙𝑥 + 𝐿𝑥)
− 𝑞(𝑙2𝑥 − 𝐿2

𝑥)
2𝑘 (𝑙𝑥 + 𝐿𝑥)

)︃
(𝑙𝑥 + 𝑥),

∀(𝑡, 𝑥) ∈ (0,∞) × [0, 𝐿𝑥],
𝑇8 (𝑡, 0, 𝑦) = 𝑇air, ∀(𝑡, 𝑦) ∈ (0,∞) × [0, 𝐿𝑦,8],
𝑇8 (𝑡, 𝐿𝑥 , 𝑦) = 𝑇air, ∀(𝑡, 𝑦) ∈ (0,∞) × [0, 𝐿𝑦,8] .
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For odd-numbered modules 𝑖 = 7, 5, 3, 1, where contact with am-
bient air occurs solely on the right side, the boundary conditions
are as follows:

𝑇𝑖 (𝑡, 𝑥, 𝐿𝑦,𝑖) = 𝑇fluid +
𝑞conv,ex,𝑖

2𝑘
(𝑙2𝑥 − 𝑥2)

+
(︃

𝑇∗
𝑖

(𝑙𝑥 + 𝐿𝑥)
− 𝑇fluid

(𝑙𝑥 + 𝐿𝑥)
− 𝑞(𝑙2𝑥 − 𝐿2

𝑥)
2𝑘 (𝑙𝑥 + 𝐿𝑥)

)︃
(𝑙𝑥 + 𝑥),

∀(𝑡, 𝑥) ∈ (0,∞) × [0, 𝐿𝑥],

𝑇𝑖 (𝑡, 𝑥, 0) = 𝑇fluid +
𝑞conv,ex,𝑖

2𝑘
(𝑙2𝑥 − 𝑥2)

+
(︃

𝑇∗
𝑖−1

(𝑙𝑥 + 𝐿𝑥)
− 𝑇fluid

(𝑙𝑥 + 𝐿𝑥)
− 𝑞(𝑙2𝑥 − 𝐿2

𝑥)
2𝑘 (𝑙𝑥 + 𝐿𝑥)

)︃
(𝑙𝑥 + 𝑥),

∀(𝑡, 𝑥) ∈ (0,∞) × [0, 𝐿𝑥],

𝑇𝑖 (𝑡, 0, 𝑦) = 𝑇fluid +
𝑞conv,ex,𝑖

2𝑘
(𝑙2𝑦 − 𝑦2)

+
(︄

𝑇∗
𝑖

(𝑙𝑦 + 𝐿𝑦,𝑖)
− 𝑇fluid

(𝑙𝑦 + 𝐿𝑦,𝑖)
−

𝑞(𝑙2𝑦 − 𝐿2
𝑦,𝑖
)

2𝑘 (𝑙𝑦 + 𝐿𝑦,𝑖)

)︄
(𝑙𝑦 + 𝑦),

∀(𝑡, 𝑦) ∈ (0,∞) × [0, 𝐿𝑦,𝑖],
𝑇𝑖 (𝑡, 𝐿𝑥 , 𝑦) = 𝑇air, ∀(𝑡, 𝑦) ∈ (0,∞) × [0, 𝐿𝑦,𝑖] .

For even-numbered modules 𝑖 = 6, 4, 2, where contact with am-
bient air is present only on the left side, the boundary conditions
are as follows:

𝑇𝑖 (𝑡, 𝑥, 𝐿𝑦,𝑖) = 𝑇fluid +
𝑞conv,ex,𝑖

2𝑘
(𝑙2𝑥 − 𝑥2)

+
(︃

𝑇∗
𝑖

(𝑙𝑥 + 𝐿𝑥)
− 𝑇fluid

(𝑙𝑥 + 𝐿𝑥)
− 𝑞(𝑙2𝑥 − 𝐿2

𝑥)
2𝑘 (𝑙𝑥 + 𝐿𝑥)

)︃
(𝑙𝑥 + 𝑥),

∀(𝑡, 𝑥) ∈ (0,∞) × [0, 𝐿𝑥],

𝑇𝑖 (𝑡, 𝑥, 0) = 𝑇fluid +
𝑞conv,ex,𝑖

2𝑘
(𝑙2𝑥 − 𝑥2)

+
(︃

𝑇∗
𝑖−1

(𝑙𝑥 + 𝐿𝑥)
− 𝑇fluid

(𝑙𝑥 + 𝐿𝑥)
− 𝑞(𝑙2𝑥 − 𝐿2

𝑥)
2𝑘 (𝑙𝑥 + 𝐿𝑥)

)︃
(𝑙𝑥 + 𝑥),

∀(𝑡, 𝑥) ∈ (0,∞) × [0, 𝐿𝑥],
𝑇𝑖 (𝑡, 0, 𝑦) = 𝑇air, ∀(𝑡, 𝑦) ∈ (0,∞) × [0, 𝐿𝑦,𝑖],

𝑇𝑖 (𝑡, 𝐿𝑥 , 𝑦) = 𝑇fluid +
𝑞conv,ex,𝑖

2𝑘
(𝑙2𝑥 − 𝑦2)

+
(︄

𝑇∗
𝑖

(𝑙𝑦 + 𝐿𝑦,𝑖)
− 𝑇fluid

(𝑙𝑥 + 𝐿𝑦,𝑖)
−

𝑞(𝑙2𝑦 − 𝐿2
𝑦,𝑖
)

2𝑘 (𝑙𝑦 + 𝐿𝑦,𝑖)

)︄
(𝑙𝑦 + 𝑥),

∀(𝑡, 𝑦) ∈ (0,∞) × [0, 𝐿𝑦,𝑖] .

Since fluid dynamics were not considered, the 8 PDEs are
independent of each other. In future work, the dynamics of the
working fluid will be taken into account, and the PDEs should be
solved from module 8 to 1 in reverse numerical order.

2.2.4 Heat generated in each module unit. With the
boundary conditions set for each module, the heat generated
𝑄module within each module is the sum total of heat generated
in each cell within the module, described by:

𝑄module (𝑡) =
∑︁
𝑄cell (𝑡)
𝑣module

,

where 𝑄cell (𝑡) is the heat generated in each cell, 𝑣module is the
volume of the module.

2.3 Lithium-ion cell
Within each cylindrical cell, heat is additionally generated

due to electrochemical reactions and the contact between various
internal components.

Remark 5 In this study, the generated heat 𝑄cell (𝑡) is divided
into three components: one for electrochemical reactions 𝑆cell (𝑡),
another for the conduction interaction between the components
𝑞∗cond,cell, and the last one pertains to convective heat transfer of
the electrolyte, which is represented as 𝑞∗conv,cell.

The heat generated in each cell is described as:

𝑄cell (𝑡) = 𝑆cell (𝑡) + 𝑞∗cond,cell + 𝑞∗conv,cell.

Since 𝑆(𝑡) is produced as a function of chemical reactions,
it will be discussed in Section 3.

As materials are arranged in a spiral within the cell, inter-
actions occur between the internal components, resulting in the
generation of heat due to these interactions. The term 𝑞∗cond,cell
represents the heat generated due to this conduction, and it is
defined as:

𝑞∗cond,cell =
Δ𝑇∗

𝑅cell
=
𝑇∗

core − 𝑇∗
case

𝑅cell
,

where 𝑇core represents the core temperature, 𝑇case represents the
temperature of the case and 𝑅cell denotes the total thermal resis-
tance of the material in the spiral and can be expressed as:

𝑅cell =
ln(𝑟2/𝑟1)
2𝜋𝑘𝑠𝐿cell

,

where 𝑟1 represents the internal radius of the cell, 𝑟2 represents the
external radius of the cell, 𝐿cell represents the length of the spiral,
and 𝑘𝑠 represents the thermal conductivity of the material in the
spiral [12, Chapter 3, Section 3.3.1]. The thermal conductivity is
determined through the formula [13]:

𝑘𝑠 =

∑︁
𝐿cell∑︁ 𝐿cell
𝑘cell

,

where 𝐿cell denotes the length of each internal part of the spiral
inside the battery, and 𝑘cell represents the thermal conductivity of
these internal components.

The convective heat transfer between the electrolyte and the
spiral follows Newton’s law of cooling, expressed as:

𝑞∗conv,cell = ℎcell𝐴cell (𝑇∗
e − 𝑇∗

spiral),

where ℎcell represents the convective heat transfer coefficient of
the electrolyte, 𝐴cell is the area covered by the electrolyte, 𝑇∗

e is
the electrolyte temperature, and 𝑇∗

spiral denotes the temperature of
the spiral inside the battery. The temperature 𝑇e is determined
using the model presented in [14], where a thermal model was
developed to calculate the temperature within a cylindrical cell.

Remark 6 In this study, the created model is utilized to calcu-
late the heat generated in each cylindrical cell. To extend this
model to prismatic or pouch cells, the internal resistance must be
recalculated, taking into account these different cell geometries.
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3. HEAT GENERATED AS DERIVED FROM THE
ELECTROCHEMICAL MODEL

In this model, Joule’s effects have been taken into account to
convert electric power into thermal power. The result of multiply-
ing current and voltage informs us about the number of electrons
moving through a system, along with the energy each electron
expends as heat, ultimately providing the total heat production
[15]. The required heat, denoted as 𝑆(𝑡), is determined using the
electrochemical model presented in 3.0.1.

𝑆(𝑡) = 𝑉 (𝑡)𝐼 (𝑡).

Here, 𝑉 (𝑡) represents the voltage calculated using the electro-
chemical model, 𝐼 (𝑡) is the current applied to the battery.

3.0.1 Electrochemical PDE model. The extensively re-
searched Doyle-Fuller-Newman (DFN) model accurately depicts
lithium-ion battery phenomena. However, due to its complex-
ity, simpler approaches such as the Single Particle Model (SPM)
have been developed. The SPM treats the electrode as a single
spherical particle, simplifies lithium-ion diffusion, and assumes
constant electrolyte concentrations. This article employs the SPM
within its electrochemical model [16].

Lithium-ions move from the negative pole to the positive pole
when discharging, and in the opposite direction when charging.
The lithium concentration in the solid phase, and therefore the
concentration of lithium-ions in the active material, follows Fick’s
law of diffusion [16]:

𝜕𝑐±𝑠
𝜕𝑡

(𝑡, 𝑟𝑠) =
1
𝑟2
𝑠

𝜕

𝜕𝑟𝑠

[︃
𝐷±

𝑠 (𝑇 (𝑡))𝑟2
𝑠

𝜕𝑐±𝑠
𝜕𝑟𝑠

(𝑡, 𝑟𝑠)
]︃
,

𝑡 > 0, 𝑟𝑠 ∈ (0, 𝑅±
𝑠 ),

𝜕𝑐±𝑠
𝜕𝑟𝑠

(𝑡, 0) = 0, 𝑡 > 0,

𝜕𝑐±𝑠
𝜕𝑟𝑠

(𝑡, 𝑅±
𝑠 ) = − 1

𝐷±
𝑠 (𝑇 (𝑡))

𝑗± (𝑡), 𝑡 > 0,

𝑐±𝑠 (0, 𝑟𝑠) = 𝑐±𝑠,0 (𝑟𝑠), 𝑟𝑠 ∈ [0, 𝑅±
𝑠 ],

where the temporal variable is 𝑡, the spatial variable is 𝑟𝑠 . The
solid phase 𝑐±𝑠 ∈ R. 𝐷±

𝑠 is the diffusion of the solid phase. The
𝑗± is the molar flux given by:

𝑗+ (𝑡) = − 𝐼 (𝑡)
𝑎+s 𝐹𝐿+ , 𝑗− (𝑡) = 𝐼 (𝑡)

𝑎−s 𝐹𝐿− ,

where 𝐼 (𝑡) represents the current, 𝑎±𝑠 stands for the interfacial
surface area, 𝐹 denotes the Faraday constant, and 𝐿± corresponds
to the length of the positive or negative electrode.

Assumption 4 The diffusion coefficient 𝐷±
s is a function with

Arrhenius-like dependence, inherently influenced by temperature
[17], as follows:

𝐷±
s (𝑇 (𝑡)) = 𝐷±

s (𝑇 (0))𝑒
𝐸𝐷±

s
𝑇 (𝑡 )−𝑇 (0)
𝑇 (𝑡 )𝑇 (0) .

𝐸𝐷±
s represents the activation energy coefficient, 𝑇 (𝑡) is the bat-

tery temperature. In this article, the diffusion coefficient is con-
sidered constant.

The voltage is the difference between the solid electric po-
tentials at the positive and negative electrodes, given by:

𝑉 (𝑡) = 𝜙+𝑠 (𝑡) − 𝜙−
𝑠 (𝑡),

where the solid electric potentials are given as follows:

𝜙±𝑠 (𝑡) = 𝜂± (𝑡) +𝑈± (︁
𝑐±𝑠𝑠 (𝑡), 𝑇 (𝑡)

)︁
+ 𝐹𝑅±

𝑓 (𝑇 (𝑡)) 𝑗
± (𝑡).

In this context, 𝜂± (𝑡) represents the overpotential,
𝑈± (︁

𝑐±𝑠𝑠 (𝑡), 𝑇 (𝑡)
)︁

is the equilibrium potential, specific to
the battery in question and discussed in the simulation results
section, 𝐹 denotes the Faraday constant, and 𝑅±

𝑓
(𝑇 (𝑡)) signifies

the resistance.
The reaction overpotential 𝜂± is defined as:

𝜂± (𝑡) = 𝑅𝑇 (𝑡)
𝛼𝐹

sinh−1
(︃

𝐹

2𝑖±0 (𝑡)
𝑗± (𝑡)

)︃
,

where 𝑅 represents the gas constant, 𝑇 denotes the temperature,
𝛼 signifies the transfer coefficient, and 𝑖±0 is expressed as [18]:

𝑖±0 (𝑡) = 𝑘±
[︁
𝑐±𝑠𝑠 (𝑡)

]︁ 𝛼c [︁
𝑐e,0

(︁
𝑐
±,max
s − 𝑐±ss (𝑡)

)︁ ]︁ 𝛼a
,

where 𝑘± is the kinetic reaction rate 𝑐±𝑠𝑠 ≜ 𝑐±𝑠 represents the
boundary concentration in the positive and negative electrodes,
and 𝑐𝑒,0 is the equilibrium electrolyte concentration.

4. THERMAL MODELING VERIFICATION
The thermal model discussed in Section 2 was implemented

in MATLAB and verified by comparing it with an ANSYS Tran-
sient Thermal simulation. In the ANSYS simulation, the battery
module was represented using a 3D geometry (𝑥, 𝑦, 𝑧). The sim-
ulation’s maximum time was set to 20,000 seconds to ensure
stability. Mesh quality was assessed using Skewness, measured
at an excellent value of 1.3× 10−10, as referenced in [19]. Figure
3 shows the 3D model in ANSYS with the mesh.

FIGURE 3: THE MESH FOR MODULE 7 IN THE ANSYS TRANSIENT
THERMAL ANALYSIS.

Internal heat generation was specified as a constant
39987,W/m3. The temperatures of the heat exchange system
were set to 20◦C on the top, left, and bottom, while the right
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side was set to 23◦C. Heat removed from the heat exchange sys-
tem was −33.27,W on the top and bottom and −15.11,W on the
left side. This heat calculation was determined using Equation
(2), with the negative sign indicating heat removal by the heat
exchange system. Surface conditions were applied to simulate
convective heat caused by the air on the surface.

In MATLAB, the boundary conditions, materials, and spatial
steps mirrored those used in the ANSYS simulation, as shown in
Table 1.

Parameters ANSYS MATLAB
Dimensions 3D 2D

Δ𝑥 0.0031 0.0031
Δ𝑦 0.0031 0.0031
Δ𝑧 0.0031 -

Δ𝑡
Selected

by the Program 0.59 s

Final time 20000 20000
Density 7914 7914

Thermal conductivity 14 14
Heat capacity 1930 1930

Heat Generated 39987 39987
Minimal temperature 22.49◦C 20.5◦C

Maximum temperature 49.92◦C 50.80◦C

TABLE 1: COMPARISON OF PARAMETERS BETWEEN ANSYS AND
MATLAB.

This verification process focused on a specific module,
namely Module 7. Figure 4 illustrates the comparison between
the results obtained from ANSYS and those generated by the
MATLAB code. Both simulations depict similar shapes, with
heat primarily generated in the center of the pack, and the mod-
ule loses heat at the boundaries due to the heat exchange system.
The maximum temperature in both simulations was observed near
the center. In the ANSYS simulation, the maximum temperature
reached approximately 49.92◦C, while in the MATLAB simu-
lation, it was 50.80◦C. This analysis suggests that the thermal
model presented in this study is effective, providing a reliable
representation of temperature for each module.

5. SIMULATION RESULTS

The simulation was performed using MATLAB on a PC
from Samsung equipped with an Intel i5-10210U 1.6 GHz CPU
and 31.8 GB of RAM. In this study, the modules units were
treated as a single unit, resulting in a total of 8 modules units
with 888 cells. For the analysis, LiFePO4 26650 cells were
selected, each featuring a voltage of 3.3V and a capacity of 2560
mAh. This specific cell was chosen due to the availability of
comprehensive electrochemical parameters in the literature. The
equilibrium potential of the active materials in the positive and
negative electrodes is denoted as 𝑈+ and 𝑈− , respectively. For
the LiFePO4 26650 battery, the equilibrium potential expressions
for the positive and negative electrodes are given as follows [13]:

FIGURE 4: VERIFICATION: COMPARISON BETWEEN ANSYS SIM-
ULATION AND MATLAB SIMULATION.

𝑈+ (𝜃+) = 0.6379 + 0.5416𝑒−305.5309𝜃+

+ 0.044 tanh
(︂
− 𝜃+ − 0.1958

0.1088

)︂
− 0.1978 tanh

(︂
𝜃+ − 1.0571

0.0854

)︂
− 0.6875 tanh

(︂
𝜃+ − 0.0117

0.0529

)︂
− 0.0175 tanh

(︂
𝜃+ − 0.5692

0.0875

)︂
,

𝑈− (𝜃−) = 3.4323 − 0.4828𝑒−80.2493(1−𝜃− )1.3108

− 3.2474 × 10−6𝑒20.2645(1−𝜃− )3.8003

+ 3.2482 × 10−6𝑒20.2645(1−𝜃− )3.7005
,

where 𝜃+ represents the number of moles of lithium within the
olivine structure of the iron phosphate in the positive electrode,
and 𝜃− denotes the number of moles of lithium within the graphite
structure of the negative electrode [13]. Table 2 shows the elec-
trochemical parameters used in the simulation.

The air temperature outside the battery was set to 25°C, while
the temperature of the working fluid inside the heat exchange
system was set to 20°C.

Figure 5 illustrates the current profile in pulse format, rep-
resenting the electrochemical input. The maximum 1 C-rate and
minimum -1 C-rate are within the recommended range of 1.2
C-rate for the LiFePO4 26650 [20].

Figure 6 presents the simulation outcomes obtained in MAT-
LAB, utilizing the current pulse profile illustrated in Figure 5,
as the input for the electrochemical model. In this simulation,
heat generation is no longer constant; instead, a new heat value
is generated within each module every second. The time step,
spatial steps, and the final time were the same as those used in
Section 4.
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Parameters Values
𝑅+
𝑠 3.5 × 10−6

𝑅−
𝑠 3.65 × 10−8

𝐿− 3.5 × 10−5

𝐿+ 6.5 × 10−5

𝜀+ 0.45
𝜀− 0.54
𝐹 964870

𝐶max 31370
𝑎+ 3

𝑅+
𝑠
𝜀+

𝑎− 3
𝑅−
𝑠
𝜀−

𝑐+0 0.12 · 𝐶max
𝑐−0 0.86 · 𝐶max
𝐷+

𝑠 5.9 × 10−18

𝐷−
𝑠 3.0 × 10−14

TABLE 2: ELECTROCHEMICAL PARAMETERS [13].

FIGURE 5: CURRENT PROFILE.

Throughout all modules in the pack, the minimum temper-
ature remains approximately 20°C. Notably, Module 8 exhibits
the highest temperature peak, reaching around 55°C, in contrast
to modules 1 through 7, which have a maximum temperature of
50°C. This variation in the temperature profile in Module 8 can
be attributed to the boundary conditions explained in Remark 2.
Additionally, heat generation initiates at the center of the modules
in all simulations, and heat dissipation occurs through both, the
heat exchange system and the air in contact with each module.
The variations in temperatures depicted in Figure 6 arise from
variations in the current profile, as shown in Figure 5. Changes
in the current profile, whether they increase or decrease, affect
electrochemical heat generation and subsequently impact temper-
ature behavior.

The odd-numbered modules display nearly identical behav-
ior, characterized by cooler left sides compared to their right
sides. In contrast, the even-numbered modules exhibit behavior
opposite to that of the odd ones. This behavior corresponds to
the positioning of the heat exchange system, which contacts the
left side in odd-numbered modules and the right side in even-
numbered modules.

Remark 7 The consistency in temperature profiles across both
even and odd modules stems from the assumption of a constant
temperature for the working fluid. This assumption is made to
simplify the model, presuming that heat removal is uniform across

FIGURE 6: PACK SIMULATION: THERMAL SIMULATION OF THE
EIGHT MODULES AT 20000 SECONDS.

all modules due to their identical properties such as voltage, cur-
rent, capacity, volume, and cell count. In future work, these
assumptions will be revisited, and a model that accommodates
even slight variations in fluid temperature will be developed to
ensure an accurate representation of heat absorption in the work-
ing fluid. Figure 7 illustrates the temperature difference between
modules 7 and 6, with the maximum temperature deviation being
±5◦C.

FIGURE 7: TEMPERATURE ERROR BETWEEN MODULE 7 AND 6.

6. CONCLUSION AND FUTURE WORK
This study presents a comprehensive investigation that in-

tegrates a thermal and electrochemical model for a lithium-ion
battery pack featuring cylindrical cells. The thermal model en-
compasses three domains, initiating with a focus on a single
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cylindrical cell, progressing to a module with cells arranged uni-
formly, and extending to the battery pack level, comprising mul-
tiple modules. This unified model is designed to determine the
temperature distribution within battery packs, calculating heat
generation in individual cells through an electrochemical model.
It incorporates thermal resistances for conduction and considers
convection effects. The Finite Difference Method is applied to
extrapolate the heat generated in each cell to the module units,
thereby determining the temperature in each unit. The thermal
model’s validity was confirmed through verification using Ansys
thermal analysis.

In future work, Assumption 1 will be relaxed, allowing the
values of 𝑞∗conv,ex,𝑖 and 𝑞∗cond,ex,𝑖 to exhibit dynamic behavior rather
than being considered constant, for 𝑖 = 1, 7. The thermal model
will play a crucial role as the foundation for developing temper-
ature and electrochemical estimators, thereby facilitating precise
monitoring and control of temperature variations within the bat-
tery packs.
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