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Abstract
This paper presents a coupled electro-thermal model for lithium-ion battery packs using a four-RC equivalent 
circuit model and a lumped thermal network. A 2S4P pack of Panasonic NCR18650PF cells is simulated under 
CCCV charging and a Dynamic Stress Test cycle. The results show that the maximum cell temperature remains 
below 32°C, the average temperature ranges from 24°C to 25.5°C, and the temperature difference between cells 
stays within 1°C. The proposed model is effective and computationally efficient for battery thermal analysis and 
pack design.

Keywords: lithium-ion battery; electro-thermal modeling; equivalent circuit model; lumped thermal model.

Tóm tắt

Bài báo này trình bày một mô hình nhiệt - điện kết hợp cho các bộ pin lithium-ion bằng cách sử dụng mô hình 
mạch tương đương bốn nhánh RC và mạng nhiệt tập trung. Một bộ pin cấu hình hai nối tiếp bốn song song gồm 
các ngăn pin Panasonic NCR18650PF được mô phỏng dưới chế độ sạc dòng không đổi - áp không đổi và chu kỳ 
thử nghiệm ứng suất động. Các kết quả chỉ ra rằng nhiệt độ tối đa của ngăn pin duy trì ở mức dưới 32°C, nhiệt 
độ trung bình dao động từ 24°C đến 25,5°C và chênh lệch nhiệt độ giữa các ngăn pin luôn giữ trong mức 1°C. 
Mô hình đề xuất tỏ ra hiệu quả và tối ưu về mặt tính toán cho việc phân tích nhiệt và thiết kế bộ pin.

Từ khóa: pin lithium-ion; mô hình hóa điện - nhiệt; mô hình mạch tương đương; mô hình nhiệt tập trung.

1. INTRODUCTION

Lithium-ion batteries are widely used in electric vehicles, 
energy storage systems, and portable electronic 
devices because of their high energy density, long 
cycle life, and favorable power capability. However, the 
electrical and thermal behaviors of lithium-ion batteries 
are strongly coupled. During operation, internal heat 
generation affects cell temperature, while temperature 
variations in turn influence the electrical characteristics, 
efficiency, and aging behavior of the battery. Therefore, 
both electrical and thermal effects must be considered 
simultaneously when developing simulation tools for 
battery systems [1-3].

Several modeling approaches have been proposed 
for lithium-ion batteries. Electrochemical models 
can provide detailed insight into internal physical 
and chemical processes, but their computational 
complexity and extensive parameter requirements limit 

their applicability in system-level studies. By contrast, 
equivalent circuit models offer a practical balance 
between model fidelity and computational efficiency, 
making them suitable for battery management and 
pack-level simulation. Likewise, for thermal analysis, 
lumped thermal models are widely adopted when 
internal temperature gradients inside individual 
cells are not the primary concern and computational 
efficiency is required [4-6].

In this study, a coupled electro-thermal simulation 
framework is developed by combining an equivalent 
circuit model for electrical behavior with a lumped 
thermal network for temperature prediction. The 
model is intended for scalable battery-pack simulation 
and thermal-performance evaluation under dynamic 
load conditions. A 2S4P battery pack composed of 
Panasonic NCR18650PF cylindrical cells is selected 
as the simulation case. The objective is to evaluate the 
temperature evolution and heat-transfer characteristics 
of the battery pack under a realistic dynamic load profile 
and to demonstrate the usefulness of the proposed 
approach for battery-system design [7]. Reviewers: 1. Assoc.Prof.Dr. Le Van Quynh

                   2. Assoc.Prof.Dr. Nguyen Trong Hoan
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2. MODEL DEVELOPMENT

A coupled electro-thermal model was established to 
simulate the dynamic behavior of lithium-ion battery 
systems. The electrical model determines the cell 
voltage and current response, while the thermal model 
predicts the temperature evolution of each cell and 
the heat exchange between cells and the ambient 
environment.

The proposed model is based on charge conservation 
in the ECM and energy conservation in the lumped 
thermal network. The four-RC ECM and lumped 
thermal assumption are adopted to balance accuracy 
and computational efficiency for pack-level temperature 
prediction. Under the selected CCCV, DST, ambient, 
and heat-transfer conditions, the results are considered 
reliable for preliminary thermal evaluation, pack design, 
and BMS-oriented analysis.

2.1. Electrical model

To describe the electrical behavior of each lithium-ion 
cell, an equivalent circuit model (ECM) with four RC 
branches was adopted. This model consists of one 
ohmic resistance and four parallel RC networks, which 
together capture both the instantaneous voltage drop 
and the transient polarization effects occurring during 
charging and discharging processes [5], [6]. In this 
study, the four-RC-branch ECM, illustrated in Figure 
1, provides a practical compromise between modeling 
accuracy and computational efficiency. However, as a 
simplified representation, it does not explicitly account 
for the detailed electrochemical processes inside the 
cell, and its predictive capability may be limited under 
extreme operating conditions or when aging effects are 
considered.

Figure 1. Equivalent circuit model with 4 RC elements.

The discrete-time state-space model can be expressed as:

(1)

Where the state vector is defined as:

(2)

Here, URC1 denotes the overvoltage across the n-th 
RC branch, and SOC th state of charge of the cell. The 
terminal voltage of the cell is given by:

(3)

Where UOCV(SOC) is the open-circuit voltage as a function 
of the state of charge, Ro is the ohmic resistance and 
Icell is the cell current.

The state of charge is updated using Coulomb counting:

(4)

Where CN is the nominal capacity of the cell and ∆t is 
the simulation time step.

This ECM structure provides sufficient accuracy for 
representing the voltage dynamics of lithium-ion cells 
while remaining computationally efficient for battery-
pack simulation. 

2.2. Thermal model

The electrical performance of lithium-ion batteries 
is strongly influenced by temperature; therefore, an 
accurate prediction of cell temperature is essential for 
reliable electro-thermal simulations. In this study, a 
component-level thermal model is employed to estimate 
the temperature of each battery cell and to update the 
temperature-dependent electrical parameters of the 
Equivalent Circuit Model (ECM) [1], [9]. Each cell is 
represented as a lumped thermal mass, assuming 
a uniform temperature distribution within the cell. 
Under this assumption, internal temperature gradients 
are neglected and the thermal behavior of the cell 
can be described using a simplified energy balance. 
This approach significantly reduces computational 
complexity while maintaining sufficient accuracy for 
system-level battery pack simulations. However, this 
simplified lumped model neglects internal temperature 
gradients and may therefore be less accurate under 
severe operating or non-uniform cooling conditions. 
The temperature of each cell is determined by the 
balance between internally generated heat and heat 
exchanged with the surrounding environment. The heat 
generation rate inside the cell consists of irreversible 
Joule heating and reversible entropic heat, which can 
be expressed as [10], [11]. 

(5)

Where Ij is the current of cell j; 

Ri,j is the internal resistance; 

Tcell,j is the cell temperature, and is the entropy 
coefficient. 

The first term represents irreversible heat generated 
by ohmic losses, while the second term represents 
reversible heat associated with electrochemical 
reactions.
Heat exchange between the cell and the ambient 
environment is modeled using Newton’s law of 
cooling [3].



NGHIÊN CỨU KHOA HỌC

52 Tạp chí Nghiên cứu khoa học, Trường Đại học Sao Đỏ, Số 2 (94) 2026

(6)

Where: 
hj is the effective heat transfer coefficient; 

Acell,j is the effective heat transfer surface area;

T∞ denotes the ambient temperature.

For a battery pack consisting of n cells, the heat 
exchange with the environment can be conveniently 
expressed in matrix form.

(7)
Where: 
K∞ represents the thermal conductance matrix 
describing the heat transfer between each cell and the 
ambient environment.

Assuming a lumped thermal capacity, the temperature 
of each cell is updated using the discrete energy 
balance.

(8)

Where: 

mcell,j and Cp,j denote the mass and specific heat 
capacity of the cell, respectively, and is the simulation 
time step.

This simplified thermal formulation intentionally 
neglects detailed heat transfer mechanisms such as 
radiation, internal conduction, and complex airflow 
patterns, since these effects are often difficult to 
characterize during the early design stage of battery 
systems. Instead, their overall influence is captured 
through the effective heat transfer coefficient h 
obtained from experimental data or literature. This 
approach enables efficient electro-thermal simulations 
while maintaining sufficient accuracy for battery pack 
design and thermal analysis.

2.3. Heat transfer between cells

In addition to heat exchange with the ambient 
environment, conductive heat transfer between 
neighboring cells was considered in order to capture 
thermal coupling inside the battery pack.

The conductive heat flow from cell n to cell j is  
given by:

(9)

Where: 

Rλ,jn is the equivalent thermal resistance between the 
two adjacent cells.

For a battery pack with multiple cells, the total 

conductive heat transfer affecting cell j can be  
written as:

(10)

This representation enables the simulation of thermal 
interaction among neighboring cells without requiring 
a detailed geometric thermal model. In this work, only 
adjacent-cell heat transfer was considered.

2.4. Simulation conditions

The case study was conducted using Panasonic 
NCR18650PF cylindrical lithium-ion cells with a 
nominal capacity of 2.9 Ah. The simulated battery 
pack consisted of four parallel strings, each composed 
of two cells connected in series, forming a 2S4P 
configuration.
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Figure 2. DST cycle

The simulation procedure was divided into two stages. 
First, the battery pack was charged using a constant-
current/constant-voltage (CCCV) strategy at a rate of 
C/2 until the upper cut-off voltage was reached. After 
the charging phase, a Dynamic Stress Test (DST) load 
profile was applied to represent variable operating 
conditions. The simulation started from a fully charged 
state and continued until the lower cut-off voltage was 
reached, as illustrated in Fig. 2. 

The operating and thermal parameters used in the 
electro-thermal simulations are summarized in Table 1 
[12]. These parameters include the nominal capacity 
of the cell, pack configuration, thermal properties, 
ambient conditions, voltage limits, and simulation  
time step. 

Table 1. Simulation parameters used in the electro-
thermal model 
Parameter Symbol Value

Nominal capacity CN 2.9 Ah

Pack configuration – 2S4P

Cell mass mcell 0.045 kg
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Parameter Symbol Value

Specific heat capacity Cp 900 J/kgK

Heat transfer coefficient h 10 W/m²K

Effective cell surface area A 0.004 m²
Thermal resistance between 
adjacent cells Rλ 2 K/W

Ambient temperature  T∞ 20°C

Upper cut-off voltage Vmax 4.2 V

Lower cut-off voltage Vmin 2.5 V

Charging mode – CCCV, C/2

Simulation time step  ∆t 0.1 s

3. SIMULATION RESULTS

The thermal behavior of the simulated lithium-ion 
battery pack is shown in Fig. 3. At the beginning of 
the simulation, cell temperatures rise rapidly from the 
ambient temperature (~20°C) due to the high current 
demand during the initial phase of the Dynamic 
Stress Test (DST). This increase is mainly caused by 
irreversible Joule heating inside the cells, as described 
in Eq. (2).
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Figure 3. Cell Temperatures

After the transient phase, the temperatures stabilize and 
exhibit quasi-periodic oscillations with an amplitude of 
about 1°C, following the cyclic load profile. These small 
fluctuations indicate that the thermal mass of the cells 
and heat dissipation effectively limit rapid temperature 
variations.

During the main operating period, the average 
temperature gradually increases from about 24°C 
to 25.5°C due to the balance between internal heat 
generation and heat dissipation to the environment 
(Eq. 3). The temperature difference between cells 
remains within 1°C, indicating relatively uniform 
thermal behavior.

Near the end of the simulation (~8×104 s), a short 
temperature peak of about 31-32°C occurs due 

to a high-current event. However, the maximum 
temperature remains below typical safety limits, 
indicating stable thermal operation of the battery pack.

The results demonstrate that the proposed electro-
thermal model can accurately capture both transient 
and long-term temperature responses of the battery 
pack under dynamic loading. The small inter-cell 
temperature difference further indicates good thermal 
uniformity representation. These findings also suggest 
that the 2S4P battery configuration can operate safely 
under the applied load cycle, highlighting its relevance 
for battery-pack design, thermal management, and 
reliability assessment.

Figure 4 shows the ambient heat transfer rate of 
individual lithium-ion cells during the simulated load 
cycle. At the beginning of the simulation, a transient 
heat flux of approximately -0.35 to -0.40 W is observed, 
indicating strong heat dissipation to the environment 
caused by the large temperature gradient during the 
initial temperature rise.
After this transient phase, the heat flux exhibits small 
quasi-periodic oscillations following the cyclic load 
profile. These fluctuations reflect the balance between 
internal heat generation and heat dissipation to the 
environment. The similar heat transfer patterns among 
cells indicate uniform thermal boundary conditions 
across the battery pack.

Figure 4. Ambient heat transfer

Near the end of the simulation (~8×104 s), a short 
peak approaching -0.45 W appears, associated with 
a high-power demand event. Overall, the results 
indicate stable ambient heat exchange under dynamic 
operating conditions.

These findings confirm that the proposed lumped 
thermal model captures the dynamic balance between 
internal heat generation and external heat dissipation. 
The similar heat-transfer profiles among cells support 
the assumed thermal boundary conditions, while the 
applied ambient cooling condition is sufficient to limit 
temperature rise and support preliminary battery 
cooling design.
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Figure 5 illustrates the inter-cell heat transfer within the 
lithium-ion battery pack during the simulated operating 
cycle, representing conductive heat exchange between 
adjacent cells. At the beginning of the simulation, a 
short transient phase occurs with heat flux fluctuations 
of approximately ±0.05 W, caused by initial temperature 
differences between neighboring cells.

Figure 5. Heat transfer between cells

After this transient phase, the heat flux stabilizes 
around ±0.04 W, indicating a small but persistent 
temperature gradient within the pack. The opposite 
heat flux directions confirm bidirectional heat transfer 
between adjacent cells, where warmer cells transfer 
heat to cooler ones.

A brief disturbance appears near 8.104 s due to a high-
power demand event that temporarily increases the 
thermal gradient. Overall, the small magnitude and 
rapid stabilization of the heat flux indicate effective 
thermal homogenization and stable pack operation 
under dynamic loading.

The results show that adjacent-cell thermal coupling is 
weak but sufficient to support temperature equalization, 
highlighting the role of inter-cell conductive heat 
transfer in improving model realism. The low heat-
transfer magnitude also indicates that the studied 
pack layout and thermal resistance are adequate for 
maintaining thermal uniformity and safe operation.

4. CONCLUSION
This paper presents a coupled electro-thermal 
simulation framework for lithium-ion battery systems 
by combining an equivalent circuit model with a 
lumped thermal network. The proposed approach 
offers a practical trade-off between accuracy and 
computational efficiency, making it suitable for battery-
pack simulation and preliminary thermal design.

A 2S4P battery pack using Panasonic NCR18650PF 
cylindrical cells was analyzed under CCCV charging 
and a Dynamic Stress Test load cycle. The model 
included key thermal parameters such as cell mass, 
specific heat capacity, heat transfer coefficient, 
effective surface area and inter-cell thermal resistance.

Results show that the maximum cell temperature 
remained below 32°C, the average temperature varied 
from about 24°C to 25.5°C, the cell-to-cell temperature 
difference stayed within 1°C, and the peak ambient 
heat flux reached approximately -0.45 W. These results 
indicate stable thermal performance under dynamic 
operating conditions.

The proposed framework is applicable to battery 
thermal analysis, pack design, and battery 
management development. Future work will focus on 
parameter identification, aging effects and advanced 
cooling configurations.
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