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With the intensification of energy and environmental crises, new energy vehicles have
become a beacon of hope. The performance of their core component, the power battery
system, is directly related to the vehicle's range and safety. The heat generation of power
batteries during operation is particularly critical, as temperatures that are too high or too
low can adversely affect battery performance. Therefore, optimizing the Battery Thermal
Management System (BTMS) is of paramount importance. However, existing research has
largely focused on system design and experimental validation, while the thermodynamic
analysis of battery heat generation mechanisms and the study of performance adaptability
under complex conditions remain insufficient. This study aims to delve into the
thermodynamic behavior of power batteries by establishing models for their heat
generation and dissipation, thereby optimizing the design of the BTMS to enhance the
overall performance and safety of the system. Initially, a thermodynamic model of the
battery pack under various conditions was constructed. Based on this, existing thermal
management technologies were evaluated and optimized, leading to the proposal of viable
optimization solutions. The outcomes of this study contribute to improving the energy
efficiency and safety levels of new energy vehicle power batteries, holding significant

practical and theoretical value for the advancement of the new energy vehicle industry.

1. INTRODUCTION

As the global energy crisis worsens and environmental
pollution issues become increasingly prominent, new energy
vehicles, as one of the important solutions to these problems,
have experienced rapid development [1, 2]. As the core
component of new energy vehicles, the performance of power
batteries directly affects the vehicle's driving range, safety
performance, and service life [3-5]. Power batteries generate a
large amount of heat during operation, and inappropriate
temperatures can severely damage the battery's performance
and lifespan. Therefore, carrying out the optimization design
and thermodynamic analysis of the BTMS is crucial for
improving the overall performance of new energy vehicles [6,
71.

Temperature management of power batteries is key to
ensuring battery performance and safety [8]. In harsh
operating environments, temperatures that are too high or too
low can lead to reduced battery efficiency, power loss, and
increased safety risks [9-11]. Therefore, in-depth research on
the BTMS can not only extend the battery life and improve
energy utilization efficiency but also has significant practical
significance and strategic value for promoting the sustainable
development of the new energy vehicle industry [12, 13].

However, current research on the BTMS mainly focuses on
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system design and experimental validation, lacking in-depth
thermodynamic analysis of battery heat generation
mechanisms and the construction of mathematical models [14-
17]. Moreover, existing thermal management solutions are
often based on design optimizations under specific conditions,
lacking adaptability analysis of system performance under
complex condition changes, which limits the efficiency and
reliability of thermal management systems in practical
applications [18-21].

This paper aims to build heat generation and dissipation
models for new energy vehicle power battery packs, analyze
the thermodynamic behavior during battery operation in depth,
and, based on this, optimize the design of the thermal
management system considering the thermal characteristics of
the battery pack and the complexity of the operating
environment. Firstly, this paper will research the heat
generation mechanisms of batteries under different operating
states and establish accurate thermodynamic models.
Secondly, through thermodynamic analysis, the adaptability
and optimization potential of existing thermal management
technologies will be evaluated. Finally, a targeted optimization
scheme for the power BTMS will be proposed, aiming to
achieve higher energy efficiency and better safety
performance. This research not only fills the gaps in existing
studies but also provides theoretical basis and practical
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guidance for the thermal management of new energy vehicle
power batteries, holding significant theoretical and application
research value.

2. HEAT GENERATION AND DISSIPATION MODELS
OF NEW ENERGY VEHICLE POWER BATTERY
PACKS

Figure 1 displays two cooling methods for new energy
vehicle power battery packs. This paper builds upon common
thermal management structures such as air cooling and liquid
cooling in the thermal management system of new energy
vehicle power batteries. It addresses common thermal issues
during battery charging and discharging, such as uneven
temperature rise, local overheating, and thermal runaway, by
constructing accurate models of power battery heat generation
and dissipation. It provides a thermodynamic analysis method
that comprehensively considers battery thermal characteristics,
environmental factors, and operational states. This method can
more finely simulate and predict the temperature distribution
and thermal response of batteries in actual operation. Such
models are of significant research value for optimizing thermal
management system design, achieving efficient heat
dissipation, extending battery life, and ensuring safe vehicle
operation.

Specifically, the temperature field distribution model of
power batteries is built using Comsol Multiphysics, a multi-
field physics coupling simulation software. This model
integrates the complex heat transfer processes of heat
generation, conduction, convection, and radiation of new
energy vehicle power batteries in actual operation. Focusing
on the battery temperature difference and maximum
temperature, two key performance indicators, the study
explores the impact of different battery pack arrangements and
cell spacing on thermal management efficiency. The model
construction ranges from the thermal production of a single
battery cell to the heat dissipation of the entire battery pack,
conducting a sensitivity analysis on the internal temperature
uniformity and peak temperature of the battery pack through
parametric design variables, such as cell spacing and
arrangement structure. The aim is to reveal the optimal battery
pack configuration scheme for achieving low temperature
difference and high heat dissipation efficiency. This will guide
the actual design of thermal management systems, enhancing
the use stability and safety of the entire battery pack.
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Figure 1. Two cooling methods for new energy vehicle
power battery packs
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2.1 Geometric model

In the construction process of the geometric model, special
attention is given to the size, arrangement, and material
properties of the batteries, and how these factors influence the
cooling efficiency and temperature distribution. In this study,
the Comsol Multiphysics software is used to build a three-
dimensional geometric model of the new energy vehicle power
battery and simulate its cooling system. The model design
takes into account the actual composition of the battery pack,
which consists of 15 cells (3*5) per battery module. To reduce
computational load without affecting the accuracy of the
simulation results, a single battery module is selected as the
study object, assuming that all modules in the cooling system
have the same layout and cooling structure. Specifically, each
battery pack contains 5 square lithium iron phosphate single
cells, which are paralleled in a specific manner to form an
energy system.

To address the match between heat generation and cooling
capacity of the battery pack under operational conditions,
ensuring that the battery can maintain a safe and efficient
temperature range under actual operating conditions, this
paper calculates the total capacity of the battery pack while
constructing the geometric model of the new energy vehicle
power battery. The calculation of total capacity reflects the
energy conversion efficiency and thermal effects of the battery
pack during charging and discharging processes, which is
fundamental to understanding the thermal behavior of the
battery pack and designing the thermal management system.
Assuming power is represented by O, battery pack capacity by
0, the direct current voltage across the battery by 7, the number
of batteries in the battery pack by v, the discharge time by s,
and the capacity of a single cell by w, the calculation formula
is provided below.

_a (1

o,
vl
w

To address the issues of uniform heat dissipation and
coolant flow efficiency in thermal management, this paper
thoroughly considers the inline and staggered arrangements of
batteries when constructing the geometric model of the new
energy vehicle power battery. The inline arrangement may
promote more uniform air flow, simplify the flow channel
design, and help achieve relatively uniform cooling effects,
but it may have local hot spot issues. On the other hand, the
staggered arrangement, through its irregular layout, may
enhance the turbulence effect, improving heat exchange
efficiency, especially in cases with small battery gaps or high
thermal loads. It helps break the laminar state of the fluid and
improve heat dissipation performance. The basic principle of
battery arrangement design in this paper is to ensure as
uniform a heat distribution as possible in the battery pack
during operation, while promoting efficient heat exchange.
This involves considering the mechanisms of heat conduction,
convection, and radiation between batteries, allowing the
cooling medium to effectively remove heat from the battery
surface, prevent local overheating, reduce the stress caused by
temperature differences, extend battery life, and enhance the
overall energy efficiency of the vehicle. The design must
balance the compact layout of the battery module to optimize
space utilization, while ensuring sufficient cooling channels
for effective heat dissipation. Figure 2 displays the assembly
model of the new energy vehicle power battery system.
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Figure 2. Assembly model of new energy vehicle power
battery system

2.2 Heat generation model

The heat generation model of the new energy vehicle power
battery constructed in this paper is based on the heat
generation mechanism and heat propagation behavior during
the battery charging and discharging process. Firstly, the
model considers the main components inside the battery,
including the positive and negative current collectors, active
materials of the anode and cathode, and the separator, with
each material's thermal properties and geometric structure
taken into account to ensure accurate simulation of internal
heat sources. The physical properties of aluminum foil as the
positive electrode current collector, copper foil as the negative
electrode current collector, lithium iron phosphate as the
positive electrode active material, graphite as the negative
electrode active material, and LiPFs as the electrolyte, such as
specific heat capacity and thermal conductivity, are used to
calculate the Joule heat caused by electrochemical reactions
and internal resistance, as well as the heat generated by
interface reactions during the anode and cathode reactions.
Secondly, specific working conditions, such as ambient
temperature, charge/discharge rates, and charge/discharge
cycles, are set, and the model simulates actual working
environments and operating modes through these conditions.
Based on this, the model predicts the thermal behavior and
temperature distribution of the entire battery using
thermodynamic equations of heat conduction and convection,
according to the heat generation rate of single-layer electrode
pairs during the battery charge/discharge cycle. Finally, by
simplifying the complex internal heat transfer process, the
model can output the average temperature distribution of the
battery, revealing the three-dimensional temperature field
inside the battery.

2.3 Laminar model

This paper analyzes the flow and heat transfer phenomena
of the laminar model of new energy vehicle power batteries
through numerical simulations using the Computational Fluid
Dynamics (CFD) method.

(1) Stage of Mathematical Modelling
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When analyzing the flow and heat transfer phenomena of
the laminar model of new energy vehicle power batteries, it is
necessary to establish an appropriate mathematical model first
to describe the physical phenomena inside the battery. This
step is foundational to the research, including the continuity
equation to ensure mass conservation, the momentum equation
to depict fluid motion, and the energy equation to track heat
transfer. These equations collectively constitute the basic
control equation set describing the internal flow and heat
conduction behavior in the BTMS. The constructed model
needs to accurately capture the heat generated during the
battery charging and discharging process and its distribution
inside the battery, while also considering the battery's
geometric structure and the characteristics of the materials
used.

(2) Stage of Solving Control Equations

Since the established control equations are usually a set of
nonlinear partial differential equations, direct solving is quite
complex. Therefore, the finite volume method is adopted for
numerical solving. The finite volume method involves
integrating over the discrete small volume elements of the
battery, converting partial differential equations into algebraic
equations, thus applying conservation laws on each control
volume. During the solving process, the model needs to be
iterated until the convergence criteria are met, thereby
obtaining an approximate solution for the internal flow and
heat transfer of the battery.

(3) Stage of Meshing and Setting Calculation Conditions

The final step is to mesh the entire physical field and set
corresponding initial and boundary conditions for calculation.
That is, the battery model is divided into a finite number of
small areas or control volumes, in order to solve the control
equations in these areas. After mesh division, reasonable
initial and boundary conditions are set, such as ambient
temperature, charge/discharge rates, etc., reflecting the actual
state of the battery during actual operation. In the numerical
simulation process, by iteratively calculating, the flow velocity
and temperature distribution on each control volume are
continuously updated until the entire system reaches a steady
state or the transient behavior in the battery thermal
management process is simulated.

In the numerical simulation of the new energy vehicle
power battery, to capture the flow field and temperature
distribution in the BTMS in detail, the incompressible fluid
assumption simplifies the calculation of the coolant's velocity
field since the coolant flow speed in the cooling system is not
too high; then, the Reynolds-averaged Navier-Stokes
equations are used to describe fluid motion, combining the
continuity equation and momentum conservation equation to
solve the flow field velocity distribution; the k-¢ turbulence
model is introduced to simulate and solve turbulence flow
problems, describing the turbulence kinetic energy (k) and
dissipation rate (€) through two transport equations, providing
a closure relationship for the turbulent viscosity effects; finally,
these fluid dynamics equations are coupled with the battery's
heat conduction equation, forming a complete set of control
equations for numerical simulation analysis of the fluid flow
characteristics in the BTMS and their interaction with the
thermal characteristics of the battery pack. Assuming the
Reynolds-averaged velocity components are represented by i,
and i, Reynolds-averaged pressure by O, coolant density by 9,
turbulence kinetic energy and its dissipation rate by j and y,
molecular dynamic viscosity coefficient and turbulent
dynamic viscosity coefficient by w and ws, respectively. The



following expressions give the control equation set:
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3. OPTIMIZATION DESIGN OF
MANAGEMENT SYSTEM FOR NEW
VEHICLE POWER BATTERY PACKS

THERMAL
ENERGY

This paper further constructs the heat generation and
dissipation control equations for the thermal management
system of new energy vehicle power battery packs. By
accurately simulating the heat generation and transmission
during battery operation, it helps identify key areas of heat
accumulation and the paths of heat flow, providing theoretical
guidance for designing efficient heat dissipation structures.
Figure 3 gives a structural diagram of the thermal management
system for new energy vehicle power battery packs.

3.1 Thermal management system optimization design
based on battery heat generation mechanism

The heat generated by the battery pack of new energy
vehicles during the discharge process mainly consists of four
parts. Assume that the heat from chemical reactions is
represented by -, Joule heat by W, heat from side reactions
by W,, and polarization heat by W,. The following formula
gives the total heat generation ¥ of the battery:

W, =W, +W +W +W, (6)

Chemical reaction heat is the heat released by the positive
and negative electrode materials during electrochemical
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reactions in the discharge process of the power battery,
directly related to the battery's energy conversion efficiency
and the reactivity of the electrochemical reaction. Battery
chemical reaction heat is influenced by battery materials,
design, and discharge rate, and is particularly significant
during continuous high-load discharge or battery degradation.
The thermal management system needs to effectively monitor
and regulate chemical reaction heat to prevent overheating that
leads to performance degradation or safety issues. The
principle of constructing the control equation for chemical
reaction heat is mainly based on the electrochemical reaction
kinetics of the battery. This equation often involves the Butler-
Volmer equation to describe the electrode reaction rate, which
is proportional to the current density. Assume the number of
batteries is represented by v, the mass of the positive and
negative electrodes by [, the total chemical reaction heat
generated by the battery by W, the magnitude of the charging
and discharging current by U, the molar mass by L, and the
Faraday constant by D. The following formula calculates the
chemical reaction heat W.:

W, = v-l-W.U ™
L-D
Joule heat, also known as Ohmic heat, is the heat generated
when the internal current of the battery passes through
resistance. This amount of heat is directly proportional to the
square of the internal resistance and current of the battery,
meaning that Joule heat significantly increases during high
current discharge or when the internal resistance of the battery
increases. The generation of Joule heat is inevitable, thus the
thermal management system needs to effectively dissipate this
heat to maintain the battery temperature within a safe and
efficient working range. The construction of the control
equation for Joule heat relies on Joule's law, where the internal
resistance of the battery and the current passing through the
battery are key variables. This equation requires the
integration of the battery's internal structure to determine
resistance values, such as the type and thickness of electrode
materials, the conductivity of the electrolyte, etc. Assume the
discharge current is represented by U, and the internal
resistance of the battery by E.. The following formula provides
the calculation formula for Joule heat W:

W, =U?-E, (8)
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Figure 3. Structural diagram of the thermal management system for new energy vehicle power battery packs



Heat from side reactions primarily originates from non-
ideal chemical reactions during the battery charging and
discharging process, such as the decomposition of electrolytes
and side reactions of active materials. This type of heat is
usually more pronounced in situations of battery overcharging,
over-discharging, or operating under extreme temperature
conditions. The generation of heat from side reactions often
leads to reduced battery efficiency and shortened lifespan,
hence the thermal management system needs to limit these
side reactions or promptly transfer this heat out of the battery
pack. The control equation for heat from side reactions is
generally based on the kinetics of the battery's side reactions.
The generation of heat from side reactions is often related to
the usage and maintenance condition of the battery, such as
overcharging, over-discharging, or improper temperature
control, all of which can exacerbate side reactions. In the
mathematical model, the heat generated by side reactions can
be estimated through experimentally determined side reaction
rates and related thermochemical coefficients.

Polarization heat originates from the loss of potential during
the internal charge transfer process of the battery, including
electrode polarization and concentration polarization.
Polarization heat is closely related to the internal structure of
the battery, such as the properties of the electrode materials,
electrolyte, and separator, as well as the operating state of the
battery. With an increase in the number of battery cycles,
polarization phenomena may intensify, leading to the
generation of more polarization heat. To control polarization
heat, the thermal management system needs to ensure
uniformity inside the battery, reduce polarization phenomena,
and prevent excessive temperatures through effective heat
dissipation. The control equation for polarization heat reflects
the relationship between battery polarization phenomena and
heat generation. The mathematical description of polarization
heat can characterize electrochemical polarization through the
Tafel equation, while concentration polarization is usually
described by the Fick's law.

To achieve optimized design of the thermal management
system for new energy vehicle power batteries, the first thing
is to adjust the  Dbattery's operating state and
charging/discharging strategies in conjunction with the control
equation for chemical reaction heat to reduce heat generation.
Secondly, the internal structure and materials of the battery
should be optimized using the control equation for Joule heat
to lower internal resistance and reduce the heat generated by
current flow. Third, identify and minimize unavoidable side
reactions through the equation for heat from side reactions,
optimizing the battery's usage and maintenance program.
Finally, for polarization heat, design efficient electrodes and
uniform electrolyte distribution to reduce the degree of
polarization during battery operation. Integrating these
strategies, and through experimental validation and model
simulation, ensures that the battery pack can maintain the
optimal temperature range under various working conditions,
extending its lifespan and maintaining optimal performance.
This paper simulates the cooling of new energy vehicle power
battery packs based on the classical battery heat generation
model to analyze battery heat generation. Assuming the heat
generation rate of a single battery is represented by w, the
operating current of the battery by U, the operating voltage of
the battery by R, the open-circuit voltage of the battery by Ry,
the thermodynamic temperature of the battery by S, and the
temperature coefficient by dEy/dS, with Joule heat and
reversible reaction heat represented by R-Ry and SdEy/dS. The
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following formula calculates the heat generation rate:

U dR,
W:N—[(R—RO)+S¥}

y

)

If considering only the Joule heat, which is the most
significant source of heat generation in the battery, and
assuming the internal resistance of the battery is represented
by E,, then the above formula can be simplified as:

U UZE
W=W(R—&)= N

Y Y

: (10)

3.2 Thermal management system optimization design
based on heat transfer analysis of the cooling system

This paper constructs the conduction equation of the cooling
system based on Fourier's law. This law states that the heat
transfer within a material is directly proportional to the
temperature gradient and is also related to the material's
thermal conductivity. In the design of the battery pack cooling
system, this means that the thermal conductivity of the battery
pack, the silicone pad, the cooling plate, and their contact
thermal resistance directly affect the efficiency of heat
conduction. Therefore, establishing the conduction equation
requires accurately assessing the thermal conductivity of each
material and the thermal resistance at the contact surfaces to
calculate the heat flow from the battery cell through the
silicone pad to the cooling plate and then to the cooling
channel.

Assuming the density, specific heat capacity, thermal
conductivity, and temperature gradient of the material are
represented by 9, z,, j, and AS, and the heat generation rate
per unit volume of a single battery is represented by w. The
following formula gives the conduction equation of the
cooling system:

%(3zos)=v(jvs)+w (11)

The convective heat transfer equation between the coolant
and cooling channels is based on Newton's law of cooling,
which describes the heat exchange between the coolant and the
cooling channel walls. The heat transfer is directly
proportional to the convective heat transfer coefficient of the
fluid, the temperature difference between the fluid and the
solid surface, and the contact surface area. In the BTMS,
constructing the convective heat transfer equation requires
considering the flow properties of the coolant, such as
viscosity and density, the design of the cooling channels
including size, shape, surface roughness, and the temperature
distribution under operating conditions. The convective heat
transfer equation between the coolant and cooling channels
includes three main equations, namely the mass conservation
equation, momentum conservation equation, and energy
conservation equation as shown below. Assuming the density,
specific heat capacity, thermal conductivity, and temperature
of the coolant are represented by 31, z,1, 1, and AS}, the flow
velocity of the coolant by &, and the static pressure by O, the
expressions are:

09
S +V-(am)=0 (12)



%(lglﬁ)w.(slm) =-vO (13)

0

E(gzolsl)Jrv-(glzolﬁsl) =V-(j,Vs,) (14)

Based on the conduction equation of the cooling system,
this paper finely adjusts the material selection and structural
layout between the battery pack and the silicone pad, and
between the silicone pad and the cooling plate, to minimize
interface thermal resistance, ensuring that the heat generated

by the battery can be efficiently transferred to the cooling plate.

Simultaneously, in conjunction with the convective heat
transfer equation between the coolant and cooling channels,
optimize the flow path of the coolant, increase the flow
velocity of the coolant, select suitable coolant properties, and
design reasonable cooling channel shapes and surface
treatments to maximize convective heat transfer efficiency.
Together, these equations can guide the optimization of the
BTMS, ensuring efficient heat dissipation under various
operating conditions, maintaining an appropriate working
temperature, thereby enhancing battery performance,
extending lifespan, and ensuring safe operation.

4. EXPERIMENTAL RESULTS AND ANALYSIS

Based on Figures 4 and 5, an analysis of the temperature
difference and maximum temperature change of battery packs
with side-mounted water cooling plates under different
discharge rates can be conducted, along with the implications
of these data for the optimization of the thermal management
system. Figure 4 indicates that the internal temperature
difference within the battery pack increases with the discharge
rate. At a discharge rate of 1C, the temperature difference
across all batteries remains at 0.1°C, indicating a relatively
uniform temperature distribution at low discharge rates.
However, as the discharge rate increases to 2C, the
temperature difference begins to increase but remains below
0.25°C, suggesting a relatively balanced heat generation and
removal. But at discharge rates of 3C and 4C, the temperature
difference significantly increases, reaching up to 2.25°C,
indicating uneven temperature distribution within the battery
pack at high discharge rates, necessitating more effective
thermal management strategies to ensure thermal stability of
the battery pack. According to Figure 5, the maximum
temperature of the battery pack also significantly increases
with the discharge rate. At a discharge rate of 1C, the
maximum temperature increases from 25°C to 25.1°C within
600 seconds, a minor increase. However, at a discharge rate of
4C, the maximum temperature increases from 25°C to 30.8°C
within the same timeframe, a substantial increase, indicating
rapid heat accumulation and a quick rise in battery temperature
at high discharge rates. It can be concluded that at higher
discharge rates, both the temperature difference and maximum
temperature change significantly increase, posing challenges
to the long-term stability and safety of the battery. While
thermal management requirements are not demanding at low
discharge rates, more effective cooling measures are needed at
high discharge rates.

To accommodate thermal management needs at different
discharge rates, the following optimization strategies for the
power BTMS are proposed: 1) Maintain the existing water-
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cooling plate system, as data shows temperature differences
and changes are within a controllable range at low discharge
rates. 2) Optimize water flow design by increasing the flow
rate of the coolant or adjusting the layout of the cooling
channels to enhance cooling effects. 3) Introduce phase change
materials (PCM) or enhanced cooling systems, such as using
larger heat sinks, increasing the efficiency of cooling fans, or
using higher performance coolants.

Table 1 shows the temperature difference comparison of
battery packs under different discharge rates and cooling
structures (bottom, side, and combination). The data indicate
that bottom cooling results in a significant temperature
difference at high discharge rates, for instance, reaching an
astonishing 51.23°C for battery number 4, demonstrating the
inability of bottom cooling structures to effectively control
temperature at high discharge rates. Side cooling significantly
reduces the temperature difference across all discharge rates,
with the maximum temperature difference being only 2.41°C
(battery number 7), showing that side cooling is significantly
superior in thermal management compared to bottom cooling.
Combination cooling further reduces the temperature
difference, especially at high discharge rates, although slightly
higher than side cooling, it is much lower than bottom cooling,
showcasing the superiority of the combination cooling
structure. This validates that the proposed thermodynamic
model can accurately reflect the impact of different cooling
structures and discharge rates on the temperature difference of
the battery pack, thereby verifying the model's practicality for
predicting and optimizing the thermal management system of
power batteries.

Based on the above analysis, the following optimization
strategies are proposed: 1) For low discharge rates (e.g., 1-2C):
Since the temperature difference is not significant, cost-
effective cooling solutions such as a single bottom or side
cooling structure can be selected. 2) For medium discharge
rates (e.g., 3-4C): While side cooling performs quite well, a
combination cooling structure can be adopted to further reduce
the temperature difference. 3) For high discharge rates (5C and
above): Due to the increased temperature difference at high
discharge rates, more advanced combination cooling
structures should be utilized, along with considering the
introduction of real-time temperature monitoring and dynamic
cooling adjustment systems to ensure uniform temperature
distribution.

According to Figure 6, when the vertical spacing increases
from Omm to 25mm, the maximum temperature of the battery
pack shows an overall downward trend. Especially during the
high-temperature phase (2600 seconds to 7600 seconds), a
larger spacing can effectively reduce the peak temperature of
the battery. At a Omm spacing, the temperature of the battery
pack rises the fastest and reaches the highest temperature,
indicating poor heat dissipation conditions when there is no
gap between the batteries. When the spacing increases to
25mm, the temperature of the battery pack is the lowest at any
given time point, demonstrating that appropriately increasing
the vertical spacing can significantly improve cooling
performance. As shown in Figure 7, the maximum temperature
of the battery pack also shows an overall downward trend with
an increase in horizontal spacing, although this trend is not as
pronounced as in the vertical direction. Even at a Omm spacing,
the temperature rise and peak temperature in the horizontal
direction are lower than those in the vertical direction at a Omm
spacing, due to more effective natural convection and radiation
cooling in the horizontal direction. At a 15mm horizontal



spacing, the temperature rise rate and peak temperature reach reveals the direct relationship between battery cooling
a relatively optimal balance point. By accurately simulating performance and spacing size, again proving its application
the temperature rise behavior of power battery packs at value in the design and optimization of BTMSs.

different spacings, this thermodynamic model effectively
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Figure 5. Maximum temperature change of battery packs
with side-mounted water cooling plates at different discharge
rates

Figure 4. Temperature difference of battery packs with side-
mounted water cooling plates at different discharge rates

Table 1. Comparison of temperature differences in battery packs under different discharge rates and cooling structures

1 2 3 4
Battery Number Bottom Side Combination Bottom Side Combination Bottom Side Combination Bottom Side Combination
1 1.45 0.08 0.11 5.82 023 0.48 22,12 0.98 2.2 5123 221 423
2 1.45 0.07 0.11 5.82 0.2 0.46 2225 0.88 2.12 5236  2.11 421
3 145 0.07 0.11 5.83 023 0.46 2236  0.92 2.13 5124 214 4.231
4 1.45 0.09 0.11 5.84 022 0.46 22.14  0.92 2.14 52.64 213 423
5 146 0.08 0.11 5.85  0.21 0.46 22.68 0.87 2.14 5189 2.15 4.25
6 1.47 0.09 0.11 585 0.23 0.45 2236  0.93 2.13 5231 221 4.26
7 1.45 0.09 0.11 5.84 023 0.46 2245  0.93 2.11 5148 241 4.25
8 145 0.1 0.11 5.84 021 0.46 22.15 0.88 2.12 5236  1.98 421
9 1.45 0.09 0.11 5.81 0.23 0.46 22.16 0.98 2.12 5123 2.15 4.28
10 1.44 0.09 0.12 5.82 023 0.5 2298 0.95 2.14 5127 2.16 4.29
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Figure 8. Temperature difference distribution in battery
packs with different staggered spacings
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Figure 9. Maximum temperature difference in battery packs
at different flow rates

Based on the above analysis, the following optimization
strategies are provided: 1) Increase vertical spacing: To
improve cooling efficiency, the vertical spacing between
battery components can be increased, especially in
applications where the battery operates at high temperatures or
for extended periods, such as a 25mm spacing can
significantly reduce the maximum temperature. 2) Consider
moderate horizontal spacing: Increasing horizontal spacing
also aids in temperature control, but considering space
utilization, a moderate spacing, like 15mm, can be chosen to
achieve a balance between cooling effect and space efficiency.
3) Optimize the flow path of cooling fluid: In conjunction with
increased spacing, optimizing the flow path of the cooling
fluid can enhance cooling efficiency, especially in the high-
temperature areas of the battery pack.

Figure 8 describes the internal temperature difference

distribution in battery packs under different staggered spacings.

The data indicate that with an increase in staggered spacing,
the maximum temperature difference within the battery pack
generally shows an increasing trend. The temperature
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difference is lowest at a Omm spacing and highest at a 9mm
spacing. From the start (0 seconds) to 1000 seconds, the
temperature difference increase is minimal under all spacing
conditions, due to a more uniform internal temperature
distribution within the battery pack. From 1000 seconds to
7600 seconds, the increase in temperature difference is more
significant, especially at larger spacings (e.g., 6mm and 9mm),
indicating that a larger spacing leads to an uneven internal
temperature distribution during prolonged operation. Among
all tested spacings, starting from 3000 seconds, the rate of
increase in temperature difference for battery packs with larger
spacings surpasses that of battery packs with smaller spacings,
particularly at a 9mm spacing. The predictive results of this
thermodynamic model accurately reflect the impact of
staggered spacing on the internal temperature difference
distribution within the battery pack, thereby confirming its
critical role in evaluating and optimizing the design of power
BTMSs.

Based on the above analysis, the following optimization
strategies are proposed:

(1) Spacing selection: Choose an optimal staggered spacing
to balance the internal temperature uniformity and cooling
capability of the battery pack. According to data, smaller
spacings (e.g., 3mm) maintain a lower temperature difference
initially, but long-term temperature difference control should
be considered.

(2) Enhance internal air flow: Enhance internal air flow
through design optimization or forced air flow devices such as
auxiliary fans to improve temperature difference control at
larger spacings.

(3) Temperature monitoring and control: Implement real-
time temperature monitoring and dynamic control systems to
adjust the internal temperature difference within the battery
pack, especially at larger staggered spacings.

(4) Optimize cooling structure: Optimize the cooling
structure of the battery pack, such as using heat pipes, thermal
diffusion plates, or other efficient cooling materials, to
improve cooling efficiency.

Figure 9 shows the changes in the maximum temperature
difference of battery packs under different coolant flow rates
(1m/s, 3m/s, S5m/s). The figure indicates that at a low flow rate
(1m/s), the temperature difference grows relatively slowly at
the initial stage. However, as time progresses, the maximum
temperature difference significantly increases, especially
between 3000 seconds to 5300 seconds, reaching a maximum
of 6°C, after which the temperature difference decreases but
still remains at a high level overall. This suggests that low flow
rates are effective initially, but insufficient for cooling over
longer durations. At a medium flow rate (3m/s), this flow rate
performs the best among all tested. The maximum temperature
difference peaks at 3.5°C around 2000 seconds, then gradually
decreases. This demonstrates that at this flow rate, the cooling
system can effectively control the temperature of the battery
pack, providing more stable and sustained cooling
performance. At a high flow rate (5m/s), although the
temperature difference quickly increases at the initial stage, it
significantly decreases over time, indicating more pronounced
cooling effects at high flow rates, especially after prolonged
operation. Overall, a medium flow rate (3m/s) offers the most
balanced and effective control of battery pack temperature
difference. While high flow rates can significantly reduce
temperature differences after long durations, but they have
energy efficiency concerns.

Based on the analysis, the following optimization strategies



are proposed: 1) Flow rate optimization: Set a medium and
adjustable coolant flow rate to meet the cooling needs of the
battery under different operating conditions. 2) Flow rate
control system: Introduce an intelligent control system that
dynamically adjusts the coolant flow rate based on real-time
temperature difference data of the battery pack to achieve
optimal cooling effects. 3) Energy efficiency evaluation:
Assess the energy efficiency of the cooling system to ensure
that while achieving the required cooling effects, the system's
energy consumption is kept to a minimum. 4) Cooling
structure optimization: Research and develop efficient cooling
structures, such as improving cooling channel design, utilizing
heat pipes or phase change materials to enhance thermal
conduction.

5. CONCLUSION

This paper focuses on the construction of thermodynamic
models for new energy vehicle power battery packs, analysis
of heat generation mechanisms, and evaluation and
optimization design of thermal management systems. The
research aim is to provide efficient and safe thermal
management system optimization designs for battery pack
thermal characteristics and their complex working
environments through in-depth analysis of thermodynamic
behavior during battery operation.

Experimental analyses of temperature differences and
maximum temperature changes in battery packs with side-
mounted water-cooling plates under different discharge rates
reveal that increased discharge rates lead to increased heat
generation, imposing higher requirements on the thermal
management system. Comparisons of temperature differences
in battery packs under different discharge rates and cooling
structures show that optimizing cooling structures can
significantly improve temperature uniformity. Analyses of the
highest temperature distribution in battery packs under
different vertical and horizontal spacings provide important
data for battery stacking design. Studies on temperature
difference distribution in battery packs with different
staggered spacings determine the optimal staggered spacing
for the best cooling effects. Experimental research on the
maximum temperature difference in battery packs under
different coolant flow rates establishes the relationship
between coolant flow rate and battery pack temperature
difference, identifying the optimal balance point between
cooling effect and energy efficiency at medium flow rates.

Through precise thermodynamic model construction and in-
depth experimental analysis, this study demonstrates that
optimizing thermal management systems can significantly
enhance the energy efficiency and safety performance of
power batteries. By carefully adjusting cooling strategies and
designing cooling structures, the temperature difference and
maximum temperature under different operating states can be
effectively controlled, ensuring stable operation of the battery
pack within a safe range and improving overall vehicle energy
efficiency. Future work could focus on developing more
intelligent thermal management systems, using machine
learning algorithms to dynamically adjust cooling strategies
based on real-time data. Promoting the integrated design of
thermal management systems and battery management
systems could reduce system weight and cost and improve
response times.
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