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17 ABSTRACT

18 Analyzing factors affecting battery performance and discharge temperature
19  distribution is critical for ensuring the operations of power vehicles. This analysis
20  assesses battery lifespan, efficiency, thermal safety, and functionality across varying
21  environmental conditions. This study investigates the impact of voltage, temperature
22 distribution, and constant voltage charging time (CVT) on battery pack performance
23 and degradation behavior, utilizing cold welding technology. A thermal simulation
24 model, incorporating a user-defined function (UDF) based on a heat source, is
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developed to analyze the temperature distribution. First, the actual capacity is analyzed
by examining the voltage distribution within the battery pack, while the temperature
uniformity of the battery is evaluated for both series and parallel configurations. Second,
cyclic testing is conducted to investigate the degradation behavior of the battery pack
by monitoring the changes in voltage, CVT, and internal resistance. Third, a thermal
simulation model is employed to simulate and analyze the temperature field of the
battery pack, with an internal short-circuit point introduced to simulate thermal
runaway (TR). The experimental results indicate that the 3P3S-c battery pack exhibits
superior voltage consistency, attributed to reduced contact resistance and improved
contact uniformity in the cold-welded module, resulting in a 4% increase in actual
capacity. The 3P3S-c¢ battery pack demonstrates superior temperature uniformity
among the batteries. During the cycling process, the rise in internal resistance
accelerates the transition to the constant voltage (CV) phase. This outcome leads to a
progressive increase in CVT. Consequently, the discharge capacity of the battery pack
decreases monotonically with CVT, which serves as a reliable indicator for estimating
the battery’s state of health (SOH). The battery pack’s performance is constrained by
its weakest cell, with 3P3S-h degrading faster than 3P3S-c under identical operating
conditions. Simulations reveal that the maximum temperature in the 3P3S-h
configuration occurs at the negative electrode. However, the 3P3S-c battery pack
exhibits a peak temperature of 1.5°C, which is lower than that of the 3P3S-h battery
pack. This trend is attributed to the welding of the negative electrode to the shell. In TR
simulations, parallel battery configurations exhibit faster TR than series configurations.
The 3P3S-c battery pack demonstrates a delayed TR onset, attributed to the design of
the negative electrode. Results from the TR simulation highlight that TR progresses
more rapidly in series setups, while the 3P3S-c pack experiences a slower onset. These
findings offer valuable insights and theoretical foundations for enhancing the
performance improvement and thermal safety management of power battery packs,

ultimately contributing to improved safety performance in power vehicles.
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Nomenclature

CVT Constant  voltage UDF User-defined
charging time function

3P3S-c 3P3S cold-welded 3P3S-h 3P3S  heat-welded
battery module battery module

SOC State of charge CvV Constant voltage

CC Constant current p Battery density

m Battery quality \" Battery volume

c Specific heat ki, ky, k, Battery thermal
capacity conductivity

q Heat generation rate I Electric current

U Voltage HPPC Hybrid pulse power

characterization

R Battery internal C Current ratio
resistance

C1,C2 Battery polarization Ri,R2 Battery polarization
capacitance resistance

SD Standard deviation Vh The voltage of 3P3S-

h

Ve The voltage of Battery A single battery in a
3P3S-c battery pack

Th, Thb The temperature of Tc, Tcb The temperature of
3P3S-h, Th—-geometric 3P3S-c, Tc—geometric
center, Thb—negative center, Tcb—negative
electrode electrode

62 1. Introduction
63 Lithium-ion batteries are critical energy storage devices widely used in electric

64  vehicles due to their high energy density, long cycle life, and lack of memory effect
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[1,2]. Temperature significantly influences the internal electrochemical processes, with
reaction rates increasing exponentially according to Arrhenius Law [3]. Studies indicate
that the maximum temperature and temperature difference should not exceed 60°C and
5°C, respectively. Operating beyond these thresholds can trigger a feedback loop of
“high temperature-high heat-high temperature,” compromising the thermal safety of the
battery and potentially causing severe accidents such as fire or smoke. [4]. Due to the
limited energy and power capacity of individual cells, batteries are typically arranged
in series or parallel configurations to form battery modules or packs that meet the power
requirements of the system [5]. Variations among different battery units within a
module are inevitable, stemming from discrepancies in the manufacturing processes
and operational conditions of the batteries [6,7].

The propagation of thermal hazards triggered by TR is a primary safety concern.
Addressing this issue necessitates the study and resolution of thermal safety challenges
in power lithium batteries for electric vehicles. Effective strategies include advanced
thermal management, precise monitoring of peak temperatures, and consistent
temperature regulation within the battery pack [8—11]. The temperature distribution in
a lithium-ion battery pack during discharge is influenced by several factors, such as the
discharge rate, ambient temperature, battery physical structure, and thermal
management strategy [12,13]. Variations in the thermal and electrical performance of
the battery within the pack primarily stem from differences in state of charge (SOC),
internal resistance, and capacity[14,15]. These disparities accelerate the degradation of
individual cells, leading to uneven electrochemical performance across the battery pack
[16,17]. Zhao et al. [18] observed that significant SOC of variations among single
battery cells in a battery pack can cause overcharging or undercharging in some
batteries, thus compromising the overall output performance of the battery pack. The
capacity variation among batteries in a series-connected pack limits the pack’s overall
capacity to that of the lowest-capacity cell, thereby impacting the performance of the

entire battery pack [19-21]. Wang et al. [22] determined that capacity variations in
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series-connected batteries significantly impact the energy index of the battery pack.
Another critical source of inconsistency is the non-uniformity of physical structural
parameters caused by manufacturing or environmental factors [23—25]. Such disparities
affect electrochemical performance between batteries, compromising the overall
performance and thermal safety of the battery pack [26,27]. At the module or pack level,
variations in soldering processes, connectors, and environmental conditions can
influence the local battery state of health (SOH), temperature, and voltage distribution,
accelerating performance degradation [28,29].

Studies on battery discharge temperature distribution reveal that, under varying
conditions, the highest temperature in cylindrical batteries is typically concentrated at
the center, decreasing radially outward [30,31]. The discharge rate significantly
influences this distribution. At high discharge rates, Joule heating predominates
temperature rise, while entropy heating has a minimal influence [32]. This observation
indicates that resistance losses primarily generate heat during high-rate discharge,
significantly contributing to thermal inconsistencies in the battery pack [33,34].
Variations in heat generation rates and discharge depths across different battery regions
further exacerbate temperature inconsistencies [35,36]. When a lithium-ion power
battery is discharged at a large rate, irreversible heat, which scales with the square of
current density, becomes more significant, whereas, at low discharge rates, reversible
heat from the electrochemical reaction dominates [37,38]. Research indicates that
during the discharge process, the temperature in the central region of a battery exhibits
the highest temperature, while the positive and negative poles maintain the lowest.
Temperature non-uniformity increases with higher discharge rates [39,40]. Studies on
lithium-ion batteries, particularly under high discharge rates, reveal significant internal
temperature disparities, with hotspots often occurring in specific areas of the battery,
such as the pole ear [41—43]. Nugraheni et al. [44] examined how different geometric
structures and battery spacing affect temperature distribution. Research demonstrates

that different geometric structures and battery spacing significantly influence the
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temperature distribution in lithium-ion batteries. Temperature imbalances can cause
uneven distribution of current within the battery pack, amplifying disparities between
batteries. This condition not only degrades the overall performance of the battery pack
but also heightens the risk of overheating and TR [45]. Therefore, optimizing
temperature distribution is essential for mitigating these risks. Reiter et al. [46]
proposed a general thermal equivalent circuit model to simulate temperature
distribution in commercial battery modules. This model, adaptable to various system
designs and sizes, accurately predicts mean temperature and temperature range (from
maximum to minimum) with a deviation under 1K.

Traditional battery welding methods, including resistance, laser, and ultrasonic
welding utilize thermal processes to create electrical connections by melting metal at
the welding site to form solder joints [47]. The results indicate that the TR in the battery
is linked to burrs on the lugs of the anode and cathode layers connected at the external
terminals of the battery. Brand et al. [48] investigated various thermal welding
techniques for electrode welding and analyzed the contact resistance of the resulting
joints. Their findings reveal that the contact resistance varies with welding area and
shape, impacting the consistency of the battery pack. Ghalkhani et al. [49] proposed a
thermoelectric coupling model for 3D lithium batteries, examining the effects of
thermal contact resistance on battery heating. Their findings indicate that the thermal
contact resistance significantly impacts the heating rate distribution of the battery, with
excessive thermal contact resistance leading to uneven current distribution and reduced
heat dissipation efficiency.

Cold welding, a heat-free welding technique, utilizes conductive adhesive to
bond components, enabling electrical connections. Conductive adhesives usually have
excellent flexibility and ductility, and can maintain stable conductivity during battery
cycling. For instance, a binder based on water-soluble stretchable conductive polymers
can form a conductive coating on the surface of silicon particles, adapting to the volume

changes of silicon particles during charging and discharging while maintaining high
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electrical conductivity[50]. In magnesium batteries, conductive polymer hydrogels are
adopted due to their excellent mechanical properties and electronic conductivity[51].
In sodium-ion batteries, conductive polymer electrolytes have also been studied for
improving battery performance[52]. Baghestani et al. [53] designed conductive
adhesive or solar battery interconnections. Their study demonstrated that this adhesive
enhances photovoltaic stability, achieving improved energy conversion efficiency and
electrical conductivity. When used as an intermediate layer in battery mechanical
stacking, the adhesive enables low connection resistivity and maintains stable contact
resistance regardless of its composition or temperature variations. This stability is
essential for ensuring the thermal safety of battery packs [54,55].

Cold welding, an emerging connection technology, offers greater reliability and
longer durability compared with traditional heat welding technology. While extensive
research exists on heat welding, investigations into the impact of cold welding on
battery performance remain limited. Comprehensive studies are required to evaluate
heat generation characteristics and electrochemical performance testing under both
standard and extreme conditions. Further study is needed to understand the mechanisms
of TR propagation and its influence on the safety and thermal stability of lithium
batteries during cycling.

To address these challenges, two battery modules are fabricated using
conventional heat welding and innovative cold welding processes, serving as the
primary subjects of this study. The investigation focused on analyzing the impact of
voltage, temperature distribution, and constant voltage charging time (CVT) factors on
the basic electrochemical performance, heat generation behavior, and decay patterns of
the battery packs. In addition, temperature consistency between series and parallel
battery configurations is evaluated and compared. Then, a thermal simulation model
incorporating the user-defined function (UDF) based on heat source loading is
established, along with a TR model derived from four governing equations. These

models are utilized to simulate the TR at short-circuit points loaded inside the cells of
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two different battery packs, one constructed using heat welding and the other with cold
welding. This research provides novel insights, foundational data, and theoretical
guidance for improving the thermal safety of large-scale, high-energy-density battery
systems, particularly in welding processes.

The remainder of the paper is organized as follows. Section 2 highlights the
experimental and thermal simulation methods. Section 3 explains the results and

discussion. Finally, Section 4 presents the conclusion and future prospects.

2. Experimental and thermal simulation

2.1. Preparation of battery modules

Cold welding technology has been applied in the connection of battery modules
for many years. For instance, ultrasonic cold welding technology achieves the bonding
between metal molecules through high-frequency vibration, featuring no heat-affected
zone and high bonding strength. However, it requires strict environmental control (such
as surface cleanliness and fixation conditions). In the cold welding technology proposed
in this paper, the conductivity and thermal conductivity are enhanced through the
optimization of the conductive adhesive formula (such as the selection of silver powder
and low-melting-point alloy fillers), and the core bottlenecks of the cold welding
technology (such as interface impedance and long-term stability) are broken through.
Although it is a partial improvement of the existing technology, it also has a high degree
of innovation. For the thermal management of battery modules, compared with the
traditional thermal model simulation, in this paper, by identifying the parameters of the
battery, a multi-physics field coupling model with self-variable heat sources (loaded in
the form of UDF) is established to predict the risk of thermal runaway, dynamic heat
transfer modeling is carried out, and the propagation mechanism of battery thermal
runaway under the condition of electrical abuse is quantified.

The cold welding process, illustrated in Fig. 1, differs significantly from the heat

welding module by positioning the negative electrode on the shell and employing non-
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heat conductive adhesive curing bonding technology. Although cold welding equipment
requires a slightly higher initial investment than traditional high-temperature welding
systems, its low energy consumption and long lifespan significantly reduce costs over
time. Moreover, this method optimizes energy efficiency, minimizes material waste,
and limits equipment wear commonly experienced with high-temperature welding
techniques. Cold welding enables high-precision welding, reduces rework rates, and
enhances production efficiency. It significantly improves battery pack consistency,
minimizing the costs of subsequent testing and calibration. During recycling, batteries
can be safely recovered by chemically dissolving the conductive adhesive. As demand
for efficient, sustainable, and high-quality welding methods grows with advancements
in energy storage and electric vehicles, cold welding—with its low heat input, high
uniformity, and eco-friendly attributes—is poised to play a pivotal role in battery pack
manufacturing.

The scalability and cost-benefit analysis of cold welding technology in mass
production need to be comprehensively considered in combination with its technical
characteristics and industrial application scenarios. Cold welding achieves material
connection through conductive adhesives, avoiding the high-temperature damage and
thermal deformation problems of traditional fusion welding. It has unique advantages
in the field of power batteries, but its large-scale application still faces multiple
challenges such as equipment cost, process stability and production efficiency. From
the perspective of scalability, the core issues that cold welding technology needs to
address in mass production lie in process efficiency and equipment compatibility.
Traditional hot welding equipment has a high degree of maturity and flexible
adjustment of process parameters, making it more suitable for high-speed assembly line
operations. In contrast, the strict requirements for the surface cleanliness and fit
accuracy of workpieces in cold welding, as well as the immaturity of the technology,
have limited its deployment in continuous production lines. However, cold welding

technology shows irreplaceability in specific scenarios. In the connection of power
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batteries, its high precision and low residual thermal stress characteristics can better
ensure the safety of power vehicle operation. In terms of cost-effectiveness, the long-
term economic benefits of cold welding lie in material savings and overall performance
improvement. The cost-effectiveness of cold welding technology is highly dependent
on process optimization and cross-disciplinary integration. With the advancement of
new materials and multi-physics modeling technologies, cold welding is expected to
achieve a balance between cost and performance in emerging fields such as thermal
management components and new energy battery modules. Promote its transformation

from special processes to general manufacturing technologies.

> o
Load material Battery surface = Conductive adhesive
treatment spot welding

Fixed seal overall structure Solidification welding

Fig. 1. Technique of cold welding.

The preparation processes for cold-welded and heat-welded battery modules are
illustrated in Fig. 2. The heat welding module is fixed with a battery holder, while the
cold welding module is fixed with structural adhesive (similar to ultrasonic welding).
To better reduce the volume of the battery module, the two modules are closely
connected inside. However, due to the shape of the battery, there is still a certain gap.

The gap is filled with air and there is no filler at all. To enable voltage measurements,

a voltage probe is attached to each current row. Detailed technical specifications of the
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batteries are provided in Table 1. Panasonic's 18650BD battery is a high-capacity
lithium-ion battery, widely used in the power batteries of new energy vehicles.
Consistency screening of the battery, a crucial step for ensuring battery pack
performance and extending service life, is performed on all experimental batteries. The
specific test procedure is outlined as follows: First, the internal resistance and open-
circuit voltage are determined using a DC internal resistance meter. Second, a constant
current—constant voltage (CC—CV) charging cycle is performed at 0.5 C, charging at
0.5 C until the voltage reaches 4.2 V during the CC phase, followed by charging at 4.2
V until the cut-off current drops below 0.05 C in the constant voltage (CV) phase. Third,
the battery undergoes activation through a constant current discharge at 1 C, during
which its discharge capacity is evaluated. Batteries with similar discharge capacities
and internal resistances are selected for backup grouping. The screened batteries exhibit
a maximum capacity variation of 105 mA (approximately 3.5%) and a peak internal
resistance difference is 0.79 mQ (around 3%). Although the initial capacity differences
are minimal, battery capacity declines over time due to aging. Therefore, these factors

must be accounted for when correcting capacity and estimating the SOC of the battery.

Module

Fig. 2. Assembly process of battery pack.

Table 1 Specifications and technical details of the previously mentioned battery and its modules.
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Items Parameters

Battery Battery module
Type 3P3S
Nominal capacity (Ah) 2.98 8.94
Work voltage (V) 2.5-4.2 7.5-12.6

Max charge current (A) 2.98 8.94

Max discharge current (A) 8.94 26.82
Internal resistance (m£) 26

Chemistries LiFePOs/graphite LiFePOs/graphite

2.2. Experimental test platform construction

Fig. 3 depicts the experimental setup platform for testing battery modules. The
heat and cold welding modules were placed within a programmable high and low
temperature and humidity test chamber (BTH-80C, Dongguan Bell Experiment
Equipment Co., Ltd., China) to replicate the charging and discharging conditions of the
battery module at 25°C. The thermocouple and voltage probe attached to the battery
module were connected to a data acquisition system (Agilent 34970A, Agilent
Technologies Inc., China). The module’s positive and negative terminals were then
linked to the battery test system (BTS-50V120A-NTF, Shenzhen Xin Wei Co., Ltd.,

China) to conduct charging, discharging, and cycling tests.
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Tester/Charge and
discharge the battery

Incubator/Constant V Battery
temperature and g

humidity test

Computer/Record
electrical parameters
and temperature

Electrical
connection
Put in
Data receiving module Data acquisition instrument

Fig. 3. Connections based on battery testing platform.

2.3. Experimental test

2.3.1. Terminal voltage of battery and battery module

The external voltage probe of the 3P*3S battery pack was connected to the data
acquisition device to measure the terminal voltage of each battery row and battery pack,
with a data collection interval of 1 s. Initially, the battery pack was discharged at 1C
until reaching a cutoff voltage of 7.5 V. Subsequently, it was charged with a constant
current of 0.5C (1.49 A) up to a cutoff voltage of 4.2 V, followed by a CV charge at 4.2
V until the current declined to 0.05C (0.149 A). Finally, the pack underwent a discharge
process at 2C with a constant current.
2.3.2. Temperature rise of the battery pack

As shown in Fig. 4, a T-type thermocouple (OMEGA type TT-T-30-SLE-2M,
Norwalk, CT, USA; + 0.01°C accuracy) is attached to the geometric position center and
positive and negative poles of each battery. The thermocouples were linked to a

temperature data collector and a computer for real-time data acquisition. Prior to testing,
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the battery module was placed in a test chamber at a stable ambient temperature of 25°C
until thermal equilibrium was reached. The charging process followed the CC—CV
mode method as outlined in Section 2.3.1, while the discharge process used a constant

current mode at 0.5°C.

Fig. 4. Arrangement of thermocouples.

2.3.3. Battery cycle performance test

As depicted in Fig. 4, a T-type thermocouple (OMEGA type TT-T-30-SLE-2M,
Norwalk, CT, USA; + 0.01°C accuracy) is installed at the geometric position center and
positive and negative poles of each battery. It is connected to a temperature data
collector and computer for real-time data collection. Prior to testing, the battery module
was stabilized in a test chamber at a constant ambient temperature of 25°C to achieve
thermal equilibrium. The charging process followed the CC—CV model (as detailed in

Section 2.3.1) while discharging adopted the 0.5C constant current mode.
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2.4. Thermal simulation

2.4.1. Establishment of the thermal simulation model of the battery
pack

The thermal physical property parameters of the battery are listed in Table 2. To
simplify simulation calculations, the internal winding structure is modeled as a uniform
entity. Material properties are assigned based on weighted averages.

Table 2 Thermal properties and characteristics of the battery.

Battery materials Thermal conductivity ~ Specific heat capacity Density

W/(m + K) J/ (kg * K) kg/m3

Positive electrode 1.5 710 2340
material

Negative electrode 1.02 1387 2630
material

diaphragm 0.32 1970 495

Electrolyte 0.45 133 1205

Copper foil 398 385 8933

Aluminum foil 238 903 2702

The density of the battery is determined based on the compaction density, as
outlined in Eq. (1) [56]:
ma
— 1
PET (1)
where m, refers to the mass of a single battery (kg), and V, signifies the volume of
a battery (m?).

The specific heat capacity of the battery is calculated using the mass-weighted

method, as defined in Eq. (2) [57]:

1
c= m—az cpmy (2)

where ¢, represents the specific heat capacity of each part of the battery material

(J/(kg'K)), and m, implies the mass of each material component of the battery (kg).
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In practical applications, the battery’s heat transfer varies across different
directions, and its intricate internal structure complicates direct measurement. This
study calculates the equivalent thermal conductivity of lithium-ion batteries in three
orthogonal directions using an approach analogous to determining equivalent resistance

in electrical circuits. The calculation formula is provided in Eq. (3) [58]

[ l
i
k. = z kidyi kpdyp + kndyn + ksdys
y =

I = z kidx;  kypdxy + kydx, + kedxs
=

b b ()
i
K. = kidz;  kpdz, + kndz, + kedz,
254y b h
l
where ky, k,, and k, indicate the average thermal conductivities of the positive

electrode material, the negative electrode material, and the diaphragm of the battery,

respectively (W/(m-K)),and [, b,and h denote the thickness of the positive, negative

electrode materials, and the diaphragm along the X, y, and, z axis axes, respectively (m).
The calculation results are shown in Table 3.

Table 3 Specific heat capacity and thermal conductivity properties.

Density Specific heat capacity
Thermal conductivity (W/(m * K))
(kg/m3) (J/ (kg * K))
Ky ky ks
2700 970
2.6 2.6 28

Considering the single battery as an independent heat source, this study employs

the widely used Bernardi model. The heat generation rate is expressed in Eq. (4) [59]:

I dU,
a=ylw-vy-12 )
where [ signifies the charge and discharge current of the battery (A); V indicates the

volume of the battery (m?); U refers to the open circuit voltage of the battery (V); U,
denotes the battery voltage (V); T implies the temperature (K); and T% indicates

Joule heat and reversible reaction heat within the battery. Joule heat increases

quadratically with current, while entropy-related heat varies linearly and may be
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positive or negative depending on charging or discharging conditions. In hybrid vehicle
systems, irreversible Joule heating dominates under high charge/discharge rates, with
reversible heat typically considered negligible. According to Ohm’s law, the battery

heating rate is calculated using Eq. (5):

1 du
Qg:V[IZRt—ITd_T (5)

The battery’s SOC can be obtained using the ampere-hour integration method, as
expressed in Eq. (6) [60]:

fy 1de
36000,

S(t) =S — (6)

where S(t) represents the battery’s SOC, and S, refers to the SOC of the battery at
the initial time.

The variation of the battery’s discharge internal resistance as a function of SOC is
determined using the hybrid pulse power characterization (HPPC) curve, as shown in

Fig. 5. At each pulse stage, the corresponding internal resistance of the battery is

calculated [61], as detailed in Table 4.

4.5

o
=

o
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Voltage(V)

W
—

 Pulse phase of 90%SO0C
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n

0 10000 20000 30000 40000
Test time(s)

Fig. 5. Battery based on the HPPC curve.

Table 4 Mean ohm internal resistance at various states of SOC (mQ).

SOC 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
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Ry 5424 5297 51.66 50091 50.91 50.91 51.47 5352  53.07

The polarization resistance and capacitance of the battery are determined using the
Devenin equivalent circuit [62], with the results presented in Table 5.

Table 5 Capacitance and resistance values at various SOC.

SOC R1(mQ) R2(mQ) CI(F) C2(F)
0.9 1.02 0.86 6992.45 8449.05
0.8 0.88 0.65 6942.98 8105.97
0.7 1.76 1.13 2110.89 3153.32
0.6 2.05 1.32 3777.59 5142.63
0.5 2.92 2.322 4030.51 6665.41
0.4 4.55 3.54 2776.51 3648.14
0.3 5.74 3.71 2136.94 3217.31
0.2 6.64 4.08 1156.17 2163.54

By applying a polynomial fitting function to the values of Ry, R;, and R», the
relationship between discharge internal resistance and SOC can be derived as shown in
Eq. (7):
R =142.1—-930.2 X SOC + 3769 X SOC? — 7231 x SOC?3
+6607 x SOC* — 2305 X SOC® (7)
This formula also has certain limitations. The actual battery resistance will
significantly increase in the range of low SOC (<20%) and high SOC (>80%) (due to
intensified electrode polarization). Meanwhile, the parameter drift caused by cyclic
aging was not considered. With the battery capacity attenuation (SOH decrease), the
internal resistance corresponding to the same SOC may increase significantly due to
the loss of electrode active materials. Overall, however, considering the influence of
dynamic current changes on polarization internal resistance and its universality for all
chemical systems can better standardize the relationship between SOC and internal

resistance.
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Table 6 Output parameters for the thermal model.

Parameter Data
Battery technical parameters Table 1
Material parameters Table 2
Thermophysical parameters Table 3
Internal resistance Table 4
Polarization resistance capacitance Table 5

The numerical simulation of the battery temperature field is based on the thermal
equilibrium equation, calculated by the Finite Volume Method, and solved by using the
Reynolds mean Navier-Stokes equation and the k-g¢ turbulence model. The thermal
equilibrium equation is the core mathematical model that describes the relationship
among heat generation, conduction and dissipation inside a battery. The purpose is to
predict the temperature field distribution and dynamic changes of the battery through
the law of conservation of energy. The thermal equilibrium equation, based on Fourier's
law of heat conduction and the principle of conservation of energy, is expressed as:

Qaa = MCHAT = Qgen + Qin — Qout (8)
In the formula, Q,; represents the change in thermal energy over time (transient term),
m is the mass of the battery, C, is the specific heat capacity of the battery, Qgen is
the internal heat generation rate of the battery, Q;, is the heat absorption rate, and
Qoyt 1s the heat dissipation rate.

In thermodynamics, the three fundamental ways of heat transfer are: (1) Heat
conduction, where heat is transferred from a high-temperature region to a low-
temperature region through the interaction of microscopic particles (molecules, atoms,
electrons) within a substance, without the need for macroscopic movement of the
substance; (2) Thermal convection occurs when heat is transferred through the
movement of the fluid between the battery surface and the surrounding air or other
fluids that have a temperature difference. (3) Thermal radiation is the process by which

an object emits energy outward through electromagnetic waves (infrared band) without
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the participation of a medium. The calculation formulas for these three types of heat

transfer are respectively:

aT
Qcona = _ﬂ*AE 9)
Qconv = hA(T - Tf) (10)
Qraa = O-EA(T{} - T24) (11)

Among them, Q.onq is the thermal conductivity rate, A is the thermal conductivity

coefficient of the material, A is the cross-sectional area perpendicular to the heat flow
o ar . : . :
direction, o 18 the temperature change gradient, Q.,,, 1s the convective heat

dissipation rate, h is the convective heat transfer coefficient, T is the surface
temperature of the solid, Ty is the mainstream temperature of the fluid, Q,4q is the

radiative heat dissipation rate, o is the Stefan-Boltzmann constant, and & is the
surface emissivity. 77 and 7> are respectively the surface temperature of the object and

the ambient temperature.

This paper adopts the finite element volume method for solution. The finite
volume method is a numerical calculation method used to solve partial differential
equations and is widely applied in fields such as fluid mechanics, heat transfer, and
electromagnetism. The basic idea is to divide the calculation area into a series of non-
overlapping control volumes, and then apply the conservation law on each control
volume to transform the partial differential equation into an algebraic system of
equations. When solving, the continuous physical domain is first discretized into a
series of non-overlapping control volumes, and each control volume has a node as a
representative. Then, the partial differential equation is integrated on each control
volume to obtain a discrete equation with respect to the unknown quantities at the nodes.
Finally, on the boundary of the controlled volume, numerical fluxes are constructed
according to the numerical format to calculate the physical quantity transfer between
elements, and the discretized equations are solved through numerical methods. The
advantage of the finite volume method lies in its high computational efficiency and

good conservation. It can adapt to complex geometric shapes and boundary conditions,
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and is suitable for dealing with convection-dominated problems and nonlinear problems.
Furthermore, the finite volume method performs well in dealing with complex
engineering problems and can provide accurate numerical solutions. The heat
equilibrium equation is shown as Eq. (12):
micii—z = zﬁ"l—?"(Tj —T;) + hAi(T; = T;) + 0eA(T — TS) (12)

The UDF, written in C and defined using the DEFINE macro, is dynamically
linked to the Fluent solver. As the battery core heat generation rate depends solely on
time, the UDF is loaded in interpretation mode. The process flow for heat source
calculation and loading is depicted in Fig. 6. A profile is a user-defined file compatible
with ANSYS/Fluent, offering a versatile mechanism to define boundary conditions,
source terms, or initial variables using experimental data or externally computed values.
The change in heat generation rate is mainly represented by two sequential data sets,
with a linear interpolation method applied between the points.

The main code for heat generation calculation is as follows:

real Id, t_dis, s, r, heat;

Id=0.5*CELL_CAP;

t dissCURRENT_TIME;

s=1-t_dis/7200;

1=0.1421-0.9302*s+3.769%s*s-7.231*s*s*s+6.607*s*s*s*s-2.305*s*s*s*s*s; //
Internal resistance of discharge

heat=r*1d*Id/CELL_VOLUME; //Real-time heat calculation

dS[eqn]=0;
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Fig. 6. Flow chart for heat source computation and application.

Fig. 7 compares the simulated and measured values of the geometric center
temperature of the battery during a 0.5C discharge. Analysis of the temperature rise
curve reveals a slow initial increase, followed by a stable phase between 1200 and 5500
s. After 5500 s, the temperature of the battery rises rapidly, aligning with the increase
in internal resistance of the battery as SOC decreases during the discharge process. The
maximum simulation error does not exceed 0.4°C, with larger deviations observed
during the mid-to-late discharge stages. This discrepancy may result from ongoing
electrochemical reactions, as the battery’s specific heat capacity and thermal
conductivity vary over time, whereas the simulation assumes constant material
properties. Overall, the simulated temperature aligns with experimental measurements
in both trend and magnitude, with the error remaining within acceptable limits, making
the model suitable for the battery temperature field.

The accuracy of the model is usually affected by the meshing and solution Settings.
When the model accuracy is low, the relaxation factor can be appropriately adjusted to
accelerate convergence and improve accuracy. When the model is severely distorted, it
can be solved by refining the mesh. Thinner meshes can be used in key areas (such as

boundary layers, near complex geometries) to capture flow details, but the mesh density
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and computational cost need to be balanced.
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Fig. 7. Comparison between simulated temperature and experimental results at 0.5C discharge
rate.

2.4.2. Temperature field simulation

The heat generation rate of the battery and module varies over time during
charging and discharging, making temperature field analysis a transient problem. The
solver is configured to transient mode, the energy equation is enabled, and a laminar
flow for the turbulence model is selected. The source term for regional conditions is
activated, and the heat source is loaded using the UDF file. For boundary conditions,
the battery’s sides, top, and bottom are defined as walls. Natural convection governs
heat transfer between the battery surface and air, with a natural convection of 10
W/m?-K and an ambient temperature of 25°C.
2.4.3. TR simulation

TR in the battery is simulated through an internal short circuit. A four-equation TR

model defines a spherical zone at the geometric center of battery 5. To achieve the
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critical TR temperature of 140°C, the resistance value within this spherical region is
adjusted to 5x107® Q. The remaining solution settings and boundary conditions align
with those specified in Section 2.4.2. The termination condition for solving is that all

the materials inside the battery have been completely consumed.

3. Results and discussion

3.1. Experimental uncertainty

The experimental uncertainty [63] is quantified using the standard deviation (SD),

calculated as outlined in Eq. (13) [64]:

n—1

1 n
S = (xi - _f)z (13)
2

where s refers to the SD, n indicates the number of measurements, x; indicates the
result of the i measurement, and X signifies the average of all measurement
measurements. The measurement result is thus expressed as X + s.

As shown in Fig. 8, the SD value of the voltage at room temperature is 0.23 mV,
while the SD value of the temperature recorded across 20 channels is 0.03°C at 25°C
and 0.05°C at 35°C. The experimental uncertainty of voltage and temperature
measurements obtained via the data acquisition system is negligible compared with

actual measurements.
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Fig. 8. Uncertainty in the results of experimental measurements.

3.2. Battery end voltage and internal voltage distribution

Fig. 9 illustrates the terminal voltage during the initial charge of the battery pack
and the voltage distribution across each parallel battery row. The experimental results
indicate that inconsistencies in contact among battery series cause Vh1 and Vcl to reach
the cut-off voltage prematurely, thereby reducing the overall capacity of the battery
pack in practical applications. Specifically, in the 3P3S-h battery pack, Vh1, Vh2, and
Vh3 represent the voltages of the parallel rows containing batteries 2, 5, and 8,
respectively. The same trend applies to the 3P3S-c configuration. In practical use,
18650 lithium-ion batteries must maintain a voltage between 2.5 and 4.2 V to prevent
overcharging, over-discharging, or potential safety hazards. In a 3P3S-h battery pack,
when the terminal voltage is 12.6 V, the voltages of Vh2 and Vh3 are 4.12 and 4.14 V,
respectively, while Vh1 rises to 4.32 V. Setting 4.2 V as the maximum cut-off voltage
for a single cell limits the terminal voltage of the 3P3S-h battery pack to 12.29 V,
resulting in a SOC of 91%. This phenomenon, characterized by a “high charging
voltage platform and low discharge voltage platform,” arises from uneven contact

resistance among batteries connected in series. It significantly impairs the charge and
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discharge power performance of the battery pack, a problem that becomes more
pronounced during cycle testing. Research further indicates that increased series
resistance exacerbates performance degradation, particularly during charging and

discharging processes [65].
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Fig. 9. The terminal voltage and battery voltage curves during the initial charge cycle of the

battery pack: (a) Module with heat welding, and (b) module with cold welding.

3.3. Variation and distribution of charging and discharging

temperature of cold welded and heat welded battery packs

Fig. 10 illustrates the battery temperatures in the parallel battery row containing
battery 2, focusing on temperature changes at the negative electrode. Battery 2
experiences the highest temperature increase throughout the entire test cycle due to its
central position, which impairs heat dissipation. In the 3P3S-h configuration, the Thb2
temperature surpasses the Th2 point, with the temperature difference peaking at the end
of discharge and constant current charging. In the 3P3S-c configuration, Tcb2 and Tc2
exhibit similar temperatures. The direct connection between the positive terminal and
the housing results in minimal temperature variation between them. However, the
plastic insulation separating the negative terminal from the housing causes the negative

terminal’s temperature to exceed that of the housing.
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Fig. 10. Temperature variations in batteries connected in parallel rows.

It is worth mentioning that when cold welding technology achieves electrical
connection through conductive adhesives, the formation of the interfacial thermal
conduction path is closely related to the distribution of conductive fillers, the thermal
stability of the resin matrix, and the evolution of the interfacial contact thermal
resistance. But in essence, heat transfer is still carried out through the busbar. In the
absence of welding defects, it is only related to the material of the busbar. The reason
why the cold welding module can maintain good temperature uniformity is that the
contact resistance consistency between adjacent batteries inside is relatively good, and
the amount of conductive adhesive content does not affect the size of the contact
resistance.

To deepen the analysis, the battery temperatures within the series bar are also
compared. As shown in Fig. 11, the temperature variations in the series bar containing
battery 1 are depicted. In a series configuration, the negative electrode temperature
surpasses the temperature of the geometric center of the battery. In addition, the
temperature variations between different batteries are more pronounced, with a

maximum difference of 3°C. This condition occurs because the uniform current
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connected in series does not significantly influence the heat generation or surface
temperature of the battery [66]. However, contact resistance plays a substantial role in
amplifying temperature differences between batteries. In parallel configurations,
current regulation ensures batteries with higher total resistance receive less current. As
depicted in Fig. 10, this condition results in lower temperature increases and maintains

a favorable temperature variation between batteries [67].
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Fig. 11. Temperature fluctuations in batteries connected in a series configuration.

3.4. Charge-discharge cycle characteristics of cold-welded and

heat-welded battery packs

The correlation between battery capacity and cycle count is illustrated in Fig. 12(a).
After 400 cycles, the 3P3S-h module retains 87% of its original capacity, while the
3P3S-c module retains 91% of its initial capacity. Both modules exhibit a trend of
accelerated capacity degradation—a characteristic inherent to batteries. This
accelerated decline is attributed to the irreversible loss of active lithium [68]. The
relationship between the number of battery cycles and CVT is depicted in Fig. 12(b).

CVT rises as the cycle count increases due to the growing internal resistance of the




576  battery. Consequently, during charging, the battery reaches the cut-off voltage more

577  quickly, transitioning earlier to the CV charging stage.
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581 The increase in CVT is directly proportional to the capacity degradation of the

582  battery module. Fig. 13 illustrates the discharge capacity as a function of the
583  corresponding CVT, revealing a consistent decline in discharge capacity with
584  increasing CVT. The fitted correlation curves, represented by solid lines in Fig. 13, have
585  slopes of —0.00571 for 3P3S-h and —0.00277 for 3P3S-c, respectively. The battery
586  capacity attenuation rate follows this order: 3P3S-h > 3P3S-c. After 400 cycles, the
587  cold-welded module exhibits a 5% lower attenuation rate compared with the heat-
588  welded module. At the same time, CVT serves as an effective parameter for estimating

589  the SOH of the battery during parameter monitoring.
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Fig. 13. The interrelationship between CVT and discharge capacity.

Fig. 14 illustrates the voltage disparity between the highest and lowest battery
voltages within the battery pack at the conclusion of charging. As depicted in Fig. 14(a),
during the initial 200 cycles, the 3P3S-c battery pack demonstrates a smaller voltage
difference at the end of charging compared with the 3P3S-h pack. In Fig. 14(b), the
voltage difference for the 3P3S-h pack during CV charging exceeds that of the 3P3S-c
pack, reaching over 90 mV. The CV charging phase effectively disperses the
concentration gradient within the electrode particles, enabling high capacity utilization
without exceeding the maximum voltage. However, it may also amplify voltage
difference irregularities. Fig. 14(c) shows the progression of the maximum voltage
disparity among batteries in a 3P3S battery pack at the end of discharge. As the cycle
count increases, the peak voltage difference in 3P3S-h exhibits a growing trend.
However, due to the concurrent decline in discharge capacity, the maximum voltage
difference gradually stabilizes around 0.8 V after approximately 200 cycles. Compared
with the 3P3S-h battery pack, the 3P3S-c battery pack exhibits a significantly greater

maximum voltage difference prior to the 200th cycle, reaching nearly 0.4 V. However,




607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623

this difference initially decreases before increasing again. Notably, the 3P3S-h battery
pack consistently demonstrates a larger maximum voltage variation than the 3P3S-c
battery pack, with the peak discrepancy between the two modules being approximately
0.4 V. Fig. 14(d) illustrates the voltage fluctuations in the parallel battery rows of each
3P3S battery pack. During the initial 200 cycles, the 3P3S-h module exhibits significant
variation, with the maximum voltage of the single battery reaching 2.9 V at the end of
discharge and the minimum voltage dropping to 2.1 V. Beyond this point, the
fluctuations stabilize due to reduced capacity. By contrast, the 3P3S-c module displays
less variation, with a minimum single-cell voltage of 2.3 V and a maximum voltage of
2.7 V. As the number of cycles increases, the voltage gap between the highest voltage
and the lowest voltage of the battery at the end of discharge progressively widens,
serving as a key indicator of battery SOH [69]. Notably, the 3P3S-h battery pack
exhibits a greater voltage difference compared with that of the 3P3S-c battery pack. In
addition, the voltage disparity at the end of discharge significantly exceeds the disparity
at the end of charging. The internal voltage difference of the battery pack is greater at
the end of discharge than at the end of charge, primarily due to significant chemical

reaction variations occurring within the battery during discharge [70].
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Fig. 14. Voltage disparity between the maximum and minimum voltages of a battery within a pack
during charging and discharging cycles.

Fig. 15 illustrates the maximum voltage differences observed between the start and
end of cycle tests for batteries under various operating conditions. The discharge
voltage difference significantly exceeds the charge voltage difference, particularly
pronounced at 400 cycles. In the CC-charge and CV-charge stages, the maximum
voltage difference between the 3P3S-h and 3P3S-c modules remains below 100 mV.
However, in the CC-discharge stage, the 3P3S-h module’s maximum differential
pressure rises from approximately 200 mV at 0 cycles to 800 mV after 400 cycles, while
the 3P3S-c module starts at 100 mV and increases to 400 mV after 400 cycles. This
phenomenon occurs because, as the number of cycles increases, the battery’s internal
resistance progressively rises. The internal resistance variation of the battery becomes
more pronounced at low SOC levels, causing a significant spike in voltage difference

at the inflection point of constant current discharge.
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To further investigate the impact of cold welding and heat welding processes on
battery degradation, the internal resistance growth and capacity decay rates of the
battery pack were tested, and the test results are shown in Fig. 16. The results indicate
that the internal resistance growth and capacity decay rates of 3P3S-h and 3P3S-c
battery packs progressively increase, with the 3P3S-c pack exhibiting a slower decay
rate, consistent with the findings in Fig. 9. Fig. 16(a) illustrates that the internal
resistance of the 3P3S-c module increases by over 40% after 400 cycles, whereas the
3P3S-h module surpasses 50% after 300 cycles and approaches 70% after 400 cycles.
Similarly, as depicted in Fig. 16(b), the battery pack exhibits accelerated degradation,
with the 3P3S-h module’s degradation rate exceeding the 3P3S-c module by
approximately 2% at 100 cycles and progressively widening to a 4% difference after
400 cycles. Research indicates that increased internal resistance significantly
contributes to battery degradation, as it reduces the open-circuit voltage range, thereby
directly impacting the actual capacity of the battery [71]. Consequently, the battery’s

ability to release energy during discharge diminishes, leading to a reduced output
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Fig. 16. Analysis of battery performance degradation rates: (a) Decline in battery capacity, and (b)
increase in internal resistance.

To investigate the accelerated capacity degradation of battery packs, Fig. 17
illustrates the internal resistance growth of each parallel battery pack. The battery with
the fastest increase in internal resistance in the hot welding module increased by 1.5
times, while the battery with the fastest increase in internal resistance in cold welding
only increased by 0.7 times. The 3P3S-h pack exhibits greater variability in resistance
decay, with one parallel battery experiencing a sharp increase within 300 cycles. This
observation highlights the significant impact of the weakest battery pack on overall
pack performance. Elevated internal resistance impedes current flow, thereby restricting
energy output during discharge and accelerating capacity decline [72]. While the 3P3S-
¢ module also undergoes accelerated degradation, its slower decay rate compared with
the 3P3S-h module is attributed to the superior initial consistency of the series battery’s
contact resistance. The voltage discrepancies in Fig. 9 result from variations in contact
resistance. The maximum pressure difference inside the hot welding module reached

0.2V, while that of the cold welding module remained within 0.05V all the time.
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Fig. 17. Comparison of performance degradation rates in batteries connected in series.

3.5. Temperature distribution cloud image of cold and heat

welding battery modules

In order to better simulate the temperature rise of the battery module during normal
discharge, Figures 18 and 19 are the temperature field cloud diagrams under the
discharge condition of 0.5 C. The simulation cut-off conditions are that the SOC drops
to 0 or the battery module voltage is lower than 7.5 V.

As shown in Fig. 18, the virtual connection of the 3P*3S battery module is not
explicitly modeled in the busbar or tab volume. Instead, connection details are specified
in the battery connection definition file. The solver uses these data to establish electrical
boundary conditions for each individual battery, ensuring uniform battery discharge
consistency within the battery module. The temperature contour data reveal an annular
distribution in the radial direction, with slightly lower temperatures at the axial ends

compared with the center. The highest temperature, 32.81°C, is observed at the battery’s
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geometric center. The lowest temperature, 32.66°C, occurs symmetrically at the upper
and lower ends of the shell surface. This distribution arises from the poor thermal
conductivity of the cylindrical battery in the radial direction due to materials—such as
separators in the diameter—leading to anisotropic heat transfer. Consequently, the
higher internal temperature of the battery is primarily concentrated in the middle of the

battery [73].
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Fig. 18. Simulated discharge distribution cloud for the 3P3S module connection.

Fig. 19(a) presents the temperature cloud distribution for a 0.5C discharge in a
3P3S-h configuration. The proximity of the negative electrode to the battery results in
a localized temperature rise, with the connection point at the negative electrode
reaching 34.14°C. Fig. 19(b) illustrates the temperature profile of batteries 2, 5, and 8
within the 3P3S-h battery pack. Heat conduction from the negative electrode of battery
2 causes an elevated temperature at the positive electrode temperature of battery 5,
exceeding 34°C. These observations indicate that during thermal welding, the negative
electrode in the battery pack experiences higher temperatures. Heat conduction causes
an increase in the temperature of the adjacent batteries. For the 3P3S-c battery pack, as
depicted in Fig. 19(¢c) and (d), the negative electrode point is located on the shell, which,
according to Fig. 18(b), is the coolest part of the battery. The temperature rise is
primarily due to the Joule heating at the connector. However, the negative electrode
consistently exhibits a lower temperature than the positive electrode, with the maximum

temperature rise reduced by 1.5°C.
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Fig. 19. Temperature distribution cloud and profile visualization for the 3P3S battery pack during

1C discharge.

3.6. Simulation of 7R of cold welding and heat welding battery

modules

TR is primarily categorized into three stages, namely the self-generating heat stage
(50-140°C), the TR stage (140-850°C), and the TR termination stage [74]. At
temperatures above 140°C, electrochemical reactions begin to involve both positive and
negative electrode materials, accelerating the temperature increase due to the growing
mass of reactants [75]. Fig. 20 illustrates the TR propagation process in the 3P3S
module, with battery 5 identified as the origin of the short circuit. Different thermal
states of the battery module were intercepted at the key nodes where thermal runaway
occurred. The findings indicate that the sequence of TR within the internal batteries of
the two differently structured modules remains consistent. TR initiates in the two

batteries parallel to battery 5, followed by the two batteries in series with it, and
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concludes with the remaining four batteries. This pattern arises because, in the absence
of battery expansion, heat transfer predominantly occurs through conduction. Parallel
rows contain more connectors, resulting in greater heat conduction. As a result, batteries
parallel to battery 5 undergo TR more quickly than those in series with battery 5. In the
final stage of TR, from the perspective of geometric structure, the temperature
distribution differs between the 3P3S-h and 3P3S-c series bar configurations. For 3P3S-
h, the temperature distribution is reversed due to the placement of positive and negative
terminals of battery 5 at opposite ends, creating opposing heat conduction paths in the
series connection. Conversely, the 3P3S-c series exhibits uniform temperature
distribution. In the 3P3S-c configuration, located at the top of the shell, TR begins with
the top material. Complete TR occurs only after the bottom material becomes involved,
resulting in a delayed onset compared to the 3P3S-h configuration. When TR occurs in
the batteries that are series-connected with the short-circuited battery 5, the 3P3S-c
module exhibits a delay of approximately 80 s compared with the 3P3S-h module. This
delay extends to around 200 s when TR spreads to all series-connected batteries. When
TR affects all batteries, the 3P3S-c module exhibits a delay of approximately 240 s
compared with the 3P3S-h module.

The start time of delayed TR has a profound impact on the practical application of
electric vehicle safety standards. The latest standard has for the first time listed "no fire
or explosion after thermal runaway" as a mandatory requirement, marking the
reconfiguration of the industry's technical path from passive defense to active blocking
of thermal diffusion. The new regulations require that after battery thermal runaway is
triggered by needle puncture, bottom impact or internal short circuit, there should be
no fire or explosion within at least 2 hours, and the temperature at all monitoring points
should be below 60°C. At the same time, the smoke should be prevented from entering
the passenger compartment within 5 minutes after the alarm is triggered. In practical
applications, the limitations of delayed thermal runaway have gradually emerged. For

instance, although needle-puncture tests under laboratory conditions can verify the
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safety of individual battery cells, the rate of thermal spread caused by short circuits of
multiple battery cells in actual collisions far exceeds expectations. In addition, battery
aging after fast charging cycles may weaken the thermal runaway protection capability.
The newly added 300-cycle external short-circuit test after fast charging in the electric
vehicle safety standard aims to simulate the potential risks during long-term use.
However, the dynamic thermomechanical coupling effect (such as interface thermal

expansion mismatch) still needs to be further verified through in-situ experiments.
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Fig. 20. TR progression in battery modules: (a) 3P3S-h configuration, and (b) 3P3S-c
configuration.

A key characteristic of TR is a rapid voltage drop, as depicted in Fig. 21(a). In the
early stage, an internal short circuit inside battery 5 causes a sharp temperature rise,
triggering TR and a sudden voltage drop. Around 700 s, TR propagation causes the
parallel-connected battery—embedded with battery 5—to experience TR, leading to
another sharp voltage drop. After 1000 s, TR spreads to the series-connected batteries,
resulting in a continued voltage decline. TR only concludes once all the chemical
reactants inside the batteries are fully consumed [76]. Fig. 21(b) depicts the maximum
temperature changes in the battery pack, which rise steadily due to ongoing TR events.

During the mid-TR stage, the maximum temperature of the 3P3S-h module is




773
774

775
776

777

778

779
780
781
782
783
784
785
786
787
788
789
790
791
792
793

approximately 10°C higher than that of 3P3S-c. The 3P3S-h module completes the test

more quickly, as it is the first to initiate TR, as shown in Fig. 20.
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Fig. 21. TR voltage and peak temperature trends of the battery pack.

4. Conclusion and prospect

4.1. Conclusion

In the power battery system, the performance and thermal safety of the battery are
critical for proper operation. This study first examines the fundamental electrochemical
properties of the battery modules. It then analyzes the correlation between CVT
variations during cycles and battery pack degradation. Finally, a thermal simulation
model is developed to investigate the heat generation and TR characteristics in the two
modules. The key conclusions of this study are outlined as follows:

Under voltage monitoring for each parallel row, the initial charge capacity of the
3P3S-h battery pack achieves only 91% of its maximum capacity when voltage is
monitored in each parallel row of the module. Meanwhile, the actual capacity of the
3P3S-c module exceeds 95% capacity, approximately 4% higher than that of the 3P3S-
h module.

The 3P3S-c battery features a design with the negative electrode positioned at the
top of the shell, where the temperature rises at the negative electrode occurs near the
geometric center of the battery. By contrast, the 3P3S-h battery pack experiences a

higher temperature increase at the negative electrode, deviating from the geometric
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center. In addition, the temperature difference variation within the series modules
exceeds that of the parallel modules, with a maximum difference of 3°C, leading to
greater performance inconsistencies in series configurations.

The CVT of the battery pack rises with increasing cycles, while its correlation with
discharge capacity exhibits a consistent decline, making CVT a reliable indicator of
battery SOH. Under identical operating conditions, the 3P3S-c module exhibits a 5%
slower decay rate and a maximum voltage variation of approximately 0.4 V lower than
that of the 3P3S-h module.

The temperature field distribution in the 3P3S-h battery pack is higher near the
negative electrode and within the battery, while it is lower at the positive electrode. By
contrast, the 3P3S-c battery pack exhibits the lowest negative electrode temperature,
with a maximum temperature rise of 1.5°C—which is lower than that of the 3P3S-h
battery pack. During the TR simulation, when battery 5 experiences an internal short-
circuit point, parallel-connected batteries undergo TR more rapidly than series-
connected ones. In addition, the 3P3S-c pack exhibits a slower TR progression. Midway
through TR, the peak temperature of the 3P3S-h module is approximately 10°C higher
than that of the 3P3S-c module.

Based on the existing research, the future exploration of the strengthening path of
thermal safety needs to focus on the collaborative optimization of material innovation
and system-level design. The improvement of thermal safety in cold welding
technology can be introduced into in-situ self-healing conductive adhesive systems,
such as epoxy resin matrices loaded with thermally responsive microspheres. When the
temperature exceeds the threshold, the microspheres rupture and release low-melting-
point metal-filled interface microcracks, thereby maintaining the integrity of the
conductive/thermal network. This direction requires overcoming the compatibility
problem between the microsphere packaging process and the substrate, and using
atomic probe chromatography technology to analyze the diffusion mechanism of

interface elements during the repair process. In conclusion, future research needs to
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break through the limitations of single technology optimization and construct a full-
chain protection system from micro defect suppression to macro heat flow regulation

through cross-dimensional integration of materials, structures, processes and models.

4.2. Recommendations

This study investigated the impact of cold welding on the fundamental
electrochemical properties and TR behavior of battery packs using experimental
analysis and thermal modeling. Future studies in this area field should focus on the
following aspects:

This study employs a thermoelectric coupling model to analyze the thermal safety
of the battery modules. Future work may involve predicting the cycle life of cold-
welded modules, assessing SOH, and advancing thermal safety applications through
machine learning and neural network models.

This study focused solely on the propagation mechanism of TR. Future research
should explore thermal safety design by employing experiments and simulations to
assess diverse TR suppression technologies in cold-welded battery modules.

This study primarily examines lithium-ion batteries. Future research will extend
the application of cold welding technology to emerging battery systems, such as
sodium-ion batteries and solid-state batteries. It will encompass the investigation of
fundamental thermo-electrochemical properties at the battery level, thermal
management strategies for modules—including heat dissipation at high temperatures
and heating at low temperatures—and system-level measures for preventing and
controlling thermal disasters.

This study investigates small-scale modules of heat and cold welding. Future
research will focus on evaluating the performance and thermal safety of cold-welded

battery modules in larger battery systems.
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