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Abstract

Sodium-ion batteries (SIBs), owing to their cost-effectiveness and outstanding thermal
safety, show great promise for energy storage applications, which is essential for improv-
ing the comprehensive utilization of renewable energy and advancing sustainable energy
development. However, the thermal management technologies for SIBs have failed to
attract enough attention for further research. Herein, temperature rise experiments of SIBs
were carried out to explore their heat generation and transfer characteristics. The voltage
and temperature rise characteristics, internal resistance, and entropy heat coefficient were
investigated under various environmental temperatures and charge/discharge rates. Based
on these findings, a thermal model was established according to the Bernardi theory. This
model accurately describes the thermal behavior during the discharging process, enabling
the prediction of heat generation in SIBs. The optimal air-cooled structure and operating
condition parameters for the SIB pack were obtained using an orthogonal numerical opti-
mization design. After optimization, the maximum temperature of the single cell is reduced
by 7.76 °C, which is followed by a decrease of 21.33%. The average temperature difference
of the SIB pack is 0.97 °C, which is reduced by 73.30%. This research is conducive to
effectively controlling battery temperature within an optimal range to prevent combustion,
explosion, and other thermal runaway events, providing a certain support for thermal
management design for SIB packs in practical applications.

Keywords: sodium-ion batteries; thermal characteristics; thermal model; battery thermal
management; parameter optimization

1. Introduction

Developing new energy, especially the transition from fossil fuels to renewable sources,
plays a pivotal role in achieving global net-zero CO, emissions [1,2]. Power grids serve as
the foundation for the energy transition but lack the physical capacity to accommodate a
large proportion of volatile renewable energy sources [3,4]. Energy storage technologies can
smooth power output, provide frequency regulation, and perform peak shifting, thereby
enhancing the coordinated control of source-network-load-storage in power grids [5,6].
Electrochemical energy storage, featuring a short response time, high energy density, low
maintenance cost, and short construction cycle, is poised to become the most promising en-
ergy storage technology [7]. Currently, lithium-ion battery (LIB) technology dominates the
field of electrochemical energy storage, accounting for 96.9% of total installed capacity [8].
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Nevertheless, the elevated cost of raw materials, along with limitations in high-temperature
stability and low-temperature efficiency, remains a significant challenge for LIBs [9]. For
instance, LIBs cannot be charged below 0 °C and may suffer from thermal runaway risks
above 45 °C because of intense internal chemical reactions [10]. In contrast, sodium-ion
batteries (SIBs) are capable of readily surmounting the aforementioned obstacles of LIBs.
They offer advantages, such as sustainability and low cost of raw materials and perfor-
mance that is compatible with the energy storage environment, and hold great promise for
broad application [11-13].

Considering the ease of transportation and rapid deployability, SIBs are generally
housed in containerized energy storage systems. This setup is characterized by scalability,
a small footprint, and environmental adaptability [14]. The battery pack, the core of the
containerized system, significantly influences overall performance. Its efficiency, lifespan,
and safety are intertwined with operating temperature and thermal uniformity [15,16].
Specifically, a large number of ions accumulate at the electrode—electrolyte interface at low
temperatures, deteriorating the battery capacity and even causing short circuits, whereas at
high temperatures, the internal chemical balance of the battery is disrupted, accelerating
battery capacity degradation; this indicates that only within an appropriate temperature
range can the optimal battery performance be achieved [17-19]. Hu et al. [20] investigated
the effects of low-temperature cycling on SIBs and found that decreasing temperatures
accelerate capacity fade, impedance rise, sodium deposition, and material decomposition.
Song et al. [21] studied the performance of SIBs, and the results show that the capacity of
SIBs decays rapidly under high-temperature conditions. In addition, it has been reported
that the uneven temperatures among individual cells significantly affect the capacity and
lifetime of the overall battery pack [22,23].

Notably, the battery packs in containers are arranged in close proximity, with small
gaps between batteries. This makes it challenging to dissipate a large amount of heat in
the charge and discharge processes [24]. In particular, the close spatial arrangement of
these packs significantly hinders sufficient convective heat transfer to the surrounding air
inside the container, potentially causing combustion or explosion [25,26]. According to the
previous report, a total of 32 plant fires and explosion accidents have occurred over the last
decade due to thermal runaway within the battery packs [27,28]. Despite superior thermal
safety compared with LIBs, SIBs are still susceptible to thermal runaway under various
abuse conditions, including thermal, electrical, and mechanical stresses [29]. Therefore,
improving the heat dissipation performance of SIB packs represents a landmark in practical
applications under various scenarios [30]. Nonetheless, the thermal management technolo-
gies for SIBs are currently in the early stages, and their accurate electrochemical-thermal
coupling models remain uncharted [31].

In this work, thermal characteristics of SIBs are investigated by theoretical analysis, exper-
imental investigation, and numerical simulation. Furthermore, an electrochemical-thermal
coupling model is established to predict the performance of SIBs. The orthogonal optimiza-
tion method is adopted to perform a multi-objective optimization design of the air cooling
structure and operating parameters of a SIB pack, in order to improve heat dissipation
performance. The findings can provide a certain reference for the design of the thermal
management system of SIB packs in practical engineering applications, and are also ex-
pected to prolong the cycle life and enhance the long-term reliability of battery systems,
thereby reducing life-cycle resource consumption and environmental burdens, which is
conducive to the sustainability of energy storage technologies.
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2. Working Principle, Heat Generation and Transfer Mechanism of SIB

In this work, a commercial 18650 SIB with a capacity of 1300 mAh (as shown in
Figure 1) was chosen as the research object. The SIB is produced by Beijing Xuexiong
Technology Co., Ltd. (Beijing, China) under production batch number Q/321084 CYN-001,
and the basic parameters are detailed in Table 1. The cathode material of the battery is
layered NaNi; ;3Fe; /3Mny /30,, while the anode material is hard carbon. Both electrode
collectors are fabricated from aluminum foil. The separator material is polypropylene
(PP)/polyethylene (PE), and the electrolyte consists of a mixture of sodium hexafluorophos-
phate salt and organic carbonate ester solvent.

Figure 1. Physical diagram of SIB.

Table 1. Basic parameters of sodium iron phosphate battery.

Parameter Value Unit

Dimension (diameter x height) 18 x 65 mm
Weight 0.0366 kg

Nominal capacity 1300 mAh
Nominal voltage 3.1 \%
Charge cut-off voltage 3.95 \%
Discharge cut-off voltage 15 \Y
Maximum charge rate 1 C
Maximum discharge rate 3 C
Operating temperature —40~80 °C

2.1. Electrochemical Working Principles of SIB

As illustrated in Figure 2, sodium ions move reversibly between the cathode and
anode through the electrolyte, enabling energy storage via redox reactions at the electrodes.
Specifically, during the charging process, an external potential facilitates the electrochemical
extraction of sodium cations from the cathode material. Subsequently, these sodium cations
migrate through the electrolyte and intercalate into the anode material. Conversely, during
the discharging cycle, sodium cations spontaneously de-intercalate from the anode and
transfer back to the cathode, resulting in the concomitant flow of electrons through an
external load. The electrochemical reaction equations of the charging and discharging
processes of the SIB are shown in Equations (1)-(3):

. charge .
NaNij; ;3Fe; /3Mn; 30, +nC = Naj_,Nij/3Fe; ;3Mn; 30, + Na,Cy 1
discharge
. charge . 4 _
NaNij /3Fe; ;3Mny 30, g f Naj_,Niy /3Fe; ;3Mnyg 30, +xNa™ + xe 2)
ischarge
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I _ charge
nC + xNa™ + xe = NayC, 3)
discharge

where x represents either the number of moles of sodium involved in the electrochemical
reaction or the number of moles of electrons (e™); and #n refers to the number of electrons
transferred in the electrode reaction.

Cathode 4 Anode
ec oc
discharge charge
N\

C Na
@ Fe
_ Mn
C Ni

Figure 2. Internal electrochemical reaction in SIB during the charging and discharging processes.
2.2. Heat Generation and Transfer Mechanisms of SIB
2.2.1. Modeling of the Heat Production Rate of SIB

The primary heat sources of SIBs originate from two aspects. On one hand, the polar-
ization heat is generated due to the internal resistance of the battery, which is calculated

as follows: |
R = B )

I’R
- 5
dpol Vpol ( )

where R denotes the battery pole resistance, in (); p,,) represents the resistivity of the
battery pole materials, in the unit of ()-m; [ stands for the length of the battery pole,
measured in m; S is the cross-sectional area of battery pole, in m?; qpol is the heating power
per unit volume of the positive and negative poles of the battery, in the unit of W/m3; I is
the current passing through the battery pole, in A; Vo is the volume of the battery pole,
measured in m>.

On the other hand, the heat generation of batteries is influenced by factors such as
electrode materials, charge/discharge rate, and environmental temperature. This makes
it challenging to accurately measure the heat production rate. The Bernardi theory [32]
regards the internal heat transfer in batteries as a heat conduction process occurring in
a homogeneous anisotropic material. By analyzing the reversible and irreversible heat
separately, it establishes the relationship between the heat generation and the measurement

parameters of batteries.
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The reversible or irreversible heat (Qr or Qp, W) generated during the battery heat
production process is calculated as follows:

dEocy
Qr=1IT dT (6)
Qp = I(Eocv - U) (7)

where T is the average temperature of the battery, in K; dEqc, /dT is the entropy coefficient,
in the unit of mV/K; and U is the operating voltage, expressed in V.
The total heat production power (Q, W) of the battery can be expressed as:

Q:Qp+Qr (8)

The volumetric rate of heat production (gcor, W/m?) in the charging and discharging
processes can be expressed as:

_Q 9
{cor Vcor ( )
where Vo is the volume of the battery, in m3.

2.2.2. Modeling of Heat Transfer in SIB

Heat transfer in SIBs occurs in the processes of charging and discharging through
three modes: conduction, convection, and radiation. Under nominal operating conditions,
the continuous operating temperature range of sodium-ion batteries (SIBs), which is at-
tributable to the internal heat generated during charge—discharge cycles, typically spans
from —40 to 80 °C. In this context, thermal radiation to the surroundings accounts for a
negligible proportion of the total heat produced by the battery and can thus be ignored.

The complex internal structure of SIBs, combined with heat generation and chemical
reactions, makes it necessary to simplify the investigation of their thermal characteristics.
Consequently, for modeling purposes, the battery is commonly approximated as a homoge-
neous solid cylinder with uniform internal heat generation. Fourier’s Law is employed to
mathematically describe the heat transfer process within the SIB, expressed as:

oT
pCpg =V- (kVT> + qPol + qcor (10)

where p is the density of the SIB, in kg/m3; ¢, denotes the isobaric specific heat capacity of
the SIB, in ]/ (kg-K); k is the thermal conductivity of the SIB, measured in W/(m-K).

In SIBs, convective heat transfer is facilitated by direct contact between the battery
surface and the surrounding air or other cooling fluids. This process is driven by a temper-
ature difference, enabling the transfer of heat generated inside the battery to the cooling
fluid. The thermal convection process in SIB can be described by Newton’s law of cooling,
expressed as:

q = h(Tw — T¢) (11)

where 4 is the heat flux for convective processes, in W/m?; i is the convective heat transfer
coefficient, in W/(m?-K); and T; and T, are, respectively, the temperature of the cooling
fluid and SIB surface, measured in K.

3. Experimental Study of Electrochemical-Thermal Characteristics of SIB

During the operation process, SIB undergoes continuous charging/discharging.
Therefore, experimental exploration of the electrical and temperature characteristics
during these processes is crucial for guiding thermal management design, validating
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electrochemical-thermal coupling models, and clarifying the fundamental laws governing
internal behavior. A thermostatic charging/discharging test platform was constructed
to investigate voltage, temperature rise, internal resistance, and entropy heat coefficient
of SIBs under different environmental temperatures and charging/discharging rates, as
shown in Figure 3. The main technical parameters of the test equipment are detailed in
Table 2. Inside the chamber of the platform, thermocouples were evenly placed on the
battery surface to record temperatures during charging and discharging at 0.5 C, 1.0 C,
and 2.0 C, as illustrated in Figure 4. The above experiments were conducted repeatedly at
chamber temperatures of 0 °C, 10 °C, 25 °C, and 40 °C.

RN i N
High and low temperature
humidity and

' Data acquisition and control unit

SN

e
S Battery test system

Thermocouple
arrangement point 1 arrangement point 3

- Thermocouple
arrangement point 2

Figure 4. The diagram of the thermocouple arrangement on the surface of the battery.
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Table 2. Main technical parameters of test equipment.

Designation Model Parameter
Voltage: 0~5V
Battery test system NEWARE-CT-4008-5V60A (Neware Technology Current: 0~60 A

Limited; Shenzhen, China)

Accuracy: +£0.05% FS

Multi-channel temperature
collector

NEWARE-CA-1U-VT-TX (Neware Technology
Limited; Shenzhen, China)

Temperature: —25~110 °C
Accuracy: £1 °C

ZHONGZHI-CZ-CP]3-1000D (Guangzhou

Temperature Saipuli Instrument Co., Ltd., Guangzhou, China)

Temperature: —40~150 °C
Accuracy: £0.5 °C

3.1. Charge and Discharge Voltage Characteristics of SIB

3.1.1. Charge Voltage Characteristics of a Single Battery

Figure 5 depicts the variation of voltages of 18650-type SIB during constant-current
and constant-voltage charging at different temperatures. The experiments were carried out
at three charging rates of 0.5 C, 1.0 C, and 2.0 C in a thermostat chamber. During the initial
and intermediate stages of charging, the voltage of SIBs at 40 °C was consistently lower
than that at 10 °C and 25 °C. Moreover, the batteries charged at 10 °C and 25 °C entered
the constant-voltage charging stage earlier than those at 40 °C.
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Figure 5. Voltage curves of SIB at different ambient temperatures and charge rates.

The above results demonstrate that, at the same charging rate, a high environmental
temperature, which is associated with a low battery charging voltage, leads to a slow
voltage rise rate and thus a longer time to reach the charging voltage plateau. Furthermore,
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when the battery was charged at a low rate of 0.5 C, the voltage surged to 2.8 V because of
the ohmic internal resistance, followed by a gradual increase. Subsequently, the voltage
continued to rise rapidly to the charging cut-off voltage of 3.95 V. This phenomenon can be
attributed to the approaching saturation of sodium ions embedded in the anode, which
induces a significant polarization effect. Finally, the battery was subjected to constant-
voltage charging, causing the charging current to decrease to the cut-off current of 0.0325 A.
As the charging rate increased, the voltage rise rate accelerated, and the charging voltage
plateau rose, giving rise to a more rapid attainment of the charging cut-off voltage. The
underlying mechanism is that despite an increased intercalation/deintercalation rate of
sodium ions, the limited sodium-ion transport rate restricts the system. This limitation
intensifies the imbalance of the electrochemical reaction rate in the electrode, leading to
intensified electrochemical and concentration polarization.

3.1.2. Discharge Voltage Characteristics of a Single Battery

Figure 6 illustrates the variation of the battery operating voltages with temperature
at three discharge rates of 0.5 C, 1.0 C, and 2.0 C. Across the environmental temperatures
tested, the voltage trend exhibited similar behavior, characterized by two distinct phases: a
slow voltage drop phase followed by a sudden voltage drop phase.
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Figure 6. Voltage curves at different ambient temperatures and discharge rates.

During the pre-discharge period, a constant-current discharge led to a rapid voltage
decline. In the late discharge period, the voltage decreased drastically under constant
current and quickly reached the cut-off voltage of 1.5 V. At a given rate, the discharge
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voltage at 0 °C was significantly lower than at the other temperatures, displaying the
fastest discharge process among the tests. This is because, at the same discharge rate, the
lower the environmental temperature, the higher the viscosity of the electrolyte inside the
battery. This prompts the deterioration of the movement ability of sodium ions and thus
the discharge efficiency of the battery. Moreover, at a given environmental temperature,
discharging at a low rate of 0.5 C caused the battery voltage to decrease to approximately
2.5 V within 5000 s, followed by a subsequent sharp drop to the cut-off voltage (1.5 V).
Notably, with the increase in the discharge rate, the high discharge current led to an increase
in the voltage drop caused by the ohmic internal resistance, and the voltage decreased
almost linearly. This finding reveals that the intercalated /deintercalated rate of sodium ions
rises as the discharge rate increases. Consequently, the battery voltage deviates significantly
from equilibrium, leading to a rapid decline in the voltage curve.

3.2. Temperature Rise Characteristics of SIB
3.2.1. Charging Temperature Rise Characteristics of a Single Battery

Figure 7 depicts the variation in average battery surface temperature with charging
time at different temperatures, using three charging rates of 0.5 C, 1.0 C, and 2.0 C. As the
charging process progressed, the battery temperature increased first and then decreased.
During the pre-charging period, the internal electrochemical reaction of the battery was
intense, leading to a sharp increase in internal heat generation and a rapid temperature rise.
In contrast, in the late-charging stage, the battery switched from the constant-current model
to the constant-voltage model, with the current gradually decreasing. This brought about a
decrease in internal heat generation and thus a decrease in the battery temperature. Notably,
at each environmental temperature, the maximum temperature rise of the battery increased
with the charging rate. These results indicate that, at a given environmental temperature,
increasing the charging rate leads to elevated electrochemical and concentration-differential
polarization heat generation. This, in turn, increases both the rate of battery temperature
change and the maximum temperature attained. Furthermore, at a given charging rate,
lower environmental temperatures are responsible for a higher rate of heat generation in
SIBs and a greater temperature rise. Low-temperature charging conditions also increase
the susceptibility of the negative electrode to sodium deposition and dendrite formation,
potentially causing internal short circuits.

3.2.2. Discharging Temperature Rise Characteristics of the Single Battery

Figure 8 depicts the variation in the average temperature on the battery surface over
the discharging time at different temperatures, with three discharge rates of 0.5 C, 1.0 C,
and 2.0 C. It can be noted that the temperature curves under different environmental
temperatures are similar, and all of them increase as the discharging time elapsed. At a
fixed discharge rate, raising the environmental temperature enhances ionic conductivity
and electrode reaction rates, resulting in a reduction in the battery’s internal resistance.
However, high temperatures do not necessarily decrease heat generation; instead, they
typically result in a rapid increase in the battery temperature and a high overall operating
temperature. Significantly, the smallest variation in the average surface temperature was
observed at a low discharge rate of 0.5 C. A high discharge rate implies a substantial
increase in the discharge current, triggering a high rate of internal heat generation and a
corresponding sharp rise in the battery temperature. At 2.0 C, irreversible heat becomes a
significant component of the total heat generated, which diminishes the endothermic effect
of reversible reactions, resulting in an almost linear increase in the battery temperature.
These results reveal that the internal polarization effect within the battery highly depends
on the discharging rate at a specific temperature.
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Figure 7. Temperature rise curves at different ambient temperatures and charge rates.

The intensification of polarization is associated with augmented irreversible heat
generation, accounting for a correspondingly accelerated rate of temperature rise. This is
mainly responsible for the growing disparity between surface temperatures of individual
batteries and the temperature variations among cells within the battery pack. Meanwhile,
a high battery temperature not only triggers side reactions such as the decomposition of
the solid electrolyte interphase film at the anode but also induces thermal runaway in
severe cases. Therefore, effective thermal management solutions are essential to cool the
battery. As illustrated in Figures 7 and 8, when the environmental temperature is below
25 °C, the charging process exhibits a more pronounced temperature rise compared to the
discharging process. Conversely, when the environmental temperature exceeds 25 °C, the
temperature rise in the battery during the discharging process is higher than that during
the charging process. This is because low temperatures reduce the ionic conductivity and
ion diffusion, thereby increasing the internal resistance of SIBs. This heightened resistance
during charging requires more energy for sodium-ion deintercalation, leading to enhanced

heat generation.
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Figure 8. Temperature rise curves at different ambient temperatures and discharge rates.

3.3. Internal Resistance and Entropic Thermal Coefficient of SIB
3.3.1. Internal Resistance During Charging and Discharging

The internal resistance of the battery during charging and discharging at different
states of charge (SOCs) was calculated by the hybrid-pulse-power-characteristic exper-
iments conducted at different temperatures. Figure 9 shows the variation in internal
resistance with SOC at three temperatures, 10 °C, 25 °C, and 40 °C. Conspicuously, the in-
ternal resistance crucially depends on the environmental temperature, exhibiting an inverse
relationship. This is because the mobility of sodium ions increases at high temperatures,
resulting in a low internal resistance. Additionally, SOC displays an identical relationship
with resistance. Specifically, the lower the SOC, the higher the internal resistance of the
battery; conversely, the higher the SOC, the lower the internal resistance of the battery. This
phenomenon is attributed to the battery’s direct current (DC) internal resistance, which
comprises two components: ohmic resistance and polarization resistance. The ohmic resis-
tance demonstrates relatively minor variation with changes in SOC. Nonetheless, at low
SOC, alterations in internal ion concentrations and other contributing factors can induce
electrochemical instability, thereby leading to an increase in polarization resistance. In con-
trast, at a high SOC, the high concentration of sodium ions within the anode facilitates the
processes of sodium ion deintercalation and intercalation, resulting in reduced resistance.
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Figure 9. Charge/discharge internal resistance changes with SOC in SIBs.

As can be seen in Figure 9, both temperature and SOC have a great influence on the
internal resistance of the battery. Under a specific temperature, the internal resistance
profile varies significantly with the SOC. A sharp increase in internal resistance is observed
when the SOC is below 0.4, reaching a peak at the lowest SOC. When the SOC is between
0.4 and 0.6, the resistance exhibits relatively small fluctuations and generally appears
stable. For SOC values ranging from 0.6 to 1, the resistance shows more pronounced
fluctuations, characterized by an initial decrease followed by a slight increase near full
charge. The main reason for this trend in internal resistance is related to the concentration
of reactants on the surfaces of electrode materials at the beginning and end of the charging
and discharging processes. This causes the internal resistance to decrease initially and then
increase with SOC. At the beginning of charging and discharging, the internal resistance
of the battery decreases as sodium ions are released and migrate. Towards the end of
charging/discharging, the intercalation of sodium ions in the anode/cathode is close to
saturation. Additionally, the electrochemical reaction rate of the electrode materials is lower
than the rate of electron movement, increasing the internal resistance of the battery.

3.3.2. Entropy Coefficient

The open-circuit voltage and surface temperature of the battery at different environ-
mental temperatures and SOCs were experimentally measured. Subsequently, the average
entropy heat coefficient dU/dT at different SOCs was calculated. As shown in Figure 10,
the entropy heat coefficient of the battery ranges from —0.106 to 0.128 mV /K. Generally,
this coefficient is closely related to the change in SOC. During the discharging process, the
entropy coefficient initially increases and then decreases. The sign of the entropy coefficient
indicates the nature of the reversible heat associated with the electrochemical reactions: a
positive value signifies an endothermic (heat-absorbing) process, whereas a negative value
indicates an exothermic (heat-releasing) process. During the charging process, the entropy
coefficient was positive when the SOC ranged from 0.6 to 1, suggesting an endothermic
reaction within this range. The magnitude of this heat absorption peaks around an SOC
of 0.9 and subsequently declines. Conversely, during the latter stages of discharge, when
the SOC drops below 0.6, the entropy coefficient decreases sharply. This rapid decline
results in a significant increase in reversible heat generation, leading to a notable rise in the
battery’s temperature. This contrasting behavior in reversible heat generation unveils that
SIBs typically produce more heat during discharge than during charge.
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Figure 10. The entropy heat coefficient of the SIB with different SOC.

For the purpose of comparison, the entropy heat coefficient curve of the same 18650-
type lithium-iron phosphate (LiFePO,) battery with a capacity of 1300 mAh is presented in
Figure 11. The entropy heat coefficient of this battery ranged from —0.227 to 0.286 mV /K.
The entropy heat coefficient of the investigated LiFePOy4 battery exhibited a non-monotonic
relationship with the SOC. Specifically, it initially increased, then decreased, and subse-
quently rose again. Notably, the coefficient changed from negative to positive values at

approximately 50% SOC, and the peak endothermic heat was observed at approximately
60% SOC.

0.40
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Figure 11. The entropy heat coefficient of the LIB with different SOCs.

The entropy heat coefficients of lithium-ion and sodium-ion batteries (LIBs and SIBs)
are compared in Figures 10 and 11. In the low SOC range (SOC < 0.5), the increase in the
entropy heat coefficient was more pronounced for the LIB compared to the SIB. Conversely,
at high SOC levels (SOC > 0.5), the SIB exhibited a more significant rise in its entropy heat
coefficient than its lithium-ion counterpart. This shows that the thermal stability of the SIB
is inferior to that of the LIB at high SOC levels. Generally, thermal runaway is more prone
to occur in LIBs at a low SOC.

The entropy heat coefficient of the SIB varies smoothly with SOC, which originates
from the mutual compensation of entropy changes due to the multi-site sodium storage in
the hard carbon anode, and from the single-phase solid-solution reaction of the layered
sodium oxide cathode, where the lattice disorder continuously evolves with sodium content,
avoiding the sharp entropy variation associated with two-phase coexistence. In contrast,
the entropy heat coefficient of the LIB exhibits pronounced fluctuations, attributable to the
reversible two-phase reaction between LiFePO, and FePOy. In the intermediate SOC region,
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the dynamic variation in the proportion of the two phases induces ordered-disordered
lattice rearrangement of Li*, resulting in concentrated entropy fluctuations. Consequently,
the entropy heat coefficient trends of the two batteries differ across SOC intervals, but
overall, the SIB shows a lower entropy coefficient, indicating better comprehensive thermal
stability compared to the LIB.

4. Establishment of Thermal Simulation Model of a Single SIB
4.1. Calculation of Thermal Parameters in SIB

The material parameters of the SIB are shown in Table 3. For the thermal simulation
analysis of a single SIB, it is necessary to calculate the specific heat capacity, thermal con-
ductivity in all directions, and the heat production rate under different working conditions.
The specific heat capacity of the SIB is calculated by Equation (12). The thermal conductivity
of the SIB includes longitudinal and transverse thermal conductivity. They are calculated
using the series-parallel thermal resistance method for the cell thickness and length and
height directions, respectively, as expressed in Equations (13) and (14).

Cp = "1112,: miCp,i (12)
r
kion = . L (13)
i ki
L kiL
Kiran = ZZT (14)
i

where ¢, ; represents the specific heat capacity of each layer of material, in J/(kg-K); m; is
the mass of each individual material, in kg; kjon, kiran are the longitudinal and transverse
thermal conductivity of the battery, respectively, measured in W/(m-K); L; denotes the
thickness of each layer of material, in m; and k; is the thermal conductivity of battery
components, expressed in W/(m-K). The calculation results for the following thermal
simulations are presented in Table 4.

Table 3. Material parameters of sodium iron phosphate battery.

Designation Materials Density Specific Heat Thermal Conductivity
(kg/m3)  Capacity (J/(kg-K)) (W/(m-K))
Positive pole Aluminum 2719 871 202.40
Negative pole Aluminum 2719 871 202.40
Anode NaNil /3Fe1 /3Mn1 /302 5400 4450 94.67
Cathode Hard carbon 1850 1320 132.00
Diaphragm PP/PE/PP 492 1978 0.334
Electrolyte NaPFg salt and carbonate ester solvent 2369 1840 0.6
Housings Stainless steels 7750 502.4 15.10

Table 4. Properties of the air and battery cell.

Property Battery Cell Air
Density (kg/m?) 2063.0157 1.1650
Specific heat (J/ (kg-K)) 2130.4484 1005

kion = 17.59116
Kecar, = 3.528 0.0267
Dynamic viscosity (kg/(m-s)) - 1.86 x 107

Thermal conductivity (W/(m-K))
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The thermal model, which consists of a cylindrically shaped battery with internal heat
generation and the surrounding air, solves the fundamental mass, momentum, and energy
equations using the Realizable k-¢ turbulence model. Heat conduction occurs for the heat
transfer between the battery shell and the cell, while natural convection heat dissipation is
involved in the heat transfer between the air and the shell. The environmental temperature
and the heat transfer coefficient are set at 25 °C and 5 W/m-K, respectively. Based on the
pressure-based solver, the second-order windward discretization format was adopted, and
the control equations were solved with double precision. The impact of discharge rate on
the temperature distribution of a single SIB is investigated at 0.5 C (0.65 A), 1 C (1.3 A), and
2C (2.6 A), with a time step of 1 s.

4.2. Simulation Model Construction and Validation

Based on the heat generation and heat transfer properties of the SIB, a computational
model for a single cell was developed. To enhance computational efficiency, the battery’s
geometry was simplified to a cylinder with homogeneous internal heat generation and
uniform medium distribution. In the model, the battery shell and internal components
were treated as a single entity. The geometric representation of the single SIB is depicted in
Figure 12a. The simulation model’s mesh was generated using Ansys Meshing software
(Ansys 2022), and the resulting discretization is illustrated in Figure 12b. To ensure that the
numerical solution was independent of the mesh resolution, a grid convergence study was
conducted through simulations. The single SIB was simulated under identical operating
conditions using six different mesh densities. As evidenced in Figure 13, when the number
of grid elements exceeded 40,000, the simulated battery temperature reached a stable state,
exhibiting no significant variation with further mesh refinement. Considering the balance
between computational accuracy and cost, a mesh comprising 40,000 elements was selected
for the simulation model of the 18650-type SIB.

18mm

65mm

(a) Geometric model

TTTTTrrY

(b) Mesh Generation

Figure 12. Geometric model and mesh generation for a single SIB.

The simulation results of the temperature distribution in the single SIBat 0.5 C, 1 C, and
2 C are shown in Figure 14. During battery discharge, the simulated internal temperature
distribution of the SIB exhibited an approximately elliptical pattern. The radial temperature
gradient is characterized by a gradual decrease from the core towards the periphery. The
central region exhibited significantly elevated temperatures. This is due to the exothermic
nature of the electrochemical reactions occurring during charging and discharging, coupled
with the concentration of current density and the resulting heat accumulation. In contrast,
the upper-and-lower ends and the side periphery of the battery are the regions of low-
temperature concentration. The temperature distribution obtained through simulation was
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fundamentally consistent with the established principles of battery thermal behavior as
outlined in Bernardi’s theory [32].
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Figure 13. Grid independence test result for a single SIB.
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Figure 14. Temperature distribution of a single SIB at different discharge rates.

Figure 15 illustrates the comparison between the simulated and experimental average
temperatures of the single SIB under varying discharge rates. The temporal trends of
the average temperature obtained from the electrochemical-thermal simulation model,
developed based on Bernardi’s theory, exhibited good concordance with the experimental
measurements. Specifically, during battery discharge at 0.5 C, 1 C, and 2 C, the maximum
deviations between the simulation results and experimental data were 0.31%, 0.98%, and
0.62%, respectively. This validates the accuracy of the developed simulation model.

The consistency between the simulation results and experimental findings confirms the
validity of the single SIB thermal model on the basis of Bernardi’s theory and the accuracy of
the thermal and physical parameters determined in this study. Furthermore, this agreement
substantiates the simulation model’s capability to predict the thermal behavior of the single
SIB during constant-current discharging. This predictive power provides a foundational
basis for the design of thermal management systems for SIB packs and holds significant
reference value for future research and development in this domain.
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Figure 15. Comparison of experiment and simulation temperature for a single SIB.

5. Thermal Simulation of SIB Pack
5.1. Numerical Model of SIB Pack

A 1P15S SIB pack is selected as the research object, which consists of 15 individual
cells connected in series with an equally spaced arrangement. The battery terminals and
welding seats are neglected in the modeling process, and a U-shaped airflow channel is
adopted. Based on the single-battery thermal model established above, the SIB pack is
modeled. The overall dimensions of the SIB module are 160 mm in length, 68 mm in width,
and 95 mm in height, with a cell-to-cell spacing of 5 mm. The physical photograph and the
simulated model structure of the SIB pack are shown in Figure 16.

(a) Photograph (b) Simulation model

Figure 16. Photograph and simulation model of the SIB pack.

Based on the thermal model of a single SIB, a simulation model of the SIB pack is
established. Local grid refinement is implemented in the fluid-battery wall coupling region
to improve computational accuracy. The meshed model of the U-shaped channel battery
pack is presented in Figure 17.

To verify grid independence, numerical calculations were also performed for the SIB
pack, as shown in Figure 18. It can be observed that when the grid number exceeds 350,000,
the surface temperature of the SIBs under a 1 C discharge rate tends to stabilize, remaining
essentially constant and no longer varying with further increases in grid number, and the
corresponding grid size is selected for subsequent mesh generation.

The details of heat transfer between the external air domain surrounding the SIB
pack are neglected, and the boundary condition on the external surface of the SIB pack is
set as a convective heat transfer wall, with a heat transfer coefficient of 5 W/(m?-K). The
inlet boundary condition of the internal air domain within the SIB pack is set as a velocity
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inlet; the outlet boundary condition is set as a pressure outlet, with an outlet pressure of
atmospheric pressure. The pressure-based solver with the SIMPLE algorithm is employed,
and the second-order upwind discretization scheme is adopted for the convective terms.
The governing equations are solved using a double-precision method.

Figure 17. Mesh generation of the SIB pack.
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Figure 18. Grid independence validation result for the SIB pack.

Considering that the SIBs exhibit severe heat generation under high-rate discharge
conditions, the thermal characteristics of the SIB pack at a discharge rate of 2 C (2.6 A) are
focused on, and a simulation-based optimization design is conducted. To further validate
the accuracy of the SIB pack model, the SIB pack is discharged at a 2 C rate within a
constant-temperature chamber at 25 °C, and the experiment and simulation results are
shown in Figure 19. The maximum errors between the experiment and simulation results
for the highest temperatures of the 1st and 15th cells in the SIB pack are 0.31% and 0.24%,
respectively, and the average error for the average temperature of the SIB pack is 0.19%,
indicating that the simulation model is reasonably accurate.

5.2. Parameter Optimization of SIB Pack

Owing to the structural constraints of the SIB enclosure, the internal cells are arranged
in a compact manner, resulting in a low airflow rate at the rear end of the SIB pack. Conse-
quently, the generated heat cannot be effectively dissipated, leading to heat accumulation
and a subsequent temperature rise. To achieve multi-objective optimization of the thermal
dissipation performance of the SIB pack, the effects of four factors (cell arrangement pattern,
cell spacing, inlet air velocity, and flow channel geometry) on the thermal performance of
the SIB pack are comprehensively considered. The orthogonal design method is adopted,
treating the four factors as four independent and non-interacting controllable variables,
each set at four levels. Following the principle of minimizing the number of numerical
cases, a standard L16(4%) orthogonal array is constructed, as shown in Table 5, where Sy

https://doi.org/10.3390/su18146960


https://doi.org/10.3390/su18146960

Sustainability 2026, 18, 6960 19 of 26

denotes the control group, and U, T, I, and Z represent different airflow channel shapes.
The schematic of the cell arrangement configuration design in the SIB pack is shown in

Figure 20.
40t
38¢
& 36f
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g 34t
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24—
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Figure 19. Comparison of experiment and simulation results for SIB pack at 2 C discharge rate.

Table 5. Orthogonal simulation scheme based on the L16(4%) array.

Control Factors

No. Cells Cell Distance  Inlet Velocity Air Channel
Arrangement (mm) (m/s) Shape
So In-line 3 0.5 U
S In-line 3 1 U
S, In-line 5 2 T
S3 In-line 7 3 I
Sy In-line 9 4 Z
Ss Staggered-A 3 2 I
Se Staggered-A 5 1 V4
Sy Staggered-A 7 4 U
Sg Staggered-A 9 3 T
Sg Staggered-B 3 3 V4
S10 Staggered-B 5 4 I
S Staggered-B 7 1 T
S12 Staggered-B 9 2 U
S13 Staggered-C 3 4 T
S14 Staggered-C 5 3 U
Si5 Staggered-C 7 1 Z
Si6 Staggered-C 9 2 I

(a) In-line (b) Staggered-A (c) Staggered-B (d) Staggered-C

Figure 20. Schematic of the cell arrangement configuration design within the SIB pack.

The temperature contours of the SIB pack corresponding to the orthogonal simulation
design groups S1-Si¢ obtained from the simulations are shown in Figure 21, and the
corresponding simulation results are presented in Table 6.
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Figure 21. Temperature distribution of the SIB pack for orthogonal numerical groups S;—S1¢.

Table 6. Orthogonal simulation results of SIB pack.

No.

Highest
Temperature of
Single Cell (°C)

Maximum Temperature
Difference of Single

Cell (°O)

Average Temperature
Difference of SIB
Pack (°C)

So
S
Sy
S3
Sy
Ss
Se
Sy
Sg
Sy
S10
Sn
S12
S13
S14
S15
S16

36.3702
32.8622
32.6186
27.9604
30.9030
28.6124
36.6214
28.0312
31.6507
32.9377
27.4260
35.5985
29.5316
29.5020
28.7227
32.1450
30.0923

0.1977
0.1879
0.1741
0.1260
0.2656
0.1446
0.2561
0.1310
0.1768
0.3012
0.1259
0.1797
0.1353
0.1384
0.1507
0.2894
0.1260

3.6285
2.6913
4.4087
1.0833
3.9356
0.9689
6.6288
0.9635
4.4646
5.7281
0.9063
6.0161
1.4650
2.5244
1.4060
4.8662
1.2440
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The highest temperature and maximum temperature difference of individual cells
within the SIB pack (denoted as Tmax siBs and ATmay siB s, respectively), and the average
temperature difference of the SIB pack (AT mean,sIB,pack) are selected as evaluation indices.
Range analysis is performed on the orthogonal numerical results, as shown in Tables 7-9,
where Kj; is the average value of results for the ith level in the jth column, R; is the
range of the factor in the jth column, and 4, b, ¢, and d represent the cells arrangement
configuration, SIB spacing, inlet air velocity, and flow channel shape, respectively. The air
cooling performance of the SIB pack corresponding to groups Sp—S1¢ is shown in Figure 22.

Table 7. Indicators of highest temperature of individual cells within the SIB pack.

Control Factors

Levels . b c d
Kyj 31.0861 30.9786 33.7936 29.7869
Kyj 31.2289 31.3472 30.7269 32.3425
Ks; 31.3735 30.9338 30.3179 28.5228
Kyj 30.1155 30.5444 28.9656 33.1518
R 1.2580 0.8028 4.8280 4.6290

Table 8. Indicators of maximum temperature difference of individual cells within the SIB pack.

Control Factors

Levels

a b c d
Kyj 0.1884 0.1930 0.1874 0.1512
Kyj 0.1771 0.1767 0.1859 0.1672
Ks; 0.1855 0.1815 0.1887 0.1306
Kyj 0.1761 0.1759 0.1652 0.2781
R 0.0123 0.0171 0.0235 0.1475

Table 9. Indicators of average temperature difference of the SIB pack.

Control Factors

Levels

a b c d
Kyj 3.0297 2.9782 4.1451 1.6315
sz 3.2565 3.3375 2.9272 4.3535
K3j 3.5289 3.2323 3.1705 1.0506
Kyj 2.5102 2.7773 2.0825 5.2897
R; 1.0187 0.5602 2.0626 4.2391
60 0.60
— - Tmax,SIB,s +ATmax,SlB,s
8 50 ATmean,SlB,pack 0.40
El 0.20
% 40 ;G
g 0.00 —,
&~ 30 5
< -0.20 %
<, 20 >
] -0.40
10 -0.60

(=]

01234567 8910111213141516
Numerical Groups

Figure 22. Air cooling performance of the SIB pack for groups Sp—-S1.
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As can be seen from the results in Table 7, for the highest temperature of individual
cells within the SIB pack, the ranges are in the order of R3 > R4 > Ry > Ry. Therefore, the
factors influencing the cell temperature rank in descending order are inlet air velocity, flow
channel shape, cell spacing, and cell arrangement. From Figure 22, the optimal groups
are observed to be S3, S5, Sy, S19, and Sy4. Similarly, for the maximum cell temperature
difference, the influence factors are ranked in descending order as flow channel shape, inlet
air velocity, cell spacing, and cell arrangement, and the optimal groups are S, Ss, Sy, S19,
and Sy¢. For the average temperature difference of the SIB pack, the influence factors are
ranked in descending order as flow channel shape, inlet air velocity, cell arrangement, and
cell spacing, and the optimal groups are S, Ss, Sy, S19, and Sy.

Since the above factors are all important indicators for evaluating the air-cooling
performance of the SIB pack, the optimal combinations are superimposed to represent the
comprehensive performance, and the groups with superior comprehensive performance
are S3, 85, S7, and 510.

Figure 23 presents the velocity contours for each case. For Sy, the air distribution in the
first three rows of cells is relatively small, and the surfaces of these cells are not in sufficient
contact with the air, resulting in poor cooling performance. For cases S3 and Sy, significant
flow disturbances are observed at both the front and rear ends of the SIB pack, and the air
deviates from the cell surface, leading to significant non-uniform heat transfer. Moreover,
there are numerous regions with excessively high local airflow velocities in the flow chan-
nels of the middle cells, resulting in localized non-uniform heat transfer and consequently
reducing the overall temperature uniformity of the pack. For case Ss, although minor flow
disturbances and a few regions with excessively high local airflow velocities exist at the
front and rear ends, the airflow velocities are uniformly distributed across all flow channels
of the SIB pack, yielding superior overall temperature uniformity. Considering factors such
as the maximum cell temperature and pack temperature uniformity, case Ss is identified as
the optimal group for practical applications.
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Figure 23. Velocity contours for the optimal groups.
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After the above multi-objective optimization, the average temperature difference of
the SIB pack is reduced from 3.63 °C to 0.97 °C, a decrease of 2.66 °C, corresponding
to a reduction of 73.30%, which is below the allowable temperature difference of 5 °C.
The highest temperature of individual cells within the optimized SIB pack decreases
from 36.37 °C to 28.61 °C, a reduction of 7.76 °C, representing a decrease of 21.33%. The
maximum temperature difference within individual cells is reduced from 0.20 °C to 0.14 °C,
a decrease of 0.05 °C, corresponding to a reduction of 26.86%. Following optimization, the
overall heat dissipation performance of the SIB pack is enhanced, and favorable temperature
uniformity is achieved.

To further verify the cooling performance of the optimal group Ss, numerical simu-
lations of the SIB cooling were conducted under various discharge rates, and the results
are summarized in Table 10. The findings indicate that the S5 group consistently exhibits
excellent cooling performance across discharge rates ranging from 0.5 C to 2 C.

Table 10. Air cooling performance of group Ss at different discharge rates.

Discharge Highest Maximum Temperature Average Temperature
Rate/C Temperature of Difference of Single Difference of SIB
Single Cell (°C) Cell (°O) Pack (°C)
0.5 25.2447 0.0098 0.0656
1 25.9744 0.1436 0.2614
2 28.6124 0.1446 0.9689

6. Conclusions

To elucidate the thermal characteristics of sodium-ion batteries (SIBs), experimen-
tal investigations were conducted to analyze voltage characteristics, temperature rise
behavior, internal resistance, and entropy heat coefficient under varying environmental
temperatures and charging/discharging rates. A thermal simulation model of SIBs was
established based on Bernardi’s theory. Furthermore, the influence of multi-factor interac-
tions on the heat dissipation performance of the SIB pack was investigated, leading to the
following conclusions.

(1) During the charging process, the battery voltage generally exhibited a continuous
upward trajectory. In contrast, the discharge voltage displayed a two-stage decline,
characterized by an initial gradual decrease followed by a more precipitous drop.
Under consistent environmental temperature conditions, a higher battery charg-
ing/discharging rate correlated with a more rapid rate of change in the respective
voltages. Conversely, for a given rate, lower environmental temperatures resulted in a
faster change in both the charging and discharging voltages.

(2) During the charging process, the battery temperature initially increased and subse-
quently decreased. Conversely, during discharging, the battery temperature exhibited
a continuous upward trend. Under the given environmental temperature conditions,
a higher rate results in greater heat generation and a corresponding increase in the
temperature rise rate. Furthermore, for a given rate, a lower charging environmen-
tal temperature leads to more significant changes in the temperature rise rate of
the battery.

(3) Environmental temperature demonstrated a significant negative correlation with the
internal resistance of the battery. Specifically, elevated environmental temperatures
were associated with lower internal resistance, whereas diminished environmental
temperatures resulted in higher internal resistance. Furthermore, within the state-of-
charge range of 0.6 to 1, the internal resistance fluctuated. This might be attributable to
the charging and discharging kinetics of electrode materials and the concentration of
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surface reactants at the electrode—electrolyte interface. Specifically, an initial decrease
in resistance was detected, followed by a slight increase towards the upper limit of the
SOC range.

(4) Multi-objective optimization of the cooling performance of a 1P15S SIB battery pack
using the orthogonal numerical method was accomplished. The optimal thermal dissi-
pation structure and operating parameters that achieve the best cooling performance
are identified as a staggered cell arrangement, a cell spacing of 3 mm, an inlet air
velocity of 2 m/s, and an I-shaped flow channel. After optimization, the maximum
temperature of individual cells is reduced by 7.75 °C, corresponding to a decrease
of 21.33%; the maximum temperature difference among cells is reduced by 0.05 °C,
a decrease of 26.86%; and the average temperature difference of the battery pack is
0.97 °C, representing a reduction of 73.30%.
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