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Abstract: Accurate battery models are of great significance for the optimization design and manage-
ment of lithium-ion batteries. This study uses a pseudo-two-dimensional electrochemical model com-
bined with a three-dimensional thermal model to describe the electrodynamics and thermodynamics
of commercial LIBs and adopts the concept of variable solid-state diffusion in the electrochemical
model to improve the fitting ability of the model. Compared with the discharge curve without the
VSSD concept, the progressiveness of the model is verified. On the other hand, by comparing the
temperature distribution of batteries with different negative electrode thicknesses, it is found that
the battery temperature decreases with the increase in battery thickness. At the same time, with the
increase in active material volume fraction, the gradient of electrochemical performance is greater,
and the heat generation rate is higher. This model can be used for online management of batteries,
such as estimating charging status and internal temperature, and further constructing a lithium
battery electrochemical capacity degradation model based on the VSSD concept to study the aging
behavior of lithium batteries.

Keywords: lithium-ion battery; electrochemical model; thermal model; VSSD; sine approximation

1. Introduction

With the continuous development of lithium-ion battery technology, and due to its
high energy density, long cycle life, and low self-discharge rate, lithium-ion batteries are
becoming increasingly widely used in the fields of new-energy electric vehicles and energy
storage industry [1,2]. In these novel applications, the batteries in the battery pack are
subjected to high currents, dynamically changing loads, and a wide range of operating
conditions, such as current and temperature [3]. Therefore, from the perspective of battery
usage, it is necessary to study the response and internal state of the battery during its
service life. A high-precision battery model is the key to improving the efficiency of
battery management systems, and is of great significance for achieving battery system state
assessment, life prediction, and healthy operation [4]. The complex interaction between
electrochemical reactions and thermal models is the basis for the accurate prediction of
LIB’s thermal behavior [5]. The experimental research method is not sufficient to study the
internal electrochemical process and thermal characteristics of LIBs. At the same time, the
experiment of a single-parameter analysis of battery performance has the disadvantages of
a high cost and long-time consumption. Therefore, numerical simulation and modeling
technology have become indispensable methods in the study of battery performance [6].

The simulation models of lithium-ion batteries are divided into 1D, 2D [7], and 3D [8]
models. Among them, 1D models are often used for simple research on basic battery
reactions. Two-dimensional models are often based on the symmetrical properties of
cylindrical lithium batteries and combined with their radial cross sections and are often
used in conjunction with one-dimensional models in practical research. The 3D model
is a three-dimensional model of a lithium battery that closely approximates the actual
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situation and can objectively present the internal structure of the lithium-ion battery and
the temperature conditions of the external environment [9]. The thermal changes inside
lithium-ion batteries are affected by parameters such as electrochemical reaction rate, en-
tropy coefficient, diffusion coefficient, and open-circuit voltage. At the same time, many
electrochemical parameters in lithium batteries are temperature-sensitive parameters, and
temperature changes can lead to changes in the properties of various materials inside the
battery, resulting in changes in electrochemical parameters [10]. Therefore, establishing an
electrochemical-thermal coupling model is one of the important methods for studying the
internal electrochemical and thermal characteristics of lithium batteries. At present, the
research on electrochemical and thermal models of lithium-ion batteries focuses on sim-
plifying electrochemical models, including constructing reduced-order models to reduce
computational costs while ensuring model accuracy [11-14] and analyzing the applicability
of different types of electrochemical models [15,16]. On the other hand, we focus on the
specific application of electrochemical thermal coupling models in lithium-ion batteries,
including the research and design of battery thermal management systems based on electro-
chemical thermal coupling models [17-19], the analysis and estimation of the internal state
of charge of batteries [20-22], and the analysis of battery aging and capacity degradation
behaviors including the side reactions of the SEI film inside lithium-ion batteries [23,24].
In addition, electrochemical thermal coupling models are often used to analyze and study
the electrochemical and thermal characteristics of lithium-ion batteries. Huang et al. [25]
established an electrochemical-thermal (ECT) coupled model for large lithium batteries
and proposed a new method for determining the parameters of the coupled model, which
solved the technical problem of difficulty in calibrating model parameters. The experi-
mental results showed that the three-dimensional ECT coupling model had high accuracy,
and the non-uniformity of large-sized lithium-ion batteries increased significantly with
the increase in discharge rate and battery length. Wang et al. [26] established a precise
electrochemical-thermal coupling model, which was validated through charging capacity
calibration at different C rates and HPPC testing under different environmental conditions
to reflect the electrochemical and heat transfer behavior of lithium-ion batteries exposed to
external cold air during electromagnetic induction heating. He et al. [27] developed a three-
dimensional model for electrochemical-thermal coupling to analyze the electrochemical
and thermal properties of a pouch-type lithium-ion battery in natural convection scenarios.
In the thermal model, the rate of heat production, as determined by the electrochemical
model, served as the source of heat, while the temperature obtained from the thermal
model acted as the starting point for the electrochemical model. Experimental findings
at varying discharge rates (1, 3, and 5 C) corroborated the outcomes of the simulations.
Computational data indicated that the mean particle size of the electrode at discharge
had a direct impact on the battery’s rate of heat production. Jiang et al. [28] developed a
model combining one-dimensional (1D) electrochemical and three-dimensional (3D) ther-
mal coupling to examine how a square lithium-ion battery transferred heat while cooling
various external surfaces. The parameters for the simulation encompassed the coefficient
h for forced convection cooling, the surface area for heat dissipation, and the dimension
of battery thickness. Even though the square lithium-ion battery had a smaller side, its
orthotropic thermal conductivity enhanced the efficiency of planar heat transfer and the
cooling through small-side forced convection. That research revealed a more even tempera-
ture spread within a square battery featuring forced convection cooling on its smaller side
compared to one with similar cooling on its larger front.

The model of electrochemical-thermal coupling is capable of quantitatively linking
battery characteristics with their total performance. Nonetheless, pinpointing the precise
electrochemical and thermal factors within the electrochemical-thermal coupling frame-
work continues to be difficult for lithium-ion batteries, leaving the efficacy of the suggested
model-oriented battery design or management techniques uncertain. Commonly, in the
stages of battery design, production, and manufacturing, factors like diffusion coefficient,
conductivity, and electrochemical reaction rate constant in the electrochemical model expe-
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rience related alterations due to variations in battery temperature and lithium-ion levels. As
a result, it is impossible to accurately measure the performance of commercial lithium-ion
batteries that have already been manufactured.

Among the numerous parameters in the electrochemical model of lithium-ion batteries,
the solid-state diffusion coefficient can affect the prediction of terminal voltage by influ-
encing the Li* concentration on the particle surface. A study investigated the lithium-ion
transport inside the battery from the perspective of the electrode material structure [29].
The majority of research views the solid diffusion coefficient as temperature-dependent,
with the Arrhenius function extensively applied to account for the temperature’s impact on
this coefficient [30]. This research introduces the variable solid-state diffusion coefficient
(VSSD) idea, calculating the solid-state diffusion coefficient of Li+ in negative electrode
particles based on the temperature and Li+ concentration. Combined with the electro-
chemical control equation and the heat generation control equation, a lithium-ion battery
electrochemical-thermal coupling model based on the VSSD concept is constructed. Sub-
sequently, the accuracy of the model, as well as the internal electrochemical and thermal
characteristics of the battery, is studied and analyzed. To our knowledge, this study is
the first attempt to use a specific battery temperature and lithium-ion concentration func-
tion formula to describe the solid diffusion coefficient of lithium-ion batteries. The main
structure of this article is as follows: First, based on experimental data from the literature,
this article uses a sinusoidal approximation method to fit the variation in the diffusion
coefficient with the lithium-ion concentration and determines the specific formula for the
variable solid diffusion coefficient. Then, an electrochemical-thermal coupling model
based on the VSSD concept is constructed, and the model is applied to study and ana-
lyze the effects of battery electrode thickness and active material volume fraction on the
internal electrochemical and thermal characteristics of the battery, and the corresponding
conclusions are obtained.

2. Materials and Methods
2.1. Electrochemical Model

The electrochemical model of lithium-ion batteries mainly consists of the following
governing equations: the mass conservation equation for the solid and liquid phases, the
charge conservation equation for the solid and liquid phases, and the electrode kinetics’
equation at the interface between the solid and liquid phases. The above five governing
equations describe the migration and diffusion of active materials inside lithium-ion batter-
ies, and to simplify the model for ease of calculation, the P2D model used the following six
assumptions [31]:

No gas is generated during the operation of the battery;

The side reactions such as metal lithium deposition and active material loss during

the cycling of lithium-ion batteries are not considered;

e  The convection of ionic species in the electrolyte is ignored, and only the diffusion and
electro-transport processes are analyzed.

e  The gas phase reactions inside the lithium-ion battery during charging and discharging
are ignored;

The positive and negative active materials are spherical particles;

The electrochemical reaction at the solid-liquid interface follows the Butler—Volmer

equation.

The electrochemical model usually consists of the following five basic control equa-
tions: conservation of charge in the solid phase, conservation of charge in the liquid phase,
conservation of the lithium-ion mass in the solid phase, conservation of the lithium-ion
mass in the liquid phase, and the electrochemical reaction rate equation at the solid-liquid
interface. The modeling principle of its governing equation is:

(1) Conservation of charge in solid state: The charge conservation equation in solid
state is usually based on Ohm'’s law, as shown in Equation (1). In addition, the model
usually assumes that the electrode particles are spherical to simplify the calculation, so the
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specific area and conductivity of the porous electrode should be corrected, as shown in
Equation (3):

. effO
Jsum = _Usffgsa (1)
—of — 0, 2)
3es
Sa = R, 3)

where 05 is the solid phase conductivity; Uff T is the effective solid phase conductivity; ¢ is

the solid electrode potential; js; is the local current density; S, is the solid relative surface
area; s is the solid phase’s volume fraction; and R is the radius of the electrode particle.

(2) Conservation of charge in the liquid phase: The liquid phase’s charge equation
describes the distribution of the liquid-phase potential and also follows Ohm’s law. Driven
by the concentration difference between the two ends of the electrode, the charge diffuses
and transfers in the form of ions, which moves in accordance with Ohm’s law. Therefore,
the conservation of the charge in the liquid phase is shown in Equation (4):

ff
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where 07 is the liquid-phase conductivity; 0,’* is the effective liquid-phase conductivity;
F is Faraday’s constant; R is the gas constant; f is the molar activity coefficient; ¢ is the
migration number; ¢; is the volume fraction in the liquid phase; and c; is the concentration
of lithium ions in the liquid phase.

(3) Conservation of mass in the solid phase: Because it is assumed that the diffusion
process of lithium ions in the electrode particles occurs in spherical coordinates, only the
radial direction of the spherical particles experiences diffusion and follows Fick’s second
law. The mass conservation of lithium ions in the solid phase can be expressed in spherical
coordinates as shown in Equation (6):

des — 1a<DerBCS> (6)
ot r2or or
In the formula, ¢, represents the concentration of lithium ions in the electrode particles;
r is the radius of the electrode particles; and D; is the solid-phase diffusion coefficient.
(4) Liquid-phase mass conservation: The diffusion of lithium ions in the electrolyte, the
flow of ions caused by electrochemical migration, and the electrochemical reactions on the
surface of the active material all contribute to changes in the lithium concentration in the

liquid phase of the electrode and separator. The law of mass conservation for liquid-phase
lithium ions is illustrated in Equation (7):

P d 9 Saj
(Eaztcl) == (Dleffacxl) i %(1 —ty) )
Dl = "D, ®)

In the formula, D is the liquid-phase diffusion coefficient and Dlef / is the corrected
effective liquid-phase diffusion coefficient

(5) Solid-liquid-phase electrochemical reaction rate equation: The local current density
is defined according to the Butler-Volmer equation, where the current density at the
equilibrium of the positive and negative reaction rates of the electrode is defined as the
exchange current density. Overpotential 7 is expressed as the potential difference of the
electrode when it deviates from the equilibrium potential.

. . w,F aF
Jsum = Sa]O(eXP<RaT77) - eXP<—RCT77)) )
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In the formula, jj is the current density; k is the reaction rate constant; a, and «, are
the cathode/anode transfer coefficients; R, is the membrane resistance; and Uj ., is the
equilibrium potential.

2.2. Thermal Model

According to research experience, the temperature distribution of lithium-ion batteries
is usually determined by changes in the internal heat flux of the battery, including the
heat generated internally and its conduction to the external environment. Therefore, when
defining a three-dimensional temperature distribution model for batteries, the following
three main processes are usually involved [32]:

(1) The heat generation process within the battery;
(2) The process of heat conduction from the inside of the battery to the outer surface;
(8) The process of heat dissipation from the battery surface to the surrounding environment.

A. Reaction heat: since the electrochemical reaction is reversible, the reaction heat is
also reversible heat, represented by Equation (12):

. aueq
Grea = Jsum T —=— (12)

oT
B. Polarization heat: polarization heat is defined as the heat energy required to break
this equilibrium, which is irreversible heat and can be expressed by Equation (13):

Jact = Jsum?] (13)

C. Ohmic heat: During the battery cycling process, lithium ions inside the battery
undergo electrochemical reactions during migration and diffusion, and inevitably rub
against other material particles. At that time, energy is released in the form of heat, defined
as Ohmic heat. Like polarization heat, it is irreversible heat, which can be expressed by
Equation (14):

2RToH (1 L alnf

Qo = 057 V- Vips + Vipr- (o7 V) + = e

) (ty —1)V(In¢;) (14)

(1) Thermal conductivity of lithium-ion batteries: The thermal conductivity of lithium-
ion batteries exhibits anisotropy because battery cells are assembled from multiple different
components. According to Fourier’s law, the heat conduction inside lithium-ion batteries
can be described according to Equation (15):

ge = —V(xVT) (15)

(2) Lithium-ion batteries undergo heat exchange when in contact with the environ-
ment. When lithium-ion batteries come into contact with other media, they transfer heat
through two pathways: thermal convection and thermal radiation, driven by temperature
differences. Convective heat transfer is calculated using Equation (16):

da = h(T - Tumb) (16)

(3) The energy conservation equation is:

aT
Pcpg —AVAT = Grea + Gact + Johm (17)
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2.3. Electrochemical-Thermal Coupling Model

Research on lithium batteries must thoroughly account for the intertwined effects of
electrochemical and thermal parameters. The P2D model is commonly used to simulate
the electrochemical reactions inside batteries and the migration process of lithium ions. By
importing the parameters of the P2D model into simulation software, the heat generation
of the battery is obtained. The battery heat generation rate is used as the input of the
heat transfer model, and the calculation is performed in the thermal model. The output
is the average temperature of the battery during the electrochemical reaction. Then, the
calculated average temperature is fed back to the electrochemical model, and temperature
sensitive parameters such as solid-liquid-phase diffusion coefficient and solid-liquid-phase
conductivity are continuously corrected in the electrochemical model [33], so as to more
comprehensively and accurately describe the migration dynamics of lithium ions and
electrons inside the battery and to deeply explore the electrochemical thermal behavior of
lithium ions. The coupling of the electrochemical model and the thermal model is shown
in Figure 1.

avg(q)

Electrochemical model I l Thermal model

avg(T)

-Electrode +Electrode

Cu foil separator Al foil

Figure 1. Electrochemical-thermal model coupling.

2.4. Modeling Parameters

(1) We used COMSOL simulation software for the simulation calculations. The param-
eters in the electrochemical model control equation mainly included the solid-liquid-phase
diffusion coefficient, lithium-ion migration number, conductivity, positive and negative
electrode thickness, positive and negative electrode particle radius, maximum positive
and negative electrode lithium-ion concentration, and average charge discharge current
density [34]. The specific modeling parameters for the electrochemical thermal coupling
model are listed in Table 1.

This study used the Arrhenius equation to describe temperature-related parameters
in the electrochemical model, which was beneficial for improving the electrochemical
thermal coupling model of batteries and enhancing its accuracy. The specific expression
was as follows:

The expression for the solid-phase diffusion coefficient of the negative electrode was:

68025.7*( 1 7%)

Ds = 1.4523 x 107 13¢ ¥ " Tres (18)

The expression for the liquid-phase diffusion coefficient was:

D, =1x10*x 10443+ (54.0/ (T, ~229.0-0.05¢.))~2.2x10~*c, (19)
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The expression for liquid-phase conductivity was:
o= 1x 10—4c2(—10.5 +0.074T,f — 6.69 X 1075T,,>
+6.68 x 10 4, — 1.78 X 10 9¢, Tyo + 2.8 x 10~ 8¢, Ty 2 (20)

+4.94 x 10 7c2 — 8.86 x 107102 T, ¢)?

The open-circuit voltage and entropy coefficient of the positive and negative electrodes

are shown in Figure 2.

Table 1. Partial parameters of the electrochemical model.

Parameters Parameter Name Unit Cathode Separator Anode
L Length pum 65 10 55
Tp Radius pm 5 35

Cs,max Maximum lithium-ion concentration mol/m? 25,000 37,420
D; Diffusion coefficient of lithium in solid phase m?/s Equation (18) 3x10°13
De Diffusion coefficient of lithium in electrolyte m2/s Equation (19) Equation (19) Equation (19)
£ Volume fraction of solid phase 1 0.62 0.43
€e Volume fraction of electrolyte 1 0.26 0.54 0.332
O Electrical conductivity of solid phase s/m 100 10
Oe Electrical conductivity of electrolyte s/m Equation (20) Equation (20) Equation (20)

oa/ X Charge transfer coefficients 1 0.5 0.5
Ce Lithium concentration in electrolyte phase mol/m? 1200 1200 1200
ko Reaction rate constant m/s 1x 10712 1x10712
SOCmax Maximum state of charge 1 0.975 0.98
SOCmin Minimum state of charge 1 0 0
ty Lithium transference number in electrolyte 1 0.363
F Faraday’s constant C/mol 96,485
Tret Reference temperature K 293.15
(a) (b)
4.4 9
1.0 !
" 4.24 L8
] ..l
0.8 | "y
| 4.0 -'H_.
0.6 L 3.8 ..."'-.
g ! g L S R .
- 0.4 L] e L]
[ 344 [ ]
0.24 -, . [ ]
e, 3.2 -
0.0 [ ]
T T T T T T 3.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
soc Soc
(c) (d)
0.317
- 0.2 -
0.2 n? e =
=t 0.1 '- ) L
0.1 "o 0.0 ..- . 3 g
%0.0- -l %—0.]- .'... =
- n -0.24 L]
-0.14 " S EEEEEEn [}
L .-l-.'. -0.3 4 "
0.2 pr
T T T T T T T T T -0.4 T T T T T T T 1
-0.1 0.0 01 0.2 03 04 05 0.6 07 08 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Soc S0c

Figure 2. Positive and negative open-circuit voltage and entropy coefficient interpolation function:

(a) negative open-circuit voltage; (b) positive open-circuit voltage; (c) negative entropy coefficient;
(d) positive electrode entropy coefficient.
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(2) We established the geometry of the soft-pack battery in COMSOL Multiphysics
6.0 and obtained the geometric parameters and material properties of the battery based on
the literature. The schematic diagram of the thermal model is shown in Figure 3, and the
specific parameter values can be seen in Table 2.

(b)

Figure 3. Schematic diagram of lithium-ion battery structure: (a) actual appearance of the battery;
(b) Geometric dimensions of three-dimensional thermal models; (c) 3D thermal model grid diagram.

Table 2. Partial parameters of thermal model.

Parameters Parameter Name Unit Values
W-cell Cell width mm 142
H-cell Cell height mm 73
L-cell Cell thickness mm 12
W-tab Tab width mm 30
H-tab Tab height mm 30
L-tab Tab thickness mm 1

P Cell density Kg/m3 2560
Cp Heat capacity J/kg-K 975
Ax Lengthwise thermal conductivity W/m-K 27.6
/\y Thicknesswise thermal conductivity W/m-K 1.12
Az Heightwise thermal conductivity W/m-K 27.6

T-amb Ambient temperature K 298.15
h Convective heat transfer coefficient W/m?2-K 15

2.5. Simulation Software

At present, the simulation methods for lithium-ion batteries mainly include finite vol-
ume method [35,36] and finite element method [37,38]. The finite element method is mainly
used to solve partial differential equations and integrals. Its advantage lies in converting
complex practical situations into finite element models and using numerical methods for
solving calculations. Commonly used simulation software include Ansys (2024 R2) and
COMSOL Multiphysics. Due to the significant advantages of COMSOL in conducting
multiphysics field-coupling calculations, this study used COMSOL Multiphysics 6.0 to
simulate batteries.

3. Results and Discussion

The prediction of battery terminal voltage is affected by the effect of the solid diffu-
sion coefficient on particle-surface lithium-ion concentration. Many studies have shown
that there is a correlation between solid diffusion coefficient and temperature, and the
Arrhenius function is widely used to describe the effect of temperature on the diffusion
coefficient [39,40]. This section proposes the concept of VSSD and establishes an electro-
chemical thermal coupling model for lithium-ion batteries based on the VSSD to improve
the accuracy of model fitting. At the same time, based on model analysis, the internal
electrochemical and thermal characteristics of the battery are studied.
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3.1. Electrochemical-Thermal Coupling Model Based on VSSD Concept
3.1.1. Variable Solid-State Diffusion Coefficient Concept (VSSD)

Experimental results have shown that introducing the concept of Variable Solid-State
Diffusion Coefficient (VSSD) can effectively improve the accuracy of terminal voltage
prediction [41]. This article proposes the concept of VSSD, where a function of temperature
and concentration of lithium ions is constructed to describe the solid diffusion coefficient
of lithium ions in negative particles:

Eap,,., 1 1

R (298.15 B T” 1)

Ds,neg (Cslneg/ T) = Ds,neg,O (Cs,neg) * exp(

where Dg neg is a function of lithium-ion concentration and the solid diffusion coefficient of
lithium ion in the negative particle; Eap, . is the solid-state diffusion activation energy of
lithium ion in the negative particle.

Ds neg0 = A1 xsin (Cs,neg * Ky + Ds,neg,avg,l) + Az
% 511 (Cs neg * K2 + Dy negavg2) +--- + An (22)
* Sin (Cs,neg * Ky + Ds,neg,avg,n)

Among them, Ds neg avg is the mean diffusion coefficient, kj, is the concentration correc-
tion factor, and A, is the fitting coefficient. According to the MATLAB sine approximation
method, when the values of n were taken as four, five, and six, the parameter values of the
fitting formula were as shown in Table 3:

Table 3. Numerical parameters of the fitting formula.

n A K Ds,neg,avg
1.04 x 10712, 1.341 x 107%; —0.126;

4 3.88 x 10713; 2.682 x 107%; 1.23;
1.3 x 10713; 5.364 x 1074; 2.151;
9.943 x 1014 8.045 x 10~* —1.228
1.05 x 10~12; 1.341 x 107%; —0.05308;
3.87 x 10713, 2.682 x 107%; 1.392;

5 1.39 x 10~ 13; 5364 x 1074; 2.148;
7.49 x 10714, 8.045 x 10~ 4; —1.216;
897 x 10714 1.073 x 1073 1.231
1.95 x 10~13; 1.331 x 107%; —0.06272;
1.07 x 10713; 5324 x 107%; 2.117;

6 7.81 x 10714, 7.986 x 1074; —1.387;
3.74 x 10714, 1.597 x 1073; 0.8523;
2.62 x 10714, 1.863 x 10~3; —1.963;
481 x 10714; 1.331 x 1073 —1.904

Based on the measured diffusion coefficient curve with lithium-ion concentration
in reference [42], the sine approximation fitting method of MATLAB was used to fit the
originally constant diffusion coefficient reference value Dg neg 0 into a function of Li* con-
centration; simultaneously, combined with the Arrhenius formula, the solid-state diffusion
coefficient of the negative electrode was finally derived as a function of the lithium-ion
concentration and temperature, in order to improve the accuracy of the P2D model and the
electrochemical-thermal coupling model. The variation in the reference diffusion coeffi-
cient with lithium-ion concentration is shown in Figure 4, and the fitting diagram using
MATLAB with different terms of sine approximation is shown in Figure 5.
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Figure 4. Schematic diagram of the variation in the reference diffusion coefficient with the lithium-ion
concentration.
" 10-13

. yvs.X
untitled fit 1

* yvs. X
untitled fit 1

Figure 5. Fitted plots of diffusion coefficients with different numbers of terms as a function of the
concentration: (a) four terms; (b) five items; (c) six items.
3.1.2. Sine Approximation’s Fitting Results with Different Number of Terms

In order to determine the final formula for the variable solid-state diffusion coefficient,
the sine approximation formulas for four, five, and six terms were substituted into the
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Figure 7.

electrochemical thermal coupling model for the simulation calculation. At the same time,
combined with experimental data in the literature, the formula for the variable solid-state
diffusion coefficient was determined based on the fitting between simulation data and
experimental data. Figures 6-8 show the response curves of the battery discharge voltage
fitted by the model and experiment at different discharge rates and ambient temperatures
when the number of sine function terms was four, five, and six, respectively. As shown
in Figures 6 and 7, when the sine function had four or five terms, the fitting effect was
significantly poorer and deviated greatly from the measured data, which could not accu-
rately reflect the internal electrochemical characteristics of the battery. When the number of

sine terms was six, the simulation model fitted well with the measured data. Therefore, by

comparing the discharge voltage response curves under different sine function terms, it
can be seen that the accuracy of the sine approximation formula for the six sine functions

was relatively high. The reason may be that the sine approximation of higher terms could
better reduce the absolute error.
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Figure 6. Four-sine formula discharge-voltage fitting curve: (a) 283 K; (b) 293 K; (c) 303 K.
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Figure 8. Six-sine formula discharge-voltage fitting curve: (a) 283 K; (b) 293 K; (c) 303 K.

3.2. Verification of Electrochemical-Thermal Coupling Model Based on VSSD Concept
3.2.1. Verification of Electrochemical Model

To compare the fitting ability of electrochemical models without the VSSD concept and
those with the VSSD concept with experimental data under different ambient temperatures,
the electrochemical parameters were fitted with the test data of constant discharge at
different discharge rates. The average temperature of the lithium-ion battery was calculated
from the actual measured temperature and used to calculate the values of the temperature-
related electrochemical parameters in the electrochemical model.

Figure 9a—c show the fit of the terminal voltage’s response curve of the P2D model
without the VSSD concept at 283, 293, and 303 K, respectively. As shown in Figure 9a, when
the temperature was 283 K and the discharge rate was 0.2 C and 2 C, the fitting results of
the terminal voltage response were significantly different from the measured data before
and during the discharge period, and the fitting RMSE was 26 and 14 mV. At Figure 9b, it
can be seen that the fitting results of the terminal voltage response at different discharge
rates at 293 K were in good agreement with the measured data. The root-mean-square
values of the discharge fitting at 0.5 C, 1 C, and 2 C were 15, 16, and 12 mV, respectively.
From Figure 9c, it can be seen that at 303 K, the voltage response of the fitted terminal was
in good agreement with the measured data during 1 C and 2 C discharges, while at the
end of 2 C discharge, the voltage response of the fitted terminal deviated significantly from
the measured data. For discharges at 0.5 C, 1 C, and 2 C, the fitted effective values were
32,12, and 5 mV, respectively. These relatively large root-mean-square fits indicated that
traditional P2D models could not accurately capture the electrodynamics over a relatively
wide operating range. Furthermore, by comparing Figure 9a,c, we can easily observe that
at the end of discharge at 0.2 C, the terminal voltage measured at 303 K dropped much
faster than at 283 K. Since the OCV curve tends to decline rapidly in low SOC regions,
traditional uncorrected P2D models may lack reasonable adjustment capabilities to offset
this rapid decline in the OCV curve, and therefore cannot reflect the relatively slow decline
trend at lower temperatures. Therefore, the concept of the VSSD was proposed in the
electrochemical model, and the solid-state diffusion coefficient was described as a function
of lithium-ion concentration and temperature.
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Figure 9. The fitting results of the discharge voltage curve of the P2D model without the VSSD
concept under different working conditions: (a) 283 K; (b) 293 K; (c) 303 K.

Figure 10a—c show the discharge voltage’s fitting curves of the electrochemical model
using the VSSD concept at 283, 293, and 303 K, respectively. Compared with Figure 9a, the
fitting performance of the terminal voltage near the end of the 0.2 C discharge in Figure 10a

was significantly improved, and the
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Figure 10. The fitting results of the discharge voltage curve of the electrochemical model based on

the concept of VSSD under different working conditions: (a) 283 K; (b) 293 K; (c) 303 K.

As can be seen in Figure 10b,c, under a relatively high ambient temperature, the
final discharge voltage curves with different discharge rates fitted the measured data well.
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These fitting results demonstrate the necessity of introducing the concept of VSSD into
electrochemical models. This may be because the VSSD concept, including the effect of
the lithium-ion concentration on solid-state diffusion, can provide greater polarizability
adjustment from the perspective of increased degrees of freedom.

3.2.2. Verification of Electrochemical-Thermal Coupling Model

In the case where the P2D model based on the VSSD concept had good fitting accuracy,
the VSSD was introduced into a more complex electrochemical-thermal coupling model.
Figure 11 shows the discharge voltage curve fitting results of the electrochemical-thermal
coupling model based on the concept of VSSD under different working conditions. From
Figure 11a—c, it can be seen that due to the influence of thermal parameters in the battery
thermal model, there was a certain deviation in the fitting of the model at the end of
discharge under high-temperature and low-discharge-rate conditions. However, the fitting
of other terminal voltage curves was basically in good agreement with the measured data.
Table 4 presents the root-mean-square error of the temperature fitting under different
operating conditions. At different ambient temperatures, the average fitted RMSEs of
discharge rates at 0.2 C,0.5C, 1 C, and 2 C were 0.73, 0.51, 0.29, and 0.58 K, respectively,
indicating good fitting results. In summary, these excellent discharge voltage curve fitting
performance values show that the electrochemical-thermal coupling model based on the
VSSD concept can simulate the internal electrodynamics and thermal dynamics of lithium-
ion batteries over a wide operating range and the thermodynamics of large lithium-ion

batteries over a wide operating range and can be further used for the optimization design
and aging behavior research of lithium-ion batteries.
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Figure 11. The discharge voltage curve fitting results of the electrochemical-thermal coupling model
based on the concept of VSSD under the following working conditions: (a) 283 K; (b) 293 K; (c) 303 K.

Table 4. The fitted RMSEs of voltage curve under different working conditions.

Temperature 0.2 C Rate 0.5 C Rate 1 C Rate 2 C Rate
283 K 0.72 0.45 0.28 0.63
293K 0.79 0.57 0.34 0.54
303 K 0.68 0.50 0.26 0.58

Average 0.73 0.51 0.29 0.58
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3.3. Battery Performance at Different Electrode Thicknesses

From a macro perspective, since the capacity and quality of the battery are greatly
affected by the thickness of the battery, the energy density and power density of the battery
are also affected by the thickness of the battery. On a microscopic level, the thickness of the
electrode affects the length of the diffusion path of lithium ions Li+, thereby affecting the
mass transfer process and polarization.

Figure 12 shows the effect of the electrode thickness on electrolyte concentration at
four different positive thicknesses (45 mm, 55 mm, 65 mm, and 75 mm). The electrolyte
concentration of the negative electrode increased with the increase in electrode thickness,
while the electrolyte concentration gradient increased with the decrease in positive electrode
thickness, which was due to the increase in liquid-phase diffusion polarization due to the
extension of the liquid-phase diffusion path. Along with electrochemical characteristics
and heat production rate, the temperature distribution is also a key criterion for evaluating
battery performance. Based on experience, it was predicted that the temperature at the
end of the discharge would be higher and the temperature difference larger. Therefore,
the temperature distribution at the end of discharge is shown in Figures 13 and 14, and
the temperature difference under different electrode thicknesses is shown in different
colors, with a unified temperature legend. From Figure 13, it can be seen that the battery
temperature increased with the increase in electrode thickness, with the highest temperature
increasing from 303.16 K to 307.36 K, an increase of 4.2 K. This is because at the same
discharge rate, polarization and discharge current density increased with the increase in
electrode thickness.
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—
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©
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Figure 12. Electrolyte concentration in the direction of the electrode thickness at the end of discharge
with different positive electrode thicknesses.
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Figure 13. Temperature variation at a 1 C discharge rate at different electrode thicknesses.
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Figure 14. Temperature distribution of the battery at the end of discharge with different electrode
thicknesses: (a) 45 mm, (b) 55 mm, (c) 65 mm, (d) 75 mm.

3.4. The Influence of Active-Substance Volume Fraction on Battery Performance

In addition to the thickness of lithium-ion battery electrodes, another important de-
sign parameter for battery electrodes is the volume fraction of active material. The active
substances in lithium-ion batteries are closely related to their internal electrochemical
reactions. This study investigated the effect of the active-substance volume fraction on bat-
tery performance by calculating the changes in battery-related parameters under different
active-substance volume fractions. This article changed the volume fraction of positive
electrode’s active material epos to four values (0.55, 0.6, 0.65, and 0.7) while keeping the
volume fraction of negative electrode’s active material unchanged, and then analyzed
the electrochemical characteristics and thermal behavior. Figures 15 and 16, respectively,
depict the changes in electrolyte concentration and temperature at the end of discharge
for batteries with different volume fractions of positive electrode materials. Similar to
the results in Figures 12 and 14, the change in electrolyte concentration was positively
correlated with the active material’s volume fraction. This may be due to the increase in
the volume fraction of the active material, the increase in battery polarization and internal
resistance, especially the increase in the volume fraction of the active substance, which
leads to more lithium ions being embedded into the active particle, resulting in an increase
in capacity, internal resistance, and polarization, and ultimately leading to an increase in
the electrochemical performance gradient and heat generation rate.
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Figure 15. Electrolyte concentrations along the electrode thickness direction under different volume
fractions of positive electrode material.
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Figure 16. Temperature distribution of the battery at the end of discharge under different volume
fractions of positive electrode material: (a) 0.55; (b) 0.6; (c) 0.65; (d) 0.7.

4. Conclusions

In this study, based on the concept of VSSD, a calculation formula for the reference
diffusion coefficient as a function of concentration was proposed using the sine approxima-
tion method. Combining it with the Arrhenius formula, the diffusion coefficient of lithium
batteries was constructed as a function of battery temperature and lithium-ion concentra-
tion. Based on the proposed diffusion coefficient function, an electrochemical-thermal
coupling model was established. At the same time, the internal electrochemical and thermal
characteristics of the battery were analyzed and studied under the electrochemical-thermal
coupling model based on the VSSD. The main results were as follows:



World Electr. Veh. ]. 2024, 15, 416 18 of 20

(1) The discharge voltage’s response curves with and without the VSSD concept were
fitted and compared under different operating conditions of 283/293/303 K and
0.5C/1C/1.5C/2C, verifying the effectiveness of the proposed function. Mean-
while, by comparing the discharge voltage response curves of the diffusion coefficient
function composed of four, five, and six sine functions, it was determined that the
diffusion coefficient function composed of six sine functions had the best fitting effect.

(2) The effect of electrode thickness on battery performance was as follows: with the
increase in parameters, the battery capacity increased, resulting in the increase in
discharge current, which greatly promoted the polarization of the battery, especially
the liquid-phase expansion. Finally, the heat production rate and temperature gradient
of the battery were improved.

(3) The increase in the volume fraction of the active material led to an increase in the
polarization and internal resistance of the battery, especially because with the increase
in the volume fraction of the active material, more lithium ions were embedded in the
active particles, which ultimately led to an increase in the electrochemical performance
and heat generation rate.

The excellent terminal voltage fitting performance indicated that the VSSD modeling
method composed of six sine functions could effectively capture complex electrodynamics
and thermodynamics. This model can be used for online management of batteries, such as
estimating charging status and internal temperature, and further constructing a lithium
battery electrochemical capacity degradation model based on the VSSD concept to study
the capacity degradation behavior of lithium batteries.
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