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A B S T R A C T

As the application of lithium-ion batteries (LIBs) expands beyond conventional electric vehicles (EVs) to heavy 
vehicles such as electric trucks or trams, the importance of thermal management in LIB systems is increasing, 
even at the module or pack level. In particular, because monitoring the thermal behaviors of each cell is not 
feasible, thermo-electrochemical modeling and simulations in the module or pack level are essential for 
analyzing and ensuring thermal stability. However, because the conventional lumped thermo-electrochemical 
models cannot reflect the actual structure of LIB cells, there might be considerable differences may exist be
tween simulation and experimental results. To fill these gaps, we have newly developed a 3D microstructure- 
based digital twin model of a battery module (8.8 Ah/18.5 V, five LIB pouch cells in series) for an unmanned 
railway vehicle. Unlike traditional lumped models, our digital twin model accurately well reflects the internal 
structure of cells and can calculate the heat generation of each component inside a cell. As a result, contrary to a 
lumped model, the digital twin model can not only simulate the inhomogeneous temperature gradient inside a 
cell, but also estimates higher local maximum temperatures (TDT, max/TL, max = 137.2 ◦C/123.9 ◦C @ 10C 
discharge) in cells which can trigger thermal runaway. Therefore, microstructure-based digital twin modeling 
can alleviate concerns regarding the thermal runaway of LIB cells, modules, and packs, and provide safe oper
ating conditions.

1. Introduction

Owing to the high energy density and affordable cost of lithium-ion 
batteries (LIBs), their usage has expanded to heavy transportation sys
tems such as electric buses and trucks [1]. Moreover, considerable ef
forts have been made to utilize LIBs in railway transportation such as 
trams and light railway vehicles [2,3]. However, as both the energy 
density and capacity of LIB cells have increased, their thermal behavior 
has attracted increasing attention for long-term fire- or explosion-free 
operations [4,5]. In particular, when multiple cells are loaded in series 
or parallel at the module or pack level, thermal management becomes 
more difficult and even challenging depending on the number of LIB 

cells. Hence, we must address the risk of thermal propagation of one 
abnormal cell towards neighboring normal cells [6–8]. In this regard, 
the overall temperatures above the module level are monitored using 
limited thermocouples and controlled by cooling or heating systems 
under battery management systems [9–12]. However, with limited 
thermocouples that measure only the surface temperatures of certain 
cells, the local maximum temperatures, which trigger the thermal 
runaway (TR) of a cell, cannot be accurately estimated or properly 
controlled under safe operating conditions through appropriate 
management.

To solve this practical problem, many previous studies have already 
used simple battery models and simulations to monitor and predict the 
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thermal behavior across an entire LIB cell, module, or pack systems 
[13–19], equivalent circuit models [20–25], and physics-based elec
trochemical models [26–32]. However, to shorten the calculation time 
using minimal memory resources, most of these models have been 
coupled with thermal models in a lumped structure, which cannot 
reflect the actual internal structure of LIB cells. However, conventional 
lumped models have shown limitations in predicting maximum tem
peratures within a cell, especially under harsh operating conditions such 
as high operating temperatures [33–35]. Extreme conditions (e.g., high 
charge/discharge rates and extremely high external temperatures) can 
cause extreme thermal behavior owing to the internal design of a sys
tem; therefore, a more precise simulation method is required. For this 
reason, the inner structures of LIB cells have been more carefully built to 
simulate thermal behaviors more reliably [36–40]. 
Microstructure-based models can not only accurately predict maximum 
temperatures inside a cell, which can result in the TR of the cell caused 
by an internal short-circuit (ISC) [29,41,42], but can also investigate the 
effect of cell design parameters (e.g., electrode thickness, current col
lector thickness, lead tab size, thickness, and locations) on the thermal 
behavior of a cell. Furthermore, as the cell design becomes more severe, 
microstructure-based models have been extensively developed despite 
their increased memory resources and longer computation times, which 
have limited their applications at the single-cell level. However, because 
LIB modules/packs with multiple cells are used in various applications, 
it is essential to expand this microstructure-based cell model into 
modules or packs to reflect the additional heating caused by neighboring 
cells and module/pack structures.

For this purpose, we built a microstructure-based digital twin model 
that reflects the detailed structure inside cells at both cell and module 
levels. We then coupled three types of computational physics (electro
chemistry in P2D, current distribution in 3D, and thermal behavior in 
3D), which together provided feedback in real-time [43,44]. In addition, 
to achieve high reliability in our model, we disassembled 8.8 Ah pouch 
LIB cells to maintain the internal structural design and electrochemical 
parameters [30,45]. Besides the simulation, we designed, fabricated, 
and evaluated an 18.5 V/8.8 Ah module using five pouch cells in series, 
which was developed as a power source for unmanned railway vehicles 
especially for fire accidents in tunnels or undergrounds. Both experi
ments and simulations were conducted at room temperature (25 ◦C) 
under various discharge rates (0.1, 0.5, 1, 3, and 5C) for their electro
chemical and thermal behaviors. Moreover, to compare and emphasize 
the necessity of our digital twin model, we additionally built a con
ventional lumped model at the module scale, where the cell structure 
was reflected only as a box. Finally, from a practical perspective, we 
simulated electrochemical and thermal behavior by applying two types 
of railway current patterns (Mikuni and Katsuyama patterns) to the 
module.

2. Experimental section

2.1. Thermo-electrochemical evaluation of cell and module

We utilized 8.8 Ah pouch-type commercial cells using LiNi0.4

Co0.3Mn0.3O2 (NCM) and graphite as active materials (Fig. S1). These 
cells were used to fabricate a power source module for an unmanned 
railway vehicle (Fig. S2). Because this vehicle was designed to operate in 
unelectrified and fire situations in tunnels or underground, the module 
case was composed of polyetheretherketone (PEEK), which has high 
thermal stability and strong mechanical strength over a wide tempera
ture range. To satisfy the requirements such as power and operating 
time, five cells were connected in series (nominal capacity/voltage: 8.8 
Ah/18.5 V). To evaluate both electrochemical and thermal behaviors 
simultaneously, a cycler of 300 A/5 V (PEBC05-300, PNE) was used for 
the unit cell, and another cycler of 60 A/48 V (BNT60-048-5 ME, 
Digatron) was used for the module (Fig. S3). Both the cell and module 
were charged using these cyclers in CC/CV mode at 0.5C (cut-off 

condition: 0.05C; 0.44 A), while discharging was performed in CC mode 
at each C-rate (cut-off condition: 3.0 V). For the module test, which 
involved a much higher current flow than the unit cell, thick cables were 
used, and the tabs and jigs were welded to reduce the IR drop. Ther
mocouples were attached to the cell (one point at the front surface) and 
the module (three points: top, side, and bottom) to measure the tem
perature changes under different discharge rates (0.1, 0.5, 1, 3, and 5C) 
at a constant room temperature of 25 ◦C. The accuracy of the simulation 
compared to the experiment was calculated using Root Mean Square 
Error (RMSE) as shown in the following equation (1): 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

i=1

(Simulation − Experiment)2

N

√
√
√
√ (1) 

where N is the number of data. Finally, two railway driving patterns 
were applied to the module in the commercial perspective. The LIBs in 
the railcar from previous literature was replaced by the module devel
oped in this study, the discharge current applied to the module was 
converted based on the same C-rate [40].

2.2. Thermal behavior evaluation

Differential scanning calorimetry (DSC; Discovery DSC, TA In
struments) was used to determine the melting temperature of the 
separator. After cell disassembly, the separators were dried in a vacuum 
oven at 50 ◦C for 12 h to prepare the samples. The DSC measurement 
temperature range was 25–150 ◦C, with a heating rate of 5 ◦C min− 1 

under flowing N2 gas. An accelerating rate calorimetry (ARC, Fig. S4) 
experiment was conducted using extended volume–ARC (EV–ARC; EV+
Accelerating Rate Calorimeter, Thermal Hazard Technology) to deter
mine the critical temperature required to reach the self-heating stage 
(SHS). Before the critical temperature, the ARC caused a step-wise in
crease in the temperature of the chamber by 5 ◦C, which was maintained 
for 1 h, after which until the temperature sensitivity rate exceeded 
0.02 ◦C min− 1, this operation mode is known as heat-wait-seek (HWS). 
Beyond the SHS, as the cell temperature rises continuously, it eventually 
reaches the ignition point, leading to TR stage (TRS). The maximum 
temperature and voltage were also measured during this process.

2.3. Parameter mining and numerical method

To build a reliable model, structural and electrochemical parameters 
were chosen by disassembling the commercial pouch cell in a dry room 
(dew point under − 60 ◦C, Fig. S5). The internal structural parameters (e. 
g., length, width, and thickness) were directly measured, and a 2032 
half-cell with a cathode or anode was fabricated to determine the elec
trochemical parameters (Fig. S6). In more detail, the cathode and anode 
sheets were immediately washed using dimethyl carbonate (DMC) after 
disassembly and then dried in a vacuum oven at 60 ◦C for 12 h. As the 
electrodes were double side coated, one side was removed using N- 
methyl-2-pyrrolidone (NMP) for the cathode, and H2O for the anode. 
The electrodes were punched into circles with a 12 mm diameter, while 
the counter lithium metal had a 16 mm diameter (thickness = 200 μm). 
Additionally, a polyethylene (PE) separator (diameter = 18 μm, 
T20BHE, Tonen, Japan) and 100 μL of electrolyte (1.15M LiPF6 in EC/ 
EMC (3/7, v/v), Enchem, Korea)) were used. The voltage range of the 
cathode half-cell was 3.0–4.3 V vs. Li/Li+, and that of the anode was 
0.005–1.5 V vs. Li/Li+. Using these half-cells, equilibrium potentials 
were measured at a 0.01C (Figs. S6b and c), and the diffusion coefficient 
and exchange current density were measured using the galvanostatic 
intermittent titration technique method. Based on these parameters, our 
microstructure-based digital twin model was built using COMSOL 
Multiphysics 6.2 (COMSOL Inc., USA), coupled with P2D electro
chemical, 3D thermal, and 3D current distribution physics (Table S2). 
The simulations were performed using an AMD Ryzen Threadripper PRO 
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5995WX central processing unit with 1 TB of memory. The thermal 
behavior was also calculated as following energy conversion equation 
(2): 

mCp
dT
dt

=Qgen − Qconv =Qgen − hA(T − TA) (2) 

Where m is mass, Cp is the heat capacity, T is the temperature of the cell, 
h is the heat transfer coefficient, A is total surface area of heat dissipa
tion, and TA is external ambient temperature. The accumulated heat 
inside the cell can be expressed by the difference between the heat 
generation (Qgen) and heat dissipation by convection (Qconv). However, 
the total heat generation in this model consisted of reversible (entropic 
change) and irreversible (joule heating) terms, based on the thermo
dynamic energy balance [46]. In this model, the heat generation was 
calculated from P2D electrochemical, and 3D current distribution 
physics which were simultaneously coupled with the 3D thermal model 
in a time-dependent simulation (Table S3). The heat source can be 
demonstrated simply as follows Equation (3): 

Qgen = I(UOCP − V)+ IT
dUOCP

dT
= I2R + IT

dUOCP

dT
(3) 

where q is the heating rate, I is the current, R is the resistance, V is 
operating voltage and UOCP is the open-circuit potential of the battery. 
The heat sources from t were calculated depending on the discharge 
capacity (Fig. S7). Symbols and governing equations are listed in 
Tables S1 and S2. To simulate the heat flux physics more accurately, 
heat dissipation from the surface of the cell and module was calculated 
using natural convection physics (conditions similar to the experimental 
setup inside the chamber), with the heat transfer coefficient (HTC) 
adjusted by comparing the experimental results at a 0.1C discharge rate 
(h = 10–15 W m⁻2 K⁻1).

3. Results and discussion

For a systematic investigation of thermal analysis through 
microstructure-based digital twin modeling, we validated the electro
chemical and thermal behaviors before expanding the simulation of the 
module level. Since cell surface temperatures can be measured directly 
using thermocouples (Fig. 1a), an evaluation at the cell level was 
required to validate the thermal behaviors. The model incorporated 
internal structures including tabs, separators, and electrodes, which 
enabled the simulation of the heat generation and propagation, based on 
the cell’s internal design (Fig. 1b).

Using this microstructure-based model, we simulated heat genera
tion, transfer, and dissipation in real-time using the finite element 
method (FEM). Heat generation, including entropic heat (electro
chemical reaction heat and reversible heat), was evaluated using P2D 
electrochemical physics, while Joule heat (Ohmic heat, and irreversible 
heat) due to current flow was calculated using 3D current distribution 
physics (Fig. 1c). These heat sources were applied in 3D thermal physics. 
As the temperature of the cell increased due to the presence of these heat 
sources, heat dissipation via natural convection occurred on the surface 
of the cell. The temperature of each domain was fed back into the 
electrochemical and current distribution models, updating the heat 
sources according to the temperature in each domain. The equilibrium 
potential was included in the electrochemical evaluation of the cathode 
and anode half-cells. The diffusion coefficient and exchange current 
density values were also applied as functions of the state of lithiation and 
temperature (Table S4). Heat dissipation from the battery surface was 
calculated using internal natural convection physics, with the HTC 
adjusted based on temperature results from a 1C discharge rate. The 
HTC value was calculated to range from 10 to 15 W m⁻2 K⁻1.

Fig. 2 shows a comparison between the experimental and simulation 
results obtained under various discharge rates (0.1, 0.5, 1, 3, and 5C), 
based on this digital twin model at the cell level. The results of the cell- 

Fig. 1. Overall design of experiment and simulation. (a) Cell image attached with thermocouple inside the chamber. (b) Microstructure-based digital twin structure 
image. (c) Physics and method of simulation: Coupling P2D electrochemical, 3D current distribution, and 3D thermal physics.
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level modeling (Fig. 2a and b) reveal high consistency of maximum 
temperature (RMSE values under 1) between the experimental and 
simulated electrochemical and thermal behaviors, indicating the high 
reliability of our model (Table S5). The 3D temperature distribution of 
the unit cell under different discharge rates shown in Fig. 2c–g and the 
heat source per volume graph was shown in Fig. S7a. As expected, 
higher discharge rates resulted in greater temperature increases and 
showed significant higher heat generation rate per time than lower 
rates. However, notably, the temperature curves under 3C and 5C 
discharge rates show reversed trends. Although the heat generation per 
hour was higher at 5C than 3C, the shorter discharge time at 5C resulted 
in lower total heat generation compared to 3C.

Based on a digital twin model verified at the cell level, we expanded 
our model to the module scale. This module was designed as a power 
source for unmanned railway vehicles (Fig. S2). Since the vehicle was 
designed to operate in fire situations, the module case was composed of 
PEEK, a material known for its high thermal stability and strong me
chanical properties. To achieve the required power for the unmanned 
railway vehicle, five 8.8 Ah cells were connected in series (Fig. 3a and 
b). We built a digital twin model that reflected the internal structure of 
each cell and its connections (Fig. 3c). Similar to previous cell modeling 

methods, the module scale modeling included a P2D electrochemical 
model, 3D current distribution, and 3D thermal physics. However, 
owing to the complexity of the structure and incorporation of various 
physical phenomena, the modeling process became more challenging 
and required remarkably longer computation time than compared to 
conventional lumped models. Nonetheless, this detailed model allows 
for accurate measurement of maximum internal temperature, making it 
suitable for considering melting of the separators and ISCs, which are 
major causes of TR.

Using the microstructure-based digital twin model at the module 
scale, Fig. 4 illustrates the experimental and simulation results through 
voltage and temperature curves. Fig. 4a shows the experimental tem
perature curves of the module during the entire cycling process, dis
playing the temperature changes on the surface of the three different 
regions (top, bottom, and side) of the module. Our simulation results 
match the experimental results with high reliability (Fig. 4b and c, 
Table S6), depicting the 3D surface temperature gradient of the module 
(Fig. 4d–h).

An interesting observation was made from the maximum tempera
ture values at the five different discharge rates (Table 1), as shown in 
Fig. 4a. At discharge rates below 1C, the temperature of the bottom 

Fig. 2. Experimental and simulation results of unit cell. (a) Voltage profiles, and (b) surface temperature profiles. (c–g) 3D temperature images at different discharge 
rates: (c) 0.1C, (d) 0.5C, (e) 1C, (f) 3C, and (g) 5C.

Fig. 3. Module design, fabrication and digital twin structure. (a) Structural drawing of module. (b) Actual module image. (c) Microstructure-based digital twin model 
for simulation.
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region (blue line) was the highest, but above 3C, the top region showed 
the highest temperature. This was because the top case was designed to 
be thinner than the bottom case. It is important to note that the thermal 
conductivity of PEEK is low (0.29 W m− 1 K− 1 @ 25 ◦C), making it 
difficult to dissipate heat quickly through natural convection, leading to 
heat accumulation in the module. Especially under the 5C discharge 
condition, the heat generation rate per hour is more than 10 times 
higher than at 1C, causing a rapid temperature rise. In this sense, at high 
discharge rates of over 3C, the temperature of the thin top region 
increased more quickly at the beginning of discharge. In contrast, at 
discharge rates below 1C, which provided more time for heat 

accumulation, the temperature of the bottom region gets increased. 
Interestingly, at low discharge rates below 1C, the temperature of the 
top region was initially (at the beginning of discharge) higher than that 
of the bottom region. This indicates that the top region’s temperature 
changed quickly due to the thinner PEEK case.

For safety reasons, at discharge rates up to 5C, we conducted only 
thermal simulations, without experiments. Fig. 5 shows the temperature 
distribution of the cross-sectional view under a 10C discharge condition. 
To demonstrate the superiority of our microstructure-based digital twin 
model, we created a conventional lumped model and compared their 
thermal behaviors. In the lumped model, the cell structure was repre
sented as a simple box that does not reflect the internal structure of a 
cell, with only thermo-electrochemical physics coupling. The heat 
source from the P2D electrochemical model was uniformly applied to 
the box-type cells, in units of watts per volume. Besides, the anisotropic 
thermal conductivity of the lumped model was employed for both in- 
plane and through-plane directions [47,48]. To ensure a reasonable 
comparison between the two models, the surface temperatures of the 
module (top region) were set to be the same. As shown in Fig. 5b, the 
lumped model exhibited homogeneous heat conduction and a uniform 

Fig. 4. Experimental and simulation results of module. (a) Experimental results: temperature curves of three different regions during cycling. Experiment and 
simulation comparisons of (b) discharge voltage, and (c) top surface temperature. (d–h) 3D temperature distribution of module surface depending on different 
discharge rates: (d) 0.1C, (e) 0.5C, (f) 1C, (g) 3C, and (h) 5C.

Table 1 
Experimental results: maximum temperature of three different regions 
depending on discharge rates.

Regions 0.1C 0.5C 1C 3C 5C

Top region (black line) 25.9◦C 27.7◦C 30.7◦C 49.4◦C 53.7◦C
Bottom region (blue line) 26.6◦C 30.4◦C 35.0◦C 44.9◦C 42.6◦C
Side region (red line) 25.6◦C 26.7◦C 28.8◦C 37.9◦C 33.4◦C
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temperature distribution inside the cell, with the maximum temperature 
consistently located in the middle of the innermost cell. In contrast, the 
digital twin model showed an inhomogeneous temperature gradient 
depending on the discharge time, because it could correctly calculate the 
internal heat generation by reflecting the internal structure of the cell. 
(Fig. 5a). At the beginning of the discharge process, the highest tem
perature within the module was located near the tabs inside the center 
cell. As the discharge progressed, the temperature distribution inside the 
cell exhibited a trend similar to that of the lumped model. Since the 
maximum temperature inside the module depended only on heat gen
eration; however, over time, the effect of heat dissipation from the 
surface of the module became more significant. At the end of the 
discharge, the difference in maximum temperature between the digital 
twin model and the lumped model was considerable (TDT, max/TL, max =

137.2 ◦C/123.9 ◦C). Unlike the lumped model, which applies the total 
heat generation per cell volume uniformly (from only P2D electro
chemical model), the digital twin model accounts for the heat genera
tion of each internal structure within a cell (from P2D electrochemical 
and 3D current distribution model), although the total heat generation 
of the cells was almost same. This difference was particularly pro
nounced at a high discharge rate of 10C, where the maximum temper
ature differences became more evident. Consequently, creating a 
reliable model without considering the structural influences within a 
cell would be difficult. This omission from the conventional modeling 
method can lead to significant error, particularly at high discharge rates, 
which cause massive heat generation per unit time. Fig. S8 shows the 
thermal stability of the unit cell of our module system, based on the ARC 
and DSC analysis results. In the ARC results, the initial voltage drop 

Fig. 5. Comparison of a digital twin model with a lumped model. Structural image, and temperature gradient of cross-sectional view depending on discharge process: 
(a) Digital twin model, and (b) lumped model.

Fig. 6. Simulation results obtained by applying two types of railway driving patterns. Applied discharge current of (a) Mikuni railway pattern, and (b) Katsuyama 
railway pattern. Voltage and maximum temperature curves of digital twin model and lumped model: (c) Mikuni pattern, and (d) Katsuyama pattern.
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began at 132 ◦C due to separator melting, followed by self-heating until 
TR was reached (Fig. S8a). Similarly, in the DSC results, melting of the 
separator was observed at approximately 120–130 ◦C. Since the con
ventional lumped model cannot predict maximum temperatures above 
120 ◦C inside a module, it is evident that it may fail to accurately predict 
TR, whereas the digital twin model can provide reliable TR predictions 
in advance.

Finally, from a practical perspective, the proposed model was eval
uated by applying two types of railway vehicle driving patterns (Fig. 6). 
The discharge current for each pattern was calculated according to the 
specifications of our module, based on the discharge rate of a single cell 
in the railway vehicle. In the Mikuni pattern, there is one rest period 
around 2000–3000 s, and the discharge current did not fluctuate 
significantly compared to the Katsuyama pattern (Fig. 6a and b). As 
depicted in Fig. 6c and d, the Mikuni pattern showed a low maximum 
temperature difference of 1.3 ◦C (TDT, max/TL, max = 32.4 ◦C/31.1 ◦C), 
while the Katsuyama pattern exhibited a maximum temperature dif
ference of 8.6 ◦C (TDT, max/TL, max = 67.5 ◦C/58.9 ◦C). Therefore, our 
microstructure-based digital twin model provides more accurate pre
dictions of maximum temperature, contributing to prevention of 
reaching dangerous temperature at module level. Furthermore, we 
anticipate that our model will enable more detailed thermal evaluations 
under abnormal or extreme conditions, making it an effective tool for 
preventing TR.

4. Conclusion

We successfully developed a microstructure-based digital twin bat
tery model that reflects the internal structure of a cell, and the param
eters measured from disassembled pouch cells. Our digital twin model 
could adequately simulate both the electrochemical and thermal be
haviors of a battery module (8.8 Ah/18.5 V, five cells in series) with a 
high accuracy in voltage profiles even under various discharge rates 
(0.1, 0.5, 1, 3, and 5C). When this model was compared with a con
ventional lumped model under extreme conditions such as 10C 
discharge, a higher maximum temperature (TDT, max/TL, max = 137.2 ◦C/ 
123.9 ◦C) was simulated in the digital twin model, which implied that 
lumped models may not predict TR situation. In other words, without 
reflecting the internal structure of cells, the catastrophic thermal 
behavior of modules cannot be estimated using lumped models. Addi
tionally, since the module was originally designed as a power source for 
unmanned railway vehicles, we tested our model with two different 
railway driving patterns as a practical perspective. Our digital twin 
model predicted higher maximum temperatures than a lumped model, 
emphasizing the importance of incorporating the detailed internal 
structure of cells into models. This study lays the foundation for future 
research in optimizing battery thermal management and ensuring safety 
in advanced energy storage systems.
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