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We developed a thermo-electrochemical model of a 50 Ah pouch-type lithium-ion cell and utilized a cell model to build an 18.5 V/50 Ah module to analyze the thermal behavior under various operating conditions and design cooling systems for optimal operating temperature ranges. Specifically, the heat generated by electrochemical reactions was simulated through an electrochemical cell model, and then the calculated heat was coupled with a heat transfer model reflecting the actual 3D structure of the cell. By fitting two temperature-dependent parameters, i.e., the chemical diffusion coefficient and exchange current density, the model accurately estimated the electrochemical and thermal properties with errors less than 3%, even under wide temperature (25°C, 35°C, and 45°C) and C-rate (0.5, 1, 2, and 5C) conditions. Based on this reliable cell model, we built an 18.5 V/50 Ah module model with five cells in series to simulate both the amount of heat generated and the required heat sink. Finally, both the cell and module models were used to predict the electrochemical and thermal behaviors under actual wireless tram operations in Turkey. The model results were compared with experimental results to confirm their reliability.
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INTRODUCTION
Various types of electric vehicles (xEVs), including hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles, and battery electric vehicles (BEVs), have been developed owing to large-format, cost-effective, and high energy density lithium-ion batteries (LIBs). Furthermore, strict environmental policies in many countries have accelerated the growth of the global xEV market. Because of this soft landing of EVs, several attempts have been made to install LIBs in railway vehicles (Okui et al., 2010; Konishi and Tobita, 2012; Ciccarelli et al., 2014). However, the frequent incidents of accidental fires or explosions involving EVs on the road are major obstacles to the battery-based electrification of railway vehicles. Considering that there are more passengers on railway vehicles running in isolated spaces, such as tunnels or underground, ensuring the safety of LIBs should be the top priority for electric railway vehicles.
In this regard, it is essential to understand the reasons behind the accidental fire or explosion of EVs to develop practical solutions. Many researchers have attempted to determine the causes and mechanisms of thermal runaway (TR), a process that frequently occurs in LIBs. TR can be divided into three stages (Feng et al., 2018). In the first stage, the voltage decreases slowly along with a slight increase in temperature, both of which go relatively undetected. However, when the voltage starts to decrease rapidly and the temperature rises significantly, the second stage begins. If the temperature reaches a critical point, such as the meltdown temperature of the separator, the LIB combusts or explodes. To avoid TR, it is necessary to control the temperature of the LIB so that TR does not progress beyond the first stage.
For this purpose, appropriate cooling systems should be installed for LIB modules and packs in various vehicles. However, with limited thermocouples on the surface of cells or parts, managing the overall thermal behavior of modules or packs is difficult. In particular, under harsh operating conditions such as a high cutoff voltage, C-rate, and environmental temperature, accurately predicting the heat generated by electrochemical reactions has become more challenging with limited measured temperature data. To deal with this issue, theoretical simulations have been reported by coupling thermal and electrochemical models of LIB systems (Chen and Evans, 1994; Pals and Newman, 1995; Verbrugge, 1995; Rao and Newman, 1997; Gu and Wang, 2000; Song and Evans, 2000; Srinivasan and Wang, 2003; Kumaresan et al., 2008; Guo et al., 2011). Many studies have applied these theories to actual batteries (Chen and Evans, 1993; Chen et al., 2005; Wu et al., 2012; Kim et al., 2014; Lai et al., 2015; Zhao et al., 2015; Basu et al., 2016; Bahiraei et al., 2017; Jeong et al., 2019; Liang et al., 2019; Liang et al., 2020; Wang et al., 2021).
Kim et al. developed a thermo-electrochemical model of a prismatic-type cell of 50 Ah and predicted the temperature. However, the main parameters, i.e., the diffusion coefficient and rate constant (exchange current density), were set as constant values despite their dependence on the temperature and state of lithiation (SOL). Their simulated electrochemical performance was not verified with experimental results. Moreover, their model was not extended to a module or pack scale, which is essential for practical applications (Kim et al., 2014). Bahiraei et al. and Liang et al. developed thermo-electrochemical models for modules with pouch-type 10 Ah LIB cells for HEV applications. However, it is difficult to apply these models to large-format and high energy density LIB modules for railway vehicles because their cell designs are totally different. (Bahiraei et al., 2017; Liang et al., 2020). Owing to the increased concerns over the safety of battery systems in railway vehicles, more realistic battery module models based on large-format and high energy density LIB cells should be developed and utilized to predict not only the electrochemical performance but also the thermal hazard status for optimum cooling systems.
To achieve this purpose, we attempt to build a thermo-electrochemical model of an 18.5 V/50 Ah module with five 50 Ah LIB cells in series and module parts. To determine both the electrochemical and thermal behavior of the module model, all parameters, such as the chemical diffusion coefficient and exchange current density for electrochemical characteristics, are included in the temperature-dependent functions of the model. The accuracy of the cell model is verified by comparing the experimental and simulated data for C-rates of 0.5, 1, 2, and 5C at three exterior temperatures of 25°C, 35°C, and 45°C. Then, the module model using the cell model is used to investigate the electrochemical behavior under actual wireless tram driving patterns and thermal abuse conditions.
MATERIALS AND METHODS
Cell Disassembly and Equilibrium Potential Measurement
LIB cells (50 Ah) were dismantled in a dry room where the dew point was maintained below −45°C (Supplementary Figure S1) to obtain the anode and cathode electrode sheets. Dimethyl carbonate (DMC) was used to clean the electrodes. After washing for 12 h, the DMC was removed by evaporation in a vacuum oven at 60°C for 12 h. The dried cathode and anode electrodes with coating on both sides were used to fabricate coin-type half cells after eliminating the electrode layer coated on one side (Supplementary Figure S2). In the case of cathode half-cells, the first cycle was run at 0.1C for solid electrolyte interphase formation, while the next three cycles were run at 0.2C to stabilize the cells at a cutoff voltage of 3.0–4.3 V vs. Li/Li+ (Supplementary Figure S3A). For the anode half-cells, similar formation and stabilization processes were conducted at 0.1C and a cutoff voltage of 0.005–1.5 V vs. Li/Li+ (Supplementary Figure S3B). Hence, each equilibrium potential for the cathode and anode can be measured at low C-rates of 0.01 and 0.1C for the cathode and anode half-cells, respectively (Supplementary Figures S3C,D).
Composition Analysis of Electrode Active Materials
The compositions of the cathode and anode electrodes were confirmed by energy-dispersive X-ray spectroscopy. From the relative atomic ratio of Ni, Co., and Mn of 4:4:2, the cathode active material was considered to be LiNi0.4Co0.4Mn0.2O2. Similarly, since no peaks other than C were observed in the anode, we assumed that the anode active material was graphite (Supplementary Figure S4).
Rate Capability and Temperature Measurement of 50 Ah Cells
We evaluated the rate capability of 50 Ah cells by changing the C-rates from 0.5 to 5C at exterior temperatures of 25°C, 35°C, and 45°C using a cycler capable of 300 A current (PEBC05-300, PNE). In each rate capability test, the temperatures on the cell surface and in the chamber were recorded for comparison with the corresponding simulated data.
Development of a Thermo-Electrochemical Cell and Module Model
We developed thermo-electrochemical models of the cell and battery module using COMSOL Multiphysics 5.5. The structures of both the cell (Figure 1A) and battery module are almost identical to the real structures (Figure 1B). The battery module has five cells, and natural convection is allowed near the module, as in the experimental conditions. We assumed that the five cells released the same heat source during cycling.
[image: Figure 1]FIGURE 1 | A thermo-electrochemical model development process from (A) a 50 Ah cell model with experimental proof to (B) an 18.5 V/50 Ah module model.
RESULTS AND DISCUSSION
Thermo-Electrochemical Model of a 50 Ah Cell
Combination of Electrochemical Model and Heat Transfer Model of a 50 Ah Cell
The pseudo two-dimensional (P2D) electrochemical model was developed by applying the governing equations and boundary conditions (Figure 2; Supplementary Table S1). For the heat transfer model, a realistic structure of a 50 Ah cell was formed and assumed to be in contact with the circulated air maintained at specific temperatures. The heat source calculated by the P2D electrochemical model was applied to the 3D electrode structure. The heat transfer model simulated the cell temperature using the heat source and heat transfer through air convection. The calculated temperature returns to the P2D electrochemical model (Figure 2). The geometric, electrochemical, and thermal parameters were obtained by dismantling the cell, performing electrochemical measurements, and in previous studies (Supplementary Table S2) (Ye et al., 2012; Burheim et al., 2014; Vishwakarma and Jain, 2014; Xu and Wang, 2017; Jaguemont et al., 2019; Keil and Jossen, 2020).
[image: Figure 2]FIGURE 2 | Schematic of the combination of the electrochemical model and heat transfer model, and domains, boundary conditions and equations.
Model Verification: Electrochemical Performance and Surface Temperature a 50 Ah Cell
The electrochemical parameters that significantly affect the cell temperature are the diffusion coefficient and exchange current density, both of which are dependent on the SOL. Therefore, both the equations of the diffusion coefficient and exchange current density were built as functions of the temperature and SOL (Supplementary Table S3). As a result, we can illustrate the behaviors of the diffusion coefficient and exchange current density while changing the exterior temperatures and C-rates, as shown in Figure 3. As the discharge progressed, the exchange current density of the cathode tended to decrease (Figure 3A), while that of the anode increased owing to each SOL (Figure 3B). A favorable electrochemical reaction in the cathode occurred at a lower SOL range, and vice versa in the anode. The higher cell temperature caused by the exterior temperature and high C-rate leads to a higher exchange current density for both electrodes. The diffusion coefficients are also dependent on the SOL and temperature, similar to the exchange current density (Figures 3C,D). A lower SOL and higher temperature cause the lithium ions to diffuse easily within the electrode active materials.
[image: Figure 3]FIGURE 3 | The exchange current density behaviors of the (A) cathode and (B) anode as functions of the exterior temperature (25°C, 35°C, and 45°C) and C-rate (0.5, 1, 2, and 5C). The diffusion coefficient behavior of the (C) cathode and (D) anode at the same exterior temperatures and C-rates.
The reliability of our cell model was confirmed by comparing the simulated capacity values, voltage profiles, and temperatures with the experimentally measured values. As summarized in Figure 4, the simulated voltage profiles showed good agreement with the experimental results at various C-rate and temperature conditions because both the exchange current density values and diffusion coefficients were well formulated by the cell model, as shown in Figure 3. More specifically, our cell model achieved an accuracy of over 98% even at 5C over a wide temperature range [98.47% (Figure 4A), 98.96% (Figure 4B), and 98.92% (Figure 4C) at exterior temperatures of 25°C, 35°C, and 45°C, respectively].
[image: Figure 4]FIGURE 4 | Simulated voltage profiles of the cell model as a function of the C-rate (0.5, 1, 2, and 5C) at exterior temperatures of (A) 25°C, (B) 35°C, and (C) 45°C. Experimentally measured data also overlapped in each profile.
The simulated surface temperatures of the cell model were compared with the experimental measurements, as shown in Figure 5. Because the heat source caused by electrochemical reactions (Supplementary Figure S5) and the heat transfer through convection were well simulated at various C-rates and exterior temperature conditions, the accuracy was high, similar to the simulated capacity values and voltage profiles. For instance, even at 5C (the most extreme case) the simulated temperatures of 25°C, 35 and 45°C showed high accuracy of 97.89% (Figure 5A), 97.05% (Figure 5B), and 98.44% (Figure 5C), respectively. Our cell model can also estimate the overall temperature distribution in the 3D cell structure, including the pouch package, as shown in Figure 5 (top). However, tab heating caused by internal resistance was excluded because information on the welding condition was not available.
[image: Figure 5]FIGURE 5 | Simulated temperature profiles of the cell model as a function of the C-rate (0.5, 1, 2, and 5C) at exterior temperatures of (A) 25°C, (B) 35°C, and (C) 45°C. Experimentally measured data are also depicted in each graph. At the top, the simulated temperature distribution images over the cell are displayed in the 3D domain.
Development of Thermo-Electrochemical Model of an 18.5 V/50 Ah Model
Based on a verified cell model, we built a thermo-electrochemical model of a module with five cells, as shown in Figure 6A, based on the following assumptions: 1) All the cells have the same initial characteristics such as cell dimensions, capacity, and heat capacity. 2) The same current flows through all the cells with no contact resistance between cells. 3) All the cells were cooled with the same convection efficiency.
[image: Figure 6]FIGURE 6 | (A) (Left) Photo of an actual battery module with five cells and covers. (Right) The digital-twinned module structure with meshes. (B) Surface temperature changes of cells (measured) and modules (simulated) at external temperatures of 25°C, 35°C, and 45°C during 5C discharging.
Once the heat source is calculated for one cell using the P2D electrochemical cell model, it can be assigned to all the cells. As a result, the temperature changes of the module were simulated as shown in Figure 6B, where the average temperatures displayed as the discharge at 5C progressed at exterior temperatures of 25, 35, and 45°C. At the beginning of the discharge, regardless of the exterior temperature, both the cell and module exhibit similar behaviors of temperature increase. However, after an approximately 20 Ah discharge, the module temperature began to increase more rapidly than the cell temperature owing to the module covers, which may interfere with the heat dissipation from the cell surface to the air. As a result, the final temperatures of the modules (56°C, 62°C, and 69°C) were higher than those of the cells (49°C, 54°C, and 63°C) as shown in Figure 6B. The differences ranged from 6 to 8°C regardless of the exterior temperature. Thus, considering the operating temperature range of −30–52°C recommended by the United States Advanced Battery Consortium (USABC) for BEVs, the exterior temperature of 25 °C is an unsafe condition without the appropriate cooling system (Cherry, 2016). In particular, at the exterior temperature of 45°C, the maximum temperature of 69°C exceeds the maximum survival temperature of 66°C set by the USABC. Therefore, cooling systems are essential to control the maximum temperature of the module in this study.
Cooling Systems for 18.5 V/50 Ah-Battery Module
Designing a cooling system requires quantifying the amount of additional heat that must be transferred to the surroundings. Based on the fitted heat transfer coefficient of 15 W m−2 K−1 in the thermo-electrochemical cell model, the coefficient was increased to 100, 500, and 1000 W m−2 K−1 in the module model at exterior temperatures of 25°C (Figure 7A), 35°C (Figure 7B) and 45°C (Figure 7C). As shown in Figure 7, a minimum of ∼100 W m−2 K−1 is required to keep the maximum temperature of the module below the highest operating temperature set by the USABC (Cherry, 2016). Thus, for the safer and more reliable operation of the module, we simulated the control of the module temperature with a maximum heat transfer coefficient of 500 W m−2 K−1, which is theoretically available under forced convection with air (Kosky et al., 2021). Regardless of the exterior temperature, all the temperatures in all cases were maintained within 4°C. However, because the space inside the module is limited and the parts of the module cover prevent air from flowing through the module, this cannot be achieved in a practical manner (Park and Jung, 2013). In this context, coolants with higher heat capacities should be considered for actual battery module or pack systems. Among them, some phase change materials that can remove up to 3000 W m−2 K−1 of heat have been considered in previous studies (Merlin et al., 2016; Zou et al., 2019; Nie et al., 2020). To examine these situations, we simulated the temperature changes under the same conditions with a coefficient of 1000 W m−2 K−1. As expected, compared with the 500 W m−2 K−1 case, no significant enhancement was observed: only 1°C was additionally controlled.
[image: Figure 7]FIGURE 7 | Surface temperature changes of the modules with different heat transfer coefficients (15, 100, 500, and 1000 W m−2 K−1) at exterior temperatures of (A) 25°C, (B) 35°C, and (C) 45°C during 5C discharging (Top: overall temperature distributions of the module at 45°C).
Temperature Changes Under an Actual Driving Pattern of Railway Vehicles
Contrary to the case study in Temperature Changes Under an Actual Driving Pattern of Railway Vehicles, it is also useful to validate our module model under real driving patterns at 25°C. Based on a power pattern for a real tram operated in Turkey (Figure 8A) (Han et al., 2018), we built a driving current pattern for our module, as shown in Figure 8B, by considering the total number of cells of 1,076 and single cell capacity of 40 Ah. In this pattern, although the maximum C-rate reached 4C, most of the C-rates were maintained below 1C. As a result, the temperatures of the actual cell, cell model, and module model had similar changes without big differences (Figure 8C). Thus, our thermo-electrochemical models for cells and modules are reliable and can be utilized under normal and extreme operating conditions.
[image: Figure 8]FIGURE 8 | (A) A driving power pattern of a real tram operated in Turkey. (B) A revised current pattern for the cell and module in this work. (C) Temperature changes of the cell (measured), cell model (simulated), and module model (simulated) under the revised current pattern.
CONCLUSION
To assess and control the risks posed by the heat generated by battery modules for wireless railway vehicles, we built a thermo-electrochemical model for an 18.5 V/50 Ah module with five lithium-ion cells (3.7 V/50 Ah). First, a single cell model was developed with an accuracy of over 97% in terms of the capacity values, voltage profiles, and temperature changes under three exterior temperature (25°C, 35°C, and 45°C) and four C-rate (0.5, 1, 2, and 5C) conditions. Then, the cell model was utilized to build the 18.5 V/50 Ah module model with cover parts. Comparison of the simulated temperature changes of the module with that of the single cell showed that the temperature of the module could exceed 6°C during the 5C discharging condition regardless of the exterior temperature. Furthermore, the maximum temperature of the module of 25°C during the 5C discharging process was expected to increase beyond the highest operating temperature of 52°C set by the USABC. Therefore, it was necessary to determine the amount of heat to be removed. With our module model, we proposed the minimum heat transfer coefficient for cooling systems. Under the driving pattern acquired by a real wireless tram operated in Turkey, not only the cell but also the module maintained its temperature within 3°C. Nonetheless, some unexpected or extreme accidental cases should be considered for risk management. For this purpose, thermo-electrochemical models for modules should be developed and investigated continuously with state-of-the-art large-format and high energy density lithium-ion cells.
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