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The battery thermal management system (BTMS) utilizing phase change materials (PCM) has shown promising performance in high heat flux heat dissipation. However, conventional PCM systems do not fully exploit the latent thermal properties of paraffin wax to enhance battery cooling efficiency. To address this issue, this paper proposes a novel multilayer composite material for BTMS, aiming to improve the thermal performance of the battery and overcome the low thermal conductivity of paraffin wax. The preparation process involves positioning the battery at the center of a triangular container, melting paraffin wax and pouring it into a 100 mm high container to form a 20 mm paraffin layer, placing copper foils and graphite layers on the paraffin surface, and repeating this step once. Finally, pour the 40 mm paraffin wax into the container, resulting in a sandwich-like structure with two layers of graphite. The cooling performance of the multilayer composite structure was experimentally tested at different ambient temperatures (15°C and 20°C) and discharge rates, and compared with a conventional BTMS based on pure paraffin wax. The results demonstrate that the multilayer composite structure exhibits superior heat dissipation compared to the pure paraffin structure, significantly reducing battery temperature rise, particularly at higher discharge rates. At an ambient temperature of 20°C and a discharge rate of 5°C, the battery temperature rise is only 14.97°C, with a remarkable cooling effect of 32.6%. Moreover, optimization of the number and thickness of graphite layers in the composite structure reveals that the 6-layer graphite structure outperforms the 2-layer, 4-layer, 8-layer, and 10-layer graphite structures. Additionally, a relatively lower battery surface temperature is observed with a graphite thickness of 0.5 mm on the basis of the 6-layer graphite structure. These findings indicate that the proposed novel layout structure exhibits excellent thermal performance, effectively addressing the low thermal conductivity limitation of traditional paraffin cooling systems, and providing a new approach for thermal management of lithium batteries.
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1 INTRODUCTION
The energy storage technology that relies on lithium-ion batteries as the core belongs to the category of electrochemical energy storage technology, which uses the conversion between electrical energy and chemical energy to achieve the storage and output of electrical energy (Wang et al., 2021; Yang et al., 2021). As a renewable energy storage system, lithium-ion batteries not only have the technical characteristics of fast response and bi-directional regulation, but also the technical advantages of high environmental adaptability, small size and short construction cycle. They are currently one of the most widely used energy storage technologies (Li Q et al., 2021; Fan et al., 2022; Luo J et al., 2022). However, in recent years, safety incidents caused by thermal runaway of lithium-ion batteries have attracted widespread public attention. According to relevant data, there have been a total of 70 explosions in energy storage power stations worldwide caused by thermal runaway of energy storage batteries between 2017 and 2022 (Huang and Yang, 2022). These incidents include 1 in Japan, 18 in the United States, 2 in Belgium, 8 in China, 27 in South Korea, 7 in Germany, 3 in France, and 4 in Australia (Peter, 2022; Li et al., 2023). Among them, only in 2018, there were 16 explosions in energy storage power stations in South Korea, causing significant loss of life and property (Patil et al., 2023). As an example in China, in April 2021, a fire and explosion occurred during the construction and commissioning of an energy storage power station in Fengtai, Beijing, resulting in 2 deaths, 1 injury, and 1 missing person (Shi et al., 2023). Therefore, how to develop stable and reliable lithium-ion battery thermal management systems using advanced technologies to comprehensively control the temperature of energy storage systems is directly related to the safety and smooth operation of people’s lives and property, as well as the normal operation of energy storage systems (Zhou et al., 2021; Yang et al., 2023).
Currently, lithium-ion battery thermal management technologies mainly include several methods, such as air cooling/heating, liquid cooling/heating, heat pipes technology, and application of phase change materials (Ling et al., 2022; Tang et al., 2022). In the air-based battery thermal management system, air is used as the cooling/heating medium to regulate the temperature of lithium-ion batteries. The main advantages of the air-based battery thermal management system are its simple structure, low cost, and high reliability (Shi et al., 2022). However, its main disadvantage is the low thermal conductivity and specific heat capacity of air, which leads to low heat transfer efficiency between the air and battery surface (Yi et al., 2022). Therefore, the heat dissipation of the battery is poor under high heat flux density. Using liquids as the cooling/heating medium has better heat transfer performance than air, leading to better thermal management effects (Luo MY et al., 2022). However, the volume of the battery thermal management system using liquids is large with additional pumps and heat exchangers, which increases system complexity, cost, and risks of leakage (Behi et al., 2021). For heat pipe cooling/heating, its heat transfer efficiency is high (Feng et al., 2022). However, the arrangement of the heat pipe needs to be closely matched with the heat source, increasing the complexity and weight of the thermal management system (Liu et al., 2022). In contrast, Li Y et al. (2021) carried out numerical simulations using the finite volume method, focusing on the effects of terminal layout, coolant l flow rate, different parts of the cooling tube, cooling tube location and coupled liquid cooling on the operating temperature. The results of the study show that a reasonable terminal layout can reduce the heat generation inside the battery, and an appropriate flow rate and cooling tube position can effectively reduce the maximum temperature and reduce energy consumption. In addition, placing the phase change material (PCM) between adjacent battery close to the outlet enhances the temperature uniformity of the battery pack. Wang et al. (2017) compounded graphite and copper nanoparticles into paraffin and experimentally showed that the compounded phase change material had enhanced thermal conductivity. Boomstra et al. (2022) proposed embedding paraffin into foam copper and found through simulation that embedding paraffin into foam copper has a significant impact on battery heat dissipation. Specifically, under the same ambient temperature and charge-discharge rate, the maximum temperature of the battery using the paraffin-foam copper composite phase change material was 10.4% lower than that of the battery using pure paraffin phase change material. Zhao et al. (2020) proposed embedding a mixture of paraffin and lauric acid in a 1:1 ratio into expanded graphite to form a new composite phase change material. Experimental results showed that batteries using this new phase change material had a maximum temperature below the safe temperature value of 50°C under different experimental conditions. The temperature uniformity of the battery was also improved, with a maximum temperature difference of only 1.96°C, which effectively prolonged the battery’s working life. Mohankumar et al. (2022) the effect of different thicknesses of phase change materials on the battery thermal management system was investigated. Comparing PCM layers with thicknesses of 2, 3, and 4 mm with existing PCMbased BTMS, it was found that this approach can reduce weight and cost and improve battery efficiency. The results show that the maximum temperature of the battery pack is about 60°C at 4°C discharge rate in PCM-based BTMS. However, under the same discharge rate and ambient temperature, the maximum temperature of the PCM layer battery pack with 2 mm thickness is 33.5°C, 34.4°C with 3 mm thickness, and 34.07°C with 4 mm thickness, all of which are lower than the optimum temperature.
In summary, there have been many studies and explorations on the application of PCM in BTMs. In particular, the study of paraffin-graphite composite phase change materials has become a research direction, but previous studies still focus on the mixing ratio of paraffin and graphite components. However, when paraffin and graphite are mixed, problems such as graphite deposition and unstable thermal conductivity are extremely likely to occur, which has a negative impact on the long-term operational reliability of battery thermal management. Therefore, this paper proposes a new arrangement structure for multi-layer paraffin-graphite composite materials and builds a test platform for thermal management characteristics of energy storage batteries. The thermal performance of the battery in this configuration was investigated and the effect of ambient temperature and charge/discharge rate on the thermal management characteristics was investigated. Based on these results, this paper further optimizes the number and thickness of graphite layers, aiming to find the optimal arrangement structure for multi-layer paraffin-graphite composite materials.
2 MULTILAYER COMPOSITE-BASED BATTERY THERMAL MANAGEMENT SYSTEM
2.1 The structure and working principle of lithium-ion batteries
A 21,700-type lithium-ion battery with a rated capacity of 3.8 Ah was selected for this experiment, with a total weight of 70 g, a radius of 21 mm, and a height of 70 mm for the battery (Baek and Park, 2014). The internal structure of the lithium-ion battery mainly consists of anode and cathode materials, a separator, electrolyte, and casing (Jarrett and Kim, 2011; Wang, 2022). The various parameters of the 21,700-type lithium-ion battery are shown in Table 1.
TABLE 1 | Specifications of a 21,700 lithium-ion battery.
[image: Table 1]During the charging and discharging of the battery, lithium ions move back and forth between the cathode and anode in a reversible chemical reaction (Al-Zareer et al., 2019). During the charging process of a lithium-ion battery, lithium ions are released from the anode, flow through the electrolyte and are embedded in the cathode material through the diaphragm. At the same time, an equal amount of electrons with the same charge are transferred from the anode to the cathode through the external circuit. During discharging, lithium ions are released from the cathode material, flow through the electrolyte, and are embedded into the anode material via the separator. At the same time, an equal amount of electrons with the same charge are transferred from the cathode to the anode through the external circuit (Luo MY et al., 2022; Tan et al., 2022; Yang et al., 2022).
The equations for the anode, the cathode and the total battery reaction are as follows.
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During the chemical reaction of a lithium-ion battery, the battery generates heat, which consists of four main parts, namely, the electrochemical heat of reaction Qr, the heat of polarization Qp, the Joule heat Qj and the side reaction heat Qs. The heat of side reactions is often neglected. Therefore, the total heat generation Qtotal of lithium-ion batteries can be expressed as follows (Angermeier et al., 2020):
[image: image]
2.2 Preparation of multilayer paraffin-graphite composite structures
Figure 1 shows the traditional heat dissipation structure of a battery filled with pure paraffin, which has a technical bottleneck of low thermal conductivity. Many scholars have actively explored the phase change heat dissipation structure of paraffin-graphite composite phase change materials to address the problem of insufficient thermal conductivity in the pure paraffin heat dissipation system. However, previous studies have focused on the mixed ratio of paraffin and graphite components, which could lead to problems such as graphite deposition and unstable thermal conductivity, and greatly affects the long-term operational reliability of battery thermal management. Therefore, this paper proposes a new arrangement structure for a multi-layer paraffin-graphite composite material, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Different thermal management structures of the battery.
The preparation steps of the multilayer paraffin-graphite composite structures are as follows:
1) heating the paraffin wax to complete melting;
2) placing the battery at the center of a triangular container with a distance of 22 mm from the container walls;
3) pouring the melted paraffin wax into a container with a height of 100 mm, with a paraffin wax height of 20 mm;
4) placing a copper foil with a thickness of 1 mm on the surface of the paraffin wax;
5) filling graphite with a height of 3 mm on top of the copper foil;
6) placing another copper foil with a thickness of 1 mm on top of the graphite;
7) repeat steps 3) to 6) once;
8) finally, pouring the paraffin wax into a container, with a paraffin wax height of 40 mm. Assemble into the proposed multi-layer composite material arrangement structure.
Figure 2 shows a schematic diagram of the paraffin-graphite model. This structure can make full use of the thermal conductivity of graphite to fully transfer the heat of the battery to the interior of the paraffin, accelerate the phase change heat rate of the paraffin, and improve the thermal management performance of the battery.
[image: Figure 2]FIGURE 2 | Schematic diagram of the paraffin-graphite model.
3 EXPERIMENTAL PLATFORM SETUP
3.1 Setup of the charge and discharge testing platform
The experiment mainly includes a computer, a charge-discharge tester (model: LANHE-CT5001B), a multi-channel temperature recorder (model: Ruixi CTR-380), a constant temperature box (model: Haida International HD-E702-1200), and a 21,700 battery.
3.2 Constant current discharge experiments
This paper conducted thermal performance tests on the two structures in Figure 1 under different environmental temperatures (15 °C, 20 °C) and different discharge rates (1°C, 2°C, 3°C, 4°C, 5°C). The physical parameters of the paraffin and the physical parameters of the graphite and copper are shown in Tables 2, 3, respectively.
TABLE 2 | Basic parameters of the PCM.
[image: Table 2]TABLE 3 | Parameters of other materials.
[image: Table 3]The steps are as follows:
1) Charge the battery at a constant current of 0.1°C by using the charge-discharge tester until the charging voltage reaches 4.2 V, then end the charging process.
2) Place the battery with three thermocouples properly set up into the constant temperature box. Set the temperature of the constant temperature box to 15°C and let it stand for 2 h until the temperature readings of the three test points on the surface of the battery obtained by the temperature data logger are stable at 15°C.
3) Set the discharge rate by using the charge-discharge tester and discharge the battery until the voltage drops to 2.5 V, then end the discharge process.
4) Use the temperature data logger to record the temperature values of each test point on the battery during the discharge experiment.
5) Repeat the above operations by setting different temperatures and discharge rates.
4 EXPERIMENTAL RESULTS
Figure 3 gives the average temperature variation of the battery surface at 15°C for two different thermal management structures at a discharge rate of 1°C–5°C. The results show that the temperature rise is faster for the paraffin model and its surface temperature is higher than that of the paraffin-graphite model. Specifically, at discharge rates of 1°C–3°C, the temperature rise is slower in the paraffin-graphite model compared to the paraffin model, while the pure paraffin model has a clear upward trend at the end of the curve. The temperature rise rate is more pronounced for the paraffin model at a discharge rate of 4°C–5°C, while the paraffin-graphite model has a significantly lower temperature rise rate at the paraffin phase change temperature (30°C). These results indicate that graphite enhances the phase change effect of paraffin.
[image: Figure 3]FIGURE 3 | Average surface temperature of batteries with two different thermal management structures at an ambient temperature of 15°C.
Figure 4 shows the maximum temperature rise on the surface of the battery under different discharge rates for the paraffin model and the paraffin-graphite model. It can be seen that the average surface temperature of the battery in the paraffin-graphite model is lower than that in the paraffin model, and the temperature difference (ΔT) of the model increases with the increase of the discharge rate. At a discharge rate of 1°C, the maximum surface temperature (Tmax) of the battery in the paraffin model is 22.51°C, while that in the paraffin-graphite model is 19.11°C, with a ΔT of 3.4°C. At a discharge rate of 5°C, the Tmax of the paraffin model is 38.8°C, while that of the paraffin-graphite model is 31.84°C, with a ΔT of 6.96°C. It can be seen that with the increase of the discharge rate, the temperature increase of the paraffin model is greater. The ΔT at discharge rates of 1°C–5°C is 2.41°C, 3.26°C, 4.03°C, 5.64°C, and 7.23°C, respectively.
[image: Figure 4]FIGURE 4 | The highest temperature rise on the surface of the battery for the 15°C paraffin model and the paraffin-graphite model at different discharge rates.
Furthermore, to further verify the optimization effect of the optimized model, the average temperature on the surface of the battery for the paraffin model and the paraffin-graphite model at discharge rates of 1°C–5°C was compared again under the ambient temperature of 20°C.
Figure 5 shows the average temperature variation on the surface of the battery for the paraffin model and the paraffin-graphite model at discharge rates of 1°C–5°C under the ambient temperature of 20°C.
[image: Figure 5]FIGURE 5 | The average temperature on the surface of the battery for the 20°C paraffin model and the paraffin-graphite model.
As can be seen from Figure 5, at the ambient temperature of 20°C, the Tmax of the paraffin-graphite model is lower than that of the paraffin model. Compared with the ambient temperature of 15°C, at discharge rates of 1°C–3°C, the temperature rise of the paraffin model is smaller, and the temperature variation of the paraffin-graphite model is basically the same. At discharge rates of 4°C–5°C, the temperature variation is roughly the same as that at the ambient temperature of 15°C. It can be seen that the change in ambient temperature has little effect on the cooling effect of the model. However, as the discharge rate increases, the optimization effect of the paraffin-graphite model becomes more pronounced, especially when the battery temperature reaches the phase change temperature of 30°C. The highest temperature rise on the surface of the battery for the paraffin model and the paraffin-graphite model at different discharge rates is shown in Figure 6.
[image: Figure 6]FIGURE 6 | The highest temperature rise on the surface of the battery for the 20°C paraffin model and the paraffin-graphite model at different discharge rates.
From Figure 6, it can be seen that at an ambient temperature of 20°C, the ΔT at discharge rates of 1°C–5°C is 2.41°C, 3.26°C, 4.03°C, 5.64°C, and 7.23°C, respectively. Compared with an ambient temperature of 15°C, the relative reduction in ΔT is greater for discharge rates of 1°C–3°C, and the difference in ΔT is small for discharge rates of 4°C–5°C.
5 NUMERICAL SIMULATION FOR OPTIMIZATION
5.1 Grid independence verification
The tetrahedral unstructured mesh is generated by using ICEM in this study. In addition, to reduce the influence of the number of grids on the calculation results, we used five grids with the number of 79,137, 146,881, 271,601, 368,762, and 536,491 and verified the grid independence.
The change of highest temperature is small when the number of grids increases from 146,881 to 536,491. Therefore, to achieve a good balance between computational efficiency and accuracy, we choose the mesh consisting of 271,601 elements for numerical simulations.
5.2 Algorithm validation
To verify the reliability of the battery heating model and the effectiveness of the continuity, momentum, and energy equations of the PCM, the thermal characteristics of a battery with PCM is experimentally measured and numerically validated under 3°C discharge rate. In the experimental process, a thermostat is used to control the ambient temperature at 15°C. In addition, numerical simulation is used to verify the temperature results under the same environmental conditions and 3°C discharge rate. The comparison between the experimental results and the simulation results is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Comparison between the experimental results and the simulation results.
From Figure 7, it can be seen that the numerical results are consistent with the experimental results. The maximum relative error is 1.65%, which is kept within ±10%. Therefore, the experimental results confirm the correctness of the simulation method used in this study.
5.3 Composite layers optimization
This section describes the enhancement of heat transfer in multilayer composite structures by varying the number of graphite layers. The thermal characteristics of composite structures with 2, 4, 6, 8 and 10 graphite layers are investigated, which is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Geometric model for optimizing the number of layers in the composite structure.
Figure 9 shows the surface temperature distribution map of the battery at the end of discharge for different graphite layers and the 5°C discharge rate, with the outer wall in an insulated state.
[image: Figure 9]FIGURE 9 | Temperature distribution of the battery with different graphite layers.
As shown in Figure 9, it can be observed that the surface temperature of the battery varies with the change of graphite layers. When the number of graphite layers varies from 2 to 6, increasing the number of graphite layers results in a better cooling effect and stronger temperature uniformity on the surface of the battery. However, when the number of graphite layers ranges from 6 to 8, as the number of graphite layers increases, the surface temperature of the battery gradually increases instead of decreasing. As can be observed, the surface temperature of the battery is the highest among all schemes when the number of graphite layers reaches 10. Figure 10 shows the average and maximum surface temperatures of the multi-layer composite structure battery under different discharge rates.
[image: Figure 10]FIGURE 10 | The average and maximum surface temperatures of the battery under a 5°C discharge rate.
According to Figure 10, when the number of graphite layers is 8 or 10, the average and maximum temperature of the battery tends to rise rapidly in the later stages of charging and discharging. In contrast, the 6-layer graphite structure shows the best thermal management performance. The main reason for the above phenomenon is that the graphite in the composite structure can transfer the heat from the surface of the battery to the inside of the paraffin wax quickly. As the graphite ratio increases and the paraffin ratio decreases, the heat absorption capacity of the paraffin decreases and may even no longer absorb heat through latent heat, but only through sensible heat, resulting in a rapid increase in the temperature of the paraffin. Therefore, this study indicates that an optimum ratio of multilayer paraffin and graphite composite structures exists to achieve the best thermal management performance.
5.4 Composite layer thickness optimization
Figure 11 shows thermally managed structures with graphite thicknesses of 0.25, 0.35, 0.5, 0.75, and 1 mm. The maximum and average surface temperatures of the battery for these structures were investigated analytically in the paper in order to find a relatively suitable graphite thickness.
[image: Figure 11]FIGURE 11 | Geometric model for optimizing the thickness of composite structures.
Figures 12, 13 show the surface temperature distribution and section temperature distribution of the battery at the end of 5°C discharge for graphite thicknesses of 0.25–3 mm.
[image: Figure 12]FIGURE 12 | Temperature distribution of the battery with different graphite thicknesses.
[image: Figure 13]FIGURE 13 | Section temperature distribution of the battery with different graphite thicknesses.
Figures 12, 13 show that the temperature rise between the maximum and initial temperature of the battery is 25.48°C, 24.89°C, 24.20°C, 25.03°C, 25.65°C and 27.30°C for graphite thicknesses of 0.25–3 mm, with temperature rise rates of 102%, 100%, 97%, 100%, 103% and 109% respectively. It can be seen that the temperature rise on the battery surface is minimal when the graphite thickness is 0.5 mm.
Figure 14 shows the average and maximum surface temperatures of the battery under 5°C discharge rate.
[image: Figure 14]FIGURE 14 | The average and maximum surface temperatures of the battery at 5°C discharge rate with different thicknesses of six-layer graphite structures.
As shown in Figure 14, the maximum surface temperatures of the battery are 50.47°C, 49.88°C, 49.19°C, 50.03°C, 50.65°C and 52.3°C when the graphite thickness is varied from 0.25 to 3 mm. The average temperatures of the battery are 45.96°C, 45.31°C, 44.81°C, 45.59°C, 45.68°C and 48.07°C, respectively. Therefore, a graphite thickness of 0.5 mm exhibits excellent thermal properties. The optimal solution obtained in this study is a six-layered structure made of multi-layered composite materials with a graphite thickness of 0.5 mm.
6 CONCLUSION
To solve the stability and uniformity problems in the thermal management of composite materials, this study proposed a new multilayer composite arrangement to cool Li-ion batteries. A battery thermal management testbed was established and the thermal performance of the battery was experimentally investigated. Emphasis is also placed on exploring the thermal behaviors of the system at different ambient temperatures and different charge and discharge rates. In addition, based on numerical simulation methods, this study also investigates the effect of the number of layers and thickness of graphite on the thermal management performance, providing the optimal battery thermal management structure. The main conclusions are as follows:
1) At an ambient temperature of 15°C, the multi-layered composite structure has a better cooling effect on the battery surface temperature than the pure paraffin structure under different discharge rates, and the effect is more pronounced with increasing discharge rate. At an ambient temperature of 20°C and a discharge rate of 5°C, the multi-layered composite structure reduced the temperature rise of the battery by 32.6%.
2) At discharge rates of 1°C–2°C, the thermal performance of the paraffin model and the paraffin-graphite model differed little between the two structures. However, at discharge rates of 3°C–5°C, especially when the battery surface temperature reaches 30°C, the temperature rise rate of the paraffin-graphite model decreases significantly, while the temperature rise rate of the pure paraffin model does not greatly change at this time.
3) The 6-layer graphite structure provides the best performance. It is worth noting that the average and maximum surface temperatures corresponding to the 8 and 10-layer graphite structures increase rapidly and may even exceed the permissible temperature of the battery later in the charging and discharging process.
4) When the graphite thickness is varied from 0.25 to 3 mm, the battery temperature is relatively low and the temperature uniformity is best for 0.5 mm graphite thickness. The best solution is therefore a multilayer composite structure with six graphite layers and a graphite thickness of 0.5 mm, which has an average surface temperature of 44.81°C.
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