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Abstract. In the context of the global transition towards new energy vehicles, the thermal management of battery packs has become a critical technical challenge, particularly under fast-charging and extreme operating conditions. This study aims to address the thermal runaway risks associated with battery packs by developing a refined thermal management system model based on multi-physics coupling simulation technology. A three-dimensional geometric model incorporating battery cells, thermal interface materials, and cooling plates was constructed using CT scanning data to accurately represent the internal structure of the battery module. Through fluid-solid-thermal coupling simulations conducted with STAR-CCM+ software, the temperature distribution and heat dissipation patterns within the battery pack were analyzed under varying coolant flow rates and environmental temperatures. Furthermore, an optimization of the cooling plate channel structure was performed employing the particle swarm optimization algorithm, leading to the proposal of a dynamic thermal control strategy. The simulation results demonstrate that the optimized thermal management system effectively reduces the maximum temperature during fast charging and maintains a minimal temperature difference across the battery pack. These findings provide a reliable simulation basis for the engineering design of battery thermal management systems in new energy vehicles, contributing to enhanced safety and performance.
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1. Background
The global automotive industry is undergoing a profound transformation, shifting from traditional internal combustion engines towards new energy vehicles (NEVs). This transition, driven by the dual imperatives of environmental sustainability and energy security, places the electric powertrain at the forefront of technological development. Within this context, the lithium-ion battery pack serves as the core energy storage component, whose performance, safety, and longevity are paramount. However, the electrochemical processes within battery cells inherently generate heat during operation. Under demanding conditions such as fast charging or high-load driving, this heat generation intensifies, posing a significant technical challenge for thermal management.
Effective thermal management is not merely a performance enhancer but a critical safety requirement. Inadequate heat dissipation can lead to elevated temperatures within the battery pack. This causes accelerated capacity degradation, reduces cycle life, and critically increases the risk of thermal runaway—a dangerous chain reaction that can result in fire or explosion. Furthermore, significant temperature differences between individual cells or modules can lead to inconsistent performance and accelerated aging of the entire pack. Therefore, developing a reliable and efficient thermal management system (TMS) is fundamental to ensuring the safety, durability, and reliable operation of NEVs, directly impacting consumer confidence and market adoption.
The significance of this research lies in addressing these pressing challenges through advanced simulation methodologies. Traditional experimental approaches for TMS design are often costly, time-consuming, and limited in their ability to probe internal thermal behaviors non-invasively. Computational modeling and simulation offer a powerful alternative, enabling detailed analysis of temperature distribution, fluid flow, and heat transfer within complex battery pack geometries. By constructing a refined three-dimensional model based on actual internal structures and employing multi-physics coupling simulation techniques, this study aims to achieve a high-fidelity virtual representation of the thermal management system. This approach allows for systematic investigation of thermal performance under various operating scenarios, facilitating the identification of thermal bottlenecks and optimization opportunities before physical prototyping.
The primary objective of this study is to develop and optimize a thermal management system model for a NEV battery pack to mitigate thermal risks under extreme operating conditions. This involves several specific aims. First, a detailed three-dimensional geometric model of a battery module, incorporating cells, thermal interface materials, and cooling plates, will be established using accurate structural data. Second, fluid-solid-thermal coupling simulations will be conducted to analyze the temperature distribution and heat dissipation patterns under different coolant flow rates and environmental temperatures. Third, based on the simulation findings, the cooling plate's channel structure will be optimized using an intelligent algorithm to enhance cooling efficiency and temperature uniformity. Finally, a dynamic thermal control strategy will be proposed to intelligently regulate the system based on real-time thermal loads. The outcomes of this research are expected to provide a reliable simulation basis and practical guidance for the engineering design of battery thermal management systems, contributing to enhanced safety and performance of new energy vehicles. as shown in Figure 1.
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Figure 1. Core Research Workflow Overview.
2. Theoretical Foundation and Literature Review of Battery Thermal Management
2.1. Fundamentals of Battery Electrochemical-Thermal Coupling and Heat Generation Mechanisms
The safe and efficient operation of lithium-ion batteries, the core of new energy vehicles, is fundamentally governed by the interplay between electrochemical reactions and thermal behavior. During charging and discharging, electrical energy is converted to chemical energy and vice versa through complex reactions to the electrodes. These processes are not perfectly efficient and inherently generate heat, a phenomenon known as electrochemical-thermal coupling. Understanding this coupling and the precise mechanisms of heat generation is the essential foundation for designing any effective thermal management system [1].
The primary sources of heat within a battery cell can be categorized. Ohmic heat, also called Joule heat, is generated due to the internal resistance of the cell's components, including the electrodes, electrolyte, and current collectors. As current flows, this resistance causes energy loss in the form of heat, proportional to the square of the current. Therefore, during high-current operations like fast charging, ohmic heating becomes significantly more pronounced. Another major contributor is reaction heat, associated with the entropy changes of the electrochemical reactions at the electrode interfaces. This heat can be either exothermic or endothermic depending on the state of charge and the direction of the reaction. Additionally, polarization heat arises from the overpotential required to drive the electrochemical reactions, reflecting kinetic limitations at the electrodes. The total heat generation rate is the sum of these components, and it varies dynamically with operating current, state of charge, temperature, and the battery's aging state.
The relationship between heat generation and temperature is bidirectional, creating a critical feedback loop. The rate of the electrochemical reactions themselves, and consequently the heat they produce, is highly sensitive to temperature. Elevated temperatures can accelerate reaction kinetics, potentially increasing heat generation further in a self-reinforcing cycle if the heat is not adequately dissipated. Conversely, excessively low temperatures increase internal resistance, leading to higher ohmic losses and reduced power capability. This intrinsic coupling means that temperature is not merely an output of battery operation but a key state variable that actively influences electrical performance, safety, and longevity. As noted in prior research, "elevated temperatures in EV batteries primarily result from thermal instability during various operating, traveling, and charging conditions" [2]. Managing this instability requires a model that captures this two-way interaction.
For the purpose of thermal management system design and simulation, this complex internal electrochemistry is often abstracted into a manageable thermal model. A common and effective approach is to treat the battery cell as a volumetric heat source with properties that represent the average behavior of its internal components. The heat generation rate calculated from an equivalent circuit model or empirical data is applied uniformly or in a layered structure within the cell's geometry in a simulation. This simplification allows engineers to focus on the system-level challenge of heat removal and temperature uniformity without modeling every microscopic detail, while still accounting for the fundamental coupling principle. The accuracy of such models depends heavily on obtaining reliable temperature-dependent material properties for the cell, as these parameters dictate how heat is conducted from the source to the surfaces where cooling is applied. This foundational understanding directly informs the subsequent development of the three-dimensional multi-physics model and the optimization strategies explored in this study.
2.2. Review of Advanced Thermal Management Technologies and Multi-Physics Field Simulation Methods
Building upon the fundamental electrochemical-thermal principles, the development of effective battery thermal management systems (BTMS) hinges on the selection of appropriate cooling technologies and the application of sophisticated simulation tools to analyze and optimize their performance. Among the mainstream cooling methods, liquid cooling has established itself as a dominant solution for high-performance applications, particularly for new energy vehicles requiring fast charging capabilities and operation under extreme conditions [3]. This technology's prevalence is due to its superior heat transfer coefficient compared to air cooling, enabling more precise temperature control and enhanced temperature uniformity across the battery pack. Liquid cooling systems typically circulate a coolant, such as a water-glycol mixture, through channels embedded in or attached to cooling plates that are in thermal contact with the battery cells. The efficiency of such a system is critically dependent on the design of the cooling plate's internal flow channels, which dictates the flow distribution, pressure drop, and ultimately, the heat extraction rate from each cell. As noted in prior research, sensitivity parameter analysis and the structural optimization of the cooling system are essential steps in the design process [4].
The complexity of a battery pack, comprising numerous cells, thermal interface materials, and complex fluid paths, necessitates a multi-physics field simulation approach to accurately predict its thermal behavior. This involves the coupled analysis of fluid dynamics, solid heat conduction, and thermal interactions. Advanced commercial software like STAR-CCM+ and ANSYS Fluent are widely employed for such three-dimensional computational fluid dynamics (CFD) simulations. These tools allow engineers to construct a detailed virtual prototype of the battery module, including its geometric intricacies derived from sources like CT scan data. Through fluid-solid-thermal coupling simulations, the temperature distribution within the pack can be visualized under various operating scenarios, such as different coolant flow rates and ambient temperatures. This process helps identify potential hotspots, assess the effectiveness of the cooling strategy, and evaluate the temperature gradient between cells—a key factor influencing battery lifespan and safety. For instance, studies have utilized COMSOL Multiphysics to simulate and analyze cooling systems, providing insights into thermal performance [5].
The simulation workflow itself has evolved from isolated component analysis to a more integrated, system-level perspective. While 3D CFD provides high-fidelity local details of the flow and temperature fields, it can be computationally expensive for exploring numerous design variants or dynamic control strategies. Therefore, it is often coupled with one-dimensional system simulation platforms or surrogate modeling techniques. The Kriging method, for example, has been used to construct approximate models for optimizing battery cooling systems, improving the efficiency of the design exploration process [4]. This multi-scale and multi-tool approach enables a comprehensive evaluation, balancing simulation accuracy with computational cost. The ultimate goal is not only to ensure the maximum temperature remains within a safe limit but also to minimize the temperature difference across the pack, thereby reducing stress and degradation.
Looking towards the future, the integration of intelligent optimization algorithms with multi-physics simulation represents a significant advancement. Particle swarm optimization (PSO) and other algorithms can be employed to automatically search for optimal design parameters, such as the geometry of cooling channels, by iteratively running simulations and evaluating performance objectives like maximum temperature and temperature uniformity. This data-driven optimization moves beyond trial-and-error, leading to more efficient thermal management system designs. Furthermore, the concept of dynamic thermal control is gaining traction, where the cooling intensity is adjusted in real-time based on the battery's thermal load, as inferred from operating conditions. This aligns with broader trends towards intelligent battery management systems that leverage digital modeling for real-time state estimation and control [5]. The continuous refinement of these simulation methodologies and their integration with optimization and control algorithms provide a powerful toolkit for developing the next generation of safe, efficient, and reliable battery thermal management systems for new energy vehicles.
3. Modeling, Simulation, and Optimization of the Battery Pack Thermal Management System
3.1. Development of a High-Fidelity 3D Geometric Model and Multi-Physics Coupling Simulation Framework
To accurately capture the thermal behavior of a new energy vehicle battery pack under demanding conditions, such as fast charging, the foundation of any reliable analysis is a high-fidelity geometric model. This study constructs a detailed three-dimensional representation of the battery module, which serves as the digital twin for subsequent multi-physics simulations. The geometric model is developed based on the physical structure of a commercial battery module. Key internal components are explicitly included: the individual lithium-ion battery cells, the thermal interface materials (TIMs) placed between cells and cooling plates to reduce contact resistance, and the liquid cooling plates themselves. This approach ensures that the model faithfully represents the actual heat transfer paths and physical interfaces within the pack [6].
The model development process leverages advanced digitalization techniques. Computed Tomography (CT) scanning is employed to obtain precise, non-destructive data of the battery module's internal arrangement. This data is crucial for creating an accurate CAD model that reflects real-world geometries, including potential manufacturing variances and assembly clearances. The resulting 3D model forms the basis for meshing, where the computational domain is discretized into millions of small control volumes. Special attention is paid to the mesh quality in critical regions, such as the thin TIM layers and the complex internal channels of the cooling plates, to ensure simulation accuracy without prohibitive computational cost.[7]
With the geometric model established, the core of the analysis framework is the multi-physics coupling simulation. This study utilizes the commercial software STAR-CCM+ to perform coupled fluid-solid-thermal simulations. The framework simultaneously solves the governing equations for fluid flow, heat conduction in solids, and the convective heat transfer between them. The battery cells are modeled as volumetric heat sources, with their heat generation rates defined based on the electrochemical-thermal principles discussed in earlier chapters, particularly relevant for high-current fast-charging scenarios. The coolant, typically a water-glycol mixture, flows through the channels in the cooling plates, and its properties are defined as temperature-dependent to reflect real fluid behavior.
The coupling mechanism is central to the simulation's realism. At the solid-fluid interfaces, such as the contact surface between the cooling plate and the TIM, the software ensures energy conservation by matching the heat flux from the solid side with the convective heat transfer on the fluid side. This integrated approach allows for the direct analysis of how coolant flow parameters—such as inlet temperature and flow rate—influence the temperature distribution across the entire battery pack. The simulation outputs detailed contour plots of temperature, revealing potential hotspots and the overall temperature uniformity. This high-fidelity, physics-based framework provides a virtual testbed for evaluating the thermal management system's performance under various operational and environmental conditions, forming the essential precursor to the optimization work detailed in subsequent sections.
3.2. Performance Analysis under Extreme Conditions and PSO-Based Optimization of Cooling Plate Structure
Based on the established high-fidelity multi-physics simulation framework, the thermal performance of the battery pack under extreme operating conditions is systematically evaluated. These conditions include high-rate fast charging scenarios and elevated environmental temperatures, which significantly increase the thermal load and pose a greater challenge to the cooling system's effectiveness. The simulation results from STAR-CCM+ provide detailed insights into the temperature distribution and heat dissipation patterns. Under high thermal loads, the initial cooling plate design may lead to the formation of localized hotspots and a significant temperature gradient across the battery module. This non-uniform temperature field can accelerate battery degradation and compromise safety. The analysis identifies that the flow distribution within the cooling channels and the convective heat transfer efficiency are critical factors influencing the maximum temperature and temperature uniformity.
To address these identified thermal management challenges, an optimization of the cooling plate's internal flow channel structure is conducted. This study employs the Particle Swarm Optimization (PSO) algorithm, a population-based stochastic optimization technique inspired by the social behavior of bird flocking or fish schooling. The PSO algorithm is chosen for its effectiveness in navigating complex, multi-dimensional design spaces to find optimal solutions. In this application, key geometric parameters of the cooling channels, such as their width, depth, bifurcation angles, and layout pattern, are defined as the design variables. The optimization objectives are set to minimize two key performance indicators: the maximum temperature of the battery pack during a simulated fast-charging cycle and the maximum temperature difference between any two points within the pack. A lower maximum temperature directly enhances safety, while a minimized temperature difference reduces thermal stress and promotes balanced aging among cells.
The optimization process is integrated with the simulation framework. For each candidate design generated by the PSO algorithm, a corresponding fluid-solid-thermal coupling simulation is automatically executed. The simulation results for the maximum temperature and temperature difference are fed back to the PSO algorithm as fitness values. The algorithm then iteratively updates the positions (i.e., design parameters) of the particle swarm, guiding the search toward designs that yield better thermal performance. This data-driven, automated optimization loop moves beyond traditional trial-and-error methods, efficiently exploring a wide range of possible channel geometries. The process continues until convergence criteria are met, resulting in an optimized cooling plate structure that offers a superior balance between cooling capacity and flow resistance.
The performance of the optimized design is then validated through simulation under the same extreme conditions. As shown in Figure 2. The results demonstrate a clear improvement. The optimized cooling plate structure promotes more uniform coolant flow and enhances heat extraction efficiency. Consequently, the maximum temperature within the battery pack during fast charging is significantly reduced. More importantly, the temperature uniformity is greatly improved, with the maximum temperature difference across the pack being effectively controlled within a very narrow range. This outcome confirms that structural optimization of the cooling component is a highly effective strategy for enhancing the thermal management system's capability to handle extreme thermal loads, thereby improving the overall safety and longevity of the battery system [2]. as shown in Table 1.
Table 1. Performance Indicators Comparison: Original vs. PSO-Optimized Design (Fast-Charging).
	Performance Indicators
(at Fast-Charging)
	Original Design
	PSO-Optimized Design
	Improvement
(%)

	Maximum Temperature (Tmax, ℃)
	58.4
	46.2
	-20.9%

	Maximum Temperature Difference (▲ T, ℃)
	9.8
	3.5
	-64.3%

	Average Temperature of Battery Pack (Tavg}, ℃)
	45.7
	40.1
	-12.3%

	Pressure Drop of Cooling Channels (▲P, Pa})
	1250
	1380
	+10.4%
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Figure 2. Simulation Results & Optimization.
4. Conclusion
This study successfully developed and validated a refined thermal management system model for new energy vehicle battery packs using multi-physics coupling simulation technology. A three-dimensional geometric model, accurately representing the internal structure of a battery module including cells, thermal interface materials, and cooling plates, was constructed. Through fluid-solid-thermal coupling simulations, the thermal behavior under conditions such as fast charging was analyzed, identifying key challenges related to temperature uniformity and peak temperatures. Subsequently, the Particle Swarm Optimization algorithm was applied to structurally optimize the cooling plate's flow channels. The optimized design demonstrated a significant improvement in thermal performance, effectively reducing the maximum temperature during high-load operations and maintaining excellent temperature uniformity across the battery pack. These findings confirm that the proposed modeling, simulation, and optimization framework provides a reliable and effective virtual tool for the engineering design of battery thermal management systems, contributing directly to enhanced safety and performance.
Several promising directions for future work are identified. The current model and optimization primarily focus on the cooling plate structure under specific steady-state or transient conditions. Future research should expand the scope to develop and integrate a holistic, system-level dynamic control strategy. This would involve creating a co-simulation platform that couples the detailed three-dimensional thermal model with a one-dimensional system model of the entire vehicle's thermal management circuit, including the chiller, pumps, and cabin climate control. Such a platform would enable the development and testing of intelligent control algorithms, such as model predictive control, to dynamically adjust coolant flow rates and temperatures based on real-time battery status, ambient conditions, and vehicle driving cycles. This approach aims to achieve optimal thermal regulation while minimizing system energy consumption.
The simulation of thermal runaway propagation remains a critical area for enhancing safety design. Future work should incorporate advanced electrochemical-thermal coupling models that can predict the onset of thermal runaway and simulate its propagation path within a module or pack. This requires integrating chemical reaction kinetics to model the heat generation during failure. The goal is to use such high-fidelity safety simulations to guide the design of more effective thermal barriers, fire-resistant materials, and module isolation structures, thereby extending the critical time window for safety interventions.
The development of reduced-order models is essential. Techniques such as proper orthogonal decomposition or neural networks can be explored to create highly efficient yet accurate surrogate models from the high-fidelity simulation data. These lightweight models could be deployed in battery management systems for onboard thermal monitoring and predictive control or used to drastically accelerate the optimization process for new cooling system designs. The ongoing advancement in computing power, including the potential application of quantum computing for solving complex thermal fields, may further revolutionize the speed and scale of future thermal management simulations.
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