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Abstract. With the increasing popularity of electric vehicles, efficient thermal management systems
are critical to maintaining battery pack performance, safety, and longevity. The rapid cycle of the
battery leads to a rapid increase in the heat content, and the heat problem has become the main
factor restricting its development. The main benefits of optimizing a battery thermal management
system (BTMS) system are improved operational efficiency, reduced costs, enhanced safety, and
extended battery life. Due to the rapid development of electric vehicle technology and the urgent
need for the thermal challenge of high-density battery systems, this topic has aroused people's
interest. The theme of this paper is optimizing thermal management strategies, including materials
and innovative cooling designs, that can significantly improve the efficiency and reliability of electric
vehicle batteries. One inherent limitation of lithium-ion batteries is that they are used within a specific
thermal operating range. The equivalent circuit model (ECM) calculates lithium-ion batteries' thermal
output. Different phase change materials (PCM), porous materials, and different system types are
studied to determine the most appropriate material to control the heat of the battery pack. This study
has significant value for efficient thermal management systems.
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1. Introduction

The operating temperature of the power battery has a great impact on the battery's performance.
With the increase in battery charging and discharging times, the available capacity of the battery is
reduced, but the higher the temperature, the faster the available capacity of the battery decays. The
discharge power of the battery rises rapidly in the temperature range from -40 to 0 °C, and the
discharge power of the battery from 0 to 40 °C tends to be stable. When more than 45 °C, the discharge
power of the battery pack will have a rapid decline [1]. The operation of the battery requires a suitable
temperature.

Nowadays, there are various types of BTMS systems like ineffective heat transfer. Electric or
hybrid propulsion systems, which are common in modern trams, produce a lot of heat, especially in
parts like batteries, traction motors, and power electronics. Inefficient heat dissipation is a problem
for current thermal management systems, particularly during periods of heavy operation, inclement
weather, or regenerative braking procedures. The end effect is the possibility of overheating, which
could cause system failures or component deterioration [2]. For energy efficiency, the advantages
of electric or energy-efficient designs are offset by energy-intensive cooling systems, which raise
overall energy consumption and decrease operational efficiency. Passenger Comfort and Energy
Efficiency, It is challenging to balance the trade-off between energy efficiency and passenger comfort,
which results in inefficiencies in both areas. Inflexibility in Changing Environmental Conditions, the
total resilience and flexibility of the thermal system is diminished by its inability to adjust in real-
time in reaction to environmental conditions [3]. Insufficient incorporation with contemporary
technology hinders the enhancement of heat regulation for effectiveness, durability, and security.
component duration and deterioration: The tram's overall lifespan is decreased because of the rapid
component degradation caused by the failure to maintain consistent thermal conditions over time.
Regulations and Environmental Issues: Greener options are becoming more and more necessary as
outdated refrigerants and ineffective cooling techniques threaten the environment and might not
comply with new regulations. The inefficiencies in heat dissipation, excessive energy consumption,
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difficulty in striking a balance between passenger comfort and energy efficiency, and difficulties in
adjusting to environmental changes are the main causes of the limits of the tram thermal management
systems in use today. The increasing technological sophistication of trams coupled with stricter
sustainability regulations calls for the development of next-generation thermal management systems
that are more ecologically friendly, versatile, and energy-efficient. Resolving these issues will require
incorporating cutting-edge technologies like artificial intelligence (Al) prediction algorithms,
sophisticated cooling materials, and more environmentally friendly refrigerants. PCMs and
innovative cooling designs can significantly improve the efficiency and reliability of electric vehicle
batteries. The paper reports a Study on the thermal management system of porous cells with phase
change material. The system is cooled by a thermoelectric cooler (TEC) on the wall and a serpentine
tube heat exchanger around the battery to achieve the cooling effect. The equivalent circuit model
(ECM) was used to calculate the thermal output of Li-ion batteries [4]. In this model, the battery
consists of a set of electrical components, including R-C pairs. The electrothermal model,
electrochemical thermal model, and equivalent circuit model are established by numerical simulation.
The electric heating model is to obtain the calorific value of the battery at different voltages and
currents through numerical simulation. The electrochemical heat model considers electrochemical
heat, po heat, ohmic heat, and other factors, while the equivalent circuit model ignores the complex
electrochemical process of the battery and regards the battery as an equivalent circuit composed of
different resistors.

2. Different Models of BTMS

2.1. The Battery Thermal Management System

The usage of liquid-cooled battery packs improves temperature control, Fig. 1 shows the coolant
flow channel, velocity, and heat exchanger design to improve heat dissipation efficiency and lower
energy usage. Integrated cooling system, the power system's motor, inverter, and battery cooling
systems are integrated to regulate heat dissipation centrally, reducing redundancy and waste. Improve
the system's total heat exchange efficiency by incorporating a unified liquid or air-cooling circuit
shown in Fig. 2 [5]. Heat recovery technology: the power system's waste heat is recovered and used
to heat the carriage or warm the battery system, lowering heating energy usage. Efficient heat
dissipation materials: use materials with higher thermal conductivity (such as metal oxide coatings)
to increase the heat dissipation effect of inverters, chargers, and other equipment. Optimal
temperature management for the inside Cabin temperature management has a direct impact on the
driving experience and passenger comfort while also being a significant source of energy
consumption. Optimizing cabin temperature management can increase energy efficiency. Heat pump
air conditioning system: compared with the traditional electric heating or cooling system, the heat
pump can effectively transfer the heat energy from the outside of the car to the car or vice versa,
greatly reducing energy consumption, especially in cold weather, the energy saving effect of the heat
pump is significant. Intelligent climate control system: Through sensors to detect the temperature
inside and outside the car, humidity, the number of passengers, and other factors, intelligent
adjustment of the air conditioning system working mode, to avoid unnecessary supercooling or
overheating. Multi-zone temperature control allows different areas of the vehicle (such as the driver's
seat, and the rear seat) to set different temperature requirements, reducing energy waste. Braking
energy recovery system: heat produced during braking is useful, but the kinetic energy is transformed
into electrical energy and saved back to the battery.
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Fig. 1 Schematic of different parallel liquid cooling BTMS. (a) Type A of liquid cooling; (b) Type
B of liquid cooling; (c) Type C of liquid cooling; (d) Type D of liquid cooling [5]

Fig. 2 Battery pack layouts and dimensions. (a) Novel trapezoid design; (b) Conventional
rectangular design [5].
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2.2. Materials

The use of effective insulation materials: By strengthening the vehicle's heat insulation and sealing
materials, heat conduction inside the carriage and heat exchange with the outside environment are
decreased, which lessens the load on the air conditioning system. Recovering and reusing
heat Optimizing the utilization of current thermal energy supplies is a crucial step towards improving
the thermal management of electric vehicles, as opposed to depending on higher energy
consumption. Applications for thermoelectric materials: Active thermal management employs
thermoelectric materials such as Peltier coolers to rapidly heat or cool batteries under certain
situations. Preheating and precooling technology: in cold weather, the battery is preheated by an
external power supply or the vehicle's electricity to reduce energy usage at low temperatures. Under
high temperatures, the battery can be pre-cooled to avoid overheating. Phase change materials: PCM
are employed in some electric vehicle designs to absorb and store extra thermal energy, releasing it
as necessary to control system temperature [6]. Launch of novel materials and technological
advancements. Utilize nanomaterials with increased thermal resistance or conductivity to maximize
the thermal management system's insulating and heat-dissipating capabilities. Material made of
graphene: Graphene can be used to dissipate heat from batteries and electronic components due to its
exceptional thermal conductivity.

Enhance thermal interface materials (T1Ms) to lower thermal resistance and increase heat delivery
efficiency between battery systems or electronic devices and coolers.

2.3. The Use of Heat

Passive heat dissipation: Increase the battery's natural heat dissipation capability by enhancing the
structural design, installing heat dissipation channels, or employing high thermal conductivity
materials. Utilization of waste heat: As previously indicated, to minimize extra energy consumption,
waste heat from motors, inverters, chargers, and other equipment is used for battery preheating or
carriage heating.

3. Results and Discussion

3.1. Intelligent Thermal Management Control Algorithm

Fig. 3 shows the intelligent thermal management control algorithm. The intelligent control system
uses the battery's state (temperature, power, charge, discharge rate, etc.) to dynamically modify the
cooling and heating strategy like reduce temperature, and discharge rate to avoid excessive or
insufficient thermal management [2].
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Fig. 3 Thermal management for electric vehicles [2]
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3.2. Design of Simulation and Optimization

Modeling and simulation of thermal control systems: Utilizing sophisticated simulation techniques
(such as computational fluid dynamics and computational fluid dynamics modeling) to fully simulate
the thermal management of batteries, powertrains, and carriages to optimize coolant flow, heat
transfer pathways, and heat recovery designs [7]. Li Sheng digital technology: The thermal
management system's operating state is tracked and predicted in real-time using the digital twin
concept, and it is dynamically adjusted using the Al optimization algorithm to accomplish self-
optimization. By implementing the techniques, electric car thermal management systems can function
more efficiently, spend less energy, last longer, and provide a better driving experience for its users

[8].

4. Conclusion

The optimization of BTMS can be achieved by optimizing the control strategy and changing the
design of the liquid cooling system, the working conditions of the battery, the selection of the cooling
medium, and the temperature monitoring and control system for the actual driving cycle of the liquid
cooling BTMS efficiency. Among them, the design material selection of the liquid cooling system,
the working state of the battery, and the temperature monitoring system of the actual driving cycle of
the liquid cooling BTMS efficiency are related to mechanical engineering. A thermal management
system for porous batteries based on PCM is presented. The system is cooled by a TEC on the wall
and a serpentine tube heat exchanger around the battery to achieve the cooling effect. To calculate
the thermal output of lithium-ion batteries, the ECM is used. In this model, the battery consists of a
set of electrical components, including R-C pairs. Different PCM materials and porous materials were
studied to determine the most suitable material to control the heat of the battery pack. Motor thermal
management is one of the key factors in the development of electric vehicle technology, new
challenges in manufacturing the next generation of electric drive units, coolant selection and
development, and optimization of the entire thermal system through model predictive control to
improve the efficiency and performance of electric vehicles. Traditional thermal management system
actuators can only execute commands mechanically, with less consideration for use scenarios and
driving habits. The intelligent thermal management system monitors the vehicle's working conditions
and environmental parameters in real-time through sensors, artificial intelligence algorithms, and
other technologies, and automatically adjusts the working mode and parameter Settings of the thermal
management system to improve the energy efficiency and performance of the system. Intelligent
technology needs to be promoted from the concept stage to the landing stage as soon as possible to
play its due role. Motor thermal management issues will continue to lead to the development of
electric vehicle technology. Through more efficient motor design and innovative thermal
management methods, it is expected to see more competitive electric vehicles in the future that will
provide a longer range and superior performance. To realize these prospects, technology research and
development should be strengthened, continue to invest in the research and development of integrated
and intelligent thermal management systems, and improve the efficiency and performance of the
system. Promote large-scale production , reduce costs by increasing the scale of production, and make
thermal management systems more popular. Optimize supply chain management to ensure the supply
and quality of components and support the stable operation of the thermal management system. Policy
support, provide policy support and financial subsidies, encourage enterprises to carry out
technological innovation and large-scale production, and better promote the development and
application of new energy vehicle thermal management systems.
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