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Abstract: To address the stringent demands of high-rate fast charging and dynamic driving conditions
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on heat transfer and dynamic temperature control in electric vehicle thermal management systems, this
study comparatively investigates the operational energy efficiency and thermodynamic characteristics of
direct cooling and liquid cooling architectures for power batteries. First, a test bench for an integrated
thermal management system with multi-mode switching capabilities was developed. Second, a system
operation and exergy analysis model was established based on the first and second laws of
thermodynamics. Finally, under the dynamic driving conditions of the China light-duty vehicle test
cycle-passenger and multi-rate (0.5C—3C) fast charging scenarios, the temperature control response,
energy efficiency, and component irreversible exergy losses of the two systems were quantitatively
evaluated. The results indicate that: Under dynamic driving conditions, the liquid cooling system
exhibits superior cabin supply air comfort and system stability due to its large heat capacity. Conversely,
the direct cooling system achieves higher steady-state energy efficiency, with its coefficient of
performance stabilizing above 2.5 in the middle and late stages of operation. During high-rate fast
charging at 1C and above, the direct cooling system eliminates secondary heat transfer resistance,
resulting in a significantly faster cooling response than the liquid cooling system. However, affected by
the refrigerant phase-change flow pattern, its maximum steady-state temperature difference within the
battery module reaches 7.8 °C, indicating poorer local temperature uniformity compared to the 4.7 °C of
the liquid cooling system. The direct cooling architecture effectively reduces irreversible heat transfer
losses. Its battery cold plate exergy efficiency reaches 47%, which is significantly higher than the 29%
of the battery chiller in the liquid cooling loop. Furthermore, during long-term dynamic operation, the
maximum transient total exergy efficiency of the direct cooling system can reach 20.0%. This study
reveals the thermodynamic evolution characteristics of different cooling architectures under heavy load
and dynamic conditions, providing a theoretical basis for the engineering application and optimization
of next-generation EV composite thermal management systems.

Keywords: electric vehicle; integrated thermal management; direct cooling and liquid cooling;
thermodynamic property
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Fig. 1 Schematic diagram of multi-mode integrated thermal management system

experimental platform
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Table 1 Operating modes and valve control logic of the multi-mode integrated thermal

management system
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Table 2 Technical specifications of key components in the experimental platform
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under different charging rates for direct
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Fig. 10

performance and energy efficiency for

Variation trends of cooling

direct and liquid cooling systems under

3C fast charging conditions
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