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Abstract: To address the issues of large fluctuations in the thermal load of power batteries, stringent
requirements for temperature control response, and the inability of existing evaluation methods to

simultaneously reflect system energy efficiency and irreversible losses under high-rate fast-charging and
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dynamic driving conditions for electric vehicles. this study proposes a comprehensive evaluation
method for the operating performance and exergy efficiency of integrated thermal management
systems. On this basis, a thermodynamic analysis model is developed that considers temperature
control response, system energy efficiency, and component irreversible exergy destruction.
Furthermore, a multi-mode integrated thermal management test bench compatible with both
battery direct cooling and liquid cooling architectures is constructed, enabling the switching and
comparison of the two architectures and different modes under unified boundary conditions. Based
on the established comprehensive evaluation method, the temperature control characteristics, energy
efficiency performance, and thermodynamic loss patterns of the two architectures are comparatively
studied under the dynamic driving condition of the China light-duty vehicle test cycle for passenger
cars (CLTC-P) and fast-charging conditions ranging from 0. 5C to 3C. The results indicate that
under dynamic driving conditions, the liquid cooling architecture provides better cabin comfort
and system stability due to its large heat capacity. Meanwhile, the direct cooling architecture
maintains a coefficient of performance (COP) above 2.5 in the mid-to-late stages, achieving
higher steady-state energy efficiency. Under high-rate fast-charging conditions at 1C and above,
the direct cooling architecture eliminates the secondary heat transfer resistance, resulting in a
significantly faster cooling response than that of the liquid cooling architecture. However,
influenced by the phase-change flow regime of the refrigerant, the maximum steady-state
temperature difference within its battery module reaches 7.8 °C, indicating poorer local
temperature uniformity compared to the 4.7 ‘C observed in the liquid cooling architecture. The
direct cooling architecture effectively reduces irreversible heat transfer losses; its battery cold
plate achieves an exergy efficiency of 47%, which is significantly higher than the 29% of the
battery chiller in the liquid cooling loop. Furthermore, during long-term dynamic operation, the
transient total exergy efficiency of the direct cooling architecture reaches up to 20%. This
demonstrates that the direct cooling architecture generally exhibits greater advantages in terms of
response speed, system energy efficiency, and degree of thermodynamic perfection. The
established evaluation method can effectively identify the performance differences between
different architectures under dynamic and high-load conditions, providing methodological support
and an experimental basis for architecture selection and control optimization of integrated thermal
management systems for electric vehicles.

Keywords: electric vehicles; integrated thermal management; direct and liquid cooling; thermodynamic
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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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