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Abstract: Compressed air energy storage (CAES) is a vital technology for large-scale energy
storage, facilitating the integration of high levels of renewable energy and helping to achieve
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carbon peak and neutrality goals. Integrating CAES with wind, hydropower, solar, biomass,
geothermal, hydrogen, and heat pump energy significantly enhances system performance.
This systematic review examines several multi-energy coupling mechanisms. For instance,
wind/solar-CAES improves grid integration rates to 71% through power smoothing. PH-CAES
overcomes geographical constraints and boosts installed capacity. Solar thermal-CAES raises
the expander inlet temperature through direct solar auxiliary heating. Biomass/geothermal
coupling achieves fuel substitution and enables combined cooling, heating, and power
generation. Hydrogen-CAES improves energy storage efficiency by synergistically utilizing
cold energy and hydrogen combustion for power generation. In series coupling, heat pumps
recover waste heat from sources, including the expansion exhaust and compression
processes as well as process waste heat, to drive vapor compression or absorption cycles,
resulting in a system efficiency increase of 3.75%—29.96%. In parallel coupling, heat pumps
utilize curtailed wind power and decouple combined heat and power constraints. Performance
analysis reveals that efficiency variations derive from the extent of heat recovery optimization
(e.g., heat pump COP > 3) and the complexity of system integration. Economic viability is
affected by equipment investment and adaptability to different scenarios. Despite challenges
such as air storage reservoir sealing fatigue, in thermal
management, and difficulties in dynamically aligning heat pumps with waste heat sources,
future advancements should focus on developing biomimetic self-healing sealing materials,
supercritical CO, cycles, and intelligent heat pump-CAES coordination algorithms. These
developments must be supported by policy and standardization frameworks to foster large-
scale, high-value applications.

Keywords: compressed air energy storage; renewable energy; heat pump coupling; system

performance; multi-energy complementarity; waste heat recovery
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Fig. 3 Adiabatic compressed air energy storage
system parallel-coupled with wind power
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Fig. 9 Biomass gasification cycle coupled with compressed air energy storage system
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Table 2 Key performance parameters of renewable energy coupled CAES systems
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Table 3 Key performance parameters of heat pump coupled CAES systems
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