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Figure 1 Comparison of heat transfer rates among thermal storage media. (a) Transient temperature fields at the pipe inlet cross-sections for solid-
state, static liquid, and flowing liquid molten salts; (b) Variation of average temperature versus time for molten salt, stainless steel, and cement at the
pipe inlet cross-section.
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Figure 2 Main application scenarios of thermal energy storage.
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Figure 4 Approaches for thermal conductivity enhancement of solid thermal storage materials. (a) High-thermal-conductivity
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Figure 5 Heat transfer enhancement for packed-bed and moving-bed thermal energy storage systems. (a) Fin structures in a packed-bed system?),
Copyright © 2025 Elsevier Ltd; (b) Principle of heat pipes in a pecked-bed system**), Copyright © 2024 Elsevier Ltd; (c) Optimization of tube
arrangement in a moving-bed system*, Copyright © 2023 Elsevier Ltd; (d) Hexagonal particle heating channels in a moving-bed system**/,

Copyright © 2022 Elsevier Ltd; (¢) Heat transfer channels filled with a porous metal foam skeleton in a moving-bed system™*®!, Copyright © 2023
Elsevier Ltd.
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Figure 6 Methods for measuring thermal conductivity of liquid thermal storage media.(a) Schematic of the frequency-domain hot-wire method®',
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Figure 7 Schematics of electricity-to-heat conversion devices. (a) Tubular resistance heater; (b) Electromagnetic induction heating; (c) Jet-type
electrode heater; (d) Heat pump system.
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Figure 8 Heat transfer enhancement in heat exchangers for thermal energy storage. (a) Helical baffles; (b) External fins; (¢) Microstructures on the
outer tube surface; (d) Tube inserts.
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Development Status of Thermal Energy Storage and Heat Transfer
Challenges in Thermal Storage Media and Equipment

YOU Han!, GUO XinJie!, YANG Peng!, WU AnYi!, JIN KaiYuan', LI XiaoBo', YANG RongGui '

' School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan 430074, China;
2 College of Mechanics and Engineering Science, Peking University, Beijing 100871, China.

Thermal energy storage is a long-duration energy storage solution with broad applicability and distinctive advantages, including siting
flexibility, cost competitiveness, and long lifespan. It is playing an increasingly vital role in constructing modern power systems. The
thermal charging and discharging performance of thermal storage systems is governed by complex heat transfer processes. However,
technical bottlenecks regarding the heat transfer processes at both material and equipment levels, which restrict large-scale utilization
of thermal storage technologies, exist and require urgent solutions. This manuscript provides a comprehensive review of the current
development status and application scenarios of thermal energy storage. In addition, the heat transfer challenges, relevant research
progress, and frontier directions of technology development in both solid- and liquid-based thermal storage systems have been
discussed. Regarding solid-based thermal storage systems, the primary challenges lie in the low intrinsic optical absorptivity and
thermal conductivity of the storage media, alongside the problems of high thermal resistance or low heat transfer efficiency of heat
storage and transfer equipment. Current investigations focus on developing composite storage materials with superior optical
absorptivity and thermal conductivity, optimizing the heat transfer structures of packed-bed and moving-bed equipment, and controlling
the parasitic losses and heat losses of fluidized beds. For liquid-based thermal storage systems, the material-level challenges include
precisely measuring thermophysical properties, such as the thermal conductivity of high-temperature liquid media, as well as how to
mitigate the restrictions of low thermal conductivity and other thermal properties on heat storage and exchange performance. At the
equipment level, there is an urgent demand to elevate the power level and the conversion efficiency of electric heating equipment and
heat exchangers. The potential solutions include optimization of thermal property measurement tools, synergistic modification of
thermal conductivity and heat storage density in liquid media via nanoparticle incorporation, development of novel electric heating
technologies such as electromagnetic induction heaters and heat pumps, and design of heat transfer augmentation of heat exchangers.
In the future, as these challenges are progressively resolved, thermal energy storage will achieve larger-scale applications in many
fields such as concentrated solar power, retrofitted coal-fired power, grid-scale energy storage, and industrial or residential heating,
thereby accelerating the green transition of energy sectors and facilitating the attainment of carbon peaking and carbon neutrality targets.

Keywords: thermal energy storage, heat transfer, long-term energy storage, concentrated solar power, coal-fired power plant
retrofitting, off-peak electricity thermal storage
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