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Thermal energy storage (TES) technologies are emerging as key enablers of sustainable energy systems by providing flexibility and efficiency in managing thermal resources across diverse applications. This review comprehensively examines the latest advancements in TES mechanisms, materials, and structural designs, including sensible heat, latent heat, and thermochemical storage systems. Recent innovations in nano-enhanced phase change materials (PCMs), hybrid TES configurations, and intelligent system integration are highlighted. The role of advanced computational methods, such as digital twins and AI-based optimization, in enhancing TES performance is also explored. Applications in renewable energy systems, industrial processes, district heating networks, and green hydrogen production are discussed, along with associated challenges and future research directions. This review aims to synthesize current knowledge while identifying pathways for accelerating the development and practical deployment of next-generation TES technologies.
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1 INTRODUCTION
Energy demand has continued to rise, with a notable 2.2% increase recorded in 2024, significantly above the 1.3% average annual growth observed over the past decade (IEA, 2025). This surge can be attributed to factors such as income growth, industrial expansion, structural shifts in the global economy, and the rapid proliferation of data centers and artificial intelligence technologies (Saouter and Gibon, 2024; Kwasi-Effah et al., 2022a). To meet rising global electricity demand, the energy sector has significantly increased investments in renewable and nuclear power. In 2023, renewable capacity additions reached a record ∼510 GW (mostly solar and wind), marking the 22nd consecutive year of growth (IRENA, 2025). Preliminary 2024 estimates suggest further growth, potentially nearing 600–700 GW (IEA, 2025). Nuclear power also expanded, with 5–10 GW of new capacity added in 2023, the highest in a decade as countries revisited nuclear for energy security (Fattouh et al., 2024). Together, renewables and nuclear accounted for about 80% of net electricity generation growth in 2023, pushing their combined share to about 38%–40% of global electricity (Energy Institute, 2024; IEA 2025).
Renewable energy sources such as solar and wind are inherently intermittent, as their availability depends on weather patterns and the time of day (Kwasi-Effah et al., 2022b; Qudrat-Ullah, 2024). To maintain a stable and reliable energy supply, effective energy storage solutions are essential. Although batteries, particularly lithium-ion are often at the forefront of these discussions, thermal energy storage (TES) is gaining traction as a vital technology, especially for industrial heating, concentrated solar power (CSP) systems, and grid stabilization (Pengonda et al., 2024; Verma et al., 2024). By heating or cooling a storage material, thermal energy storage (TES) technology stores thermal energy that can be used later for power generation, heating, or cooling. By storing surplus energy when it is available and releasing it when needed, TES systems assist the integration of renewable energy sources, enhance energy efficiency, and balance the supply and demand for energy (Mitali et al., 2022). Other forms of energy storage include mechanical storage, such as compressed air energy storage and pumped hydro storage; electrochemical storage, which involves lithium-ion and lead-acid batteries; electrical storage using supercapacitors; and chemical storage through hydrogen fuel systems (Kumi, 2023; Kwasi-Effah and Rabczuk, 2018).
Thermal energy storage (TES) differs from other energy storage methods primarily in its mechanism of storing energy as heat rather than electricity, mechanical energy, or chemical potential (Kwasi-Effah et al., 2024; Elkhatat and Al-Muhtaseb, 2023). TES devices store energy by heating or cooling a medium (sensible heat), taking advantage of phase shifts (latent heat), or initiating reversible chemical reactions (thermochemical storage), whereas electrochemical batteries (such as lithium-ion) store energy in chemical bonds and release it as electricity (Zhang J. et al., 2022). In contrast to pumped hydro or compressed air storage, which depend on gravitational potential or pressurized air, thermal energy storage demonstrates notable effectiveness in addressing heating and cooling requirements across buildings, industrial processes, and concentrated solar power plants (Alanazi, 2023).
A key advantage of TES over electrical storage is its ability to store large amounts of energy at relatively low cost, especially in high-temperature applications like industrial heat recovery and CSP (Agalit et al., 2020). Although, TES generally exhibits lower round trip efficiency than batteries, primarily due to energy losses during heat to electricity conversion, it offers several compelling advantages over lithium ion battery systems (Olympios et al., 2021). These include lower cost, greater scalability, longer operational lifespan, enhanced safety, and superior suitability for applications requiring thermal energy (Sarbu and Sebarchievici, 2018). Additionally, TES plays a vital role in enabling the integration of renewable energy, particularly in concentrated solar power (CSP) plants, by allowing for reliable power generation even during periods without sunlight (Alami et al., 2023; Palacios et al., 2020). Furthermore, TES systems often utilize abundant, non-toxic materials, making them a more environmentally sustainable alternative to certain electrochemical storage technologies that rely on scarce or hazardous components (Nadeem et al., 2019).
Thermal energy storage (TES) plays a vital role in the integration of renewable energy sources and in addressing supply-demand discrepancies, particularly within solar and industrial sectors (Zhao et al., 2023). Notable implementations include molten salt systems utilized in concentrated solar power (CSP) facilities, such as Spain’s Gemasolar plant, which facilitates continuous operation (Tamme et al., 2022; Zhao et al., 2023). Additionally, Phase change materials (PCMs) are gaining traction in building applications to enhance HVAC efficiency, while the recovery of industrial waste heat capitalizes on sensible heat storage (Sarbu and Sebarchievici, 2018). However, despite these advancements, challenges remain, including issues related to cost and material stability, especially in high-temperature scenarios (Zhao et al., 2023). The adoption of TES is on the rise, with market growth anticipated at approximately 10% CAGR, propelled by decarbonization initiatives (BTO, 2024).
Thermal Energy Storage (TES) has diverse and expanding applications across multiple sectors. In concentrated solar power (CSP) plants, molten salt TES enables continuous electricity generation beyond daylight hours, thereby enhancing grid reliability (Pelay et al., 2017). For industrial processes, high-temperature TES facilitates the recovery of waste heat from energy-intensive sectors such as steel and cement production, significantly reducing fossil fuel consumption (Sarbu and Sebarchievici, 2018). In buildings, phase change materials (PCMs) integrated into walls and HVAC systems help shift cooling loads and reduce peak electricity demand (Rai, 2021). District heating networks increasingly adopt large-scale water tanks to store surplus renewable heat seasonally, contributing to more stable and resilient energy systems (Sarbu et al., 2022). In the transportation sector, TES systems utilizing PCMs support refrigeration units by maintaining temperatures without continuous energy input (Fattouh et al., 2024).
Emerging applications further highlight the versatility of TES. Thermal batteries, solid-state systems using materials such as silicon or graphite are gaining traction for modular, high-energy-density storage in off-grid, residential, and defense contexts (Muthu et al., 2024). Additionally, electricity-to-heat-to-electricity (E2H2E) systems are being developed for long-duration storage, in which excess electricity is stored thermally and later converted back to electricity using advanced cycles such as thermophotovoltaic or Brayton systems (Olympios et al., 2022). TES is also being explored in green hydrogen production, where it helps stabilize thermal inputs for high-efficiency electrolysis (Pardo-Pina et al., 2024). Furthermore, TES supports efficient cooling in data centers and electronics, decarbonized district cooling using chilled water or ice storage, and renewable-powered desalination processes through solar thermal integration (Alkrush et al., 2024; Zheng et al., 2023). These advancements reflect TES’s critical role in enhancing energy flexibility, supporting decarbonization, and enabling sustainable energy transitions across sectors.
Several review papers have explored energy storage systems, including thermal energy storage (TES), across various applications beyond renewable energy integration. However, few offer a comprehensive analysis of TES technologies, mechanisms, and their diverse applications in sectors such as agriculture, buildings, smart grids, concentrated solar power, data centers, and hydrogen storage. For instance, Tan et al. (2021) presented a broad overview of energy storage systems including mechanical, electrical, electromagnetic, and thermal storage but offered only minimal coverage of TES, with no in-depth discussion of its mechanisms, material classifications, or sector-specific applications. Similarly, Chavan et al. (2022) explored TES in the context of waste heat recovery and its role in sustainable development, but the review was limited in scope, lacking coverage of recent technological advancements, emerging materials, and diverse application areas. Tawalbeh et al. (2023) conducted a material-focused review of TES, analyzing developments in sensible and latent heat storage materials, as well as encapsulation techniques. However, this review was narrowly centered on material science, omitting discussion on TES mechanisms, system integration, and innovative applications such as hybrid systems and hydrogen storage. Emrani and Berrada (2024) provided a techno-economic assessment of energy storage technologies with emphasis on renewable energy systems, but did not examine TES systems in detail, nor did it categorize TES types or discuss recent trends. Elalfy et al. (2024) reviewed energy storage methods across thermal, chemical, electrochemical, and hybrid systems, yet failed to address TES-specific mechanisms, materials innovation, or its expanding role in sustainable energy transitions.
In contrast, this review aims to fill these gaps by presenting a comprehensive synthesis of recent innovations in thermal energy storage. It focuses on the classification and operation of TES systems including sensible, latent, and thermochemical mechanisms while highlighting emerging materials such as PCM encapsulation, nano-enhanced PCMs, novel reactor designs, perovskite-based thermochemical compounds, and hybrid configurations. It further explores TES integration into advanced applications like concentrated solar power (CSP), green hydrogen production, industrial waste heat recovery, smart grids, and data center cooling. By combining technical insights with real-world case studies and techno-economic evaluations, this paper aims to accelerate the deployment of next-generation TES solutions for a resilient, low-carbon energy future.
2 FUNDAMENTALS OF TES
Thermal Energy Storage (TES) systems operate on three primary mechanisms: sensible heat, latent heat, and thermochemical storage. Sensible heat storage is the process of increasing a material’s temperature without altering its phase. Energy is stored by common materials like water, oils, and molten salts because their intrinsic energy increases with temperature. The specific heat capacity, mass, and temperature change of the material all affect how much energy it can store (Sadeghi, 2022). The basis for latent heat storage is phase change materials (PCMs), such salt hydrates or paraffin wax, which absorb or release large amounts of heat during a phase transition (solid to liquid, for example) at a temperature that is almost constant (Aftab et al., 2021). Building applications and industrial heating benefit greatly from this process since it allows for a higher energy density within a more constrained temperature range (Zhang J. et al., 2022). Thermochemical storage uses reversible chemical reactions to store energy. While substantial research and development is still ongoing, these systems offer the maximum theoretical energy density and can allow long-duration storage with negligible losses over time (Bao and Ma, 2022). Figure 1 illustrate the various classification of thermal energy storage.
[image: Flowchart depicting thermal energy storage divided into two categories: Thermal and Chemical. Thermal branch includes Sensible Heat, subdivided into Liquids and Solids, and Latent Heat, subdivided into Solid-Liquid, Liquid-Gas, and Solid-Solid. Chemical branch includes Thermal Chemical Pipeline, Head of Reaction, and Heat Pump.]FIGURE 1 | Classification of thermal energy storage (Sarbu and Sebarchievici, 2018).Thermal energy storage performance is characterized by several critical parameters that determine its efficiency, cost-effectiveness, and suitability for specific applications. Table 1 and Figure 2 illustrates the various thermal energy storage parameters and provides a comparison among sensible heat storage, latent heat storage, and thermochemical storage systems. Table 2 provides a concise comparison of sensible, latent, and thermochemical energy storage materials based on thermal properties, cost, durability, and environmental impact. It highlights the trade-offs between energy density and sustainability, offering insights for selecting materials tailored to specific TES applications. Below are the most important parameters, along with their significance and typical values for modern TES systems:
TABLE 1 | Comparison of latent storage, sensible heat storage systems and thermochemical storage parameters (Zahid et al., 2022; Ochmann et al., 2023; Sarbu and Sebarchievici, 2018; Bauer, 2021).	Parameter	Sensible (molten salt)	Latent (PCMs)	Thermochemical
	Energy Density (kJ/kg)	100–300 (Nitrate salts)	200–600 (Chloride PCMs)	500–3,000 (Redox reactions)
	Round-Trip Efficiency (%)	93–98 (Two-tank systems)	75–90 (Encapsulated PCMs)	40–70 (Lab)/80+ (Projected)
	Operating Temp. Range (°C)	290–565 (Solar Salt)	150–750 (Al-Si alloys)	200–1,200 (Co3O4/CoO)
	Charge/Discharge Rate	50–100 kW/m3 (High flow rates)	20–80 kW/m3 (Graphite-enhanced)	<50 kW/m3 (Kinetic-limited)
	Cycle Life	>20,000 cycles (Stainless steel)	5,000–10,000 (Encapsulated)	500–2,000 (Perovskites)
	TRL (2025)	9 (Commercial scale)	6–8 (Pilot/Pre-commercial)	3–5 (Laboratory/Pilot stage)
	Cost (2025, $/kWh)	18–32	35–60	80–120 (Projected)
	Exergetic Efficiency (%)	35–45 (Temperature degradation)	85–90 (Isothermal discharge)	50–70 (High-grade heat)
	Self-Discharge Loss (%/day)	1–2 (Insulated tanks)	0.5–1.5 (Microencapsulation)	<0.1 (Zero loss in TCS)


[image: Radar chart comparing TES system performance across six criteria: Energy Density, Charge/Discharge Rate, Round-Trip Efficiency, Environmental Impact, Cost, and Technology Readiness Level (TRL). Sensible Heat Storage is in blue, Latent Heat Storage in orange, and Thermochemical Storage in green. Each system exhibits varying strengths across these dimensions, forming distinct shapes.]FIGURE 2 | Comparison of thermal energy storage using a radar plot.TABLE 2 | Comparative overview of thermal energy storage materials by type and key performance metrics (Dixit et al., 2022; Liu Y. et al., 2024; Yuan et al., 2018).	Material	Type	Thermal conductivity (W/m·K)	Specific heat (kJ/kg·K)	Energy density (kJ/kg)	Cost ($/kWh)	Cycle life	Environmental impact	TRL (2025)
	Water	Sensible	0.6	4.18	100–200	1–5	>20,000	Low (non-toxic, abundant)	9
	Molten Salts (NaNO3/KNO3)	Sensible	0.5–0.6	1.5–1.6	100–300	15–25	>20,000	Moderate (nitrate mining)	8–9
	Concrete	Sensible	0.9–1.5	0.88–1.0	100–200	1–5	>10,000	Low (abundant, recyclable)	6–7
	Paraffin Wax	Latent (PCM)	0.2–0.3	2.0–2.5	200–300	35–60	5,000–10,000	Moderate (petroleum-based)	6–7
	Salt Hydrates	Latent (PCM)	0.5–1.0	1.4–2.0	200–600	30–50	5,000–10,000	Moderate (corrosion issues)	5–6
	Bio-based PCMs (Erythritol)	Latent (PCM)	0.3–0.5	1.5–2.0	300–400	40–70	5,000–8,000	Low (biodegradable, renewable)	4–5
	CaCO3/CaO	Thermochemical	1.0–2.0	0.8–1.0	500–3,000	80–120	500–2,000	Moderate (CO2emissions cycling)	4–5
	MgSO4·7H2O	Thermochemical	0.4–0.6	1.5–2.0	1,000–1,500	80–100	500–1,500	Low (abundant, non-toxic)	4–5


Energy Density: Energy density indicates the amount of energy stored per unit volume or mass. It varies significantly among the three types. Sensible systems typically offer lower energy densities but have simpler and more mature designs. Latent systems provide higher energy density due to the enthalpy of phase change, while thermochemical systems can theoretically store more energy by leveraging endothermic and exothermic reactions (Aftab et al., 2021; Eze and Tamball, 2024).
Charge and Discharge cycle: The ability of a material to reversibly absorb and release heat over many cycles without significant degradation defines its charge and discharge performance (Wu et al., 2021). In sensible heat storage systems, the rates of charging and discharging are primarily influenced by the temperature gradient and the thermal conductivity of the storage medium. In latent heat systems, phase change processes can maintain a nearly constant temperature during charging and discharging, thereby enhancing overall system efficiency (Zahid et al., 2022).
Round Trip Efficiency: Round-trip efficiency measures how effectively the system can store and retrieve thermal energy. Sensible and latent systems often reach efficiencies of 70%–90%, depending on insulation and temperature losses, while thermochemical systems may be lower but offer better long-term storage potential (Vahidhosseini et al., 2024).
Operating Temperature Range: The TES media can efficiently store and release thermal energy within this temperature range without experiencing any degradation or loss of functionality (Ding et al., 2021). This specifies the usable heat for the intended use and needs to correspond with the thermal cycle of the system (for example, industrial waste heat recovery or CSP).
Cycle Life: This is the maximum number of full charge-discharge cycles that a TES system can have before seeing a noticeable decline in performance. It denotes robustness and long-term feasibility, particularly for everyday riding in industrial or renewable integration applications (Aghmadi and Mohammed, 2024).
Cost Metrics: The cost per unit of energy capacity ($/kWh) or power capacity ($/kW) is typically used to illustrate the capital and operating expenses related to putting in place a TES system (Elkhatat and Al-Muhtaseb, 2023). Economic viability requires a lower cost per kWh, particularly when compared to battery or pumped hydro systems (Walker and Duquette, 2022).
Exergetic Efficiency: This is the ratio of the input energy to the output useful energy (work potential). It takes into consideration thermal energy’s quality as well as its quantity (Akci Turgut and Dincer, 2023). In a thermodynamic sense, it aids in evaluating how well a TES system transforms stored heat back into work or useable energy.
Self-Discharge Loss: When the TES system is not actively charging or discharging, this is the gradual loss of thermal energy that has been stored. Caused by heat leaking through inadequate insulation; peak shaving and long-term storage require minimal self-discharge (Elalfy et al., 2024).
3 SENSIBLE HEAT STORAGE
Sensible heat storage (SHS), the most commercially mature thermal energy storage (TES) technology, stores thermal energy by changing the temperature of a solid or liquid medium without causing a phase change (Kwasi-Effah et al., 2023; Seyitini et al., 2023). It is extensively utilized in district heating systems, industrial waste heat recovery, and concentrated solar power (CSP) plants. The energy stored in SHS depends on the material’s mass, specific heat capacity, and temperature change (Aftab et al., 2021). With no phase change involved, the process is straightforward and predictable. Figure 3 demonstrates the process of sensible heat storage. The stored thermal energy is given in Equation 1.
Q=m ·Cp ·∆T(1)
[image: Diagram of a solar thermal system. A solar collector harnesses sunlight, connected to a pump in the charging loop. The pump circulates to a storage tank. The discharging loop delivers energy to a house. Arrows indicate flow direction.]FIGURE 3 | Sensible Heat storage system (Dincer and Ezan, 2018).Where Q is the sensible heat stored (joules), m is mass of the substance (Kg), Cp  is specific heat capacity at constant pressure (J/Kg/K) and ∆T is temperature change.
3.1 Sensible heat materials
Table 3 presents commonly used materials for sensible heat storage (SHS), selected based on their specific heat capacity, operating temperature range, thermal conductivity, and density. These properties directly influence the energy storage capacity, charging/discharging rate, and system compactness. Water remains one of the most efficient SHS media due to its high specific heat capacity (4.18 kJ/kg·K), high density (∼1,000 kg/m3), and excellent thermal conductivity (0.6 W/m·K). However, its use is restricted to applications within 0°C–100°C due to phase change limitations. Concrete, widely used in building-integrated storage, has a specific heat between 0.88 and 1.0 kJ/kg·K and operates effectively up to 400°C. Its density (2,300–2,400 kg/m3) and moderate thermal conductivity (1.1–1.4 W/m·K) make it ideal for stationary systems. Cast iron offers a compact thermal storage solution with its high density (∼7,200 kg/m3), decent thermal conductivity (∼55 W/m·K), and operational stability up to 500°C, although its specific heat is relatively low at 0.46 kJ/kg·K. Molten salts such as sodium nitrate (NaNO3) and potassium nitrate (KNO3) are widely adopted in solar thermal plants due to their specific heat (1.5–1.6 kJ/kg·K), high operating range (200°C–600°C), and adequate thermal conductivity (0.5–0.6 W/m·K). Their densities typically range from 1,800 to 2,100 kg/m3. Rocks like basalt are valued for high-temperature storage, sustaining up to 1,000°C. With a specific heat of approximately 0.79 kJ/kg·K, density around 3,000 kg/m3, and thermal conductivity ranging from 1.5 to 3.0 W/m·K, they are ideal for packed-bed systems in industrial heat recovery and CSP plants.
TABLE 3 | Common sensible heat storage materials (Pompei et al., 2023; Yang et al., 2020).	Material	Specific heat capacity (kJ/kg·K)	Operating temperature range (°C)	Density (kg/m3)	Thermal conductivity (W/m·K)	Approximate cost ($/ton)
	Water	4.18	0–100	1,000	0.6	Low (∼1–5)
	Concrete	0.88–1.0	Up to 400	2,200–2,500	0.9–1.5	Low (∼50–100)
	Cast Iron	0.46	Up to 500	7,200	50–80	Medium (∼300–500)
	Molten Salts (NaNO3, KNO3)	1.5–1.6	200–600	1800–1900	0.5–0.6	High (∼600–1,000)
	Rocks (e.g., basalt)	0.79	Up to 1,000	2,800–3,000	1.5–3.5	Low (∼10–50)


3.2 Tank Based Storage Systems
Tank-based sensible heat storage (SHS) systems are well-established and widely used in residential and industrial applications. These systems typically employ fluids such as water, thermal oils, or molten salts contained within heavily insulated tanks to minimize heat losses (Khan et al., 2024). Without a phase change, the storing mechanism depends on raising or lowering the fluid’s temperature throughout cycles of charging and discharging. The development of efficient intake diffuser designs brought about by advances in computational fluid dynamics (CFD) has greatly improved thermal stratification and achieved stratification efficiencies surpassing 90%, which in turn has reduced mixing losses (Barrak et al., 2024; Chekifi and Boukraa, 2023). Water-based tank systems are commonly used in residential heating due to their low cost and their suitability for low-to-moderate temperature ranges (Kousksou et al., 2014). Synthetic thermal oils are frequently used as heat transfer fluids (HTFs) in industrial settings because of their capacity to function at higher temperatures, usually up to 400°C https://doi.org/10.3390/en14227486. Eutectic mixes of diphenyl and diphenyl oxide, marketed as Therminol VP-1 or Dowtherm A, are common synthetic thermal oils in the 12°C–400°C temperature range (Alva et al., 2018). They are stable and effective. In concentrated solar power (CSP) facilities and other industrial operations that need high-temperature heat transfer, these oils are very common. Innovations like polymer liners and ceramic internal coatings have been introduced to increase the longevity and durability of storage tanks operating at elevated temperatures. These materials improve resistance to corrosion and material degradation, guaranteeing the tanks’ structural integrity over extended periods of operation (Magliano et al., 2024). Overall, tank-based thermal energy storage systems offer the advantages of operational simplicity, high technology readiness levels, and cost-competitiveness. However, their energy density is generally lower compared to latent heat and thermochemical storage systems, which can limit their applicability in scenarios where space and weight are critical considerations (Mohammad, 2024). Figure 4 depicts a tank storage system integrated with a solar collector and boiler for supplying domestic hot water and space heating.
[image: Diagram of a heating system with three sections: energy supply, storage, and load. A boiler and solar collector feed into a storage tank. Output lines lead to space heating and domestic hot water.]FIGURE 4 | Tank based storage systems (Heier et al., 2015).3.3 Packed-bed systems
The main heat storage medium of packed bed thermal energy storage (TES) systems is made of solid materials like alumina, ceramics, or natural rocks. As shown in Figure 5 these systems transmit thermal energy to or from the solid materials without causing a phase transition by passing a heat transfer fluid usually air or thermal oil through the packed bed. The inexpensive cost of materials and straightforward construction of packed bed systems make them especially appealing (Hrifech et al., 2020). According to Strasser and Selvam (2014), these systems typically operate in the 120°C–325°C temperature range, and they cost about $30 per kWh. The design configuration and operating factors, like flow rates and bed packing configurations, have a significant impact on efficiency.
[image: Diagram showing a packed particles system with cold fluid entering on the left and hot fluid exiting on the right. The central section contains red spheres labeled "Packed Particles" within a wall. A close-up of a single particle with radius R and labeled distances dr and l_i is illustrated at the top right.]FIGURE 5 | Packed bed storage (Ma et al., 2023a).3.4 Concrete thermal energy storage
TES systems based on concrete heat vast amounts of specially prepared high-temperature concrete to store thermal energy. Concrete is suited for medium-to high-temperature applications because of its high specific heat capacity, which allows it to absorb and hold onto large amounts of thermal energy (Carrillo et al., 2019). At temperatures as high as 400°C, concrete storage systems have proven to operate dependably. Using concrete materials for storage has a relatively cheap cost of about $1 per kWh (Panneer Selvam et al., 2013). Depending on the insulation quality and system design, these systems can also have significant thermal efficiency. Concrete’s mechanical strength and thermal stability have been improved recently for long-term use (Hoivik et al., 2019). Figure 6 illustrates a smart home energy system incorporating concrete thermal energy storage for storing and distributing heat collected from solar tiles and a combined heat and power (CHP) unit.
[image: Diagram illustrating an energy system with solar tiles receiving sunlight, connected to a building labeled "Smart-Home". The system includes components such as CHP/BHKW, electrical and thermal storage, and internal systems like wall heating and underfloor heating (UFH). Arrows indicate energy flow between these components.]FIGURE 6 | Future-proof energy concept for buildings and neighborhood [IWB Stuttgart].3.5 Molten salts storage system
Molten salt systems represent a mature and highly efficient technology for large-scale thermal energy storage, particularly in concentrated solar power (CSP) applications. These systems typically employ mixtures of sodium nitrate (NaNO3), potassium nitrate (KNO3), and lithium nitrate (LiNO3) as the storage medium (Ayinla et al., 2024). The salts are heated to a molten state, allowing thermal storage at operational temperatures typically between 290°C and 565°C. At commercial stage, the cost of molten salt storage is estimated between $15–25 per kWh, offering a highly competitive solution relative to alternative storage technologies (Roper et al., 2022). Thermal efficiencies of molten salt systems are remarkably high, often ranging from 90% to 99%, depending on the heat exchange and insulation strategies employed (Roper et al., 2022). Figure 7 shows a molten salt thermal energy storage system integrated with a solar tower and Rankine cycle for efficient solar power generation.
[image: Diagram illustrating a solar thermal power system with key components: heliostat field, solar tower, molten salt storage tanks, heat exchanger, Rankine cycle, steam turbine, and condenser. Solar energy is concentrated via heliostats to the solar tower, heating molten salt. The hot molten salt is stored, then transferred to a heat exchanger to produce steam, driving a steam turbine for electrical generation. Excess heat is stored in a cold tank. The process involves work input and electrical output stages.]FIGURE 7 | Molten salt storage systems (AlShafi and Bicer, 2021).4 LATENT HEAT
Latent heat storage (LHS) is an efficient method of thermal energy storage that utilizes phase change materials (PCMs) to store and release large amounts of energy during phase transitions (e.g., solid-liquid, liquid-gas). Unlike sensible heat storage, LHS occurs at a nearly constant temperature, making it ideal for applications requiring precise thermal regulation, such as solar energy systems, building thermal management, and electronic cooling. During the melting process, a material transitions from a solid to a liquid state by absorbing heat without a corresponding increase in temperature. This process is endothermic in nature, and the absorbed energy is stored as latent heat within the material’s molecular structure. Conversely, during freezing, the material undergoes a phase change from liquid back to solid, releasing the stored thermal energy into the surrounding environment. This exothermic process makes the latent heat available for energy recovery applications. Similarly, during vaporization, the phase transition from liquid to gas involves the absorption of a significant amount of thermal energy, known as the latent heat of vaporization. This mechanism requires a higher energy input compared to melting, due to the greater molecular separation involved in the liquid-to-gas transformation. The reverse process, condensation, entails the release of this stored energy as the material transitions from the gaseous to the liquid phase, also at a nearly constant temperature (Aljabair et al., 2023; Liu K. et al., 2024; Upadhyay and Singhal, 2023). Figure 8 depicts a solar collector system with a packed bed storage tank, illustrating the charging and discharging loops for latent heat storage, where hot air is loaded and cold air is returned to manage energy transfer efficiently.
[image: Diagram of a solar energy system showing a solar collector, fan, and packed bed storage tank. The system includes a charging loop with arrows indicating hot air flowing to a house, and a discharging loop with cold air returning to the tank. The sun symbol represents solar energy input.]FIGURE 8 | Latent heat storage systems (Dincer and Ezan, 2018).These phase change processes enable latent heat storage systems to achieve high energy densities and maintain relatively stable operating temperatures, which are critical advantages for a range of thermal energy storage applications. The governing equations for these systems are derived from fundamental heat transfer principles, incorporating sensible heat, latent heat, and the interface motion during phase change. The energy conservation equation in a latent heat system, based on Fourier’s law of heat conduction as given by Equation 2 and the latent heat energy can be derived as shown from Equations 3–13 (Fortunato et al., 2012; Verma and Singal, 2008).
ρCp ∂T∂t=∇·k∇T+ρL∂f∂t(2)
We will derive the total energy Q in a PCM System by integrating this equation.
Integrating both sides over the control volume V:
∫VρCp ∂T∂tdV=∫V∇·k∇TdV+∫VρL∂f∂t dV(3)
Simplifying terms, First Term (Sensible Heat Storage per unit volume):
∫VρCp ∂T∂tdV=ddt∫VρCp TdV(4)
Simplifying the second term (heat conduction):
∫V∇·k∇TdV=∮Sk∇T dS(5)
Where S is the surface bonding of the volume V.
Simplifying the third term (Latent Heat absorption):
∫VρL∂f∂t dV=ddt∫VρLfdV(6)
Combine and integrate over time:
∫t0tfddt∫VρCp TdVdt=∫t0tf∮Sk∇T dSdt+∫t0tf ddt∫VρLfdV dt(7)
Assuming no net heat loss/gain (adiabatic system), the conduction term vanishes, we get:
∫VρCp T dV=∫VρLfdV(8)
Sensible Heat Change:
Qsensible=∫VρCp Tf−To dV(9)
Latent Heat Absorbed:
Qlatent=∫VρLff−fo dV(10)
Total Energy = Sensible + Latent:
Q=∫VρCp Tf−To dV+∫VρLfff−fo dV(11)
∴Q=mCp Tf−To+Lff−fo(12)
Where m=ρV is the total mass, for phase change, the temperature is constant (isothermal), The total energy for latent storage becomes:
Q=m×L(13)
Where Tf is the final temperature, To initial temperature, Cp  is specific heat capacity, L is latent heat of fusion, V is volume, ρ is density and f fraction of material that is in the liquid phase.
4.1 Phase change materials
Phase Change Materials (PCMs) are compounds that can undergo reversible phase changes, mainly between solid and liquid states, to store and release significant amounts of thermal energy. A PCM is very useful for thermal energy storage (TES) applications because it collects or releases a sizable amount of latent heat at a virtually constant temperature as it goes through a phase shift.
4.1.1 Key thermophysical properties of phase change materials
For latent heat thermal energy storage systems, the choice of appropriate Phase Change Materials (PCMs) depends on a number of crucial thermophysical characteristics that affect the systems’ dependability, performance, and safety (Kumar et al., 2025).
A PCM should possess a high latent heat of fusion to store a substantial amount of thermal energy per unit mass during the phase transition. This characteristic enhances the energy storage density of the system. For instance, polyethylene glycol (PEG) has been noted for its favorable latent heat properties, making it a candidate for thermal energy storage applications (Yang H. et al., 2024). A suitable phase change temperature is also necessary to guarantee compliance with the intended application’s intended operating temperature range. For charging and discharging cycles to be effective, the phase transition temperature and operating parameters must be closely matched. Another crucial characteristic is high thermal conductivity, which speeds up heat transmission throughout the melting and solidification processes and raises the thermal storage system’s total charging and discharging rates. However, many PCMs inherently exhibit low thermal conductivity. To address this, composite PCMs incorporating materials like Zn2Al-layered double hydroxide have been developed to enhance thermal conductivity (Yang H. et al., 2024). PCMs should exhibit minimal volumetric expansion or contraction during phase transitions to prevent mechanical stress and potential damage to the containment system. Materials with small volume changes during melting and solidification are preferred to maintain structural integrity (Thakare and Bhave, 2015). Furthermore, chemical stability is essential for preserving the PCM’s functionality across a large number of heat cycles. Long-term dependability and efficiency are ensured by stable PCMs’ resistance to subcooling, phase segregation, and breakdown. Lastly, PCMs’ non-toxicity and non-flammability are critical for maintaining operating safety, particularly in commercial, industrial, and residential settings. In general, materials that are safe for the environment and present few health hazards are favored.
Table 4 summarizes commonly used phase change materials (PCMs) for latent heat thermal energy storage. Paraffin wax and stearic acid are stable and easy to handle, but have relatively low thermal conductivity. Salt hydrates offer better conductivity and lower cost, though they can be corrosive and require careful containment. Erythritol, a bio-based PCM, provides high latent heat and better thermal performance, making it suitable for higher-temperature applications. These materials demonstrate a balance between cost, thermal performance, and environmental considerations, influencing their selection for specific use cases.
TABLE 4 | Comparison of thermophysical properties of phase change materials (S. Kumar and Banerjee, 2024; Yang H. et al., 2024; Osibodu et al., 2024).	Material	Latent heat (kJ/kg)	Melting point (°C)	Thermal conductivity (W/m·K)	Cost ($/kg)	Remarks
	Paraffin Wax	150–200	40–70	0.2–0.5	∼2–5	Stable, low conductivity
	Stearic Acid	180–200	69–70	0.4–0.5	∼4–7	Biodegradable
	Salt Hydrate (CaCl2·6H2O)	150–190	∼30	∼0.5	∼1–2	High conductivity, corrosive
	Erythritol (Bio-PCM)	340	∼120	0.7	∼5–8	Bio-based, high latent heat


4.2 Classification of PCMs
Phase Change Materials (PCMs) are substances that store and release thermal energy during phase transitions, such as melting or freezing. They are classified into three main categories: Organic, Inorganic, and Eutectic. Organic PCMs include Paraffins and Non-Paraffins, with the latter further divided into Fatty Acids and Bio-Based PCMs like Plant Oils (e.g., coconut, soy), Animal Fats (e.g., beeswax), and Sugar Alcohols (e.g., erythritol). Inorganic PCMs consist of Salt Hydrates and Metallics, known for their high thermal conductivity. Eutectic PCMs are mixtures with a single melting point, categorized as Organic-Organic, Inorganic-Inorganic, Inorganic-Organic, and Bio-Based Eutectics. This classification highlights the diversity of PCMs for various applications, such as thermal energy storage and temperature regulation. Figure 9 effectively illustrates the various classifications of PCMs, providing a clear and structured overview of their categories and subcategories.
[image: Flowchart of thermal energy storage methods categorized into sensible heat storage, latent heat storage, and thermochemical energy storage. Sensible heat storage splits into liquid and solid, with further subdivisions such as water, molten salts, metals, and non-metals. Latent heat storage features PCMs with categories like solid-liquid, liquid-gas, and solid-solid, including organic, inorganic, eutectic, polymers, and inorganic materials. Thermochemical energy storage is divided into sorption and chemical reaction, featuring inorganic components like expanded graphite.]FIGURE 9 | Classification of phase change materials (Podara et al., 2021).4.2.1 Organic PCMs
Organic Phase Change Materials (PCMs) have drawn a lot of interest for use in thermal energy storage because of their advantageous thermophysical characteristics, which include congruent melting and solidification behavior, chemical stability, and non-corrosiveness (Kumar and Kumar, 2024). Organic PCMs are mainly carbon-based compounds and are broadly categorized into paraffin-based and non-paraffin-based materials.
4.2.1.1 Paraffin-based method
Paraffin PCMs consist of a mixture of straight-chain alkanes (CnH2n+2), exhibiting a relatively narrow melting range and excellent chemical and thermal stability over multiple thermal cycles. They have favorable characteristics like low vapor pressure in the melt, high latent heat of fusion, non-toxicity, and non-corrosiveness (Shu et al., 2017). However, their main drawbacks include low thermal conductivity and flammability, which limit their direct use in high-temperature or fire-sensitive applications.
4.2.1.2 Non parafin-based
Non-paraffin organic materials encompass compounds such as fatty acids, alcohols, esters, and glycols. Among these, fatty acids like stearic acid and palmitic acid exhibit distinct melting points, comparatively higher thermal conductivity than paraffins, and reduced tendencies for supercooling during phase transitions (Herrera et al., 2024). They also show significant latent heat levels and repeatable phase transition cycles. However, system designs must carefully handle problems including unpleasant odors, potential corrosiveness, and greater material prices (Sun et al., 2020).
Organic phase change materials (PCMs) present numerous advantages, including chemical stability and non-corrosiveness, which promote compatibility with a wide range of construction and storage materials. They possess high latent heat capacities, enabling the efficient storage and release of substantial thermal energy during phase transitions. Furthermore, organic PCMs demonstrate excellent cycling stability, maintaining performance over repeated phase change operations, thereby ensuring long-term reliability in thermal energy storage systems. Their non-toxic and environmentally friendly nature also makes them particularly well-suited for residential and commercial building applications. Despite their advantages, organic PCMs face challenges such as low thermal conductivity, which limits heat transfer efficiency. They are often flammable, raising safety concerns unless mitigated through encapsulation. Additionally, their higher cost compared to inorganic PCMs can hinder broader adoption. Issues like supercooling and volume changes during phase transitions further complicate system design and reliability.
4.2.2 Inorganic PCMs
Inorganic phase change materials (PCMs), primarily consisting of salt hydrates, metallics, and certain metal eutectics, are widely utilized in thermal energy storage applications due to their distinct thermophysical properties. These materials typically offer higher latent heat storage capacities and greater thermal conductivities compared to organic PCMs, facilitating faster charging and discharging cycles (Rathod and Banerjee, 2013; Sharma et al., 2009). One of the most extensively researched types of inorganic PCMs, salt hydrates, can be used in a wide range of settings, from high-temperature industrial processes to low-temperature building systems, because they can undergo phase transitions at different temperatures (Purohit and Sistla, 2021). Compared to their organic counterparts, inorganic PCMs offer greater operating safety because they are often non-flammable and show superior thermal stability at high temperatures (Sarbu and Sebarchievici, 2018). However, various obstacles limit the broader deployment of inorganic PCMs. The propensity for phase segregation and incongruent melting, in which the salt hydrates melt and separate into salt and water, is a serious problem that lowers thermal performance and stability over the long run (Zalba et al., 2003). Furthermore, a lot of inorganic PCMs undergo subcooling, which makes nucleating agents necessary to successfully start phase transitions (Beaupere et al., 2018). Another major technical challenge is the corrosion of containment materials by salt hydrates, which calls for the use of protective coatings or cautious material selection (Solé et al., 2015). Recent research has focused on overcoming these limitations through encapsulation techniques, additives to minimize supercooling, and the development of composite materials that combine the high energy density of inorganic PCMs with improved structural stability (Zhang H. et al., 2022).
4.2.3 Eutectic PCMs
Eutectic phase change materials (PCMs) are combinations of two or more substances that solidify at the same time at a single, sharp temperature (referred to as the eutectic point) at a certain composition (Sun et al., 2023). This behavior enables them to exhibit phase transitions at relatively constant temperatures, making them highly attractive for thermal energy storage applications requiring precise thermal management.
Eutectic PCMs are generally categorized into organic-organic, inorganic-inorganic, and organic-inorganic systems. Organic-organic eutectics, often composed of fatty acids or paraffins, offer low toxicity, strong chemical stability, and minimal supercooling. In contrast, inorganic-inorganic eutectics, typically based on salt mixtures, deliver higher thermal conductivity and greater volumetric energy density but are prone to corrosion and phase separation. Organic-inorganic eutectics aim to combine the strengths of both categories, though they can face compatibility challenges. The primary benefit of eutectic PCMs is their high melting and solidification points, which reduce temperature variations during energy storage and release and improve system efficiency (Atinafu et al., 2018). Additionally, by altering component ratios, their adjustable melting points can be customized for particular temperature ranges. However, unless stabilizers or encapsulation techniques are used, eutectic systems may be susceptible to phase separation during prolonged cycling, especially in inorganic-inorganic mixes (Huang et al., 2023). This could result in decreased storage performance. Eutectic PCMs are used in solar thermal systems, electronic cooling, and building thermal management, all of which depend on a restricted temperature range (Sun et al., 2023).
4.2.4 Bio-based PCMs
Bio-based phase change materials (PCMs) have emerged as a promising class of thermal storage media due to their sustainability, renewability, and environmental compatibility. They can be classified under non-paraffin organic phase change materials. These PCMs, which are made from natural sources including vegetable oils, animal fats, and bio-waxes, provide a sustainable substitute for conventional petroleum-based materials and are in line with the increasingly important concepts of the circular economy and low-carbon technology (Pielichowska et al., 2024).
The high latent heat of fusion of bio-based PCMs is one of their main benefits; it allows for significant energy storage per unit mass. Additionally, they have very small phase transition ranges, which makes them appropriate for temperature-sensitive uses including electronic thermal control, food preservation, and building heating and cooling. Additionally, compared to many synthetic organic PCMs, bio-based PCMs are typically less flammable, non-toxic, and biodegradable, which increases their attractiveness for both residential and commercial use (Benhorma et al., 2024; Simonsen et al., 2023). However, there are several difficulties with bio-based PCMs. Their generally low thermal conductivity can restrict the rate of heat transmission and call for the application of encapsulation techniques or conductivity boosters (Li D. et al., 2022). They may also operate differently if they have problems with phase separation, supercooling, and long-term chemical stability under frequent heat cycling. By combining bio-based PCMs with stabilizers, altering molecular architectures, or using sophisticated encapsulating techniques, these issues are frequently resolved and reliability and efficiency are increased.
4.3 PCM enhancement methods
The performance of Latent Heat Storage can be hindered by factors such as slow heat transfer rates, low thermal conductivity, phase segregation, and subcooling. Several strategies have been developed to address these challenges and enhance the efficiency and effectiveness of latent heat storage systems.
4.3.1 Encapsulation of phase change materials (PCMs)
One of the most widely used techniques to enhance latent heat storage systems’ performance is encapsulation. In this process, PCMs are encased in a protective shell composed of ceramics, metals, or polymers. Encapsulation of phase change materials (PCMs) enhances system reliability by preventing leakage during phase transitions, as PCMs often expand and contract. It also facilitates improved heat transfer by increasing the surface area of the PCM, thereby enhancing the heat exchange between the PCM and the surrounding medium. Additionally, encapsulation helps minimize phase separation, particularly in eutectic or organic PCMs, ensuring more consistent performance over multiple cycles (Huang et al., 2023; Zhang H. et al., 2022). To better understand the various encapsulation methods used in Phase Change Materials (PCMs), it is important to consider their impact on performance and durability. Table 5 provides a comparative analysis of three prominent encapsulation techniques; micro-encapsulation, macro-encapsulation, and shape-stabilization (SSPCMs). Each method is evaluated based on key factors such as heat transfer efficiency, durability, and cost, offering a clearer understanding of their respective advantages and limitations in the context of thermal energy storage systems.
TABLE 5 | Comparative analyses of PCM encapsulation (Ayyaril et al., 2023; Huang et al., 2023).	Property	Micro-encapsulation	Macro-encapsulation	Shape-stabilization (SSPCMs)
	Performance	High leakage control, moderate heat transfer	High energy storage capacity, enhanced leakage prevention	No leakage, improved thermal conductivity, and stability
	Durability	Good for thermal cycling stability, but depends on shell material	High durability under harsh conditions, better protection	Excellent durability with enhanced cycling stability
	Heat Transfer	May require added conductive materials for efficiency	Lower thermal conductivity compared to micro or SSPCMs	High thermal conductivity through matrix enhancement
	Complexity	Relatively simple manufacturing	More complex but robust	More complex than microencapsulation but provides stable structure
	Cost	Low to moderate	Moderate to high	Moderate to high due to additional materials and processes


4.3.2 Addition of conductivity enhancers
Most PCMs have low thermal conductivity, which restricts the rate of heat transfer during charging and discharging and can drastically lower system efficiency. This is enhanced by adding materials with greater thermal conductivity to PCMs, such as metal foams, graphite, or carbon nanotubes (CNTs). These substances improve conductivity and speed up heat transfer (Wu et al., 2020).
4.3.3 Use of composite PCMs
Composite phase change materials (PCMs) combine multiple materials to enhance the performance of latent heat storage systems. By blending different PCMs, the properties of the material can be customized to meet specific application needs (Ghosh et al., 2022). This method is particularly effective for optimizing factors such as melting point, thermal conductivity, and heat storage capacity. Composite systems often combine organic PCMs, like paraffin wax, with inorganic materials, such as salt hydrates, to improve performance over a broader temperature range. Additionally, hybrid systems integrate latent heat storage with sensible heat storage, using materials like graphite or metal powders mixed with PCMs to boost both thermal storage capacity and heat transfer efficiency.
4.3.4 Thermal stratification enhancement
Improving thermal stratification in latent heat storage systems is crucial for maximizing the efficiency of energy storage and retrieval. During the charging process, thermal stratification ensures that higher-temperature regions are positioned at the top of the system, while cooler areas remain at the bottom. This arrangement reduces energy losses caused by mixing and ensures that energy is stored more effectively. Achieving optimal stratification can be accomplished by employing optimized inlet diffusers and buffer layers within the storage tank, which help maintain the desired temperature gradient and minimize mixing losses (Liang et al., 2022).
4.3.5 Improved encapsulation materials
Phase change materials (PCMs) are successfully protected by conventional encapsulation materials like metals and polymers, but research and development are always ongoing to create new materials with better qualities. Silica and carbon-based nanostructures are examples of contemporary encapsulation materials that improve the system’s overall strength and thermal conductivity (Lamy-Mendes et al., 2018). Furthermore, to further enhance the effectiveness and efficiency of latent heat storage systems, aerogels which are well-known for their superior insulating qualities are being investigated as encapsulation materials (Ma et al., 2023b).
4.3.6 Nano-enhanced PCMs
Nano-enhanced phase change materials (NePCMs) represent a significant advancement in thermal energy storage, where nanoparticles such as metals (Cu, Al, Ag), carbon-based materials (graphene, carbon nanotubes), or metal oxides (TiO2, Al2O3) are dispersed within conventional PCMs to enhance their thermophysical properties (Said et al., 2024; Tofani and Tiari, 2021). Nanoparticles are incorporated into phase change materials (PCMs) to significantly improve their thermal conductivity, enabling faster heat transfer and minimizing thermal lag during phase transition cycles (Tariq et al., 2020). Moreover, nanoparticles act as nucleation sites, which helps to reduce supercooling and ensures more consistent and reliable phase changes (Eanest Jebasingh and Valan Arasu, 2020). Research has also demonstrated that nanoparticle-enhanced PCMs (NePCMs) exhibit greater thermal stability and decreased phase separation, improving their long-term reliability and performance (Mebarek-Oudina and Chabani, 2023). For instance, Al2O3 (aluminum oxide) nanoparticles have been shown to enhance the thermal conductivity of paraffin wax-based PCMs by up to 20% (Li et al., 2024). Likewise, SiO2 (silicon dioxide) nanoparticles have been found to significantly reduce supercooling and facilitate stable nucleation during phase change processes (Singh et al., 2022). Additionally, studies have shown that CuO (copper oxide) nanoparticles enhance the thermal stability and maintain phase uniformity of PCMs across repeated heating and cooling cycles (Almeshaal and Altohamy, 2024).
In addition to experimental validations, computational studies have significantly advanced the understanding of nano-enhanced phase change materials (NePCMs) in thermal energy storage systems. For instance, molecular dynamics (MD) simulations have been used to study the dispersion of graphene oxide (GO) nanoparticles within paraffin wax. Zhang et al. (2020) conducted MD simulations and found that strong interactions between GO nanosheets and the paraffin matrix enhanced the overall thermal conductivity and created additional nucleation sites, accelerating the phase change process and reducing supercooling. Nandi and Biswas (2025) conducted a combined experimental and numerical investigation on a PCM-based energy storage system enhanced with CuO nanoparticles and modified fin structures under solar irradiation. Their study demonstrated that incorporating 0.01% weight fraction of CuO nanoparticles led to a 16.36% increase in energy storage capacity and accelerated the melting process across various fin configurations, thereby improving the system’s thermal efficiency. Similarly, Chavan et al. (2024) performed a computational analysis on hybrid nano-enhanced PCMs (HNePCMs) integrated into thermal energy storage systems. Their findings indicated that HNePCMs containing 10% mass fraction of highly conductive nanoparticles exhibited up to an 18.69% enhancement in energy storage capacity and a 20% reduction in melting time compared to base PCMs, highlighting the efficacy of nanoparticle integration in improving thermal performance. Furthermore, Teja et al. (2022) utilized numerical simulations to assess the impact of Al2O3 nanoparticles on the thermal characteristics of paraffin-based PCMs in a latent heat thermal energy storage system. Hussain and Hussain (2025) revealed that adding 2% and 5% volume fractions of Al2O3 nanoparticles significantly improved the melting and solidification processes, enhancing the overall thermal conductivity and energy storage efficiency of the system.
5 THERMOCHEMICAL STORAGE
Thermochemical Energy Storage (TCES) presents a viable approach for high-energy-density, long-term thermal energy storage. In contrast to sensible or latent heat storage methods, TCES utilizes reversible chemical reactions to efficiently store and release thermal energy while maintaining negligible energy losses over extended periods. Thermochemical Thermal Energy Storage (TCES) operates on the principle of reversible chemical reactions, where thermal energy is stored and released through endothermic and exothermic processes, respectively. The general reaction mechanism involves the decomposition of a compound into its constituents during the charging phase, which absorbs heat (endothermic), and the recombination of these constituents during discharging, which releases heat (exothermic). Figure 10 illustrates a thermochemical energy storage (TCES) system, where heat is stored and released through reversible chemical reactions typically involving salt hydrates. A typical TCES reaction is given by Equation 14 (Abanades, 2023).
A · xB  A⟺Discharging Charging +xB+∆H(14)
where A · xB is a composite thermochemical material (e.g. salt hydrate), A is the dehydrated salt or metal oxide, B is the gaseous reactant (e.g. H2O) and ∆H is the reactant enthalpy.
[image: A diagram illustrating a heat system in four sections. (a) Charging: Solar energy heats external air directed to a reactor, exiting as exhaust air. (b) Discharging: Internal air is heated through a reactor, providing hot air and exhaust. (c) Details of the charging and discharging process using sorption and anhydrous salt. (d) A system overview detailing heat exchange, solar panels, a compressor, and thermochemical reactions to supply electricity and extract building heat.]FIGURE 10 | Thermochemical energy storage for building heating. (a) Charging: Solar-heated or externally heated dry air regenerates the reactor. Warm, dry air enters the reactor and moist exhaust air is vented. (b) Discharging: Indoor moist air passes through the reactor. Hydration releases heat and supplies hot air to the building via the heating coil, with exhaust air vented outside. (c) Packed-bed reactor operation: Left, discharging mode where moist air enters, forms solid crystalline hydrates, and exits as hot, dry air. Right, charging mode where hot, dry purge air regenerates the anhydrous salt in a porous host and exits as moist, warm air. (d) Integrated system schematic: Thermochemical reactor coupled to a vapor-compression loop and PV (Rathore and Shukla, 2021).The energy stored (Q) as shown in Equation 15 in such systems is directly related to the reaction enthalpy.
Q=∆Hrxn ·n(15)
Where n is the number of moles of the reacting substance. The reversibility of the reaction and favorable kinetics are critical for efficient cyclic operation.
5.1 Thermochemical materials for TES
Materials such as Materials such as salt hydrates (e.g., CaCl2·6H2O), metal oxides (e.g., MgO/Mg(OH)2), and carbonates (e.g., CaCO3/CaO) are commonly used due to their high reaction enthalpies and well-understood behavior. Table 6 presents a comparison of key thermochemical energy storage materials based on their reaction types and performance characteristics. While materials like Ca(OH)2 and Mg(OH)2 are relatively mature and low-cost, they suffer from issues such as sintering and agglomeration, which limit their cycle life. CaCO3 offers higher energy density but requires very high decomposition temperatures, making it less practical for some applications. Co3O4, though promising due to its high energy density, faces challenges related to cost, toxicity, and limited cycle life, indicating it is still largely at the research stage.
TABLE 6 | Comparison of key thermochemical energy storage (TCES) materials and their performance characteristics (Feng et al., 2023; Raganati and Ammendola, 2023; Wang et al., 2022).	Material	Reaction type	Energy density (kJ/kg)	Degradation issues	Cycle life	TRL 2025	Notes
	Ca(OH)2 ↔ CaO + H2O	Dehydration	1,000–1,200	Material sintering	∼200–500	5–6 (Pilot tested)	Cheap, mature material
	Mg(OH)2 ↔ MgO + H2O	Dehydration	∼1,200	Agglomeration	∼200	4–5 (Lab validated)	Higher temp than Ca(OH)2
	CaCO3 ↔ CaO + CO2	Carbonation	∼1,800	High decomposition temp	∼300–500	3–4 (Early-stage)	High energy but needs >800°C
	Co3O4 ↔ CoO + O2	Redox	2,500–3,000	Expensive, toxic concerns	<200	2–3 (Research only)	High density, research focus


5.1.1 Salt hydrates
Salt hydrates are among the most widely researched thermochemical materials (TCMs) due to their moderate operating temperatures and high theoretical energy densities. Typical materials include magnesium sulfate (MgSO4·7H2O), calcium chloride (CaCl2·6H2O), and lithium chloride (LiCl·H2O), which store and release thermal energy via reversible hydration and dehydration reactions (Lin et al., 2021). Equations 16–18 gives some common reactions of salt hydrates. These reversible reactions enable heat absorption during dehydration (charging) and release during rehydration (discharging). However, challenges such as low cycling stability, hygroscopicity, and irreversible structural degradation impede their long-term application.
Salt · nH2O+Heat ↔ Saltanhydrous+nH2Ogas(16)
MgSO4 ·7H2O+Heat ↔ MgSO4+7H2O(17)
CaCl2 · 6H2O+Heat ↔ CaCl2+6H2O(18)
Recent advances have focused on improving the structural and thermal stability of salt hydrates by forming composites with porous host materials. For example, Liu (2023) demonstrated that embedding calcium chloride within a metal foam matrix enhanced the cyclic reversibility and thermal performance of the material. The porous framework improved water vapor transport and maintained dispersion, reducing salt agglomeration and promoting stable performance over multiple cycles. Similarly, Aarts et al. (2023) investigated the integration of salt hydrates into porous polymeric matrices to reduce deliquescence and improve structural integrity. Their study showed that the hybrid material maintained its energy storage capacity over extended thermal cycles. These findings indicate that structural stabilization through composite engineering is a promising strategy for enabling the practical deployment of salt hydrate-based thermochemical energy storage systems.
5.1.2 Metal oxide
Metal oxides store and release thermal energy through reversible redox reactions. The general reaction as shown in Equations 19, 20 involves the reduction of a metal oxide at high temperatures, releasing oxygen, and its re-oxidation at lower temperatures, absorbing oxygen:
Co3O4↔ 3CoO+12O2(19)
MgOH2↔ MgO+H2O(20)
These oxides exhibit excellent thermal stability and cycling durability, making them attractive for medium-to high-temperature TES applications. Recent research has focused on enhancing the redox properties of metal oxides for thermochemical energy storage applications. For instance, perovskite materials have shown promise due to their ability to undergo redox cycling over a wide temperature range. A study introduced sodium into the lattice structure of BaCoO3 to enhance oxygen vacancy formation and mobility, thereby improving its thermochemical energy storage performance (Ning et al., 2024). Additionally, layered transition metal oxides such as MoO3, WO3, Ga2O3, and V2O5 have been analyzed for their functions in energy conversion and storage systems (Bhojani et al., 2025). These materials exhibit favorable redox properties and structural stability, making them suitable candidates for thermochemical energy storage.
5.1.3 Carbonates
Carbonate-based TCMs, particularly calcium carbonate (CaCO3) and magnesium carbonate (MgCO3), leverage decomposition/carbonation cycles to store and release heat as given by Equations 21, 22.
MgCO3↔ MgO+CO2(21)
CaCO3↔ CaO+CO2(22)
During the charging phase, carbonates decompose into metal oxides and CO2 gas, absorbing significant amounts of energy. During discharge, recombination with CO2 releases stored heat. While they offer high energy storage capacities, practical challenges include slow carbonation rates and material sintering at elevated temperatures, which degrade performance over multiple cycles. To improve the practicality of carbonate-based thermochemical energy storage, researchers have explored methods to lower decomposition temperatures and enhance reaction reversibility. For example, a study introduced a reactive carbonate composite (RCC) where Fe2O3 was used to thermodynamically destabilize BaCO3, reducing its decomposition temperature from 1,400°C to 850°C. This modification makes the material more suitable for thermal energy storage applications (Williamson et al., 2023). Furthermore, combining barium carbonate with barium titanite has been investigated for ultra-high temperature thermochemical energy storage. This composite material exhibits improved thermodynamic characteristics and cycling stability, making it a promising candidate for high-temperature energy storage systems (Williamson et al., 2024).
TCES systems can be categorized based on how they handle reactants and products:
	• Open Systems: These systems exchange reactants (e.g., water vapor or CO2) with the environment. They are simpler and more cost-effective but can be influenced by ambient conditions.
	• Closed Systems: Reactants and products are contained within a sealed system, allowing for better control over reaction conditions and improved efficiency. However, they are generally more complex and expensive to implement.

5.2 Thermochemical energy storage reactor design
Thermochemical energy storage (TCES) reactors are critical components that facilitate reversible heat storage and release through chemical reactions. Effective reactor design must optimize heat and mass transfer, reaction kinetics, cyclability, and integration with energy systems. Table 7 compares different reactor types (fixed-bed, fluidized-bed, and moving-bed) based on their thermochemical materials, temperature ranges, energy density, and cycling stability for energy storage applications.
TABLE 7 | Comparison of reactor types for thermochemical energy storage (Galazutdinova et al., 2024; Wuerth M. et al., 2019; Preisner and Linder, 2020).	Property	Fixed-bed reactor	Fluidized-bed reactor	Moving-bed reactor
	TCM Used	Salt hydrates (MgSO4·7H2O), Metal hydroxides	Redox oxides (Co3O4/CoO), Carbonates	Carbonates (CaCO3/CaO), Metal oxides
	Temp. Range	30°C–150°C (hydrates), 400°C–600°C (hydroxides)	800°C–1,000°C (redox)	600°C–900°C (carbonates)
	Energy Density	∼1.0–1.5 GJ/m3 (hydrates)	∼0.8–1.2 GJ/m3 (redox)	∼1.5–3.0 GJ/m3 (carbonates)
	Cycling Stability	50–100 cycles (hydrates)	500+ cycles (redox)	1,000+ cycles (carbonates)


5.2.1 Fixed bed reactors
Fixed bed reactors as shown in Figure 11 are characterized by a stationary bed of solid thermochemical materials through which the reactive gas flows. Their simplicity and ease of construction make them attractive for initial implementations. However, they often suffer from limitations in heat and mass transfer, leading to temperature gradients and reduced reaction efficiency. Recent studies have explored embedding heat exchangers within the fixed bed to enhance thermal conductivity and uniformity. For instance, integrating a honeycomb heat exchanger structure has shown improvements in heat distribution and storage capacity (Kant et al., 2021).
[image: Diagram of a cylindrical reactor with labeled components. Arrows indicate reactants entering at the bottom, passing through a diffuser, then a catalyst on support. Products and unreacted materials exit at the top for separation.]FIGURE 11 | Diagram of a fixed based reactor (Santos, 2018).5.2.2 Fluidized bed reactor
Fluidized bed reactors suspend solid particles in an upward flow of gas, creating a fluid-like state that enhances heat and mass transfer. Figure 12 demonstrates the design of a fluidized bed reactor. This configuration offers superior mixing properties, uniform temperature distribution, and scalability. Experimental investigations with CaO/Ca(OH)2 systems have demonstrated the feasibility of continuous operation and improved thermal performance in fluidized bed setups. However, challenges such as particle agglomeration and attrition need to be addressed for long-term stability (Wuerth M. et al., 2019).
[image: Diagram of a vertical chemical reactor depicting the flow of silicon (Si) seed particles and gases. Silicon seed particles (S) enter from the side, while silane (SiH4) and hydrogen (H2, Fin) are introduced from the bottom. Heat (∆Q) is applied from the sides. Large silicon particles (W) collect at the bottom, and silicon powder exits with hydrogen (Fout) at the top.]FIGURE 12 | Diagram of a fluidized based reactor design.5.2.3 Moving bed reactors
Moving bed reactors involve the continuous movement of solid particles through the reactor, allowing for steady-state operation and efficient heat exchange. This design as shown in Figure 13 is particularly beneficial for large-scale applications where continuous energy supply is required. Modeling studies have highlighted the advantages of counter-current flow arrangements in moving bed reactors, leading to enhanced thermal gradients and reaction rates. Nevertheless, mechanical complexities and potential for channeling remain as design considerations (Preisner and Linder, 2020).
[image: Diagram and photograph of a chemical apparatus. (a) Diagram of the apparatus showing reduction, oxidation, and buffer sections. (b) Detailed cross-section labeled with measurements, gas inlets, and outlets. (c) Photograph of the actual setup in a laboratory, showing pipes and insulation wrapped around parts of the apparatus.]FIGURE 13 | A moving bed reactor design for thermochemical storage systems. (a) Schematic diagram of the reactor showing the main sections: reduction section (top), oxidation section (middle), and buffer section (bottom). (b) Cross-sectional view indicating thermocouple (T2–T10) locations and gas inlet/outlet positions: T2–T10 represent temperature measurement points along the reactor height; vertical distance between T5 and T6 is 100 mm; total measured section height is 700 mm. (c) Photograph of the experimental setup showing the installed reactor and connected instrumentation (Korba et al., 2022).5.2.4 Heat exchanger integration
Efficient heat exchanger integration is crucial for the performance of thermochemical energy storage (TCES) systems. Innovative designs, such as embedding heat exchangers within the reactive bed, have been explored to enhance heat transfer efficiency. For example, a recent study by Zhang Y. et al. (2024) investigated the performance of a TCES reactor embedded with a microchannel tube heat exchanger for water heating. The embedded design achieved a thermal efficiency of 82.35%, representing a 69-percentage point improvement over conventional systems due to enhanced heat transfer and reduced temperature gradients within the reactive bed. Similarly, Humbert and Sciacovelli (2024) applied topology optimization to develop advanced fin structures integrated within the reactive bed of a closed TCES reactor. Their optimized embedded structures yielded up to a 286% increase in heat transfer performance compared to traditional designs, demonstrating the potential of intelligent heat exchanger integration in maximizing energy efficiency.
5.2.5 Coupling with solar thermal systems
Integrating TCES systems with Concentrated Solar Power (CSP) plants offers a promising approach to address the intermittency of solar energy. By storing excess thermal energy during peak solar hours, TCES can provide a continuous energy supply during periods of low solar irradiance. Studies have proposed various integration strategies, including direct and indirect coupling of thermochemical reactors with CSP systems, to optimize energy conversion and storage efficiency (Pelay et al., 2019).
5.3 Reaction kinetics and transport phenomena
The efficiency of thermochemical energy storage (TCES) systems largely hinges on the reaction kinetics of their reversible chemical processes. This kinetics dictate the pace at which thermal energy is either stored or released during the system’s charge and discharge phases, thus directly influencing its dynamic response and operational efficiency. In gas-solid based TCES configurations, transport phenomena both mass and thermal are equally vital. Maintaining steady gas diffusion through the reactive bed is crucial to sustaining the reaction, especially for processes like hydration/dehydration and carbonation/decarbonation. In parallel, the thermal conductivity of the material and the heat transfer coefficient between system components determine the effectiveness of thermal energy delivery and extraction.
To better understand and optimize the interaction between reaction kinetics and transport mechanisms, researchers frequently employ simulation tools such as Computational Fluid Dynamics (CFD) and Finite Element Analysis (FEA). CFD helps visualize gas flow, temperature profiles, and species distributions within the system, enabling insight into reaction rates and thermal limitations. FEA, on the other hand, is instrumental in evaluating temperature-induced stress, material deformation, and structural reliability under repeated thermal cycles. These modeling approaches play a crucial role in refining TCES system designs and predicting their real-world performance under varied operating scenarios. A notable example is the work by Jiang et al. (2025) who formulated a numerical model to examine heat transfer and conversion dynamics in calcium carbonate (CaCO3) particles for TCES applications. Their study also assessed the potential of silicon carbide (SiC) additives in improving energy storage capacity and reaction behavior. Also, a study by Yaïci et al. (2013) developed a three-dimensional unsteady CFD model using COMSOL Multiphysics to simulate a seasonal solar thermochemical heat storage system for buildings.
5.4 Materials innovation/integration
Recent progress in thermochemical energy storage (TCES) has been largely driven by innovations in composite materials and nanotechnology, which effectively tackle critical issues such as material stability, thermal conductivity, and reaction kinetics.
5.4.1 Composite materials for enhanced stability
Incorporating hygroscopic salts into porous substrates like zeolites has proven effective in enhancing the stability and performance of TCES systems. For instance, a study by Chen et al. investigated LiCl/LiBr-zeolite composites and found that a 15 wt.% salt solution exhibited optimal adsorption rates and capacities. This composite achieved a heat storage density of up to 585.3 J/g, marking a 30.9% improvement over pure zeolite. The system also demonstrated a high energy discharge efficiency of 74.3% under specific conditions, highlighting its potential for long-term thermal energy storage applications (Chen et al., 2022).
5.4.2 Nano-enhanced salts for improved heat transfer and reaction kinetics
The addition of nanoparticles to molten salts has been shown to enhance their thermal properties significantly (Guo et al., 2021). Research indicates that incorporating nanoparticles such as SiO2, Al2O3, and TiO2 into NaNO3-KNO3 mixtures can increase specific heat capacities by 15%–57% in the solid phase and 1%–22% in the liquid phase (Chieruzzi et al., 2013; Guo et al., 2021; Guo et al., 2021). These enhancements are attributed to the formation of nanolayers on the surface of the nanoparticles, which increase the surface area and improve heat transfer rates. Furthermore, studies have demonstrated that the inclusion of MgO nanoparticles in salt hydrates can improve thermal conductivity and reduce solidification time, thereby enhancing the overall efficiency of TCES systems (Yang W. et al., 2024). For example, adding 0.25 wt.% MgO nanoparticles to NaNO3-KNO3 mixtures resulted in increased thermal diffusivity and reduced discharge time without significantly affecting latent heat values.
6 TECHNO-ECONOMIC COMPARISON OF TES SYSTEMS
The techno-economic performance of thermal energy storage (TES) systems is a critical factor in determining their practical applicability across sectors such as power generation, industrial heating, and building energy management. TES technologies namely sensible heat storage (SHS), latent heat storage (LHS), and thermochemical energy storage (TCES) differ significantly in terms of cost-effectiveness, energy density, technology readiness, and operational complexity.
Sensible heat storage, particularly using water, molten salts, or concrete, remains the most commercially viable option due to its low cost per kWh (typically $1–25/kWh) and long cycle life (>10,000–20,000 cycles). These systems are mature (TRL 9) and have been deployed at scale, especially in CSP plants. However, they require large volumes due to low energy density and may have significant heat losses over time.
Latent heat storage systems (e.g., using paraffin wax, salt hydrates, or bio-based PCMs) offer higher energy densities and nearly isothermal behavior during phase change, making them compact and efficient for space-constrained applications. Despite moderate costs ($30–70/kWh) and reasonable cycling stability, LHS faces challenges such as low thermal conductivity and potential material degradation, which can impact long-term reliability.
Thermochemical storage systems, though still at low to mid TRL (3–6), promise the highest energy densities and negligible self-discharge, enabling long-duration storage and seasonal applications. However, their high initial costs ($80–150/kWh) are mostly based on laboratory scale projections, complex system design, and limited cycle life (typically <2,000 cycles) currently restrict their deployment to laboratory or pilot-scale projects.
From a techno-economic standpoint, SHS is preferred for large-scale, short-to-medium duration applications due to its maturity and low cost, while LHS is ideal for moderate-scale systems requiring compactness and higher energy density. TCES holds long-term potential for grid-scale and seasonal storage, particularly as material and system innovations reduce cost and improve cycling durability. Figures 14, 15 shows a comparison of the thermo-economic properties of thermal energy storage systems and the various thermal energy storage materials respectively. A hybrid approach that integrates these TES technologies based on use-case requirements may offer an optimal balance of cost, performance, and scalability.
[image: Bar chart comparing cost and cycle life of TES systems: SHS, LHS, and TCES. SHS shows 25 dollars/kWh cost and 20,000 cycles. LHS shows 50 dollars/kWh cost and 10,000 cycles. TCES shows 100 dollars/kWh cost and 2,000 cycles. Green bars represent cost, and red bars represent cycle life.]FIGURE 14 | Cost and cycle life comparison of TES systems.[image: Bar charts compare TES materials by thermal conductivity, specific heat, energy density, cost, cycle life, and environmental impact. Materials include molten salt, paraffin wax, stearic acid, calcium hydroxide, magnesium hydroxide, and cobalt oxide. Cobalt oxide shows the highest thermal conductivity, energy density, cost, and environmental impact. Stearic acid and paraffin wax have the highest specific heat. Molten salt has the longest cycle life.]FIGURE 15 | Thermo-economic properties comparison of TES materials.7 HYBRID THERMAL ENERGY STORAGE
Hybrid Thermal Energy Storage (TES) systems have become increasingly important due to their ability to merge different energy storage technologies to improve efficiency and overall performance (Ding et al., 2021). These systems integrate thermochemical energy storage (TCES) with latent heat storage (such as phase change materials, PCMs) and sensible heat storage (for example, molten salts) in an effort to increase energy density, thermal stability, and efficiency. The main advantage of hybrid TES systems lies in their ability to combine multiple storage methods, each offering unique benefits. TCES systems, for instance, store energy through reversible chemical reactions like dehydration, rehydration, carbonation, and decarbonation, which enables them to achieve high energy densities. On the other hand, PCMs store energy by changing phases at specific temperatures, which helps maintain a stable temperature during the charging and discharging phases, thus improving the temperature regulation of the system. Moreover, when TCES is combined with sensible heat storage, such as molten salts, the system benefits from increased thermal power output and enhanced heat transfer efficiency during discharge cycles. This hybrid approach is especially advantageous for applications requiring high-temperature energy, like Concentrated Solar Power (CSP) plants, where it enables efficient energy capture and storage during peak sunlight periods (Elkelawy et al., 2024).
Hybrid TES systems are also known to improve system efficiency by decreasing response times. When coupled with electrochemical storage systems, such as batteries, these hybrid systems offer faster energy discharge, which helps overcome the slower kinetics typically seen with TCES (Ding et al., 2021). This feature makes hybrid TES systems ideal for renewable energy sources like wind and solar, which are characterized by intermittent energy production (Hanani et al., 2023). In terms of integration, hybrid TES systems provide a practical solution to reduce the cost of energy storage technologies by lowering the capital investment needed for large-scale thermochemical systems. By relying less on more expensive single-storage technologies, hybrid systems offer a more cost-effective approach to managing energy efficiently, especially in renewable energy contexts where energy supply and demand are constantly fluctuating.
Recent studies have demonstrated the effectiveness of hybrid TES systems in various applications. For instance, a study on a hybrid solar and waste heat thermal energy harvesting system showed that integrating a thermoelectric generator (TEG) with a photovoltaic (PV) system improved energy efficiency by utilizing both solar and waste heat (Hanani et al., 2023). Another research development in hybrid TES, such as the integration of phase change materials (PCMs) with solar thermal systems, have demonstrated enhanced energy storage performance and improved cost-effectiveness (Baghaei Oskouei et al., 2024). Overall, hybrid TES systems represent a major breakthrough in energy storage technology. By combining TCES, latent heat, and sensible heat storage, they offer a flexible and efficient solution to energy storage challenges, particularly for renewable energy systems. Continued advancements in this field are likely to further improve the performance, reliability, and cost-effectiveness of hybrid TES systems, making them a crucial component of sustainable energy solutions.
8 APPLICATION OF THERMAL ENERGY STORAGE
Thermal energy storage (TES) plays a vital role across multiple sectors by improving energy efficiency and enabling renewable energy integration. In power generation, it supports CSP plants and waste heat recovery, while in industries it optimizes processes in steel, cement and chemical production. TES also enhances building HVAC systems, agricultural operations, smart grid stability, transport thermal management, data center cooling, and hydrogen storage solutions, demonstrating its versatility in energy optimization.
8.1 TES in concentrated solar power plants
Concentrated solar power (CSP) plants produce electricity by using mirrors or lenses to focus sunlight onto a central receiver, where a heat transfer fluid captures and carries the thermal energy. As shown in Figure 16, this heat is then used to produce steam that drives a turbine connected to a generator. Thermal energy storage (TES) is pivotal in enhancing the performance and reliability of concentrated solar power (CSP) systems by decoupling solar energy collection from electricity generation. Among the TES technologies employed in CSP, sensible heat storage remains the most widely adopted, particularly in commercial systems that use molten salt mixtures such as sodium nitrate and potassium nitrate. These salts exhibit high specific heat capacity and thermal stability, typically operating at temperatures up to 565°C. However, recent advancements have focused on replacing or enhancing molten salts with higher-temperature alternatives, including molten chlorides like magnesium chloride and potassium chloride, which can function above 700°C and offer improved cost-effectiveness and thermal efficiency. Caldwell et al. (2021) demonstrated that certain MgCl2-KCl-based molten salts are air-stable and less corrosive, enabling CSP systems to operate at temperatures exceeding 750°C without significant degradation, a notable improvement over traditional nitrate salt. Complementing these material developments, innovative diagnostic techniques have emerged to assess thermal properties in real time. Chung et al. (2023) introduced an in-situ method using modulated photothermal radiometry to measure the thermal conductivity of flowing molten chloride salts, providing key insights for optimizing heat transfer performance under operational conditions. Solid particle TES systems, using materials such as ceramic and sand particles, have also gained traction. These systems can operate at temperatures exceeding 1,000°C and serve as both heat transfer and storage media, making them especially suitable for next-generation CSP plants targeting higher thermodynamic efficiencies. Such systems offer high energy density and thermal stability, and their integration into CSP plants is increasingly being explored due to their scalability and cost-effectiveness (Barrasso et al., 2023).
[image: Diagram illustrating a solar power tower system. Sunlight is focused by heliostats in the collector field onto a receiver tower, heating a fluid. Hot fluid is transferred to a hot salt tank, stored as thermal energy, and then passed through a heat exchanger. The energy powers a turbine linked to a generator, producing electricity sent to the grid. Cold fluid returns in a closed loop. Heat rejection and a pump/compressor are part of the system.]FIGURE 16 | Thermal energy storage for concentrated solar power (Alnaimat and Rashid, 2023).Thermochemical energy storage (TCES) stands out as a highly promising thermal energy storage (TES) approach for concentrated solar power (CSP) due to its superior energy density and capability for long-duration storage with minimal thermal losses. TES is critical for CSP plants, enabling consistent electricity generation by storing thermal energy during peak solar periods for use during low or no sunlight hours. For example, the Andasol CSP plant in Spain employs a two-tank molten salt system (60% NaNO3, 40% KNO3) to store 7.5 h of thermal energy at 565°C, providing 50 MW of dispatchable power with a round-trip efficiency of ∼93–98% and reducing the Levelized Cost of Electricity (LCOE) by ∼10–15% compared to CSP plants without TES. Emerging innovations, such as the solid particle TES system tested at Sandia National Laboratories’ Falling Particle Receiver, utilize ceramic particles to reach temperatures exceeding 1,000°C, boosting thermodynamic efficiency by ∼20% over conventional molten salts. However, issues like particle attrition and high capital costs (∼$20–30/kWh) remain. TCES systems, such as the CaO/CaCO3 looping in the GLASUNTES project, deliver high energy density (∼1.5–3.0 GJ/m3) but require advancements in catalysts to overcome slow reaction kinetics. Systems based on calcium looping (CaO/CaCO3) and magnesium-based redox cycles are under active development. For example, the GLASUNTES project recently demonstrated the use of molten glass in thermochemical systems at temperatures up to 1,300°C, significantly pushing the boundaries of operational temperature ranges in TES (GLASUNTES, 2016). Moreover, recent advancements include cascaded TCES configurations designed to optimize round-trip efficiency and exergy performance Lu et al. (2024) investigated such systems using coupled redox reactions, achieving better temperature control and reduced thermal degradation. System integration strategies have also seen significant refinement. Thermosyphon-based charging mechanisms in stratified single-medium storage tanks have shown enhanced efficiency in preserving thermal stratification without requiring mechanical pumps. Parida and Basu (2022) experimentally validated the efficacy of this approach in achieving rapid and uniform heat distribution, reducing exergy losses and simplifying system design.
From an economic perspective, integrating TES into CSP plants contributes significantly to lowering the Levelized Cost of Electricity (LCOE) by increasing plant capacity factors and reducing dependence on auxiliary fossil fuel systems Borge-Diez et al. (2022) conducted an economic assessment showing that TES-enhanced CSP plants are better equipped to respond to electricity price volatility, offering both technical and market-driven resilience. Additionally, life cycle assessments of CSP plants equipped with TES have indicated significant reductions in greenhouse gas emissions and water usage, reinforcing their role as a sustainable energy technology (Kuravi et al., 2013).
Looking ahead, hybrid CSP systems that integrate photovoltaic (PV) modules with TES are being investigated to enhance flexibility and dispatchability (Sumayli et al., 2023; Zapater and Vicente, 2023). These hybrid configurations allow for optimized use of solar resources across varying conditions, bolstering grid reliability. Continued research into novel high-temperature materials, cost-effective thermochemical cycles, and hybrid energy systems is expected to further solidify TES as a cornerstone of future CSP technologies and global renewable energy strategies.
8.2 TES in waste heat recovery in fossil/fuel plants
Thermal Energy Storage (TES) systems are pivotal in enhancing the efficiency of fossil fuel and nuclear power plants by capturing and reusing waste heat, thereby reducing fuel consumption and greenhouse gas emissions. These systems store surplus thermal energy from high-temperature exhaust gases or steam cycles, enabling better alignment of energy supply with demand, especially during peak loads or rapid fluctuations. For instance, a pilot TES system at the Drax Power Station in the UK utilizes molten salts to capture exhaust heat at ∼500°C, cutting coal use by ∼5% and CO2 emissions by ∼50,000 tons annually. At Iran’s Bushehr Nuclear Power Plant, integrating Organic Rankine Cycle (ORC) with TES boosts electrical output by 0.077% and reduces thermal discharge by 15%–20%. However, challenges such as corrosion in high-temperature systems and retrofit costs (∼$25–40/kWh) persist. Ongoing research focuses on optimizing heat exchanger designs and exploring cost-effective materials like basalt rocks to enhance TES scalability and adoption in power plants for a sustainable energy future.
Figure 17 depicts a thermal energy storage (TES) system integrated into fossil/fuel plants, where high-temperature exhaust gases (1,200°C) are captured, stored, and later discharged to preheat scrap, produce steam, or supply heat-demanding processes, improving energy efficiency and waste heat recovery.
[image: Diagram illustrating a thermal energy storage (TES) system integrated with an electric arc furnace (EAF). Exhaust gases at 1200°C pass through a homogenizer and high-temperature filter before entering a heat exchanger. Air at ambient temperature is used for cooling. Heat is stored in a TES unit at 700°C. Heat is subsequently used for processes like scrap pre-heating and steam production. The flow direction during TES charge operation is shown with solid lines, while discharge is depicted with dashed lines. A chimney releases gases at 200°C.]FIGURE 17 | Tes for waste recovery in fossil/fuel plant (Ortega et al., 2018).Recent advancements have highlighted the integration of Thermal Energy Storage (TES) with Combined Heat and Power (CHP) systems and innovative thermodynamic cycles to optimize energy recovery in nuclear power plants. For instance, Salaudeen et al. (2025) explored the feasibility of using Organic Rankine Cycle (ORC) technology for waste heat recovery at Iran’s Bushehr Nuclear Power Plant. Their study demonstrated a modest 0.077% increase in electrical output and a significant 15%–20% reduction in thermal discharge into the Persian Gulf, showcasing both performance improvements and environmental benefits. In the nuclear sector, TES also contributes to peak shaving and enhances load-following capabilities. (Obara and Tanaka (2021) proposed a gas hydrate heat cycle for waste heat recovery, which showed higher conversion efficiency compared to conventional systems, indicating a promising approach for future energy recovery. Additionally Srivastava et al. (2024) conducted a thermo-economic feasibility study on ORC technology for waste heat recovery in Indian nuclear power plants. Their findings demonstrated improved efficiency and economic viability, further emphasizing the potential of advanced thermodynamic cycles in enhancing the sustainability of nuclear energy production. These studies demonstrate that Thermal Energy Storage (TES) technologies are increasingly being adopted in fossil fuel and nuclear power plants to capture waste heat, enhance efficiency, and reduce environmental impact. The integration of advanced thermodynamic cycles, such as Organic Rankine Cycle (ORC) and gas hydrate systems, has shown significant operational and ecological benefits, underscoring the potential of TES to improve both plant performance and sustainability.
8.3 TES in industrial processes
Thermal energy storage (TES) is increasingly vital for enhancing energy efficiency and lowering emissions in energy-intensive industrial processes such as steel production, cement manufacturing, and chemical processing. Innovative TES solutions are transforming these sectors. For example, at Sweden’s SSAB steel plant, a packed-bed TES system utilizing basalt rocks captures waste heat at 600°C to preheat scrap metal, reducing energy consumption by ∼10%. In cement production, Heidelberg Cement’s Lixhe plant employs calcium-based thermochemical energy storage (TCES) to store heat at 850°C, achieving ∼15% lower CO2 emissions. In chemical processing, metal hydride TES systems, such as those using MgH2, offer high energy density (∼2 GJ/m3) but are limited by slow hydrogen release kinetics. Ongoing research aims to improve reaction rates and reduce material costs to enhance the scalability and adoption of these emerging TES technologies, driving sustainable industrial operations toward a low-carbon future.
In the steel industry, molten salt TES systems are employed to capture and store waste heat from electric arc furnaces. This stored heat can be used to preheat raw materials or generate steam, which enhances the overall energy efficiency of steelmaking operations and reduces energy consumption (Klopčič et al., 2023). In the cement industry, calcium-based thermochemical energy storage (TCES) systems are gaining traction. These systems use calcium oxide (CaO) in reversible chemical reactions to store and release thermal energy, significantly improving energy efficiency during the high-temperature clinker production process. This approach helps reduce the overall energy consumption and CO2 emissions associated with cement manufacturing (Da et al., 2020; Hu et al., 2025). The chemical industry is also exploring the use of metal hydride-based TES systems. Metal hydrides absorb and release heat through reversible chemical reactions, making them suitable for chemical processes that require efficient heat management. These systems offer significant promise for improving heat storage and recovery, reducing energy demand and improving process sustainability (Chavan et al., 2022). These advancements demonstrate how TES technologies are improving the efficiency of industrial processes in multiple sectors, offering effective solutions for waste heat recovery and better energy utilization. Figure 18 depicts a thermal energy storage (TES) system for industrial processes, utilizing wind and solar energy, along with an optional heat source, to charge hot and cold storage tanks, which then discharge to power a turbine for electricity and optionally support district heating.
[image: Diagram of an energy storage system. Wind and solar energy feed into a charger. The charger connects to hot and cold storage tanks. The hot storage links to a turbine. The turbine outputs to power lines and optional district heating. Arrows indicate the flow of energy between components.]FIGURE 18 | Thermal energy storage for industrial processes (Gautam et al., 2022).8.4 TES in smart grids: Demand side management and renewable energy storage
Smart grids are advanced electricity networks that use digital technology to monitor and manage the generation, distribution, and consumption of electricity. The integration of Thermal Energy Storage (TES) into smart grids is emerging as a promising strategy to enhance demand-side management (DSM) and facilitate renewable energy storage. This can help stabilize energy supply, reduce peak demand, and improve the flexibility of the grid to accommodate intermittent renewable energy sources like solar and wind (Tan et al., 2021). For instance, Denmark’s Marstal District Heating System uses a 75,000 m3 water tank for seasonal TES, storing solar heat at 90°C and reducing fossil fuel use by ∼30%. PCM-based TES in residential smart grids, like those in Germany’s E. ON pilot projects, shifts cooling loads, reducing peak demand by ∼20%. Figure 19 illustrates a thermal energy storage (TES) system for a smart grid, where a solar generator powers a low voltage AC bus, supported by hydrogen storage, a fuel cell, and a battery, all connected through AC/DC converters to manage load and grid interactions via a transformer.
[image: Diagram illustrating an energy system integrating hydrogen and solar power. Hydrogen storage connects to the electrolyzer, converting electricity via AC/DC converters. Solar panels feed electricity into a low-voltage AC bus. The medium-voltage AC bus connects to the power grid, a transformer, and various loads, including residential and industrial. Battery storage also feeds into the system through converters. Yellow and blue arrows indicate electricity and hydrogen flow, respectively.]FIGURE 19 | Thermal energy storage integration in a smart grid system (Tan et al., 2021).Demand-side management (DSM) is a strategic approach to balancing electricity demand with supply, particularly during peak periods. Thermal Energy Storage (TES) systems play a crucial role in DSM by storing thermal energy during off-peak hours and releasing it when demand is high, thereby reducing the need for additional electricity generation and flattening demand curves for more efficient energy distribution. Phase Change Material (PCM)-based TES systems, for instance, can capture excess heat during low-demand periods such as at night or when solar energy production is high and release it during peak hours. This not only reduces the burden on the power grid but also optimizes energy use across sectors. In residential buildings, TES can be integrated through hot water tanks or thermally active building materials (e.g., walls and floors), which absorb and later release heat for space heating or cooling. This reduces dependence on grid electricity, contributes to energy conservation, and lowers utility costs. Moreover, TES significantly benefits consumers using heating, ventilation, and air conditioning (HVAC) systems by enabling load shifting. Systems like chilled water or ice storage can precool water at night when electricity is cheaper and demand is lower and use it for daytime cooling, thereby easing grid stress and enhancing cost efficiency (Groppi et al., 2021).
TES is also vital in supporting renewable energy penetration. When there is excess electricity generation (e.g., during peak solar hours), that energy can be converted into thermal form, stored as sensible or latent heat and used later when renewable generation is low. This strategy reduces curtailment and allows for better alignment between supply and demand (Kataray et al., 2023). Furthermore, in smart grid settings, TES systems are increasingly integrated with advanced energy management systems that use real-time grid data, dynamic pricing, and weather forecasts to optimize the timing and usage of stored thermal energy (Bakare et al., 2023).
8.5 TES in data centers
Data centers, consuming approximately 1%–1.5% of global electricity, rely heavily on energy-intensive cooling systems to maintain optimal server temperatures amid rising global demand for data storage and processing. Thermal energy storage (TES) offers innovative solutions to enhance energy efficiency in data center cooling. For instance, Google’s Hamina data center in Finland employs chilled water TES to store cooling capacity at night, reducing daytime energy consumption by ∼15%. Similarly, the Green Mountain Data Center in Norway utilizes underground TES (UTES), leveraging stable ground temperatures to cut cooling costs by ∼20%. Recent advancements in TES, such as nano-enhanced phase change materials (PCMs) and hybrid systems, show promise for further improving thermal performance and scalability. However, research gaps persist, including challenges in scaling UTES for smaller data centers and enhancing PCM encapsulation for high-cycle durability.
Data centers require continuous cooling, traditionally achieved through energy-intensive air-conditioning systems, with cooling accounting for a substantial share of total energy consumption. To address this, Thermal Energy Storage (TES) systems such as Phase Change Material (PCM)-based units or chilled water storage tanks are increasingly being integrated into data center operations. These systems can store excess cooling capacity during periods of low demand (e.g., nighttime) and release it during peak operational hours, when computational loads and cooling needs spike. This load shifting not only alleviates pressure on cooling equipment but also enables the use of lower-cost electricity during off-peak times, improving overall energy efficiency. Innovative approaches, such as Underground Thermal Energy Storage (UTES), are being explored to further enhance cooling efficiency. UTES systems leverage the earth’s stable underground temperatures to store and retrieve thermal energy, offering a sustainable and resilient cooling solution for data centers (Winick et al., 2025). The integration of Thermal Energy Storage in data center cooling strategies presents a promising avenue for enhancing energy efficiency, reducing operational costs, and ensuring reliable performance. As data centers continue to grow in size and energy demand, the adoption of TES technologies will be instrumental in achieving sustainable and resilient operations. Figure 20 shows a thermal energy storage (TES) system for data centers, utilizing a cold energy storage system with a chiller, pump, and plate heat exchanger to manage cooling for racks through indirect contact type cooling, supported by a cold room and optional hot room integration.
[image: Diagram of a cooling system for a data center, featuring components like a cold plate, indirect contact cooling tower, chiller, and plate heat exchanger. It shows fluid flow through valves, a pump, and cold energy storage, with labeled temperatures at each stage. Arrows indicate movement between data center racks, a cold room, and a hot room.]FIGURE 20 | Thermal energy storage (TES) system for data centers (L. Liu et al., 2020).8.6 TES in commercial and residential buildings
TES enhances building energy efficiency. In Denmark’s Drake Landing Solar Community, a borehole TES system stores solar heat seasonally, achieving 97% solar fraction for space heating. PCM-integrated walls in retrofit projects, like those in Spain’s Cubelles pilot, reduce cooling energy by ∼25%. Thermal Energy Storage (TES) plays a crucial role in boosting energy efficiency and promoting sustainability in both residential and commercial buildings. By capturing and storing thermal energy during off peak periods such as at night or when renewable energy generation is high TES systems can release this energy when demand increases thereby optimizing heating cooling and hot water supply. In building applications TES commonly uses mediums like water tanks Phase Change Materials (PCMs) or thermally massive structures such as concrete slabs to store and later distribute thermal energy. This not only helps shift heating and cooling loads but also lowers overall energy consumption and operating costs. For instance, integrating TES into building envelopes can regulate indoor temperatures more effectively by absorbing excess heat during the day and releasing it at night (Pavlov and Olesen, 2011). In domestic hot water systems, solar energy can be harnessed during the day to heat water which is then stored in insulated tanks for later use particularly at night or during cloudy weather reducing dependence on conventional energy sources (Seddegh et al., 2015). Likewise, underfloor heating systems equipped with TES circulate warm water through embedded pipes or heat retaining materials radiating heat evenly across the space. These systems are more energy efficient than conventional heating methods and benefit greatly from the thermal buffering that TES provides (Nair et al., 2022). Overall the integration of TES into buildings for space heating and cooling domestic hot water and underfloor heating significantly enhances energy efficiency lowers energy bills and contributes to a more sustainable built environment. Figure 21 demonstrates a thermal energy storage (TES) system for buildings, where solar panels power a hydrogen-based energy cycle (H12-NEC) with NEC dehydrogenation and hydrogenation, storing energy in an H12-NEC/NEC tank to provide heat and electricity, supplemented by an electronic fuel cell and grid connection.
[image: Diagram of a renewable energy system in a house with solar panels on the roof. The system uses solar energy for hydrogen production and storage, integrating processes like hydrogenation, dehydrogenation, and electrolysis. Connections show electricity and heat flow, with hydrogen and oxygen outputs, linked to an external power grid.]FIGURE 21 | Thermal energy storage (TES) system for buildings with hydrogen integration (Teichmann et al., 2012).8.7 TES in transportation
Thermal Energy Storage (TES) is becoming essential for improving the efficiency and sustainability of transportation, especially in electric vehicles (EVs) and refrigerated transport, with recent research highlighting its role in tackling energy management issues. TES improves thermal management in electric vehicles (EVs) and refrigerated transport. An example is Tesla’s Model S uses PCM-based battery thermal management systems (BTMS) to maintain battery temperatures, extending lifespan by ∼10%. In refrigerated trucks, PCM systems like those tested by Thermo King maintain 0°C–5°C, reducing energy use by ∼15%.
Effective thermal management systems (TMS), including air cooling, liquid cooling, and phase change material (PCM)-based cooling, are employed to maintain optimal battery temperatures, thereby enhancing efficiency and extending battery lifespan (Hwang et al., 2024). In electric vehicles, TES systems are being explored to optimize battery thermal management (Manisha et al., 2025). discusses the development of compact, lightweight, and high-performance Battery Thermal Management Systems (BTMS) achieved by constructing bi-functional heating-cooling plates, resulting in outstanding thermal control and energy storage density. Additionally, a novel synergetic cooling and charging strategy using a gallium-based liquid metal flexible charging connector has been developed to address the challenges of high-power direct current fast charging in EVs (Liu et al., 2025). Figure 22 describes a thermal energy storage (TES) system for electric vehicles, which includes a PCM heat exchanger combined with a dual-layer cabin heater. The system is regulated by an AC-powered PCM charger controller and is connected to the vehicle’s main system, featuring a PTC heater and a reservoir to maintain effective temperature management. In refrigerated transport systems, Thermal Energy Storage (TES) technologies, particularly those utilizing Phase Change Materials (PCMs), are instrumental in maintaining the required temperatures for perishable goods during transit. These systems absorb and release thermal energy to ensure temperature stability without continuous power supply, which is especially beneficial during power outages or transportation delays. TES systems enhance energy efficiency and thermal performance in cold chain logistics. For instance, a study by Calati et al. (2022) introduces a novel insulated wall concept for refrigerated trucks, integrating latent thermal energy storage with PCMs to improve temperature regulation. Furthermore, Selvnes et al. (2021) the application of cold thermal energy storage using PCMs in refrigeration systems, emphasizing their potential to reduce energy consumption and environmental impact. Recent research has focused on developing advanced TES materials, such as nano-encapsulated PCMs, which offer improved thermal conductivity and energy storage capacity. These materials enhance the performance of TES systems in transportation by providing more efficient thermal management and reducing the size and weight of storage systems. Such advancements are paving the way for more compact, lightweight, and efficient TES solutions, making them more viable for widespread adoption in various transportation applications.
[image: Diagram of a heating system including a PCM Heat Exchanger connected to a double-layer cabin heater. Features include an AC power PCM charger controller, various valves and pumps, insulation, and base vehicle system components with a PTC heater and reservoir. Arrows indicate fluid flow directions.]FIGURE 22 | Thermal energy storage in electric vehicle (Xie et al., 2022).8.8 TES in hydrogen storage
Hydrogen is a versatile, clean energy carrier with high energy content per unit mass (120 MJ/kg), but its low volumetric density at ambient conditions poses significant storage challenges. Efficient storage is crucial for applications in transportation, stationary power, and industrial sectors (Usman, 2022). TES enhances hydrogen storage efficiency in metal hydride systems. The H2M project in Germany integrates PCMs with MgH2, capturing heat at 300°C during hydrogen absorption and reusing it for desorption, improving efficiency by ∼25%. Challenges include slow kinetics and high material costs (∼$80–120/kWh) however research into complex hydrides like Na2Mg2NiH6 is addressing these issues.
Metal hydrides offer a promising solution by chemically absorbing hydrogen, enabling storage at lower pressures and ambient temperatures. However, the hydrogen absorption (hydriding) and desorption (dehydriding) processes in metal hydrides are inherently exothermic and endothermic, respectively, necessitating efficient thermal management to optimize performance (Davis Cortina et al., 2024). Integrating TES with metal hydride systems addresses this need by capturing the heat released during hydrogen absorption and reusing it during desorption, thereby enhancing the overall energy efficiency of the storage system.
Metal hydrides typically store hydrogen via reversible chemical reactions that either absorb or release heat during the processes of hydrogen absorption and desorption. Thermal Energy Storage (TES) systems help regulate this heat flow, thereby enhancing the overall energy efficiency and economic viability of the storage system. For example, the heat generated during the exothermic hydrogen absorption process can be captured by TES systems using sensible, latent, or thermochemical storage materials and subsequently reused to provide the heat needed for the endothermic hydrogen release phase. A comprehensive review by Davis Cortina et al. (2024) explores the integration of Thermal Energy Storage (TES) within metal hydride systems, emphasizing the potential of such combined systems to enhance thermal management and system efficiency. The study examines various TES materials, including sensible, latent, and thermochemical storage options, and assesses their compatibility with different metal hydrides. The authors highlight that coupling TES with metal hydride storage can lead to more compact, efficient, and cost-effective hydrogen storage solutions, particularly beneficial for stationary energy applications and industries with significant waste heat. The review also discusses the thermophysical, thermodynamic, and kinetic properties of metal hydride materials, providing insights into their suitability for integration with TES systems. Additionally, it presents a detailed analysis of notable metal hydride–TES coupled systems from the literature and assesses potential future developments in the field, offering guidance for researchers and engineers in advancing innovative and efficient hydrogen energy systems. Additionally, research into complex hydrides, such as Na2Mg2NiH6, has shown promise for dual applications in hydrogen and thermal energy storage (Humphries et al., 2018; Mohammadi et al., 2022) explores the thermal decomposition and hydrogen release characteristics of Na2Mg2NiH6, highlighting its suitability for reversible hydrogen storage and thermal energy applications. Figure 23 illustrates a hydrogen storage system for a steam power plant, utilizing high-temperature (HT) and low-temperature (LT) metal hydrides to store and release hydrogen, powered by a solar concentration system during sun availability, and driving a steam generator and turbine for continuous 24/7 operation. The material efficiently desorbs hydrogen at 278°C–350°C and maintains stable capacity across multiple hydrogenation cycles. In summary, the integration of TES with metal hydride hydrogen storage systems offers a synergistic approach to address the thermal management challenges inherent in hydrogen storage.
[image: Diagram of a solar-powered steam plant using metal hydride heat storage. It shows solar concentration directing heat to high-temperature (HT) metal hydride, which transfers hydrogen and heat to low-temperature (LT) metal hydride tanks. These tanks connect to a steam generator powering a turbine, condenser, and pump. The process operates 24/7, with color-coded pathways indicating sun availability.]FIGURE 23 | Hydrogen storage system for steam power plant (Li et al., 2018).Integrating advanced computational methods with thermal energy storage (TES) systems has significantly enhanced design precision, operational efficiency, and material innovation. Below is a technically detailed analysis supported by case studies and verification methodologies.
8.9 Integration of computing with thermal energy storage systems
High-fidelity CFD and FEA enable precise prediction of thermal behavior in TES systems. For example, finite element models using COMSOL and MATLAB have been employed to simulate phase change material (PCM) melting dynamics, capturing interface movement and heat transfer rates in latent heat storage systems (Zeneli, et al., 2019). These models validate energy balance equations and ensure grid-independent solutions, critical for scaling simulations to real-world applications.
Machine learning algorithms optimize charge-discharge cycles by analyzing historical load data and weather patterns. For instance, AI controllers dynamically adjust HTF (heat transfer fluid) flow rates to balance supply-demand mismatches in hybrid TES systems, reducing energy waste by up to 20% (Guntreddi et al., 2024).
9 FUTURE TRENDS AND CHALLENGES
The advancement of Thermal Energy Storage (TES) is being shaped by several transformative trends, including the hybridization of storage methods (combining sensible, latent, and thermochemical systems), the development of sustainable low-cost materials (e.g., bio-based PCMs), and the adoption of advanced manufacturing techniques such as additive manufacturing to improve heat transfer performance (Zhang et al., 2024c). Moreover, the integration of TES with AI-driven digital twins is enabling real-time monitoring, predictive control, and optimization of system performance (Ba et al., 2025; Mehraj et al., 2025). Despite these advances, challenges persist particularly the long-term stability of storage materials, economic barriers to large-scale deployment, and the lack of standardized testing protocols and lifecycle assessment frameworks. Overcoming these obstacles will require interdisciplinary collaboration between material scientists, thermal engineers, and industry stakeholders.
9.1 Sensible heat storage (SHS)
One of the major challenges in SHS systems is the low energy density of conventional materials such as water and concrete, which necessitate large storage volumes. To address this, researchers are focusing on the development of low-cost, high-specific-heat materials that can maintain thermal stability above 600°C. Additionally, improving thermal insulation and stratification in storage tanks is critical to minimizing heat loss. Promising alternatives such as recyclable basalt rock is being explored for industrial-scale energy storage applications (Li Y.-C. et al., 2022).
9.2 Latent heat storage (LHS)
LHS systems, which use phase change materials (PCMs) such as paraffin wax and salt hydrates, are limited by low thermal conductivity and issues like supercooling and phase segregation. To improve their performance, nano-enhanced PCMs with thermal conductivities greater than 1 W/m·K and cycling stability exceeding 10,000 cycles are being developed. Furthermore, bio-based PCMs like erythritol offer sustainable alternatives, but their costs must fall below $30/kWh to be commercially viable (Saqib and Andrzejczyk, 2023).
9.3 Thermochemical energy storage (TCES)
TCES systems are capable of storing energy at very high densities, but their deployment is hampered by material degradation due to sintering and agglomeration, especially in carbonate-based cycles like CaCO3/CaO and salt hydrates such as MgSO4·7H2O. Innovations in catalyst development and reactor design are necessary to improve reaction kinetics and cycling stability (targeting over 5,000 cycles), as well as to reduce decomposition temperatures (typically >800°C for CaCO3). These improvements are central to the viability of TCES in concentrated solar power (CSP) systems (Raganati and Ammendola, 2023).
10 CONCLUSION
This comprehensive review emphasizes the crucial role of Thermal Energy Storage (TES) technologies as a fundamental component of contemporary energy systems, meeting the growing need for improved energy efficiency, grid adaptability, and effective integration of renewable energy sources. By examining the fundamental principles and performance characteristics of sensible, latent, and thermochemical storage systems, the paper highlights the emerging trends and their diverse applications across sectors such as hydrogen storage, industrial processes, concentrated solar power (CSP), transportation, buildings, smart grids, and data centers. Sensible heat storage, exemplified by molten salts, remains the most mature and cost-effective approach, particularly in CSP plants, due to its high efficiency and scalability. Latent heat storage, leveraging phase change materials (PCMs), provides superior energy density and temperature stability, making it ideal for precise thermal regulation in building HVAC systems and transportation. Thermochemical energy storage (TCES), with its high energy density and long-term storage potential, shows significant promise for high-temperature industrial applications and hydrogen storage, despite challenges related to material stability and reaction kinetics.
The integration of TES with metal hydride systems for hydrogen storage, alongside its contributions to waste heat recovery, load shifting, and grid stabilization, demonstrates its versatility in addressing energy supply-demand mismatches. Hybrid TES systems, combining multiple storage mechanisms, further enhance efficiency, flexibility, and cost-effectiveness, offering innovative solutions for renewable energy integration. Economically, TES reduces the Levelized Cost of Electricity (LCOE) in CSP plants and improves renewable energy viability by enhancing capacity factors and grid reliability. Environmentally, it significantly lowers greenhouse gas emissions and resource consumption, aligning with global decarbonization objectives. However, challenges such as high material costs, thermal degradation, scalability, and integration with existing infrastructure persist. Ongoing advancements in composite materials, nano-enhanced PCMs, and advanced reactor designs are overcoming these barriers, paving the way for more robust, efficient, and durable TES solutions.
Looking ahead, several future trends are poised to further elevate TES’s impact. The development of bio-based and recyclable PCMs promises to enhance sustainability by reducing reliance on petroleum-derived materials, aligning with circular economy principles. Artificial intelligence (AI) and machine learning are increasingly being integrated into TES systems to optimize charging/discharging cycles, predict energy demand, and enhance system efficiency through real-time data analytics. Additionally, the emergence of modular and compact TES designs is expected to facilitate deployment in space-constrained environments, such as urban buildings and transportation. Advances in high-temperature thermochemical systems, particularly those leveraging abundant materials like calcium carbonate, are likely to expand TES applications in industrial decarbonization and long-duration energy storage. Furthermore, the integration of TES with emerging technologies, such as green hydrogen production and advanced nuclear reactors, holds potential to create synergies that enhance overall energy system resilience. As the global energy landscape shifts toward greater reliance on intermittent renewable sources, TES will remain an essential enabler of a resilient, sustainable, and low-carbon energy future, driven by these innovative trends and fostering the transition to renewable energy across energy-intensive sectors.
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