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Abstract: Phase change materials (PCMs) are highly effective in storing and releasing thermal energy during phase transitions, making them critical for thermal energy storage (TES) systems, particularly for renewable energy sources such as solar and wind. They have been reported in energy storage, especially in renewable energy systems such as solar and wind. However, despite their potential, their practical use is limited by low thermal conductivity and slow heat transfer rates. These limitations reduce the efficiency of PCMs in applications requiring rapid thermal responses, such as solar thermal storage and electric vehicle (EV) battery cooling. This review synthesizes and compares recent numerical and experimental studies on PCM enhancement techniques. A significant challenge across these studies is the lack of uniform operating conditions, which complicates the identification of the most effective methods for specific TES applications. The review highlights several strategies to improve PCM performance, including the use of metal foams (MFs), nanoparticles (NPs), and fins. MF has been shown to significantly improve thermal conductivity, increasing it by up to 200% for calcium chloride hexahydrate and 100% for paraffin, while also reducing melting times by 84.9% compared to pure paraffin. NPs, like copper oxide (CuO) and aluminum oxide (Al2O3), can enhance thermal conductivity by up to 122% relative to pure PCM. However, higher concentrations of NPs may increase viscosity, which slightly hinders heat transfer. Fins provide a cost-effective method to enhance heat transfer. The addition of fins has been shown to reduce melting times by 65.5% at 3600 seconds, making them an ideal choice for applications where cost is a key consideration. Hybrid systems combining MFs and NPs achieve the greatest performance improvements. For instance, using 3% NPs and a 60% porosity in copper MF increases thermal conductivity by 37.7% and reduces the melting time by 87.03%. Further improvements are observed when using MF with 85–90% porosity and 10–15% NPs, achieving a 90% reduction in melting time. This demonstrates the synergistic effect of combining these two techniques. In conclusion, hybrid methods combining MFs and NPs offer an efficient and cost-effective approach for enhancing PCM performance in TES applications. By integrating the strengths of these techniques, multiple performance limitations can be addressed simultaneously, providing a viable solution for large-scale TES systems. 
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1 Introduction

Thermal energy storage (TES) systems are essential for efficiently managing intermittent renewable energy sources such as solar and wind power. These systems store excess energy for later use, enhancing the stability of power grids and mitigating the variability of renewable sources. Phase change materials (PCMs) are especially valuable in TES systems due to their ability to store energy as latent heat. During phase transitions between the solid and liquid states, PCMs absorb and release substantial amounts of heat, which makes them highly efficient for temperature regulation and energy storage [1, 2]. This property enables them to optimize the performance of heating and cooling systems, reducing reliance on traditional heating, ventilation, and air conditioning (HVAC) systems [3–5]. However, despite their advantages, the widespread adoption of PCMs is limited by their low thermal conductivity. This limitation significantly impairs their heat-transfer efficiency, which is crucial for applications that require rapid thermal responses. While PCMs excel in energy storage, their slow heat-transfer rates render them
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less suitable for applications requiring rapid temperature changes, such as solar thermal storage and electric-vehicle battery cooling [3, 6, 7]. As a result, there has been a significant research effort to overcome these challenges and improve PCM performance across various applications. Recent studies have focused on several strategies to enhance PCM performance, particularly to address thermal conductivity. For instance, Kiyak et al. [8] investigated the impact of heater location (bottom, side, and top) and enclosure shape (square and circular) on the thermal performance of PCM systems. Their finding suggested that optimizing the placement of the heat source and the shape of the enclosure could substantially improve heat transfer rates, which is crucial for applications requiring rapid absorption and release of thermal energy. Other studies have explored innovative PCM system configurations to improve heat transfer. Nithyanandam and Pitchumani [9] demonstrated that cascaded PCM systems, where layers of different PCMs are strategically stacked, can enhance heat transfer and minimize temperature fluctuations. This configuration enables more efficient thermal management by improving the system’s overall thermal conductivity. Further research by Jaworski et al. [10] and Souayfane et al. [4] emphasized the importance of combining numerical simulations and experimental approaches in evaluating PCM systems, reporting energy reductions of up to 40% in certain systems. 

Particularly with respect to improving the thermal conductivity of PCMs and ensuring long-term durability. 

Researchers, including Cabeza et al. [11] and Osterman et al. [12], have continued to investigate various methods to enhance PCM performance. Notable strategies include encapsulation and the use of composite materials, which have shown promise in addressing the inherent limitations of PCMs. Encapsulation in particular allows for better containment of the PCM, thereby improving its thermal stability and prolonging its lifecycle. In recent years, the integration of composite materials, metal foam (MFs), and nanoparticles (NPs) has emerged as a significant advancement. This approach not only enhances the thermal conductivity of PCMs but also increases their energy storage capacity and shortens their phase-change times. Such improvements are crucial for making PCMs more suitable for large-scale TES applications, where efficiency and rapid thermal response are paramount [7, 13]. By enhancing both the thermal properties and energy storage performance, these combined strategies have the potential to significantly improve the viability of PCMs in real-world, large-scale TES applications. 

2 Classification of Phase Change Materials

PCMs are categorized into two types based on the phase change they undergo (e.g., solid-to-liquid [7]) and on their chemical composition (organic, inorganic, and composite materials [14]), as illustrated in Figure 1. Each category has unique advantages and limitations depending on the application. 

Figure 1. Classification of phase change material (PCM) based on their thermal storage capacities, phase transition temperature, thermal properties, and material type, adapted from Ref. [15] under the Creative Commons CC BY 4.0

license

2.1 Phase Change Materials Classification by Phase Change

Solid to solid: Materials change their internal crystal structure without melting, while still storing or releasing latent heat. 

Solid to liquid: During a phase change, thermal energy is absorbed or released, and the temperature remains constant as materials transition between solid and liquid states. Solid-to-liquid PCMs are the most commonly used in TES systems due to their efficient storage and release of thermal energy. 

Solid to gas: The direct change from solid to gas, called sublimation, occurs when a solid absorbs enough energy to skip the liquid phase and go straight into the gas phase. This process is rarely used because it requires a very high level of energy and is difficult to control. 
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Liquid to gas: The change from liquid to gas, called vaporization, happens when a liquid absorbs enough energy for its molecules to break free from intermolecular forces and turn into vapor [16]. 

2.2 Phase Change Materials Classification by Composition

Organic materials, such as paraffin and fatty acids, are commonly used for TES due to their high latent heat of fusion, chemical stability, and low corrosiveness; they are ideal for heat storage. However, they have low thermal conductivity, which limits their applications in systems that require rapid thermal response, such as solar thermal storage [11, 17]. 

Inorganic materials, such as salt hydrates and metal alloys, have higher thermal conductivity than organic materials, making them more suitable for heat transfer applications. However, these materials face challenges, including supercooling and corrosion, which can reduce their long-term efficiency in TES systems [6]. 

Composite materials combine the advantages of both organic and inorganic materials or incorporate conductive materials such as metals or carbon nanotubes. This combination enhances their overall thermal performance, making them more efficient for both energy storage and heat transfer [4]. 

3 Applications for Phase Change Materials

PCMs are integrated across various industries, including construction, solar energy, EVs, electronics, and smart textiles, as illustrated in Figure 2, which shows their integration in each application due to their efficient TES and release. These materials help regulate building temperatures, manage energy in solar power systems, and enhance the performance of electric vehicle (EV) batteries. In the construction industry, PCMs are integrated into both passive and active energy systems to improve energy efficiency and reduce reliance on traditional heating, ventilation, and air conditioning (HVAC) systems. In passive systems [3], PCMs absorb heat during the day and release it at night, stabilizing indoor temperature and reducing energy consumption. In active systems, PCMs are paired with mechanical devices [18], such as fans, to accelerate heat transfer, leading to significant energy savings [11, 12]. 

PCMs are also crucial in solar energy systems by storing excess energy during the day and releasing it at night or on cloudy days [9, 13, 19]. This ensures a continuous energy supply and enhances the reliability of solar power systems, particularly in regions with intermittent sunlight [6, 20]. In EVs and aerospace applications, PCMs regulate battery and equipment temperatures, preventing overheating and ensuring optimal performance. The integration of PCMs into battery thermal management systems ensures rapid heat dissipation, which is crucial for battery life and efficiency [21]. In electronics, PCMs help manage heat in devices such as smartphones and laptops, ensuring they remain within their optimal operating temperature range under heavy use [22, 23]. PCMs are increasingly integrated into smart textiles to regulate body temperature. These textiles absorb heat when the body is warm and release it when the body cools down, improving comfort and performance in clothing for athletes and outdoor enthusiasts. This technology has been applied to athletic wear and outdoor clothing [24]. In the food industry, PCMs are incorporated into packaging materials to maintain the temperature of perishable goods during transportation. This technology ensures product quality and safety by providing temperature control throughout the supply chain [25]. 

4 Enhancement of Phase Change Materials Performance

This section analyzes various studies on enhancing PCMs by focusing on heat-transfer mechanisms, key geometric parameters, system scale, and operating conditions, particularly in comparison with pure-PCM systems. The goal of this analysis is to understand the impact of these factors on the thermal performance of PCM systems and to evaluate strategies to overcome inherent limitations, such as low thermal conductivity and slow heat transfer rates. 

In the PCM system, heat transfer primarily occurs through conduction, convection, and radiation. The role of geometric parameters such as porosity, fin size, and their arrangement has been reported to significantly influence heat transfer rates. For instance, materials with high porosity, such as MF, can affect thermal conductivity, potentially enhancing heat-transfer properties. Moreover, the design and strategic placement of fins increase the surface area, thereby facilitating convective heat transfer and improving overall heat transfer efficiency. As PCM systems are scaled up from laboratory prototypes to real-world applications, several challenges emerge, particularly concerning heat dissipation, PCM volume, and overall system design. Larger systems often struggle to ensure uniform heat distribution and control temperature gradients, which can undermine both thermal storage capacity and system efficiency. The scalability of PCM systems is therefore closely linked to addressing these issues at scale. Operational conditions, including temperature ranges, pressure, and the nature of heat sources, play a crucial role in determining the behavior and effectiveness of PCMs. Higher operating temperatures can accelerate the phase change process, but they also introduce the risk of material degradation over time. Additionally, the nature of heat sources, whether solar radiation, waste heat from batteries, or other sources affect the efficiency with which PCMs absorb and release thermal energy. Variations in operational conditions between laboratory and industrial settings can significantly influence the applicability of laboratory results to real-world scenarios. Factors such as temperature fluctuations and changes in material properties under varying conditions can alter the performance of PCM-enhanced systems outside 205
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controlled environments. A number of techniques have been proposed to enhance the heat-transfer performance of PCMs. This includes integrating MFs, fins, and NPs, each of which has been shown to improve thermal conductivity and reduce phase-change duration, as shown in Figure 3. 

Figure 2. Applications of phase change materials (PCMs) in various energy systems, including thermal energy storage (TES) for building, smart textiles, solar energy systems, the food industry, battery thermal management, and electronics

Note: EV = electric vehicle. Building, adapted with permission from Ref. [26] © 2025 Elsevier; Smart Textiles, adapted from Ref. [27] under the Creative Commons CC BY 4.0 license; Food Industry, adapted from Ref. [28] under the Creative Commons CC BY 4.0 license; Solar Energy System, adapted with permission from Ref. [29] © 2025 Elsevier; EV Batteries, adapted from Ref. [30] under the Creative Commons CC BY 4.0 license; Electronics, adapted with permission from Ref. [31] © 2015 Elsevier. 

For example, incorporating high-thermal-conductivity materials, such as MFs, into PCM systems has been shown to significantly improve heat transfer, benefiting applications requiring rapid thermal response. However, the introduction of MFs can also reduce the PCM volume, potentially compromising the system’s overall energy storage capacity. Thus, a delicate balance must be struck between improving thermal performance and maintaining storage efficiency. NPs have also been found to improve heat transfer by stabilizing the PCM, preventing phase separation during repeated melting and solidification cycles. The addition of NPs creates additional thermal pathways, thereby increasing the effective surface area of the PCM and enhancing thermal performance. However, the concentration of 206
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NPs needs to be carefully optimized, as high concentrations can increase the viscosity and slow natural convection, potentially diminishing the overall heat transfer efficiency. Therefore, it is critical to find an optimal NP concentration that maximizes thermal conductivity benefits without introducing viscosity-induced limitations. 

Figure 3. Enhancement of phase change material (PCM) using various methods, such as metal foams (MFs), nanoparticles (NPs), and fins

4.1 Integration with Metal Foam

A significant body of research has focused on incorporating high-thermal-conductivity materials, such as MFs, into PCM systems to enhance heat transfer performance. The studies reviewed consistently evaluate improvements by comparing against reference cases using pure PCM, under identical geometry and boundary conditions. It is essential to clarify these reference conditions to ensure comparability of results across studies. Incorporating a high-thermal-conductivity matrix, such as aluminum foam, has been reported to significantly accelerate melting rates. A numerical analysis of conduction-dominated heat transfer in PCM storage systems has demonstrated that the optimal foam porosity is approximately 95%, as it balances enhanced heat transfer with sufficient PCM volume retention. 

This analysis emphasizes the critical role of porosity in heat-transfer performance under constant-wall-temperature boundary conditions [32]. 

Further numerical studies have reported that even a small amount of MF can have a profound effect on the melting behavior. 

For example, adding copper MF reduced the melting time by 80%, with the analysis

considering both conduction and natural convection. The study also examined the influence of foam configuration on thermal performance and assessed the economic implications of incorporating MF under constant wall-temperature conditions [33]. In addition to numerical simulations, experimental studies have also highlighted the benefits of MF integration. One such study demonstrated that incorporating MF into heat sinks substantially improved thermal conductivity, resulting in a noticeable enhancement in heat dissipation compared to a traditional heat sink [34]. 

Similarly, an experimental investigation involving MF blocks in a horizontal channel reported a significant increase in heat transfer efficiency, outperforming the baseline channel without foam [35]. Nima and Ali [36] conducted a numerical analysis of the effect of MF blocks on heat transfer in a flat-plate solar collector. The study revealed a considerable increase in thermal efficiency, with notable improvements in heat absorption and distribution compared to standard collectors. Meanwhile, Ali and Ghashim [37] further investigated the thermal performance of MF in pipes, demonstrating a marked improvement in heat dissipation over conventional pipe designs and a substantial increase in thermal efficiency. 

Another experimental study explored the role of copper MF with 97.3% porosity in a phase change composite material consisting of paraffin impregnated with copper foam. The study reported a 40–50% reduction in melting time and a significant enhancement in heat conduction within the PCM. The foam’s porous structure minimized the effects of natural convection, highlighting the importance of foam structure in optimizing thermal performance under controlled boundary conditions [38]. The effect of MF porosity on heat transfer was also explored in several studies. 

One investigation found that higher porosity (96.6%) accelerated melting through convection, while lower porosity (88.4%) led to more uniform heat distribution via conduction, though with a smaller effect on melting time. This study demonstrated that reducing porosity and pore size improved heat conduction within the PCM, speeding up melting under controlled heating conditions [39]. A porosity of 93.9% was found to offer the best thermal performance for PCM-embedded MF systems. In line with these findings, numerical studies of phase-change heat transfer in an enclosure with uniform and heterogeneous MF layers showed that a modest 7.5% increase in porosity could lead to a 66% reduction in melting time. The analysis considers both conduction and natural convection, using a neural-network approach to optimize foam-layer configurations to improve thermal performance under specific boundary conditions [40]. These results are visually represented in Figure 4. Li et al. [41] reported that copper foam with 97%

porosity and 25 pore per inch (PPI) increased thermal conductivity by 69.1%, further highlighting the substantial impact of MF properties on thermal performance of PCM systems. To enhance the melting process and improve 207
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energy storage efficiency, combined experimental and numerical investigations were conducted on the melting of paraffin-filled open-cell metallic foams. The presence of MF significantly boosted heat transfer by increasing the effective thermal conductivity. However, the foam’s porous structure also suppressed natural convection, a factor that must be carefully considered. The incorporation of MF into the PCM system resulted in a tenfold increase in heat transfer, drastically reducing both melting and freezing times. The size of the MF is a critical factor influencing heat transfer performance. 

Figure 4. The melting time when the melting volume fraction (MVF) reaches 0.95 for different porosity values, adapted with permission from Ref. [40] © 2024 Elsevier

Numerical studies indicate that when the MF matrix exceeds 15% of the total system volume, the improvements in heat transfer begin to decline. Therefore, the optimal foam size for maximizing heat transfer lies between 5% and 15% of the total system volume. This conclusion was derived from numerical analysis of heat transfer enhancement in PCM by embedding a metallic structure in the storage area, with a primary focus on conduction-dominated heat transfer. The findings showed that the inclusion of MF in the PCM accelerated the melting rate under steady thermal boundary conditions [42]. Thus, the melting time is not solely determined by porosity; factors such as pore geometry and the specific location of the MF also significantly influence heat transfer performance. Further, investigations examined the effect of copper foam microstructure on heat transfer within PCM systems. Numerical analysis revealed that altering the geometry of the copper metal led to 29.9% reduction in melting time, emphasizing the importance of microstructural parameters in enhancing thermal conductivity during the phase change. Additionally, the placement of the MF within the PCM system proved to be crucial for optimizing heat transfer efficiency [43]. Yang et al. [44] and Xu et al. [33] demonstrated that strategically positioning MF within both the PCM and the Heat Transfer Fluid (HTF) significantly enhances heat transfer performance. Xu et al. [33] found that relocating the heat source from the bottom to the side of the system resulted in a 70.5% reduction in melting time, whereas positioning it at the top yielded only a modest 4.7% improvement. Yang et al. [44] further explored the effect of a porous MF on heat-transfer enhancement in a thermal-energy-storage tube using both numerical and experimental methods. Their study reported that the interaction between foam structure and natural convection plays a key role in improving melting performance. Chen et al. [45] investigated the optimal configuration for a PCM-based TES unit enhanced with MF. They found that the best performance occurred when the MF was placed in both the PCM and the HTF, with a pore density of 15 PPI and under higher heat input conditions (80 W). Their study, conducted using numerical analysis, evaluated the effects of conduction and natural convection on thermal performance under controlled laboratory conditions [40]. The angle at which the MF was installed also influenced performance: a 0° angle for foam placement enhanced horizontal heat transfer, while a porosity of 93.9% offered the optimal balance between thermal conductivity and PCM retention. 

Experimental analysis revealed that a pore size of 30 PPI and 90% porosity were optimal for enhancing phase-change behavior in paraffin wax embedded in copper foams [46]. 

Numerical studies of a multiple-segment MF–PCM latent heat storage unit further evaluated the effects of porosity, pore density, and heat source location. The analysis emphasized the role of foam segmentation in improving melting performance. The findings highlighted that heat transfer in these systems was primarily driven by conduction, and foam segmentation played a key role in optimizing the melting process [47]. In addition, Almajali et al. [48]

investigated the effect of copper-coated carbon foam on heat transfer. Their findings showed that copper coating increased thermal conductivity by a factor of 1.67 relative to untreated carbon foam, resulting in improved heat transfer and reduced melting times. The cost-performance balance is a critical factor when integrating MF into PCM
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systems. Experimental investigations, such as those on copper-coated PCM-infiltrated MF composites, have shown that surface coatings can significantly enhance the effective thermal conductivity, thereby improving melting behavior under constant thermal loading. For instance, Krishnan et al. [49] demonstrated that increasing the Nusselt number (Nu) above 5.9 accelerated heat transfer between the foam and the PCM, thereby enhancing thermal efficiency. 

This was achieved by developing a two-temperature numerical model that describes the solid–liquid phase change in MFs. The model incorporated thermal non-equilibrium between the foam and PCM phases and focused on conduction-dominated melting processes, highlighting the importance of thermal interactions in optimizing PCM

performance. Further contributions by Zhu et al. [50] revealed that partially filling the MF with two-thirds of its volume reduced both material costs and weight by 33% without compromising thermal performance. Their study depicted in Figure 5, emphasized the potential of multi-segmented foam designs to optimize heat transfer via numerical analysis. By improving the transient thermal performance of PCM-based heat sinks, they showed that adjusting the foam filling height ratio could enhance heat transfer during melting under constant heat input. 

Figure 5. Transient temperature rises during the heating phase of the phase change material-based (PCM-based) heat sink with a partially filled copper foam (filling height ratio (Rf) 0,1/3,2/3,1) having a pore size of (a) 15 pore per inch (PPI) and (b) 30 PPI, adapted with permission from Ref. [50] © 2018 Elsevier In another investigation, Mahdi and Nsofor [51] applied multiple MF segments in a shell-and-tube PCM TES

system. Their findings demonstrated enhanced melting performance due to improved conduction, with system-level geometric effects playing a pivotal role. The study also observed that varying porosity along the heat-flow direction resulted in 7.9% improvement in thermal efficiency and a reduction in melting time. This highlights the significant impact of foam configuration on thermal behavior. Walker et al. [47] also found that segmented MFs with varying porosities improved temperature distribution within the system. These findings contribute to the broader understanding of how modifications to segmentation and porosity can optimize thermal management in PCM

systems. Moreover, Buonomo et al. [52] provided a comprehensive review of PCM-enhanced MF TES systems. The review categorized enhancement strategies based on foam characteristics, heat transfer mechanisms, and application scales. Although the use of MFs enhances heat transfer and reduces melting times, the review emphasized a trade-off between performance gains and reduced PCM volume, necessitating a balanced approach to maximize both heat transfer and storage capacity. Lastly, Ferfera and Madani [53] experimentally evaluated the thermal performance of a heat exchanger incorporating combined PCM-metallic foam. Their analysis, conducted under practical operating conditions, demonstrated that copper foam outperformed nickel foam in boosting thermal conductivity, resulting in a 34.5-fold increase in thermal spreading. These findings underscore the significant role of MF materials selection in enhancing the thermal efficiency of PCM-based systems. The incorporation of MFs into PCM-based TES systems has consistently demonstrated improvements in heat transfer, reduced melting and freezing times, and enhanced overall system efficiency. Figure 6, sourced from Scopus data (February 2024) in the Energy and Engineering fields, 209
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illustrates the increasing volume of research on PCM systems with MFs since 2000 [48]. This reflects a growing interest in TES systems, particularly in studies that discuss local thermal non-equilibrium (LTNE) models and the Lattice-Boltzmann method, which are applied at both the pore and representative elementary volume (REV) scales. 

Figures 4–6 illustrate the impact of MF porosity and segmentation on the melting behavior of PCM under conduction-dominated conditions. Figure 4 demonstrates how varying MF porosity influences the melting time; as porosity decreases, the melting time is significantly reduced. Figure 5 presents the rise in PCM temperature during the melting process under different heat fluxes (80 W) and porosity values (15 PPI and 30 PPI). This figure compares different foam filling ratios (0,1/3,2/3,1) and examines how both porosity and foam filling ratio affect thermal conductivity and melting time. The experimental conditions employed in this study include constant heating power and standard environmental conditions, with particular emphasis on understanding the effects of foam structure on the PCM thermal performance. Finally, Figure 6 underscores the substantial enhancement in thermal conductivity achieved by integrating MFs into PCMs, highlighting their significant impact on the materials’ thermal properties. 

The data presented in this figure are derived from publications spanning 2000 to 2024, reflecting the increasing research interest in optimizing PCM performance for industrial applications. 

Figure 6. Number of papers published on phase change material (PCM) and metal foam (MF) over the years, adapted from Ref. [52] under the Creative Commons CC BY 4.0 license 4.2 Integration with Nanoparticles

Nano-enhanced PCMs generally improve heat transfer by significantly increasing thermal conductivity through the incorporation of NPs such as multi-walled carbon nanotubes (MWCNT), aluminum oxide (Al2O3), copper uxide (CuO), and graphene nanoplatelets (GNP). These NPs not only improve the thermal properties of PCMs but also stabilize the material, preventing phase separation during repeated melting and solidification cycles. The effectiveness of NPs in enhancing PCM performance is influenced by factors such as particle type, concentration, and enclosure configuration. Typically, performance enhancements are defined relative to a pure PCM system under identical operating conditions. The addition of NPs to PCMs creates additional thermal pathways, thereby improving heat transfer and stabilizing the PCM. However, the concentrations of NPs play a critical role in determining overall performance. Higher concentrations may increase the system’s viscosity, which can suppress natural convection and consequently reduce overall heat transfer efficiency. For instance, an experimental study investigating the addition of 5% Al2O3 NPs to latent heat TES systems found a reduction in melting time from 13 to 5 minutes and a 65% increase in thermal conductivity. This study focused on conduction-based heat transfer and demonstrated that the inclusion of NPs significantly enhanced heat transfer performance relative to pure PCM under controlled heating conditions [54]. 

In contrast, Karaa˘gac¸ [55] conducted an experimental evaluation of nano-enhanced PCMs for TES, in which NP

dispersion improved thermal conductivity and melting performance. However, the increase in thermal conductivity was only 13%. The study focused on conduction-based heat transfer, with the addition of NPs improving the melting rate under laboratory conditions. Furthermore, the study numerically examined heat transfer enhancement in nano-enhanced PCM, considering both NP addition and enclosure orientation. Using ANSYS Fluent on RT42, the analysis revealed that adding 3% MWCNT or 3% Al2O3 and 1% CuO significantly increased the average melting rate. Among these, 3% MWCNT achieved a 3.4% improvement over pure PCM [56]. Additionally, a numerical investigation 210

examined heat transfer in nano-enhanced PCMs contained in enclosures of various shapes: elliptical, rectangular, cylindrical, and square. The study focused on the interaction between enclosure geometry and the thermal properties enhanced by NP. Simulations with and 4% NPs concentrations (CuO, Al2O3) reported a 9.8% improvement in melting and freezing performance, with rectangular enclosures demonstrating a 43% faster thermal response. This suggests that enclosure shape plays a crucial role in optimizing the thermal behavior of nano-enhanced PCM. The study also identified SP24 PCM was optimal for summer conditions, while SP11 was better suited for winter [57]. 

Experimental work on PLUSICE PCM mixed with 0.1–1% GNP, both with and without SDBS dispersant, reported notable improvements in thermal conductivity. At a 1% concentration, the thermal conductivity increased by 48.83%

without SDBS and by 122.26% with SDBS. Additionally, the chemical stability of the materials was maintained up to 257 °C over 1000 cycles, with a 84.95% reduction in light transmittance for solar applications [58]. Mishra et al. [59] investigated the enhancement of thermal conductivity in PCM composites containing carbon black NPs (CBNP). The study highlighted the role of NP concentration in improving thermal performance for energy storage applications. At a 5% CBNP concentration, thermal conductivity increased by 50%. These findings further illustrate that NPs can significantly enhance PCM performance. However, excessive NP concentrations can increase viscosity, thereby impeding heat transfer and highlighting the need for optimized dispersion and composition in achieving maximum performance. 

4.3 Integration with Fins

The integration of fins represents one of the most widely adopted strategies for improving the thermal performance of PCM systems. Compared with configurations without fins under identical operating conditions, finned structures significantly enhance heat transfer by increasing the effective heat-transfer surface area and strengthening both conduction and natural convection. As a result, melting rates accelerate, and the system’s overall thermal efficiency improves. Experimental studies on PCM melting in a rectangular enclosure have demonstrated that fins accelerate melting by increasing the heat-transfer area and facilitating heat distribution within the PCM domain [60]. Numerical investigations further indicate that fin geometry plays a critical role in determining the heat transfer performance. 

For example, stepped fins were shown to increase melting rates by 56.3% at 800 seconds and 65.5% at 3600

seconds relative to pure PCM under identical conditions. These improvements were attributed to enhanced heat distribution and altered flow behavior during the melting process [61]. Alternative fin geometries have also been explored to optimize thermal performance. Circular fin configurations, for instance, improved cooling performance by 12.4% and enhanced temperature uniformity by 176.1% in thermal management systems that combine PCMs with pin-fin structures. The results demonstrated that integrating PCMs with extended surfaces significantly improves heat dissipation, making this configuration suitable for electronics cooling applications [23]. Similarly, I-shaped fins have been applied in the battery thermal management system, where they reduced the system temperature from 332.73 K to 330.94 K. The study also examined the influence of mechanical vibration on fin-enhanced PCM

systems and reported that vibration further improved heat transfer during melting by strengthening both conduction and convection mechanisms [62]. More advanced fin geometries have also been proposed to further improve PCM thermal performance. Fractal, V-shaped, and tree-like fins were found to reduce wall temperature by up to 27.47% and increase energy storage efficiency by nearly 200%. Experimental investigations revealed that these complex fin structures increase the effective heat-transfer area and enhance melting performance under controlled thermal conditions [63]. Similarly, the use of V-shaped rods as internal structures improved heat distribution and strengthened natural convection, thereby accelerating the melting process [64]. In addition to fin geometry, the number and arrangement of fins strongly influence temperature distribution within the PCM domain, as illustrated in Figure 7. 

Increasing the number of fins generally improves heat transfer by expanding the conductive pathways and promoting more uniform temperature fields. Overall, fin integration provides a practical solution to overcome the intrinsic low thermal conductivity of PCMs in TES applications. Previous studies have reported that fin enhancements can improve energy storage efficiency by approximately 19–57%. A comprehensive review of PCM heat transfer enhancement techniques, including fins, porous materials, and nano-enhanced PCMs, confirmed that fin structures remain among the most effective passive enhancement methods [65]. Furthermore, optimized fin orientation can significantly influence melting dynamics. Numerical investigations showed that using two fins inclined at 45° reduced the melting time by approximately 43%. These results highlight that fin inclination modifies convection patterns and strongly affects overall melting performance within rectangular enclosures [66], as illustrated in Figure 8. 

Material selection also plays an important role in fin effectiveness. High-thermal-conductivity materials, such as copper and aluminum, further reduce melting time by up to 41.6%, as shown in Figure 9. Although copper provides superior thermal conductivity, aluminum offers a more favorable cost-to-performance ratio, making it a practical choice for many applications. This conclusion was supported by studies evaluating the influence of fin materials on PCM melting under identical operating conditions [67]. Finally, fin integration has also been explored in air cooling systems and battery thermal management applications, where it has been reported to reduce system 211
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temperature by approximately 3%. A review of lithium-ion battery thermal management strategies emphasizes the importance of passive and hybrid cooling techniques, with fin-enhanced PCM systems representing a promising approach to improving thermal regulation. The study explored the role of PCMs in mitigating temperature rise and improving thermal stability under practical operating conditions [21]. Furthermore, incorporating fins into a bi-fluid photovoltaic thermal (PV/T) system was shown to improve heat dissipation by 28.3%, as demonstrated by a CFD model of a PV/T system integrating perforated fins and PCM. The study highlighted how the fin design and coupled thermal–fluid effects improved the system’s thermal performance [68]. In general, fin-based enhancement improves PCM melting by promoting heat conduction and influencing natural convection, with the performance strongly dependent on fin geometry and material. 

Figure 7. Temperature distribution of units (a) with one fin; (b) with three fins, adapted from Ref. [63] under the Creative Commons CC BY 4.0 license

Figure 8. Liquid fraction phenomena of different fin arrangements (0, 2, 3, 7, and 10 fins) as a function of time, adapted with permission from Ref. [66] © 2021 Elsevier

Figures 7–9 illustrate the impact of fin-based enhancement on the thermal performance of PCM systems. These figures illustrate how the number, geometry, orientation, and material of fins affect temperature distribution, liquid-fraction evolution, and the melting rate by modifying heat-conduction paths and natural-convection patterns. Figure 7

presents the temperature evolution at 5-minute intervals, ranging from 5 to 40 minutes for units with one fin, and from 5 to 30 minutes for units with three fins. The color map indicates temperature in degrees Celsius, ranging 212
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from 20 ℃ to 80 ℃. The results demonstrate that adding more fins improves thermal distribution by enhancing heat conduction, leading to a more uniform temperature across the unit. Figure 8 illustrates the progression of the liquid fraction over time during the phase change process for different fin configurations. The data, derived from experimental tests conducted under controlled conditions with a constant heat flux, show that increasing the number of fins enhances heat transfer and accelerates melting. The results indicate that systems with more fins experience faster heat conduction and a higher liquid fraction over time. 

Figure 9. Liquid fraction contours and velocity vectors at different flow times 300 s, 1500 s, 3600 s, and 5400 s for different fin configurations (copper fins, aluminum fins, carbon fins, steel 302 fins, and no fins), adapted with permission from Ref. [67] © 2020 Elsevier

Figure 9 illustrates the temperature distribution and flow dynamics within the PCM during the melting process. 

The contours represent the progression of the liquid fraction over time, with each column corresponding to a different fin material, while the velocity vectors illustrate the flow behavior of the PCM. The increased fin surface area enhances heat transfer and accelerates melting, with systems utilizing copper and aluminum fins displaying more rapid phase transition. In contrast, systems with 302 fins or no fins at all exhibited slower melting and less uniform heat distribution. 

4.4 Integration with Hybrid Techniques

Hybrid systems that integrate MF, NP, and fins have demonstrated the greatest improvements in thermal performance for PCMs. These systems combine the high thermal conductivity of MF, the stabilization provided by NPs, and the increased surface area afforded by fins, resulting in superior overall heat transfer performance. One such hybrid system integrates MF with NPs, such as cyclohexane PCM enhanced with CuO NPs embedded in aluminum MF. This configuration accelerates melting at low porosities 50%, and increases thermal conductivity with higher NP
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concentrations. This system achieves a reduction in melting time of up to 90% when using MF with 85–90% porosity and 10–15% NP concentration compared to pure PCM. A TES system based on NP-enhanced PCM embedded in a porous medium demonstrated that combining NPs with porous structures improves heat transfer during melting by enhancing conduction and influencing natural convection within the enclosure, as shown in Figure 10 [69]. The experimental results reported heat transfer rate enhancements of 13% with NPs, 17% with MF, and 24% when both were combined. In contrast, solidification improvements reached 65% with both methods, highlighting that MF had a superior effect over NPs alone. In another study, the effects of NPs and MFs on heat transfer enhancement in PCM

were compared. Both techniques improved melting performance, but MFs generally provided stronger conduction enhancement under identical operating conditions [70]. Similarly, in Lauric acid PCM, copper MF combined with Al2O3 NPs accelerated melting at low porosities (0.88–0.93). However, at high porosity (0.98), natural convection generated thermal vortices, which slowed the melting rate. Additionally, a numerical study of a rectangular enclosure containing either MFs or NPs found that increasing NP concentration raised viscosity, thereby reducing convective heat transfer. This study emphasized the interaction between conduction enhancement and natural convection in influencing melting behavior [71]. Hybrid systems incorporating 3% NPs and 60% copper MF increased thermal conductivity by 37.7% at an optimal specific surface area of 1600. This was examined in a numerical study that analyzed heat transfer enhancement in PCM by impregnating copper foams with hybrid NPs. The results revealed that the combined approach further improved effective thermal conductivity and melting performance compared with single enhancement methods [72]. 

Figure 10. Thermal field (temperature contours and surfaces), heat flux vector, and the location of the melting front at three different times (500 s, 2000 s, and 3000 s), with varying porosity ε (0.95 and 0.85) when the NP volume fraction, ∅, is 10%

Note: (a) ε = 0.95, t = 500 s. (b) ε = 0.95, t = 2000 s. (c) ε = 0.95, t = 3000 s. (d) ε = 0.85, t = 500 s. (e) ε = 0.85, t = 2000 s. (f) ε = 0.85, t =

3000 s, adapted with permission from Ref. [69] © 2015 Elsevier The following figures present representative results of the hybrid enhancement technique that combines MFs, 214
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NPs, and fins. These figures illustrate the synergistic effects of combined enhancement methods on temperature fields, melting front evolution, and overall heat transfer performance under different porosity and NP concentration conditions. Figure 10 depicts the temperature distribution within the PCM at various stages of melting, along with heat flux vectors indicating heat flow within the system. The results show that increasing the NP concentration and adjusting the porosity significantly influence the melting rate and thermal conductivity of the PCM. Figure 11

illustrates the temperature distribution, liquid fraction, and the Bejan number, which characterizes the fluid flow behavior and heat transfer efficiency in the system. The results demonstrate that increasing the NP concentration improves thermal conductivity, as evidenced by higher-temperature regions within the PCM. Furthermore, the liquid fraction increases more rapidly at higher NP concentrations, indicating a faster phase change. The Bejan number reflects heat-flow efficiency, with higher values corresponding to better thermal performance. 

Figure 11. Temperature contours, liquid fraction, and Bejan number for different nanoparticle concentrations (0%, 4%, and 8%) after 20 minutes of thermal exposure, adapted from Ref. [76] under the Creative Commons CC BY

4.0 license

The integration of fins with MF further improves heat transfer in PCM systems. Studies have reported that copper fin–MF composites reduce solidification time by 28.35%, and using 16 fins increased heat transfer by 16.67%. These findings were observed in experiments investigating the solidification process of a fluid-saturated fin–foam composite structure for cold thermal storage. The inclusion of both fins and MF accelerated heat removal and improved solidification performance [73]. Additionally, the integration of aluminum fins and a copper MF in lauric acid-filled heat sinks resulted in a 41.3% improvement in heat transfer rate at optimal porosity (0.9). Higher pore densities further enhanced the thermal response, as demonstrated by the thermal performance analysis of a fined MF heat sink integrated with PCM. This study indicated that the hybrid fin–foam structure enhanced heat dissipation and transient thermal response [74]. In systems using paraffin wax with copper foam fin hybrids, the hybrid structure improved melting time by 52.69–60.52%, depending on the number of fins. As the number of fins increased, thermal efficiency improved by 36.52%, with three fins providing the optimal balance between thermal efficiency and energy storage. A numerical investigation of heat transfer in PCM systems combining MF and fin structures inside an inclined enclosure demonstrated that the hybrid configuration improved melting behavior. The analysis also employed an artificial neural network to evaluate the influence of key design parameters on performance [75]. 

The combination of fins with NPs has demonstrated a significant synergistic effect on the thermal performance of PCM systems. Studies using modified shell-and-tube PCM systems have reported substantial improvement in melting time when combining fins with NPs. Specifically, at an 8% NP concentration, the melting time decreased by 45% with longer fins, 27% with short fins, and 50% at a 45° tube inclination, as illustrated in Figure 11. These results highlight how geometric modifications, such as fin length and tube inclination, improve heat transfer by increasing the heat transfer area and enhancing conduction [76]. Compared with the T-shaped fin with longitudinal Fe3O4 NPs 215

in TES systems, the study reported improved melting rates due to enhanced thermal conductivity, with performance heavily influenced by NP loading and operating conditions. In this case, the melting time decreases by 34.5% [77]. 

In addition, the integration of branch-structured fins with Al2O3 NPs resulted in an 83% increase in solidification performance when fins were used alone, and an 85% improvement when combined with NPs. In contrast, the use of NPs alone provided only an 8.5–10.3% improvement in the solidification performance of PCM enhanced by branch-structured fins. These results demonstrated that the hybrid approach of combining fins with NPs was far more effective at improving heat transfer than either method used individually [78]. The optimized combination of arc fins and NPs achieves a remarkable 87.03% reduction in melting time. This study, which reviewed PCM-based thermal storage systems for building free-cooling applications, discussed the suitability and limitations of various enhancement techniques in building-scale applications [79]. 

Collectively, hybrid systems that integrate MF, NP, and fins can enhance thermal conductivity by up to 200%

and reduce melting and freezing times by 40–56.5% compared to pure PCM under identical geometry and boundary conditions. While hybrid enhancement techniques offer the highest thermal performance, they also involve higher material costs and greater system complexity than single enhancement methods, which may limit their widespread adoption. From a cost–performance perspective, fin-based enhancement offers a straightforward, cost-effective solution that provides moderate improvements in heat transfer. MFs offer superior thermal performance but at higher material costs and with reduced PCM volume. NP-based enhancement generally offers moderate performance gains while reducing structural complexity. To provide a clearer comparison of the various methods for improving PCM

performance, Table 1 summarizes the impact of different enhancement techniques on thermal conductivity, heat distribution, and melting times. Figure 12 complements this by illustrating the relative improvements, thereby helping to identify the most effective approaches for different applications. 

Table 1. Comparison of phase change material (PCM) enhancement techniques
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[76, 78, 79]

improvement

from combining
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Note: MF = metal foam; NP = nanoparticle. 

The results summarized in Table 1 are derived from different experimental and numerical studies. Due to differences in geometry, operating conditions, PCM type (e.g., organic and inorganic materials), and enhancement configurations (e.g., porosity, fin geometry, or NP size), direct comparisons of the results may not be fully valid. 

Factors such as variations in material properties, differences in experimental setups (e.g., enclosure design, heat source location), and discrepancies in boundary conditions (e.g., temperature and pressure ranges), as well as 216
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different numerical assumptions, can significantly influence the performance of PCMs. Therefore, these factors should be carefully considered when comparing results across different studies. 

Figure 12. Comparison of phase change material enhancement techniques

Note: MF = metal foam; NP = nanoparticle. 

5 Cost-Benefit Analysis of Improved Techniques

When evaluating enhanced PCMs, it is essential to consider the costs associated with each technique. While integrating MFs significantly improves thermal conductivity and reduces melting times, it also entails higher material and manufacturing costs than simpler methods, such as fins or NPs. Additionally, MFs reduce the available PCM

volume for energy storage, a factor that must be considered when determining overall system efficiency. On the other hand, NPs, although effective in enhancing thermal conductivity, can increase viscosity, thereby impeding heat transfer. Therefore, a comprehensive cost-benefit analysis should account for both system costs and actual performance, evaluating the trade-offs between thermal performance improvements and economic feasibility. To strengthen this section, it would be useful to clarify how the cost classification (low, medium, high) was derived. For instance, the classification could be based on reported material prices in the literature, the manufacturing complexity of each technique, and typical fabrication methods used in experimental setups. For instance, “low cost” may refer to methods that use inexpensive materials or simple manufacturing processes, while “high cost” may refer to techniques that require specialized materials or advanced fabrication methods. Providing a brief explanation of these classification criteria, or referencing supporting studies, would add transparency to the cost comparison. 

To facilitate a qualitative comparison of various PCM enhancement techniques from a cost-performance perspective, Table 2 presents a relative classification of common methods. 

Table 2. Qualitative cost-performance classification of phase change material (PCM) enhancement techniques Technique

Relative Cost

Performance Gain

Suitable Applications

Fins

Low

Medium

Buildings, HVAC

NPs

Medium

Low-Medium

Compact systems

MF

High

High

EVs

Hybrid

Very High

Very High

High-end TES

Note: MF = metal foam; NP = nanoparticle; EVs = electric vehicles; TES = thermal energy storage; HVAC = heating, ventilation, and air conditioning. 
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6 Challenges and Future Research Directions

Despite significant advancements in PCM performance, several challenges remain for broader industrial applications, including:

• High Material Costs

Research direction: The cost of advanced materials such as MFs and NPs remains a barrier to large-scale implementation. Future research should focus on developing cost-effective alternatives without compromising performance. 

• Manufacturing Complexity

Research direction: The intricate manufacturing processes required to integrate enhanced materials into PCMs hinder mass production. More efficient and scalable manufacturing methods need to be developed to make these technologies commercially viable. 

• Compatibility with Emerging Technologies

Research direction: The integration of PCMs with technologies, such as thermoelectric devices and heat pumps, shows significant promise. Future research should optimize PCMs for compatibility with these systems to improve overall performance and efficiency. 

• Sustainable Materials

Research direction: The development of environmentally friendly, bio-renewable materials that enhance thermal efficiency is critical to the long-term adoption of PCMs in energy systems. 

• Manufacturing Optimization

Research direction: Future studies should focus on simplifying the production processes of composite PCMs to make them more cost-effective and scalable, improving commercial viability. 

• Integration with Emerging Technologies

Integrating PCMs with technologies like thermoelectric devices and heat pumps can improve energy storage and conversion efficiency. Future research should focus on optimizing this integration to expand the potential applications of PCMs, particularly in sectors like renewable energy and waste heat recovery. 

7 Implications for Energy Systems and Management

The performance enhancement of PCMs using fins, MFs, NPs, and hybrid configurations directly impacts various energy systems. The choice of enhancement technique is influenced by factors such as system scale, thermal response requirements, cost constraints, and operational needs. 

• Fin-based Enhancement

This technique is ideal for building-scale applications where moderate performance improvement, low cost, and ease of manufacturing are needed. In buildings, fin-based PCMs help improve energy efficiency by reducing the demand for heating and cooling systems. These systems are generally small to medium-sized, and the operational focus is on balancing thermal storage and thermal comfort. 

• MF-enhanced PCMs

MF-enhanced PCMs are suited for compact systems that require rapid heat charging and discharging, such as in battery thermal management and concentrated solar power (CSP) systems. While material costs are higher, the improved heat-transfer performance justifies them, especially in EVs and solar applications. The system size tends to be small to medium, depending on the specific application, and operational challenges include thermal cycling stability. 

• NP-enhanced PCMs

NP-enhanced PCMs offer moderate performance improvements and are easily integrated into systems. However, their long-term stability and potential viscosity-related effects should be considered in applications requiring consistent thermal performance. These materials are suitable for electronic cooling or solar water heaters, where thermal demands are lower. The system size is typically small to medium, and the main operational consideration is ensuring material longevity. 

• Hybrid Systems

Hybrid systems, combining fins, MFs, and NPs, are well-suited for advanced TES and waste-heat recovery systems, where higher performance justifies the increased complexity and cost. These systems are commonly used in industrial applications, where large-scale energy storage is necessary. The key operational factors are scalability and long-term stability, ensuring reliable performance. 

• Hybrid Enhancement Techniques

Hybrid techniques deliver the highest performance and are best suited to advanced TES and waste-heat recovery systems, where performance is a priority despite the added complexity and cost. These systems are often used in large-scale energy storage and heat recovery applications, where high thermal energy density is essential. 

Operational challenges focus on optimizing system integration and ensuring cost-effectiveness while maintaining high performance. 
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• Practical Deployment Considerations

For practical deployment, scalability, long-term cycling stability, and system integration must be prioritized to ensure reliable operation in real-world energy production. Research should focus on developing cost-effective manufacturing processes while maintaining high thermal performance. Overcoming these challenges will support the widespread adoption of PCM technologies across sectors such as renewable energy storage, EVs, and industrial waste heat recovery. 

8 Conclusion

Improving the performance of PCMs requires a balanced integration of different enhancement techniques, considering both thermal performance and cost-effectiveness. Hybrid systems combining MF, NPs, and fins offer the most significant overall benefits. While MF provides the most substantial improvement in heat transfer, the high materials costs and manufacturing complexities can limit its widespread adoption. NPs and fins, though more cost-effective, provide moderate performance gains. MF can increase thermal conductivity by up to 200% and reduce melting time by up to 80% compared to pure PCM. However, these improvements depend on the type of MF material, porosity, and PPI characteristics. Despite the thermal benefits, the high material costs and manufacturing challenges restrict its application, particularly in cost-sensitive industries. Based on the reviewed studies, MFs remain the most effective single technique for accelerating both melting and solidification. NPs provide notable improvements in thermal conductivity, with a maximum increase of 65% at a 5% Al2O3 concentration relative to the pure PCM. 

However, their concentration must be carefully controlled to avoid viscosity issues, which could impede heat transfer. 

Fins have been reported to reduce melting time by 65.5% compared to pure PCM, making them the most practical and cost-efficient option when budget constraints and manufacturing simplicity are critical. From a design perspective, fin-based enhancement is well-suited to low-cost, compact systems with moderate thermal response. Conversely, MFs are better suited for applications requiring rapid melting and high heat-transfer rates. NPs-enhanced PCMs offer moderate improvement with easier integration, while hybrid techniques are ideal for high-performance systems where increased complexity and cost are justified. Future research should focus on reducing material costs, simplifying manufacturing processes, and optimizing hybrid configurations to enhance both performance and storage capacity without introducing additional trade-offs. Furthermore, most existing studies are limited to small laboratory-scale systems, with insufficient emphasis on large-scale performance and long-term stability. Additional efforts are needed to standardize testing conditions, conduct extended thermal cycling, and validate LTNE-based numerical models to facilitate the transition of PCM enhancement techniques from research to reliable industrial applications. 

Author Contributions

Conceptualization, B.S.Y. and S.L.G.; methodology, B.S.Y. and S.L.G.; formal analysis, B.S.Y.; investigation, B.S.Y.; data curation, B.S.Y.; writing—original draft preparation, B.S.Y.; writing—review and editing, S.L.G.; resources, B.S.Y. and S.L.G.; supervision, S.L.G.; validation, S.L.G. All authors have read and agreed to the published version of the manuscript. 

Data Availability

The data used to support the research findings are available from the corresponding author upon request. 

Conflicts of Interest

The authors declare no conflict of interest. 

References

[1] F. S. Bayraktar and R. Köse, “Phase change materials: Types, properties and applications in buildings,” 

 Kırklareli Univ. J. Eng. Sci. , vol. 8, no. 1, pp. 190–210, 2022. https://doi.org/10.34186/klujes.1126167

[2] P. C

¸ ulun, “Phase change materials and their properties within the scope of current studies,” in  Research and Evaluations in the Field of Engineering, 2025, pp. 61–80. https://www.researchgate.net/publication/390191004

[3] V. V. Tyagi and D. Buddhi, “PCM thermal storage in buildings: A state of art,”  Renewable Sustainable Energy Rev. , vol. 11, pp. 1146–1166, 2007. https://doi.org/10.1016/j.rser.2005.10.002

[4] F. Souayfane, F. Fardon, and P. H. Biwole, “Phase change material (PCM) for cooling applications in buildings: A review,”  Energy Build. , vol. 129, pp. 396–431, 2016. https://doi.org/10.1016/j.enbuild.2016.04.006

[5] D. Mazzeo, G. Oliveti, and N. Arcuri, “Data demonstrating the influence of the latent storage efficiency on the dynamic thermal characteristics of a PCM layer,”  Data Brief, vol. 12, pp. 274–276, 2017. https:

//doi.org/10.1016/j.dib.2017.04.005

[6] C. Li, G. He, H. Yan, Y. Hang, and S. Yuan, “Synthesis of microencapsulated stearic acid with amorphous TiO2 as shape-stabilized PCMs for thermal energy storage,”  Energy Procedia, vol. 152, pp. 390–394, 2018. 

https://doi.org/10.1016/j.egypro.2018.09.162

219

[7] L. Esteves, A. Magalhaes, V. Ferreira, and C. Pinho, “Test of two-phase change materials for thermal energy storage: Determination of the global heat transfer coefficient,”  ChemEngineering, vol. 2, no. 1, p. 10, 2018. 

https://doi.org/10.3390/chemengineering2010010

[8] B. Kiyak, H. F. Oztop, N. Biswas, and F. Selimefendigil, “Effects of geometrical configurations on melting and solidification processes in phase change materials,”  Appl. Therm. Eng. , vol. 258, p. 124726, 2025. https:

//doi.org/10.1016/j.applthermaleng.2024.124726

[9] K. Nithyanandam and R. Pitchumani, “Optimization of an encapsulated phase change material thermal energy storage system,”  Sol. Energy, vol. 107, pp. 770–788, 2014. https://doi.org/10.1016/j.solener.2014.06.011

[10] N. Jaworski, I. Farmaga, O. Matviykiv, M. Lobur, P. Spiewak, L. Ciupinski, and K. J. Kurzydlowski, “Thermal analysis methods for design of composite materials with complex structure,”  ECS Trans. , vol. 59, pp. 513–523, 2014. https://doi.org/10.1149/05901.0513ecst

[11] L. F. Cabeza, A. Castell, C. Barreneche, A. D. Gracia, and A. L. Fernandez, “Materials used as PCM in thermal energy storage in buildings: A review,”  Renewable Sustainable Energy Rev. , vol. 15, pp. 1675–1695, 2011. 

https://doi.org/10.1016/j.rser.2010.11.018

[12] E. Osterman, V. V. Tyagi, V. Butala, N. A. Rahim, and U. Stritih, “Review of PCM-based cooling technologies for buildings,”  Energy Build. , vol. 49, pp. 37–49, 2012. https://doi.org/10.1016/j.enbuild.2012.03.022

[13] T. Yang, W. P. King, and N. Miljkovic, “Phase change material-based thermal energy storage,”  Cell Rep. Phys. 

 Sci. , vol. 2, p. 100540, 2021. https://doi.org/10.1016/j.xcrp.2021.100540

[14] D. Ali, D. Rai, G. Mishra, R. Agarwal, and B. S. Naik, “Microencapsulated thermal storage materials for solar desalination process,” in  Water, the Environment, and the Sustainable Development Goals, 2024, pp. 437–453. 

https://doi.org/10.1016/B978-0-443-15354-9.00016-5

[15] M. K. Rathod, “Phase change materials and their applications,” in  Phase Change Materials and Their Applications, 2018. https://doi.org/10.5772/intechopen.75923

[16] Linquip, “What is phase change material? Theory, example, and applications,” 2021. https://www.linquip.co

m/blog/what-is-phase-change-material

[17] B. Zalba, J. M. Mar´ın, and L. F. Cabeza, “Review on thermal energy storage with phase change,”  Appl. Therm. 

 Eng. , vol. 23, pp. 251–283, 2003. https://doi.org/10.1016/S1359-4311(02)00192-8

[18] S. Rucevskis, P. Akishin, and A. Korjakins, “Performance evaluation of an active PCM thermal energy storage system,”  Environ. Clim. Technol. , vol. 23, pp. 74–89, 2019. https://doi.org/10.2478/rtuect-2019-0056

[19] X. Huang, X. Chen, A. Li, D. Atinafu, H. Gao, W. Dong, and G. Wang, “Shape-stabilized phase change materials based on porous supports,”  Chem. Eng. J. , vol. 356, pp. 641–661, 2019. https://doi.org/10.1016/j.ce

j.2018.09.013

[20] T. Wang, Y. Jin, and F. Alam, “Study on phase change materials’ heat transfer characteristics,”  Materials, vol. 17, no. 21, p. 5159, 2024. https://doi.org/10.3390/ma17215159

[21] M. K. Kisomi, “Thermal management of lithium-ion batteries: A comparative study of phase change materials and air-cooling systems equipped with fins,”  arXiv Preprint, 2025, Art. no. arXiv: 2503.10244. https://doi.or

g/10.48550/arXiv.2503.10244

[22] F. Farhan, R. M. Gul, and K. Akhtar, “Passive cooling system for laptop computers using phase change materials,” 2024, Preprint (Version 1), Research Square. https://doi.org/10.21203/rs.3.rs-4139275/v1

[23] H. Wang, H. Wang, J. Wang, D. Luo, Y. Yan, and Y. Ren, “Investigation of thermal management performance of electronic devices with phase change materials and pin fin heat sinks under periodic heating and cooling cycles,” 

 Energy Convers. Manage. , vol. 342, p. 120107, 2025. https://doi.org/10.1016/j.enconman.2025.120107

[24] F. Wang, D. Pang, X. Liu, M. Liu, W. Du, Y. Zhang, and X. Cheng, “Progress in application of phase-change materials to cooling clothing,”  J. Energy Storage, vol. 60, p. 106606, 2023. https://doi.org/10.1016/j.est.2023

.106606

[25] C. Hu, L. Sha, C. Huang, W. Luo, B. Li, H. Huang, C. Xu, and K. Zhang, “Phase change materials in food: Phase change temperatures, environmental friendliness, and systematization,”  Trends Food Sci. Technol. , vol. 

140, p. 104167, 2023. https://doi.org/10.1016/j.tifs.2023.104167

[26] P. J. Abass and S. Muthulingam, “Energy-efficient concrete roofs with PCMs,”  Case Stud. Therm. Eng. , vol. 66, p. 107474, 2025. https://doi.org/10.1016/j.csite.2025.105744

[27] M. A. Ala, K. Nidhi, and K. B. Prasad, “Overview of phase change materials in modern textiles: An advanced smart thermal solution,”  J. Univ. Shanghai Sci. Technol. , vol. 27, no. 1, pp. 1–15, 2025. https://doi.org/10.512

01/JUSST/24/0132

[28] H. Mehling, “Use of phase change materials for food applications,”  Appl. Sci. , vol. 13, no. 5, p. 3354, 2023. 

https://doi.org/10.3390/app13053354

[29] A. K. Hamzat, A. H. Pasanaje, M. I. Omisanya, A. Z. Sahin, A. O. Maselugbo, I. A. Adediran, L. O. Mudashiru, 220

E. Asmatulu, O. R. Oyetunji, and R. Asmatulu, “Phase change materials in solar energy storage: Recent progress, environmental impact, challenges, and perspectives,”  J. Energy Storage, vol. 114, no. A, p. 115762, 2025. https://doi.org/10.1016/j.est.2025.115762

[30] A. Wazeer, A. Das, C. Abeykoon, A. Sinha, and A. Karmakar, “Phase change materials for battery thermal management of electric and hybrid vehicles: A review,”  Energy Nexus, vol. 7, p. 100131, 2022. https:

//doi.org/10.1016/j.nexus.2022.100131

[31] S. Gharbi, S. Harmand, and S. B. Jabrallah, “Experimental comparison between different configurations of PCM-based heat sinks for cooling electronic components,”  Appl. Therm. Eng. , vol. 87, pp. 454–462, 2015. 

https://doi.org/10.1016/j.applthermaleng.2015.05.024

[32] O. Mesalhy, K. Lafdi, A. Elgafy, and K. Bowman, “Numerical study for enhancing the thermal conductivity of phase change material (PCM) storage using high thermal conductivity porous matrix,”  Energy Convers. 

 Manage. , vol. 46, pp. 847–867, 2005. https://doi.org/10.1016/j.enconman.2004.06.010

[33] Y. Xu, M. J. Li, Z. J. Zheng, and X. D. Xue, “Melting performance of phase change material by a limited amount of metal foam: Configurational optimization and economic assessment,”  Appl. Energy, vol. 212, pp. 

868–880, 2018. https://doi.org/10.1016/j.apenergy.2017.12.082

[34] S. L. Ghashim, “Experimental study on heat dissipation in a metallic foam-filled heat sink,”  Jordan J. Mech. 

 Ind. Eng. , vol. 18, no. 3, pp. 497–508, 2024. https://doi.org/10.59038/jjmie/180305

[35] M. A. Nima and A. H. Hajeej, “Experimental investigation of convection heat transfer enhancement in a horizontal channel provided with metal foam blocks,”  J. Eng. , vol. 22, no. 5, pp. 144–161, 2016. https:

//doi.org/10.31026/j.eng.2016.05.10

[36] M. A. Nima and A. M. Ali, “Numerical study of heat transfer enhancement for a flat plate solar collector by adding metal foam blocks,”  J. Eng. , vol. 23, no. 12, pp. 13–32, 2017. https://doi.org/10.31026/j.eng.2017.12.02

[37] R. M. K. Ali and S. L. Ghashim, “Thermal performance analysis of heat transfer in a pipe by using metal foam,” 

 Jordan J. Mech. Ind. Eng. , vol. 17, no. 2, pp. 205–218, 2023. https://doi.org/10.59038/jjmie/170205

[38] C. Wang, T. Lin, N. Li, and H. Zheng, “Heat transfer enhancement of phase change composite material: Copper foam/paraffin,”  Renewable Energy, vol. 96, pp. 960–965, 2016. https://doi.org/10.1016/j.renene.2016.04.039

[39] K. Lafdi, O. Mesalhy, and S. Shaikh, “Experimental study on the influence of foam porosity and pore size on the melting of phase change materials,”  J. Appl. Phys. , 2007. https://doi.org/10.1063/1.2802183

[40] H. S. Sultan, M. H. Ali, J. Shafi, M. Fteiti, M. Baro, F. Alresheedi, M. S. Islam, T. Yusaf, and M. Ghalambaz, 

“Improving phase change heat transfer in an enclosure filled by uniform and heterogeneous metal foam layers: A neural network design approach,”  J. Energy Storage, vol. 85, p. 110954, 2024. https://doi.org/10.1016/j.est. 

2024.110954

[41] W. Q. Li, Z. G. Qu, Y. L. He, and W. Q. Tao, “Experimental and numerical studies on melting phase change heat transfer in open-cell metallic foams filled with paraffin,”  Appl. Therm. Eng. , vol. 37, pp. 1–9, 2012. 

https://doi.org/10.1016/j.applthermaleng.2011.11.001

[42] X. Tong, J. A. Khan, and M. Ruhulamin, “Enhancement of heat transfer by inserting a metal into a phase change material,”  Numer. Heat Transfer, Part A, vol. 30, pp. 125–141, 2007. https://doi.org/10.1080/10407789608913

832

[43] G. Zhou and Y. Qiao, “Study on heat transfer of copper foam microstructure in phase change materials,” 

 Sustainability, 2025. https://doi.org/10.3390/su17041681

[44] X. Yang, J. Yu, Z. Guo, L. Jin, and Y. L. He, “Role of porous metal foam on the heat transfer enhancement for a thermal energy storage tube,”  Appl. Energy, vol. 239, pp. 142–156, 2019. https://doi.org/10.1016/j.apenergy

.2019.01.075

[45] X. Chen, X. Li, X. Xia, C. Sun, and R. Liu, “Thermal performance of a PCM-based thermal energy storage with metal foam enhancement,”  Energies, vol. 12, no. 17, p. 3275, 2019. https://doi.org/10.3390/en12173275

[46] S. Mancin, A. Diani, L. Doretti, K. Hooman, and L. Rossetto, “Experimental analysis of phase change phenomenon of paraffin waxes embedded in copper foams,”  Int. J. Therm. Sci. , vol. 90, pp. 79–89, 2015. 

https://doi.org/10.1016/j.ijthermalsci.2014.11.023

[47] G. S. Walker, M. Gillott, and D. Grant, “Numerical study of a multiple-segment metal foam-PCM latent heat storage unit: Effect of porosity, pore density and location of heat source,”  Energy, vol. 189, p. 116108, 2019. 

https://doi.org/10.1016/j.energy.2019.116108

[48] M. Almajali, K. Lafdi, and P. H. Prodhomme, “Effect of copper coating on infiltrated PCM/foam,”  Energy Convers. Manage. , vol. 66, pp. 336–342, 2013. https://doi.org/10.1016/j.enconman.2012.12.014

[49] S. Krishnan, J. Murthy, and S. V. Garimella, “A two-temperature model for solid-liquid phase change in metal foams,”  J. Heat Transfer, vol. 127, pp. 995–1004, 2005. https://doi.org/10.1115/1.2010494

[50] Z. Q. Zhu, Y. K. Huang, N. Hu, Y. Zeng, and L. W. Fan, “Transient performance of a PCM-based heat sink 221

with a partially filled metal foam: Effects of the filling height ratio,”  Appl. Therm. Eng. , vol. 128, pp. 966–972, 2018. https://doi.org/10.1016/j.applthermaleng.2017.09.047

[51] J. M. Mahdi and E. C. Nsofor, “Multiple-segment metal foam application in the shell-and-tube PCM thermal energy storage system,”  J. Energy Storage, vol. 20, pp. 529–541, 2018. https://doi.org/10.1016/j.est.2018.09.021

[52] Buonomo, M. R. Golia, O. Manca, and S. Nardini, “A review on thermal energy storage with phase change materials enhanced by metal foams,”  Therm. Sci. Eng. Prog. , vol. 53, p. 102732, 2024. https://doi.org/10.101

6/j.tsep.2024.102732

[53] R. S. Ferfera and B. Madani, “Thermal characterization of a heat exchanger equipped with a combined material and metallic foams,”  Int. J. Heat Mass Transfer, vol. 148, pp. 119–162, 2020. https://doi.org/10.1016/j.ijheat

masstransfer.2019.119162

[54] M. T. Chaichan, S. H. K. Kamel, and A. N. M. Al-Ajeely, “Thermal conductivity enhancement by using nano-material in phase change material for latent heat thermal energy storage systems,”  Sassurea, vol. 5, no. 6, pp. 48–55, 2015. https://www.researchgate.net/publication/280923213

[55] M. O. Karaa˘gac¸, “Performance evaluation of nano-enhanced phase change materials for thermal energy storage: An experimental study,”  Case Stud. Therm. Eng. , vol. 64, p. 105412, 2024. https://doi.org/10.1016/j.csite.20

24.105412

[56] P. N. S. Teja, S. K. Gugulothu, P. D. S. Reddy, A. Ashraf, B. Deepanraj, and P. T. Arasu, “Numerical study on the thermal enhancement of phase change material with the addition of nanoparticles and changing the orientation of the enclosure,”  J. Nanomater. , vol. 2022, no. 1, p. 6428469, 2022. https://doi.org/10.1155/2022/6428469

[57] A. T. Muzhanje, M. A. Hassan, S. Okawara, and H. Hassan, “The heat transfer with nanomaterial enhanced phase change materials in different container shapes,”  J. Energy Syst. , vol. 7, pp. 173–186, 2023. https:

//doi.org/10.30521/jes.1160434

[58] M. A. Fikri, S. K. Suraparaju, M. Samykano, A. K. Pandey, R. K. Rajamony, K. Kadirgama, and M. F. 

Ghazali, “Enhanced thermal properties of phase change materials through surfactant-functionalized graphene nanoplatelets for sustainable energy storage,”  Energies, vol. 16, no. 22, p. 7668, 2023. https://doi.org/10.3390/

en16227668

[59] A. K. Mishra, A. Ribezzo, M. Morciano, L. Bergamasco, E. Campagnoli, V. Giaretto, M. Fasano, and E. Chiavazzo, “Thermal conductivity enhancement in carbon black composite PCM for thermal energy storage,” 

 J. Phys.: Conf. Ser. , vol. 2940, p. 012012, 2025. https://doi.org/10.1088/1742-6596/2940/1/012012

[60] B. Kamkari and H. Shokouhmand, “Experimental investigation of phase change material melting in rectangular enclosures with horizontal partial fins,”  Int. J. Heat Mass Transfer, vol. 78, pp. 839–851, 2014. https://doi.org/

10.1016/j.ijheatmasstransfer.2014.07.056

[61] M. E. Nakhchi and J. A. Esfahani, “Improving the melting performance of PCM thermal energy storage with novel stepped fins,”  J. Energy Storage, vol. 30, p. 101424, 2020. https://doi.org/10.1016/j.est.2020.101424

[62] Z. Zhou, X. Liu, Y. Fang, M. Chen, and S. Chen, “Enhanced thermal management performance of phase change materials with fin structures under mechanical vibration conditions,”  Int. J. Heat Mass Transfer, vol. 241, p. 

126778, 2025. https://doi.org/10.1016/j.ijheatmasstransfer.2025.126778

[63] Z. Guo, L. Xu, F. Sun, and S. Sun, “Experimental investigation on heat transfer enhancement of phase change materials by fractal fins,”  Energies, vol. 17, no. 11, p. 2657, 2024. https://doi.org/10.3390/en17112657

[64] A. Basem, A. M. Al-Tajer, I. Omar, H. A. Dhahad, and W. H. Alaweev, “Improvement of heat transfer within phase change materials using V-shaped rods,”  Heliyon, vol. 10, p. e28146, 2024. https://doi.org/10.1016/j.heli

yon.2024.e28146

[65] N. I. Ibrahim, F. A. Al-Sulaiman, S. Rahman, B. S. Yilbas, and A. Z. Sahin, “Heat transfer enhancement of phase change materials for thermal energy storage applications: A critical review,”  Renew. Sustain. Energy Rev. , vol. 74, pp. 26–50, 2017. https://doi.org/10.1016/j.rser.2017.01.169

[66] B. Fekadu and M. Assaye, “Enhancement of phase change materials melting performance in a rectangular enclosure under different inclination angles of fins,”  Case Stud. Therm. Eng. , vol. 25, 2021. https://doi.org/10

.1016/j.csite.2021.100968

[67] L. L. Tian, X. Liu, S. Chen, and Z. G. Shen, “Effect of fin material on PCM melting in a rectangular enclosure,” 

 Appl. Therm. Eng. , vol. 167, p. 114764, 2020. https://doi.org/10.1016/j.applthermaleng.2019.114764

[68] H. A. Maarof and I. E. Maree, “Multiphysics CFD modeling for energy performance improvement of a novel PV/T bi-fluid system with perforated fins and phase change materials,”  Appl. Therm. Eng. , vol. 280, p. 128199, 2025. https://doi.org/10.1016/j.applthermaleng.2025.128199

[69] R. Hossain, S. Mahmud, A. Dutta, and I. Pop, “Energy storage system based on nanoparticle-enhanced phase change material inside porous medium,”  Int. J. Therm. Sci. , vol. 91, pp. 49–58, 2015. https://doi.org/10.1016/

j.ijthermalsci.2014.12.023

[70] H. Senobar, A. Aramad, and B. Shabani, “Nanoparticles and metal foams for heat transfer enhancement of 222

phase change materials: A comparative experimental study,”  J. Energy Storage, vol. 32, p. 101911, 2020. 

https://doi.org/10.1016/j.est.2020.101911

[71] N. S. Bondareva and M. A. Sheremet, “Influence of metal foam and nanoparticles on convective melting in a rectangular cavity under heating of the bottom wall,”  Int. J. Thermofluids, vol. 19, p. 100374, 2023. 

https://doi.org/10.1016/j.ijft.2023.100374

[72] A. Nassar, E. Nassar, I. Rivilla, J. Labidi, A. G. Fernandez, F. Sarasini, A. A. E. Fadl, and M. Younis, “Enhancing the thermal transfer properties of phase change material for thermal energy storage by impregnating hybrid nanoparticles within copper foams,”  Results Eng. , vol. 21, p. 101885, 2024. https://doi.org/10.1016/j.rineng.2

024.101885

[73] X. Yang, Z. Niu, Q. Bai, H. Li, X. Cui, and Y. L. He, “Experimental study on the solidification process of fluid saturated in fin-foam composites for cold storage,”  Appl. Therm. Eng. , vol. 161, p. 114163, 2019. 

https://doi.org/10.1016/j.applthermaleng.2019.114163

[74] Y. Huang, Q. Sun, F. Yao, and C. Zhang, “Experimental study on the thermal performance of a finned metal foam heat sink with phase change material,”  Heat Transfer Eng. , vol. 42, no. 7, pp. 579–591, 2020. 

https://doi.org/10.1080/01457632.2020.1716482

[75] W. Cui, T. Si, X. Li, X. Li, L. Lu, T. Ma, and Q. Wang, “Heat transfer analysis of phase change material composited with metal foam-fin hybrid structure in inclination container by numerical simulation and artificial neural network,”  Energy Rep. , vol. 8, pp. 10 203–10 218, 2022. https://doi.org/10.1016/j.egyr.2022.07.178

[76] A. Abderrahmane, N. A. A. Qasem, A. Mourad, M. Al-Khaleel, Z. Said, K. Guedri, O. Younis, and R. Marzouki, 

“Enhancing the melting process of shell-and-tube PCM thermal energy storage unit using modified tube design,” 

 Nanomaterials, vol. 12, no. 17, p. 3078, 2022. https://doi.org/10.3390/nano12173078

[77] M. Hussain, F. Labassi, H. Waqas, S. M. R. S. Naqvi, and M. A. Khan, “Enhancing the melting of nanoparticle-enriched phase change materials in thermal energy storage systems,”  Mater. Today Sustain. , vol. 32, p. 101243, 2025. https://doi.org/10.1016/j.mtsust.2025.101243

[78] J. Zhang, Z. Cao, S. Huang, X. Huang, Y. Han, C. Wen, J. H. Walther, and Y. Yang, “Solidification performance improvement of phase change materials for latent heat thermal energy storage using novel branch-structured fins and nanoparticles,”  Appl. Energy, vol. 342, pp. 121–158, 2023. https://doi.org/10.1016/j.apenergy.2023.121158

[79] A. Waqas and Z. U. Din, “Phase change material (PCM) storage for free cooling of buildings—A review,” 

 Renewable Sustainable Energy Rev. , vol. 18, pp. 607–625, 2013. https://doi.org/10.1016/j.rser.2012.10.034

[80] D. Zhou and C. Y. Zhao, “Experimental investigations on heat transfer in phase change materials (PCMs) embedded in porous materials,”  Appl. Therm. Eng. , vol. 31, pp. 970–977, 2011. https://doi.org/10.1016/j.appl

thermaleng.2010.11.022

Nomenclature

PCMs

Phase change materials

TES

Thermal energy storage

MFs

Metal foams

NPs

Nanoparticles

HVAC

Heating, ventilation, and air conditioning

EVs

Electric vehicles

PPI

Pore per inch

HTF

Heat transfer fluid

LTNE

Local thermal non-equilibrium

MWCNT Multi-walled carbon nanotubes

Al2O3

Aluminum oxide

CuO

Copper oxide

GNP

Graphene nanoplatelets
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Abstract: Phase change materials (PCMs) are highly effective in storing and releasing thermal energy during phase
transitions, making them critical for thermal energy storage (TES) systems, particularly for renewable energy sources
such as solar and wind. They have been reported in energy storage, especially in renewable energy systems such as
solar and wind. However, despite their potential, their practical use is limited by low thermal conductivity and slow
heat transfer rates. These limitations reduce the efficiency of PCMs in applications requiring rapid thermal responses,
such as solar thermal storage and electric vehicle (EV) battery cooling. This review synthesizes and compares recent
numerical and experimental studies on PCM enhancement techniques. A significant challenge across these studies
is the lack of uniform operating conditions, which complicates the identification of the most effective methods
for specific TES applications. The review highlights several strategies to improve PCM performance, including
the use of metal foams (MFs), nanoparticles (NPs), and fins. MF has been shown to significantly improve thermal
conductivity, increasing it by up to 200% for calcium chloride hexahydrate and 100% for paraffin, while also reducing
melting times by 84.9% compared to pure paraffin. NPs, like copper oxide (CuO) and aluminum oxide (Al,O3),
can enhance thermal conductivity by up to 122% relative to pure PCM. However, higher concentrations of NPs
may increase viscosity, which slightly hinders heat transfer. Fins provide a cost-effective method to enhance heat
transfer. The addition of fins has been shown to reduce melting times by 65.5% at 3600 seconds, making them an
ideal choice for applications where cost is a key consideration. Hybrid systems combining MFs and NPs achieve
the greatest performance improvements. For instance, using 3% NPs and a 60% porosity in copper MF increases
thermal conductivity by 37.7% and reduces the melting time by 87.03%. Further improvements are observed when
using MF with 85-90% porosity and 10-15% NPs, achieving a 90% reduction in melting time. This demonstrates
the synergistic effect of combining these two techniques. In conclusion, hybrid methods combining MFs and NPs
offer an efficient and cost-effective approach for enhancing PCM performance in TES applications. By integrating
the strengths of these techniques, multiple performance limitations can be addressed simultaneously, providing a
viable solution for large-scale TES systems.

Keywords: Phase change materials; Metal foam; Nanoparticle; Fin; Thermal energy storage; Heat transfer
enhancement; Hybrid system

1 Introduction

Thermal energy storage (TES) systems are essential for efficiently managing intermittent renewable energy
sources such as solar and wind power. These systems store excess energy for later use, enhancing the stability of
power grids and mitigating the variability of renewable sources. Phase change materials (PCMs) are especially
valuable in TES systems due to their ability to store energy as latent heat. During phase transitions between the
solid and liquid states, PCMs absorb and release substantial amounts of heat, which makes them highly efficient
for temperature regulation and energy storage [1, 2]. This property enables them to optimize the performance of
heating and cooling systems, reducing reliance on traditional heating, ventilation, and air conditioning (HVAC)
systems [3-5]. However, despite their advantages, the widespread adoption of PCMs is limited by their low thermal
conductivity. This limitation significantly impairs their heat-transfer efficiency, which is crucial for applications that
require rapid thermal responses. While PCMs excel in energy storage, their slow heat-transfer rates render them

https://doi.org/10.56578/ijepm110113
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