

  buildings-13-01595




buildings-13-01595







Buildings 2023, 13(7), 1595; doi:10.3390/buildings13071595




Review



A Review of Phase Change Materials as a Heat Storage Medium for Cooling Applications in the Built Environment



Usman Masood[image: Orcid], Mahmoud Haggag *[image: Orcid], Ahmed Hassan[image: Orcid] and Mohammad Laghari[image: Orcid]





UAE University, College of Engineering, Al Ain P.O. Box 15551, United Arab Emirates









*



Correspondence: mhaggag@uaeu.ac.ae; Tel.: +971-50-5638461







Academic Editor: Zhenjun Ma



Received: 8 May 2023 / Revised: 6 June 2023 / Accepted: 19 June 2023 / Published: 24 June 2023



Abstract

:

The air conditioning demand varies significantly in the hot and desert climates of the UAE due to diurnal temperature variation, seasonal shifts, and occupancy patterns. One of the challenges faced by the relatively higher energy-consuming UAE building stock is to optimize cooling capacity utilization and prevent excessive energy loss due to undesired cooling. A potential route to achieving such a goal involves cooling energy storage during low demand and releasing the stored cooling at peak demand times via thermal energy storage (TES). Latent heat thermal energy storage (LHTES) employing phase change materials (PCMs) provides impactful prospects for such a scheme, thus gaining tremendous attention from the scientific community. The primary goal of the current article is to provide a comprehensive state-of-the-art literature review on PCM-based TES for cooling applications to understand its efficacy, limitations, and future prospects. The article involves various applications, designs, and validations. The article emphasizes the importance of material innovations and heat transfer augmentation strategies to render this technology feasible for real-life integration into cooling systems.
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1. Introduction


The unsustainable nature of fossil fuels and the associated release of greenhouse gas emissions are major concerns facing the future existence of traditional energy sources [1]. In an attempt to limit the environmental impact caused by fossil fuels, the Paris Agreement was incorporated, aiming to reduce the world’s CO2 emissions by 45% by 2030 from their 2010 levels and render the planet carbon neutral by 2050 [2]. While producing 80% of the global gross domestic product, cities currently account for 70% of all energy-related CO2 emissions, which may further aggravate the situation with rapidly increasing urbanization [3,4]. The future risk is evidently recorded by increased air pollution in urban areas compared with rural areas, which causes 6.5 million premature deaths globally, making air pollution the fourth most significant risk to human health [5,6].



Buildings currently account for 25% to 30% of all energy use, leading to substantial carbon emissions that are well on their way to 50% over the next three decades, stressing the need to improve their energy efficiency [7,8]. According to the findings, space heating and cooling demand accounts for approximately 75% of all energy utilized in single and multi-family homes [9], which may increase threefold over the next three decades, demanding immediate energy efficiency interventions to mitigate the risk of which reducing peak time energy demand through TES seems very promising [10,11,12,13]. Anticipated cooling demand has been presented in Figure 1 [12].



TES integrated into building skin can significantly enhance building thermal mass, resulting in up to a 30% reduction in heating and cooling demand [14]. PCMs employing latent heat storage at a relatively narrow temperature range have been extensively incorporated in cooling systems, textiles, construction materials, temperature-sensitive materials, and cooling electronic devices [15,16]. Multiple studies have examined PCM’s potential to control indoor comfort for heating and cooling applications, with promising initial findings pending several research issues to be resolved. The research issues requiring further investigations are the optimal selection of PCMs for a particular application, the low rate of heat transfer, and volume changes during the melting and freezing cycles that affect storage system design and capacity. Several approaches to augment heat transfer have been investigated, including encapsulating PCMs with nanoparticles, metal foam, fin arrangements, and an expanded graphite matrix [12,14,15,16,17].



TES in buildings is essential for demand management, as highlighted by Durakovic et al. [18]. Their study emphasizes the need for customized management strategies based on building types to improve energy efficiency. Key advantages of TES include significant energy savings, the elimination of supply-demand discrepancies, the potential for large-scale energy substitutions, and the requirement for coordinated efforts across energy sectors to optimize storage benefits [19]. PCMs find diverse applications in building structures, including bricks, wallboards, façade elements, floors, ceilings, roofs, and glazing, and offer promising potential due to their reversible properties and lightweight characteristics [20,21,22]. In another approach, heat storage modules based on PCMs were employed with flat-plate solar collectors to enhance thermal efficiency [23,24].



Several reviews on PCMs have been produced, dealing with the selection and encapsulation of PCMs in hot climates [25], synthesis and manufacturing technologies for encapsulated PCMs [26], integration of PCMs into solar thermal systems [27], and methods to enhance the thermal conductivity of PCMs [28]. None of the recent reviews provides a detailed insight into the PCM-based TES systems in the built environment as a means of cooling load reduction and peak shifting, which is being addressed by this article. The review aims to explore the effectiveness, limitations, and prospects of PCM-based TES technology, discussing their applications, designs, and performance coupled with efficiency improvement strategies.



The review paper is structured into six sections, providing insights into PCM selection criteria, applications for cooling buildings, heat transfer augmentation, and TES approaches. To improve the readability of this paper, a list of abbreviations is shown in Table 1.




2. PCM Selection Criteria for Hot Climate


The selection of a PCM plays a crucial role in cooling applications for buildings in hot climates. It depends on multiple factors, with the melting temperature range being the primary factor to be considered. The PCM should ideally melt during the daytime, absorbing heat, and solidify at night, releasing the stored heat and completing one cycle of thermal energy storage. The UAE experiences a hot and arid climate characterized by high temperatures and humidity. During the peak summer months of May to August, temperatures can reach extreme levels, with maximums reaching 49 °C and average temperatures ranging from 34 to 39 °C. Daytime temperatures typically range from 40.5 to 43 °C, while nighttime temperatures range from 31 to 35 °C. For the selection of PCM, it is recommended that the melting temperature be higher than the highest nighttime temperature to ensure complete PCM solidification passively at night [29,30], as reflected in Figure 2 [30].



Other than the temperature factor, higher thermal conductivity and latent heat storage capacity are required of PCMs for the design of efficient TES systems with uniform melting and ideally no supercooling, high nucleation rates, and no phase segregation, which significantly vary across different PCM classes [31,32,33]. The selection of different types of PCM can yield varying outcomes when designing a TES system for hot climates due to the variations in their properties based on the PCM class listed in Figure 3. Latent heat values of inorganic PCMs are greater (approximately 200 to 250 kJ/kg) than those of organic PCMs (mostly 120 to 150 kJ/kg) [34,35]. In addition, the energy capacity of thermochemical heat storage materials (TCMs), such as metal oxides and certain salt hydrates, may be larger than that of PCMs, making them ideal candidates for use as thermochemical heat storage. The melting range of PCM is determined by factors such as its material composition, thermophysical properties, chemical properties, and kinetic properties [36]. Paraffin-based PCMs possess high heat of fusion, low cost, the ability to minimize or eliminate supercooling, stability, chemical inertness, and a tendency to self-nucleate. Paraffin wax is preferred as it is corrosion-resistant, does not undergo supercooling, and is readily available at an affordable cost [37,38,39,40,41].



When considering PCM selection in hot climates, inorganic PCMs, including salts and metal hydrates, are worth examining. Inorganic PCMs exhibit advantages such as higher latent heat capacity (over 220 kJ/kg), higher thermal conductivity (ranging from 1.35 W/m·K to 4.3 W/m·K), higher density (ranging from 1.47 g/cm3 to 2.18 g/cm3), and better fire resistance compared to organic PCMs [42]. However, these materials suffer from undercooling, phase segregation, dehydration, and corrosion, rendering them unsustainable for longer time frames and impairing their viability as latent heat storage systems. [43,44]. The most prevalent salt hydrate PCMs are disodium hydrogen phosphate dodecahydrate, sodium sulfate decahydrate, sodium acetate trihydrate, magnesium sulfate heptahydrate, calcium chloride hexahydrate, and potassium nitrate [45]. However, further research is required in the materials field to enhance their viability for use in energy storage applications.



Eutectic PCMs consist of a combination of organic and/or inorganic compounds that dissolve at a specific atomic ratio, resulting in a crystal mixture through crystallization that can melt and freeze alternately. This property makes them more desirable since they exhibit superior latent heat. The solid structure is characterized by a laminated composition of various compounds, preventing any changes in components and allowing for a non-segregated melting and solidification phase [46]. Despite being a potentially innovative PCM, there are limited studies on the use of eutectic mixtures [47,48,49,50]. As evident, PCM selection can be complicated; therefore, Yang et al. proposed a method for PCM selection established on the basis of multi-criteria decision-making as an attempt to overcome the conflicting characteristics of PCMs, which improved PCM selection to some extent [51].




3. PCM Cooling Application


The cooling load in buildings has significantly increased due to the combined effects of internal heat gains from increased indoor equipment, heat islanding, and an overly glazed urban environment [52,53,54], emphasizing the need for energy storage [55], recently achieved by PCM integration into the built environment [56,57,58,59,60,61]. The building cooling approach relies on three methods—decreasing heat input, minimizing temperature changes, and increasing heat dissipation—to prevent the temperature from exceeding a predetermined threshold [62]. The use of PCMs can effectively achieve all of these objectives by (i) providing free nighttime cooling storage; (ii) providing daytime solar energy storage to drive absorption chillers; (iii) providing air pre-cooling for air conditioning systems to reduce the peak load; and (iv) integrating PCM storage into evaporative cooling systems [63,64].



3.1. Free Cooling


Free cooling exploits the tremendous cooling potential available in the cold nighttime air by mechanically circulating the cold air into a heat storage unit, typically involving PM, to charge or discharge the unit through latent heat absorption and release. In most cases, a daily average temperature swing of 12–15 °C has been observed between day and night ambient temperatures, which perfectly matches the temperature window for absorption and release of heat through PCM by carefully opting for a suitable PCM melting point reportedly between 19–24 °C [65,66].



The fundamental concept of a free cooling system that utilizes PCM can be divided into two distinct modes of operation, as shown in Figure 4: During the night, when the outside temperature is lower than the building interior, the PCM solidifies until thermal equilibrium between the PCM and the outside temperature is established. During the daytime, the warm air flows through the storage unit, where it releases heat to the solid PCM, causing the melting process to begin and cooling the air to be served indoors [67].



Mosaffa et al. [68] conducted a study that involved numerical analyses of how a TES unit with several PCMs could enhance the efficiency of a free cooling system. The study’s findings indicated that the combination of CaCl26H2O and RT25 in an air channel with a thickness of 3.2 mm, a length of 1.3 m, and a PCM slab thickness of 10 mm resulted in an optimal coefficient of performance (COP) of 7.0 (Figure 5). The authors also conducted a study on a multiple PCM-based free cooling system and found that an optimum COP of 7.63 was achieved for a cooling load of 4.38 kW to meet the comfort conditions for Eindhoven. The optimum air channel thickness, length, and slab thickness to keep the outlet air temperature below 20 °C for 8 h were also identified, along with the maximum flow rate and power consumption [69]. Anisur et al. [70] conducted a study to investigate the use of a shell and tube latent heat storage (LHS) system with heptadecane, which has a melting point of 22.33 °C, for active air cooling. They found that a higher coefficient of performance (COP) could be achieved with a higher inlet air temperature while maintaining a practically equal outlet air temperature. Therefore, the design of an LHS system should consider the appropriate inner radius and thickness of the tube. Darzi et al. [71] found that storing cold air at night and releasing it during the day can achieve free cooling ventilation at night. To identify the optimal layout for plate-type storage filled with PCMs, they conducted a numerical study. The authors observed that the melting process is directly proportional to the thickness of the plate, and increasing the mass flow rate leads to higher cooling power. Rouault et al. [72] explored the use of PCMs in LHTES systems consisting of square-section tubes. They developed a model to simulate thermal transfer and considered the effects of recirculating melted PCMs on heat transfers. The study confirmed the modeling predictions and highlighted the significance of improving heat exchanges between air and tubes to enhance cooling efficiency. The authors suggest that accurate heat transport models must be developed and validated during the PCM solidification process.



The performance of two distinct prototypes of PCM heat exchangers was explored by Lazzaro et al. [73]. Prototype 2, which had a superior design, displayed higher cooling power and shorter melting times than Prototype 1, despite lower stored energy and thermal conductivity. Furthermore, the duration of cooling capacity for PCM heat exchangers for total energy storage was observed to depend on cooling power demand. Tan and Zhao [74] proposed the use of PCM as a heat sink to decrease the hot side temperature in a thermoelectric cooling system designed for space applications. Experimental results revealed a 56% rise in the average cooling COP, and the authors presented a comprehensive design guide. They emphasized the importance of analyzing local weather conditions to ensure complete PCM discharge at night and highlighted cooling power output and COP. Panchabikesan et al. [75] proposed a modified cooling system with spherically encapsulated PCM and water spray nozzles to enhance free cooling potential. The system achieved a significant reduction in charging duration and an increase in heat transfer rate compared to the conventional system. The integration of the evaporative cooling unit helped the PCM solidify faster and improve thermal performance. The system can be used as a standalone cooling system or integrated with HVAC systems to achieve energy efficiency.



Maccarini et al. conducted a simulation study, the results of which are discussed in this paper. The research aimed to provide initial estimates of the primary energy consumption of a new HVAC system across different thermal plant configurations, including district heating and cooling networks, reversible air-to-water heat pumps, and free cooling devices. The findings indicate that [76]. Using a packed bed latent heat storage unit as part of the building’s infrastructure, Nagano et al. [77,78] presented a floor supply air cooling system. Foamed glass beads and paraffin wax, with a melting or solidification temperature of 20 °C, made up the latent heat storage. The system conserved 1.79 MJ/m2 of cooling energy by using air conditioning at night to circulate cold air. The authors argued that the tested office space’s whole daytime cooling need might be met by doubling the quantity of PCM. In Istanbul, Turkey, Bulut and Aktacir [79] investigated the possibility of free cooling for an all-air HVAC system and concluded that energy savings are possible during transition months but not during the summer. In Amman, Jordan, Jaber, and Ajib [80] designed a new PCM-based cooling system for homes. A rectangular, corrugated flat tube with PCM layers and bidirectional airflow passageways made up the heat exchanger. A longer heat exchanger has a bigger cooling load than a wider one, according to the results of parametric research.



Osterman et al. [81] investigated the feasibility of a proposed TES system for cooling and heating indoor spaces by analyzing its annual performance both mathematically and experimentally. They found that higher diurnal temperature changes cause the greatest accumulation of cold in the months of August and July.



Using validated numerical models, M. Alam et al. [82] compared and analyzed the efficacy of PCM for free cooling in a residential building in Melbourne, Australia. The peak interior zone temperature dropped by 2.6 °C throughout the seven-day study period when a PCM with a 25 °C melting point was applied, as presented in Figure 6.



For low-energy building cooling, J.R. Turnpenny et al. [83] evaluated a latent heat storage unit using heat pipes embedded with PCM, as shown in Figure 7, through a one-dimensional numerical heat transfer model. When the temperature difference between air and PCM was 5 °C, a heat transfer rate of roughly 40 W during melting was maintained for up to 19 h.



In [84], Jaworski examined a unique design incorporated into a building’s ventilation system composed of a composite material that contains approximately 27% PCM, as shown in Figure 8. The results indicated that during the day, ambient air passing through the channels within the panel is cooled down by 3 °C.



Vincenc Butala and Uros Stritih [85] experimentally measured inlet and outlet air temperatures and airflow for seven days to test the cooling effectiveness of a thermal buffer filled with PCM, as shown in Figure 9. The findings indicated that airflows greater than 1.5 m/s and incoming air temperatures below 30 °C were incompatible with the buffer’s length.



PCM paint composites offer a viable, free cooling strategy for building cooling applications. Han et al. [86] coated a microencapsulated phase change material (MEPCM) paint composite in a test room. The findings revealed a reduction in temperature ranging from 5 °C to 6 °C, along with a significant 26% reduction in electricity consumption. Jeong et al. [87] studied MEPCM/hydrophilic paint composite and MEPCM/hydrophobic paint composite coated on heat-storage tiles used as a TES system for roofing materials. The results indicated that it exhibited higher latent heat capacity, superior thermal properties, and building compatibility. Lei et al. [88] examined the incorporation of PCM into a cementitious skim coat and a cool-colored coating on the exterior. They observed monthly cooling energy savings ranging from 5% to 12%, demonstrating the potential of this approach for energy efficiency in cooling. Soudian et al. [89] investigated the integration of PCM and thermochromic paint into cementitious plaster as an exterior facade finish material. Their findings showed a 23% increase in solar reflectance, contributing to reduced heat absorption. Additionally, the combination exhibited a higher rate of solar absorption compared to regular cement plaster in cold temperatures. Baskar et al. [90] studied the application of a form-stable PCM/paint composite coated on mortar cubes. They observed a reduction in the surface temperature of the mortar cube by 2.5 °C compared to conventional mortar cubes, indicating the effectiveness of this composite in temperature regulation. Ma et al. [91] investigated the PCM/paint composite coated on the interior walls. The findings revealed a reduction in the surface temperature of the walls by 2.5 °C, enhancing the thermal comfort within the space.



Ali et al. [92] studied PCM/paint composite coated on the exterior of concrete panels. The study indicated a significant decrease in the surface temperature of the walls by 9 °C. Moreover, it was found that the annual energy consumption could be reduced by an impressive 64.3%. Overall, these studies demonstrate the potential of PCM paint composites in building applications, offering advantages such as temperature reduction, energy savings, and improved thermal comfort. Onj et al. [93] studied the integration of MEPCM and glass bubble (GB) into paint and coating on mortar panels shown in Figure 10 in tropical regions. A surface temperature decrease of 3.2 °C indoors and 5–7 °C outdoors was observed.



Yang et al. [94] optimized the geometry of enclosed PCM capsules for passive cooling applications in buildings through a ceiling panel, as shown in Figure 11. The pyramid array panel had the best thermal performance among the evaluated panel designs, reaching a 20.8% greater average melting rate than the tetrahedral-based panel.



Roy et al. [95] studied a novel design of an air-PCM heat exchanger, reporting a maximum temperature difference of 1.4 °C and a cooling effect of 2.05 kWth, reducing the air conditioner capacity by 13% to 46%, depending on ambient temperature. Baskar and Chellapandian [96] conducted a study on a form-stable PCM-based roofing system applied to hollow clay tiles with polymer cement mortar and expanded perlite for stability, as shown in Figure 12. They reported an interior temperature drop of 8–10 °C.



Gallardo and Berardi [97] proposed a novel cooling system that utilizes macro-encapsulated PCM discreetly integrated beneath standard radiant ceiling panels (RCP) as an alternative to traditional all-air systems in office buildings for peak shifting, as shown in Figure 13. The results revealed that the RCP-PCM system passively absorbed heat gains ranging from 180 to 230 Wh/m2 during the daytime and actively operated solely at night during unoccupied periods. The measured passive cooling power varied between 11 W/m2 and 31.4 W/m2, with an average of approximately 17.3 W/m2.



Zhao et al. [98] conducted a study to evaluate the performance of a novel MEPCM using suspension polymerization, as shown in Figure 14. The experimental results revealed that the board containing 30 wt.% MEPCM showed a significant 67.82% improvement in TES compared to the conventional construction material within the temperature range of 10–50 °C.



Singh et al. [99] studied the integration of eutectic PCM into concrete, highlighting its favorable impact on thermal, physical, and mechanical properties when blended with zeolite to form a shape-stabilized composite as shown in Figure 15. Among the different compositions, SSCPCM-39% exhibited superior performance in regulating indoor temperature, achieving a remarkable reduction of 14.51% in peak temperature and a significant time delay of 71 min.



In [100], Durakovic studied suitable methods for passive heating and cooling involving heat dissipation, modulation, and protection, utilizing building thermal mass and environmental heat sinks. The study primarily focuses on PCM-based passive solar concepts. In conclusion, free cooling with PCM proves to be more effective in reducing peak indoor zone temperatures compared to passive cooling.




3.2. Solar Cooling Systems with PCM


A solar cooling system is an air conditioning system that primarily uses solar energy to power its operation. It consists of solar collectors to absorb solar energy, an absorption or adsorption cooling process to transfer the heat, a refrigeration cycle to cool the air, and a cooling distribution system to circulate the cooled air [101]. Recent research has focused on PCM solar cooling systems, which utilize adsorption and absorption cooling and present an alternative to conventional air conditioning systems. To replace conventional wet cooling towers, a solar-powered absorption cooling system combined with PCM and a dry air cooler has been proposed and illustrated in Figure 16 [102].



PCM-based solar cooling systems exhibit improved performance and durability during the night. To enhance the efficacy of solar cooling systems, various technologies such as absorption and adsorption systems, air coolers [103], heat exchangers [104], rooftop systems, and TES with PCM have been integrated [105,106].



Zheng et al. [107] studied the efficiency of a solar cooling system with an integrated micro PCM and found that it might reduce cooling costs by 30.5%. Harikrishnan et al. developed a composite PCM for solar heating systems, combining paraffin with hybrid nanomaterials (CuO-TiO2). The incorporation of hybrid nanomaterials resulted in improved thermal performance, with a significant reduction of 29.8% in melting time and 27.7% in freezing time observed for the composite PCM containing 1.0 mass% of hybrid nanomaterials, when compared to pure paraffin [108]. Stritih et al. investigate the application of latent heat thermal energy storage (LHTES) heated by a solar energy collector installed on the facade of an office building. The aim is to minimize energy usage for heating ventilation air. They develop a numerical model of the LHTES unit, which is then utilized to calculate the annual savings achieved by implementing this system. This research highlights the potential of LHTES combined with solar energy for improving energy efficiency in buildings [109]. Belmonte et al.’s [110] reported that the use of PCM in the chiller’s heat rejection loop increased the effectiveness of the absorption-type solar cooler by up to 38%. Stropnik et al. [105] and Chinnasamy and Appukuttan [106] have also conducted a reported decrease in the cooling load by the integration of PCM into the cooling system. Henning reviewed the studies on the solar-assisted air conditioning of buildings [111].



Helm et al. [112] coupled a solar-powered absorption cooling system with PCM and a dry air cooler. Based on their findings, they hypothesized that by integrating PCM into the heat rejection circuit of the chiller, some of the needed power might be moved to off-peak hours. Gil et al. [111,112,113,114,115] developed a TES system for solar cooling applications at the University of Lleida that was subsequently implemented in an actual installation for cooling purposes on the roof of a building in Seville, as shown in Figure 17 and Figure 18. Figure 19 shows the use of PCM in the chiller’s heat rejection.



It was concluded that dead PCM volumes can be avoided in a practical PCM storage tank design with the help of finned storage systems.



Besides, it was reported that the traditional system is more reliable in terms of the chiller’s COP and cooling energy generated at all locations. Agyenim et al. [116] designed a tube heat exchanger utilizing PCM to augment the COP of the LiBr/H2O absorption cooling system and determined an optimal amount of PCM to boost the COP of the solar cooling system.



In conclusion, solar cooling systems with PCM have the potential to reduce power consumption and pollution while providing comfortable summer conditions in buildings, although they may have some reliability issues that need further research and optimization.




3.3. Air Conditioning System with PCM


Several researchers have proposed air conditioning systems that utilize PCM thermal storage. Fang et al. [117] introduced a model that employs a cooling system utilizing a spherically packed bed for storing cold air. The addition of the spherical-packed bed structure enhanced the system’s performance and stability during both charging and discharging cycles. Allouche et al. [118] conducted performance evaluations of solar-powered air conditioners with PCM-integrated cold storage using TRANSYS software. The results indicated a rapid decrease in the temperature within space. Chaiyat [119] conducted an energy and economic study of a PCM-integrated air conditioning system, as shown in Figure 20. The observed outcomes were a 9% reduction in power usage and a payback time of over 4 years.



Using a shell and tube—PCM heat storage unit, Zhao and Tan [120] improved the COP of a conventional air conditioner by using water as the HTF in the charging loop and air as the HTF in the discharge loop. Several variables, such as HTF mass flow rate, input temperature, and fin height, were tested in order to determine their effects.



Haggag et al. [121] studied the performance of PCM-based air pre-cooling in the hot climate of the UAE. The results reported a temperature drop of up to 11 °C, indicating the efficacy of such systems in the UAE climate.




3.4. Enhanced Evaporative and Radiative Cooling with PCM


Evaporative systems, radiative systems, and hybrid systems are all feasible choices for passive cooling in buildings. Utilizing PCMs, microchannel heat pipes, and radiative cooling, Shen et al. [122] and El Loubani et al. [123] evaluated passive cooling of the building wall utilizing a radiatively cooled PCM (RC-PCM), as illustrated in Figure 21. Incorporating PCM into an evaporative cooling system reduced the cooling load by 25% compared to a conventional wall.



Micro-heat pipes, radiative cooling, and PCM were all incorporated into a single wall by Yu et al. [124,125]. When a micro-heat pipe is installed in the wall, the PCM solidifies much more quickly. When compared to a standard brick wall, an annual energy savings of 18.2% was reported. Wang et al. [126] evaluated a combination of cooled ceiling, micro-PCM slurry, and radiative cooling in five climatic regions in China, reporting increased energy efficiency.



Durakovic and Torlak [127] investigated the application of PCMs in a temperature-responsive window system using a combination of experimental and numerical approaches to optimize the cavity thickness. The results indicate that the recommended cavity thickness ranges from 24 mm when exposed to radiation to 19 mm in the absence of radiation.





4. Heat Transfer Improvements


One of the most important challenges to effectively utilizing PCMs for cooling and heating remains the heat transfer rates, which significantly impact the efficacy of these systems. Lower heat transfer rates significantly delay the melting and solidification of the PCMs, which is mainly attributed to lower PCM thermal conductivity [128,129,130]. Several interventions have been investigated to enhance heat transfer, including conductive nanoparticles, extended heat transfer surfaces, porous materials, and high-conductive fiber materials [131,132,133,134,135], as summarized in Figure 22.



4.1. Surface Area


To decrease the melting/solidification time, researchers are analyzing the performance of the geometry of cavities or devices filled with PCM. An increase in the thermally contributing surface area can be achieved by deploying fins or expanded surfaces [136,137,138,139,140,141,142], resulting in up to a two-fold increase in the heat transfer rates [143]. A comparison between oblate elliptical capsules and spherical capsules containing PCM was conducted using COMSOL, and it was discovered that the oblate elliptical capsule melted in less time [144], attributed to a larger surface area. The experimental investigation also indicated that employing polyethylene elliptical capsules with 1-octadecanol PCM resulted in a 50% reduction in charging duration and a 35% reduction in discharging duration compared to the spherical capsules depicted in Figure 23.



In [145], melting and heat transfer in vertical and horizontal TES units containing PCM have been studied for different values of the mushy zone parameter. Numerically, it has been demonstrated that the melting time of lauric acid PCM is lower for horizontal enclosures compared to vertical enclosures. A schematic diagram of the two-dimensional simulation geometry is shown in Figure 24.



A new triangular fin design has been suggested to improve the solidification effectiveness of shell and tube LHTES devices. Two novel fin configurations (Fin-B and Fin-C) were compared to the traditional rectangular fin (Fin-A) typically used in LHTES devices. The solidification duration of Fin-C was found to be considerably reduced by 38.30% when compared to conventional Fin-A. These findings indicate that using the longitudinal triangular fins can significantly improve the solidification performance of PCM in LHTES. Furthermore, the temperature response of the high-performing fins was analyzed to understand their dynamic behavior, as shown in Figure 25 [146].



In order to enhance the heat transfer rate of a shell-and-tube energy storage device, topology-optimized fins shown in Figure 26 were compared both numerically and experimentally with standard squared fins. It was concluded that the topology-optimized device outperformed the standard square fins with a 57.1% shorter discharge time [147].



Numerical investigations were conducted on a vertically finned LHTES unit, considering design factors such as fin height and pitch. Four different fin configurations were analyzed, concluding that radial-finned LHTES units reduced the entire melting time by 44.0% compared to LHTES units without fins with an optimal fin height of 0.642. The thermal performance of vertically finned LHTES was also tested for lower, upper, middle, and arithmetic fin configurations. The findings suggest that using arithmetic fins may reduce the total melting time by 49.9% [148] (Figure 27).



Another study [149] compared six different fin designs with a baseline design having no fins as shown in Figure 28 and reported a significant decrease in the overall PCM discharge time in all cases using fins compared to the baseline design.



Taghavi et al. [150] (Figure 29) proposed a modified plate-type thermal energy storage system (PTES) to address the challenge of rapid temperature fluctuations during the charging and discharging processes. They reported a significant drop in temperature variation with a 75% increase in energy storage capacity per unit volume.



Aly et al. utilized corrugated longitudinal fins to accelerate the solidification rate of formic acid PCM in an LHTES system, resulting in a 30–35% decrease in solidification time compared to flat fins [151]. Prithvi Raj R. et al. [152] discovered that the melting time of a cylindrical fin’s PCM zone is directly proportional to its diameter but not influenced by the height of the PCM zone. Water solidification in a heat exchanger with branch-shaped fins was investigated by Asgari et al. [153], who reported that thinner fins shaped like branches had a stronger impact on the rate of solidification.




4.2. Thermal Conductivity Enhancement


TES systems’ capacity utilization is restricted by their low heat conductivity, which has been extensively studied to overcome the issues reported in the following sections.



4.2.1. Expanded Graphite Insertion


To enhance the thermal conductivity of a PCM-based energy storage unit, a composite consisting of graphite foam and eutectic salt was evaluated. It was reported that thermal conductivity increased by 102% compared to pure eutectic salt owing to the high thermal conductivity of graphite [154]. Encapsulation made of expanded graphite was also utilized for a night sky radiator, which provided self-activated heat removal and thermal management for a battery [155].To enhance the thermal conductivity of a PCM-based energy storage unit, a composite consisting of graphite foam and eutectic salt was evaluated. It was reported that thermal conductivity increased by 102% compared to pure eutectic salt owing to the high thermal conductivity of graphite [154]. Encapsulation made of expanded graphite was also utilized for a night sky radiator, which provided self-activated heat removal and thermal management for a battery [155].



To produce a nanocomposite consisting of a PCM and metal oxide, magnesium nitrate hexahydrate was combined with nanoparticles of titanium dioxide (TiO2), zinc oxide (ZnO), ferric oxide (Fe2O3), and silicon dioxide (SiO2). It was discovered that by using 0.5 wt.% TiO2, the charging and discharging rates increased by 33% and 77.5%, respectively, compared to using pure PCM [156]. Zou et al. [157] proposed employing expanded graphite/alkanes for drilling in hydrate reservoirs, which enables the removal of heat generated during drilling. Meanwhile, he utilized shape-stabilized expanded graphite to store cold energy and found that adding a small amount of expanded graphite can improve thermal conductivity without causing PCM leakage. It is evident that incorporating expanded graphite can significantly improve the thermal conductivity of PCM, which could be beneficial for numerous applications, particularly in designing a TES system to lower a building’s cooling demand. Nonetheless, the LHTES capacity and phase transition temperatures are not significantly impacted.




4.2.2. Copper Foaming


Copper foams are an ideal choice for applications that require efficient thermal conductivity due to their high surface area-to-volume ratio, which is attributed to their porous structure. The thermal performance of PCM in comparison with copper foam was evaluated at eight varying filling ratios using numerical modeling. The findings showed that incorporating copper foam in PCM resulted in a reduction in melting and solidification times driven by an enhanced rate of heat flow, temperature response, and heat flux [158]. The form-stabilized composite PCM, which is suitable for energy storage and conversion, was developed [159]. The study used graphene aerogel, copper foam, and PCMs with four different melting temperatures, revealing that the thermal conductivity was enhanced by a factor of 9 when compared to paraffin PCM. A composite material with high stiffness and toughness and electro-to-thermal conversion properties was developed by [160] for thermal energy control and exhibited superior thermophysical properties. In a study investigating the impact of copper foam on the thermal behavior of PCM at different inclination angles in solar applications, it was determined that a 180° angle provided optimal thermal charging and discharging. The study evaluated twelve inclination angles of a thermal storage unit using two temperature equations [161]. The impact of incorporating copper foam on the performance of phase-change materials was explored by Gao et al. [162]. They discovered that by changing the shape and distribution of the copper foam, they could increase the average heat flow by 336.83 W/m2 and the temperature response rate by 0.00459 °C/s, thereby reducing the melting time by up to 4143 s. The foam shape developed in Model-4 demonstrated maximum thermal performance among the six possible models. In order to increase heat transmission efficiency, Pu et al. examined copper dispersion with multiple PCMs. They discovered that a single PCM outperformed a radial multiple PCM, cutting the total melting time by up to 87.50%. The TES is significantly impacted by the copper foam’s porosity [163].




4.2.3. Aluminum Foams


Aluminum foam is often utilized in combination with PCMs to enhance the heat conduction rate between components. However, its application is restricted to salts with high melting points, such as NaCl, KCl, KNO3, NaNO3, and MgCl2. Zhang et al. incorporated PCM into aluminum foam and found that non-dimensional factors, including the Reynolds number, Rayleigh number, and porosity, affect the heat transfer properties of composites [164]. The aluminum-foamed TES system significantly enhanced heat transfer by facilitating the primary conduction mechanism that takes place during the melting of PCM, leading to a much faster phase change process compared to pure PCM [165]. Caliano et al. conducted a numerical study to investigate the potential of PCM composite with aluminum dispersion in refrigerated environments. They reported that the charging cooling energy was largely affected by the conductive heat transfer, particularly by the solid PCM layer that forms on the side wall of the aluminum container. Natural convection heat transfer, on the other hand, had the greatest effect on cooling energy discharge but was four times less efficient than the traditional system that did not use PCM [166].




4.2.4. Nickel Foams


The high melting point of 1455 °C and the reasonable thermal conductivity of 89 W/mK of nickel foam make it a popular choice for applications requiring rapid heat transfer. The thermal characteristics of a nickel foam-based PCM for battery temperature management were studied by Moussa et al. [167]. According to the findings, the thermal conductivity of PCM increased with nickel foam, while the pore size had little influence. Another study by Hussian et al. [168] investigated the effects of graphene-coated nickel foam dispersed in PCM on thermal conductivity for battery TES. Compared to pure nickel PCM, the thermal conductivity of the graphene-coated nickel PCM composite was 23 times greater, and the battery cooling temperature was enhanced by 17%, according to the research.



Wang et al. investigated nickel foam dispersed with cetyl palmitate composite to improve TES applications. According to the findings, the thermal conductivity of PCM dispersed with nickel foam increased by 1.88, 2.02, and 4.86 times, respectively, compared to pure PCM for 70 PPI, 90 PPI, 110 PPI, and 40 PPI, with a significant increase in durability [169]. A nickel foam-based myristic alcohol composite was used to increase heat conductivity for solar TES applications. A heat conductivity value of 1.80–7.8 times that of pure PCM was observed, attributed to smaller pores [170].




4.2.5. Carbon Foams


Alshaer et al. evaluated paraffin/carbon foam composite (CF/RT65), multi-walled carbon nanotubes (MWCNTs)/CF/RT-65, and pure paraffin (RT-65) modules at 18, 24, and 30 W [171]. Composites of CF and paraffin or MWCNTs and paraffin showed greater heat transfer rates than CF and RT-65, with an increase in thermal conductivity (15%) and latent heat (8.5%). In another study, it was found that the highest overall temperature reduction was achieved with a carbon foam with 60% porosity, with a reduction of the temperature by 2.2 times [172].



A PCM composite [173] built on carbon foam and housed in a stainless-steel tube was created to increase PCM’s efficiency. According to the results of the investigation, the melting time of PCM (RT-35HC) is four times lower than that of pure PCM. The effect of carbon brushes on the thermal conductivity of polycrystalline silicon was also investigated using an experimentally verified computational model [174]. The results demonstrated that the composite’s heat transfer rate improved by increasing both the volume percentage and the diameter of the brush up to a critical diameter.




4.2.6. Graphite Foams


The thermal conductivity of PCM for TES was enhanced by dispersing it in graphite foams [175]. Graphite foam with a porosity of 70% was distributed in a specially formulated molten chloride solution for use in TES subjected to various temperatures. The graphite foam enhanced thermal conductivity by 101 W/mK at 23 °C, 78.2 W/mK at 150 °C, and 62.9 W/mK at 300 °C [176,177]. To increase the composite material’s efficiency in transferring heat, graphite was mixed in paraffin PCM in the form of fibers, fins, and foam, which exhibited increased heat transfer rates [178].





4.3. Nano PCM


In order to enhance the heat transfer rates of TES, one approach is to use nanoPCMs with different types of nanoparticles. Even a small amount of nanoparticles added to the PCM can result in a significant increase in thermal conductivity [179], although it has certain limitations in terms of strength and corrosion resistance owing to the extremely small particle sizes [180].



Arici et al. [181] numerically investigated the melting process inside a square enclosure, where two opposing walls are kept at different constant temperatures and the remaining walls are insulated. The inclusion of a fin in the enclosure leads to a decrease in melting time ranging from 27–52% based on the fin length and 13–68% based on its position. The effect of Ag nanoparticles on the thermal conductivity of composite materials composed of organic PCM and Ag nanoparticles was investigated by Zeng et al. [182]. The results showed that an increase in the number of Ag nanoparticles enhanced the thermal conductivity of the composite materials. However, the phase change temperature range decreased compared to pure PCM.



The performance of pure PCM and nanoparticle-enhanced PCM was investigated by Nitsas et al. [183]. It was observed that the duration of melting decreased by at least 10%; however, it resulted in a reduction of 11.5% in the heat storage capacity of PCM as well. The utilization of MnO2 nanowires and nanotubes as nanofillers to enhance the thermal conductivity of organic PCMs was investigated by Liang et al. [184]. The findings indicated a 3.7-fold increase in the thermal conductivity of the nanocomposite compared with pure PCM, with a thermal cycling stability of at least 100 cycles.





5. Thermal Energy Storage (TES) Integration into Built Environment


The cost-effective and efficient integration of the TES system into the building can significantly enhance its thermal mass, rendering it more resilient against harsh climates [185,186]. Due to urban development and population growth, high-rise building construction has relied on lightweight materials with low thermal masses, reducing the buildings’ heat resistance. Integration of TES into the building skin can overcome the loss of thermal mass caused by lightweight construction with a significantly lower structural load on the building [187].



Within the past ten years, analytical research on the structure of PCMs has been carried out in Europe [188,189,190]. Types of TES have been presented in Figure 30.



TES systems can serve both short-term and long-term goals. First, the concept of seasonal heat storage using aquifers to store cold water underground for industrial cooling applications originated in China [191], and the first heating use of aquifers was created in Scarborough Center, Canada [192], with significantly lower heat storage compared to PCMs [193]. Mouridet et al. [194] conducted a study in Casablanca, Morocco, to measure the thermal behavior of two prototypes. They measured various temperatures, including indoor, wall surface, ceiling surface, and outdoor ambient temperatures. The study found that PCM wallboards were more efficient than regular wallboards and resulted in an average energy consumption reduction of 20%. In their study, Li et al. [195] created insulated test rooms with and without PCM integration on the exterior of the north wall to investigate the thermal performance of building envelopes. The results showed that PCM improved the indoor thermal environment and decreased the duration of heating. Karim et al. [196] performed research that looked at the impact of poor insulation and antiquated heating systems on the energy consumption of many European buildings. Using a monitoring system to measure energy flows, they discovered a performance difference in the energy efficiency of up to 287% attributable to user behavior, poor installation, and faulty engineering. Kant et al. [197] studied the thermal performance of a brick embedded with PCM and compared it to three other PCMs: raw paraffin wax, RT25, and capric acid. The results indicated that capric acid was the most effective, resulting in a reduction of up to 8.31% in heat flux. Leanget al. [198] studied a composite solar wall with microencapsulated PCM numerically and reported a greater heat recovery capacity and shorter phase time delay compared to the reference wall.



Mehdi et al. [199] developed a TES system for managing indoor heating in buildings. Utilizing a composite material consisting of paraffin (PA), polyethylene glycol (PEG), and carbon foams (CF), the composites displayed excellent thermal and chemical stability, making them well-suited as heaters for energy management and peak load shifting in buildings. Kunyang et al. [200] introduced a novel PCM named decanoic acid/polyethylene glycol binary eutectic (DA-PEG) for TES. Overall, the findings suggest that the DA-PEG eutectic PCM is a highly promising solution for improving thermal comfort and energy efficiency in buildings.



Osman et al. [201] conducted research on a novel technique for TES by incorporating MEPCM into a gypsum composite that allows light transmission. The addition of 5 wt.% MEPCM slightly reduced compressive and flexural strengths while allowing a 10% light transmittance. Sarcinella et al. [202] designed a TES system based on PCM-modified mortars applied in buildings using Poly-Ethylene Glycol (PEGs) included in flakes of a porous stone, i.e., Lecce Stone (LS), to form-stabilize the composite. The composite reduced cooling and heating loads by 8% and 13%, respectively.



Manglesh et al. [203] created a TES system by integrating PCMs into clay bricks through microencapsulation. The findings revealed a temperature drop of 1.81% to 9.87%, depending on the ratio of PCM used in the brick. Taghreed et al. [204] utilized recycled Tetra Pak waste to create innovative PCMs for TES. The researchers discovered that Tetra Pak materials effectively prevented paraffin leakage in compact form. Zhaoli et al. [205] reported that incorporating PCM into buildings creates a thermal barrier, resulting in summer overheating. To address this issue, they introduced a dynamic insulation system (DIS) that utilizes air flow to enable switchable thermal resistance in the PCM.



Alawadhi [206] evaluated the integration of PCM-based bricks in hot climates and reported a cooling load reduction of 17.55%. Hasan et al. [207] conducted a study in the United Arab Emirates (UAE) to investigate the cooling effectiveness of a PCM incorporated within an insulated concrete block. An 8.5% temperature drop and a 2.6-h time delay in peak indoor temperature were reported, resulting in a 44% reduction in heat gain. It was noted that the high ambient temperature and low wind speed made heat dissipation at night and re-solidification of the PCM difficult through natural ventilation. Therefore, the findings suggest implementing mechanical ventilation systems in hot climates to enhance the regeneration of the PCM to its solid state, ensuring optimal performance. Elnajjar [208] conducted a study exploring the energy-saving potential of integrating PCM into building materials in the UAE for seven consecutive days and reported an average 30% reduction in heat flux over the seven days. Thiele et al. [209] conducted a study investigating the thermal performance of concrete composite walls containing MEPCM throughout the day. The inclusion of PCM in the concrete resulted in a decrease in overall heat transfer across the composite wall.



Ghazal et al. [210] investigated the integration of PCMs in a lightweight building wall in the UAE climate. The findings emphasize the reduction of cooling load through PCM integration, achieved by peak shifting. Piselli et al. [211] conducted a study involving numerical and experimental analysis of a novel cool polyurethane-based membrane integrated with PCMs for roofing applications in Rome, Italy, and Abu Dhabi, UAE. The findings indicate that combining the cool membrane with PCMs within appropriate melting temperature ranges can lead to significant reductions in roof surface temperatures. Kumar’s [212] combined PCM with a double-skin aluminum radiation reflector (ARR) and tested it in the climatic conditions of the Sultanate of Oman. In comparison to a typical bare concrete roof, they reported a temperature decrease of 3.63 °C (9.08%) for room air, 12.68 °C (30.1%) for the internal roof surface, and 16.92 °C (37.3%) for the outdoor roof surface, with a drop of 18 W/m2 heat gain indoors. It is noted through the research findings that the diurnal temperature swing in the Middle East in general and the UAE in specific offers a significant advantage to using PCM, which can help PCM melt during hot days and get back to solid by natural ventilation during cooler clear sky nights.




6. Conclusions


This article provides a literature review of recent research on the use of PCMs as latent heat TES strategies in residential and commercial buildings. The review begins by discussing the concepts of PCMs, their classification, selection criteria, and tests of their properties. The current literature review explores how enhancing the heat transfer area of LHTES devices is not the only approach for energy storage. Composite materials that include expanded graphite, nanoparticles, foam, and microencapsulation can also enhance the thermal performance of PCM. Incorporating these materials raises the heat transfer area between the high-temperature source and PCM, resulting in faster heat conduction. However, adding nanoparticles or foam can reduce the latent heat storage capacity, whereas microencapsulation can prevent PCM leakage and extend its lifespan. Expanded graphite, nanoparticles, and foam are effective in achieving faster heat removal and discharging processes. Nonetheless, the discharging process, which is conduction-dominated, can be hampered by lower thermal conductivity. The charging process, which is convection-dominated, can overcome the limitation of low thermal conductivity. Hence, improving the thermal conductivity of LHTES is crucial to enhancing the speed of the discharging process. The combination of multiple materials, such as nanoparticles, foams, and fins, has been shown to enhance heat transfer and improve the performance of PCMs more effectively than using only one material. Optimizing systems for energy storage will likely be recommended to achieve the best results. This optimization could also make renewable energy more useful in various technology sectors.



The incorporation of TES systems, particularly PCMs, improves building thermal performance and reduces energy consumption. PCM wallboards and exterior PCM integration enhance the indoor thermal environment and decrease heating duration, while also decreasing cooling load through free cooling and maintaining comfortable outlet air temperatures. To create sustainable and energy-efficient buildings, optimizing TES design and developing accurate heat transport models are crucial. Future research should explore TES effectiveness by incorporating various heat transfer augmentation methods in different building types and climates and focusing on enhancing passive and active cooling efficiency. The UAE’s diurnal temperature swing with a significant drop in night temperature under clear sky conditions provides favorable conditions for using PCMs in cooling systems, making it an ideal climate for their implementation.
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Figure 1. Anticipated Cooling Demand in Europe, reproduced with permission of [12], Elsevier, 2016. 
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Figure 2. T-h diagram of Solid-liquid and Liquid-solid phase change transition of PCMs, reproduced with permission of [30], Elsevier, 2020. 
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Figure 3. Types of PCMs. 
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Figure 4. Concept of free-cooling PCM charging and discharging, reproduced with permission of [67], Elsevier, 2014. 
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Figure 5. Installation of thermal storage for free cooling, reproduced with permission of [69], Elsevier, 2013. 
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Figure 6. (a) Experimental Setup and (b) schematic diagram for the evaluation of free cooling, reproduced with permission of [82], Elsevier, 2017. 
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Figure 7. Schematic of proposed heat pipe/PCM installation, reproduced with permission of [84], Elsevier, 2000. 
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Figure 8. The scheme of the repetitive elements of a ceiling panel, dimensions of the experimental set-up, reproduced with permission of [84], Elsevier, 2014. 
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Figure 9. Experimental of the PCM based cooling system reproduces with permission of [86], Elsevier, 2009. 
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Figure 10. (a) Experimental setup for MEPCM and GB Coating study (b) Layout of sensors inside the mortar block, reproduced with permission of [93], Elsevier, 2023. 
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Figure 11. The schematic diagram for enclosed PCM capsules for passive cooling applications, reproduced with permission of [94], Elsevier, 2023. 
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Figure 12. Experimental setup. 
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Figure 13. Pipe network connecting all the RCP-PCM panels. 
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Figure 14. Thermal regulation test with CB@microPCM320 board as an example. 
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Figure 15. Experimental setup to evaluate the indoor thermal performance of TES-C0, TES-C1, TES-C2, TES-C3, and TES-C4. 
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Figure 16. Solar heating and cooling system with absorption chiller, reproduced with permission of [102], Elsevier, 2009. 
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Figure 17. The placement of the storage tank for PCM in the context of solar cooling, reproduced with permission of [115], Elsevier, 2014. 
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Figure 18. The University of Sevilla (Spain) has installed a storage tank in an actual solar cooling system, reproduced with permission of [115], Elsevier, 2014. 
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Figure 19. A solar cooling system comprising of TES PCM and dry coolers, reproduced with permission of [110], Elsevier, 2014. 
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Figure 20. A schematic diagram illustrating an air conditioning system incorporating PCM, reproduced with permission of [119], Elsevier, 2015. 
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Figure 21. Schematic of RC-PCM wall, reproduced with permission of [122], Elsevier, 2020. 
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Figure 22. Methods of heat transfer improvement. 
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Figure 23. Schematic view of spherical and elliptical capsules, (a) location of thermocouples in spherical capsule and (b) elliptical capsule, (c) test mock-up of elliptical capsule for PIV-LIF, (d) photo of PCM in an elliptical capsule. 






Figure 23. Schematic view of spherical and elliptical capsules, (a) location of thermocouples in spherical capsule and (b) elliptical capsule, (c) test mock-up of elliptical capsule for PIV-LIF, (d) photo of PCM in an elliptical capsule.



[image: Buildings 13 01595 g023]







[image: Buildings 13 01595 g024 550] 





Figure 24. Schematic diagram of horizontal and vertical TES. 






Figure 24. Schematic diagram of horizontal and vertical TES.



[image: Buildings 13 01595 g024]







[image: Buildings 13 01595 g025 550] 





Figure 25. Traditional and innovative longitudinal triangular fin configurations. 
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Figure 26. The additive manufactured topology optimized device. 
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Figure 27. Schematic diagram of the radial-finned shell-and-tube LHTES unit and computation domain, reproduced with permission of [148], Elsevier, 2020. 
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Figure 28. (a) Physical models of the six configurations that include fins, 1 represents 10 fins, 2 represents 20 fins, and configuration style is denoted by a, b, and c. (b) Two-dimensional mathematical schematic used for determining the variable fin lengths, reproduced with permission of [150], Elsevier, 2021. 
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Figure 29. Schematic diagram of the experiment [150]. 
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Figure 30. Types of thermal energy storage (TES). 
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Table 1. Abbreviations and meanings.
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	Abbreviation
	Meaning





	PCMs
	Phase change materials



	TES
	Thermal energy storage



	LHTES
	Latent heat thermal energy storage



	TCMs
	Thermochemical heat storage



	COP
	Coefficient of performance



	MEPCM
	Microencapsulated phase change material



	GB
	Glass bubble



	RC
	Reinforced concrete



	RCP
	Radiant ceiling panels



	SSCPCM
	Shape Stabilized Composite Phase Change Material



	PTES
	Plate-type thermal energy storage system



	MWCNTs
	Multi-walled carbon nanotubes



	PEG
	Polyethylene glycol



	CF
	carbon foams



	DA-PEG
	Decanoic acid/polyethylene glycol



	LS
	Lecce Stone



	DIS
	Dynamic insulation system



	HTF
	Heat transfer fluid
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