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Abstract: Due to advances in its effectiveness and efficiency, solar thermal energy is becoming 
increasingly attractive as a renewal energy source. Efficient energy storage, however, is a key 
limiting factor on its further development and adoption. Storage is essential to smooth out energy 
fluctuations throughout the day and has a major influence on the cost-effectiveness of solar energy 
systems. This review paper will present the most recent advances in these storage systems. The 
manuscript aims to review and discuss the various types of storage that have been developed, 
specifically thermochemical storage (TCS), latent heat storage (LHS), and sensible heat storage (SHS). 
Among these storage types, SHS is the most developed and commercialized, whereas TCS is still in 
development stages. The merits and demerits of each storage types are discussed in this review. 
Some of the important organic and inorganic phase change materials focused in recent years have 
been summarized. The key contributions of this review article include summarizing the inherent 
benefits and weaknesses, properties, and design criteria of materials used for storing solar thermal 
energy, as well as discussion of recent investigations into the dynamic performance of solar energy 
storage systems. 

Keywords: latent storage; sensible storage; thermal energy storage; solar energy; thermochemical 
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1. Introduction  

The efficient use of energy has been central to the advancement of human civilization. 
Electricity, among other sources of energy, is vital to the success of any modern society and has 
catalyzed many of the great steps forward of the last century. As shown by a statistical review by 
British Petroleum, there is continuous growth in global energy needs, with the vast majority of the 
energy, 87%, coming from fossil fuels [1]. In light of increasing awareness of the role of CO2-
emissions in global warming and the dire consequences this may have on human society, the 
renewable energy sources including wind, tidal, solar, biomass, wave and geothermal are receiving 
ever-greater attention. These energy sources have the benefits that they have a low environmental 
impact, are widely available, and produce no or little contamination. However, their widespread 
adoption is also constrained by geographical location, atmospheric conditions, and both economic 
and safety considerations [2]. It is increasingly thought that the usage of renewable energy sources, 
and solar in particular, will be the key factor for continued sustainable human development [3]. The 
sun produces enormous amounts of radiation energy, with 174 PW (1 PW = 1015 W) reaching the 
Earth’s upper atmosphere [4]. This energy is attenuated twice before reaching the surface, by both 
the atmosphere, where 6% is lost by reflection and 16% by absorption, and by the clouds, which 
reflect 20% and absorb 3% [4]. Ultimately, the land and oceans receive 51% (89 PW) of the inward 
radiation [5]. Hence, the quantity of available solar energy for our use is still very high. Nevertheless 
to use this intermittent, low-density energy source, an efficient storage is essential [6]. 

The components through which energy is collected and stored are vital subsystems in any solar 
thermal applications. The function of solar collectors is to transform solar irradiation either directly 
into energy using PV (photovoltaic) methods or into thermal energy of a fluid [7,8]. Conversely, an 
ideal thermal storage necessitate long-term stability, low construction costs, high storage density, 
the ability to transfer heat efficiently through rapid absorption and release [9,10]. Solar 
collection is achieved using three main types of collector: solar thermal, PV, and PV/T (photo-
voltaic/thermal) [11]. Solar thermal collectors contain working fluids including ethylene glycol (EG) 
and water and are operated by transferring solar energy into these fluids [12]. The solar thermal 
systems are relatively matured technology and have been employed in the residential sector for over 
forty years [13]. Conversely, PV experienced huge interest in the last decade and several installations 
were done around the world for both domestic and remote production [14]. In a PV collector, solar 
radiation is directly converted into electricity using semiconductors including SiO2, Si, CuS, or GaAs. 
On the other hand, PV/T collector, a hybrid between a PV and thermal collector, uses materials such 
as Al, Cu, and polyethylene naphthalate to convert absorbed energy into both electricity and thermal 
energy. This review will summarize the current state of knowledge regarding these solar energy 
systems and the materials used within them. 

2. Solar thermal energy storage 

The performance of solar thermal energy systems is primarily controlled by the components that 
collect and store the energy [1]. A solar collector is a type of energy exchanger that converts 
irradiation energy from the sun into thermal energy in a working fluid. The most important parameter 
in solar collector design and fabrication is good optical performance, to ensure that as much as 
possible of the incoming solar radiation is captured and directed to the receiver. As solar energy 
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input is not constant, efficient thermal energy storage (TES) materials must then be employed to 
store any excess energy that is collected throughout the day for use at night [15,16]. Different 
applications require different output temperatures, such as electrical power generation requiring a 
high-temperature (>175 ℃) TES system, whereas domestic space heating requiring a low-
temperature (<50 ℃) system [17]. The properties of the storage materials generally pose a major 
effect on the TES performance. Many factors must be considered when designing a solar TES system, 
most of which fall under the subjects of cost-effectiveness, environmental impact and technical 
properties. Table 1 shows the thermophysical properties of different TES materials based on the 
requirements of specific applications.  

Table 1. The properties of solar thermal energy storage materials [69]. 

Properties Requirements Description 

Density High High density improves energy storage density which reduces the volume of 

the thermal energy storage system. 

Latent heat of fusion 

 

High 

 

Phase change materials should have very high latent heat of fusion. High 

latent heat of fusion improves energy storage density of the system. 

Specific heat High High specific heat improves energy storage density of the system. 

Melting point Relative Phase change materials should have a melting point near the required 

operational temperature range of the thermal energy storage system. 

Super cooling Minimal For phase change materials, during the freezing process, super cooling 

should be minimal. Storage material should freeze completely at as close as 

possible to its freezing temperature. 

Thermal 

conductivity 

High High thermal conductivity increases the thermal charging and discharging 

rate. 

Vapor pressure Low Low vapor pressure decreases the need of pressure withstanding 

containment at high temperatures. It also decreases the cost of insulation. 

Thermal stability High The materials should not decompose at high temperatures. This gives wider 

operating temperature range and higher energy storage capacity for the 

material. Material properties should be stable even after extended thermal 

cycles of heating and cooling. 

Chemical stability High High chemical stability of storage materials increases life of energy storage 

plant. 

Continued on next page 
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Properties Requirements Description 

Volume change Minimal For phase change materials, change in volume during phase change process 

should be minimal. Big changes in volume increase the required size of the 

container. Large density difference between two phases also causes phase 

segregation issue. 

Availability 

 

Abundant and 

easily available 

Abundantly and easily available materials decreases the process cost. 

Toxicity Non-toxic The materials should not be harmful to health of operators and 

environment. 

Corrosiveness Non-corrosive Corrosive thermal energy storage materials bring down the energy storage 

plant life drastically due to corrosion of containers. 

Flammability 

Cost 

Non-flammable 

Cheap 

The materials should be non-flammable and non-explosive. 

Cheaper price of storage material reduces capital and process cost. 

Solar TES materials can be categorized into three main types depending on the storage 
mechanism: thermochemical (TCS), latent heat (LHS) and sensible heat (SHS) storage. As SHS is 
the most developed of the technologies, it has the benefit that numerous low-cost materials are 
available [18], but it also has the least storage capacity, thereby enhancing the dimensions of the 
system. Compared to other energy storage modes, SHS is commercialized largely, whereas LHS and 
TCS are still in the development phase [19]. In addition, the durability of SHS system is around 
twenty years; whereas those of LHS (one-fourth of SHS) and TCS (one-tenth of SHS) were 
relatively low [20]. Conversely, the capacity of LHS is much higher; but this is usually paired with 
poor heat transfer unless it is modified with heat transfer enhancement. Table 2 compares the 
performance of SHS using water and rock with LHS using inorganic and organic phase change 
materials [21]. This comparison shows that the storage mass and density of LHS is superior to that of 
SHS. TCS has the highest storage density compared to LHS and SHS, but issues of chemical stability, 
lack of long-term durability and need for complicated reactors to achieve the required chemical 
reactions, limits its applicability.  

Table 2. Comparison of sensible and latent heat storage [21]. 

Property Sensible Storage  Latent Storage 

Water Rock Inorganic phase 

change materials 

Organic phase 

change materials 

Specific heat (kJ/kg) 4.2 1 2 2 

Latent heat (kJ/kg) - - 190 230 

Density (kg/m3) 1000 2240 1600 800 

Storage mass for 106 J, kg 16000 67000 4350 5300 

Relative storage mass 4 15 1 1.25 
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2.1. Sensible heat thermal energy storage materials 

The materials used in SHS are able to store thermal energy without undergoing a phase change. 
Energy is stored through varying the temperature of solid or liquid materials during peak energy 
input periods. The degree of storage depends on the thermophysical properties of the material, as 
shown by the following relationship: =	           (1) 

where Q is thermal energy stored as sensible heat; m is the total mass in kg of the storage material; 
Cp is its specific heat capacity in kJ/kg.K; and T2 and T1 are the final and initial temperatures in K. 
The stored quantity of heat is thus proportional to the volume, specific heat capacity, density, and 
temperature differences of the storage material. Hence, practical SHS materials require a high 
specific heat capacity, high density, and good long-term stability when thermally cycled as well as 
being low-cost, non-toxic, and resilient to contamination [22].   

2.1.1. Liquid storage medium 

Liquid storage media have the advantage that they can transport heat easily through circulation. 
A system featuring circulation of storage material is termed an active system. The buoyancy created 
by the density difference between cool and warm liquid has the added benefit of creating a thermal 
gradient across the storage system [23]. Cold fluid falls, whereas hot fluid raises thereby leads to 
separation. Some of the main liquids used for SHS are discussed below.  

2.1.1.1. Water 

For low-temperature (25 to 90 ℃) applications, water is the most popular storage liquid. This is 
owing to its low environmental impact, cost effectiveness, easy availability, and high Cp [24]. Water 
is able to store 81.7 kWh of energy at 90 ℃ [1]. However, its use in high-temperature applications is 
complicated by its high vapor pressure, which means that expensive insulation and pressure 
containment measures are required. Water is thus best-suited to lower-temperature domestic 
applications such as hot water supply and space heating [25]. During analysis of large-scale solar 
development in Europe over a decade, Fisch et al. [26] referred to two main large-scale solar heating 
applications. These include, seasonal (long term) storage systems with potential to supply 50 to 70% 
of the yearly heating demand and diurnal (short term) storage systems with potential to supply 10 to 20% 
of the yearly heating demand. These systems are very efficient in minimizing the usage of fossil fuel as 
well as compatible with CO2 emission policies. A variety of materials are used for water storage 
tanks, such as aluminum, steel, reinforced concrete, and fiberglass. These are insulated using 
polyurethane or glass or mineral wools. Tanks can be as small as a few hundred liters but can range 
up to thousands of cubic meters. To ensure that tanks in solar heating plants provide good thermal 
performance over a long lifetime, they need to utilize materials that are watertight and allow limited 
heat loss by steam diffusion, as well as technologies that optimize stratification within the water 
column. Another application of water as an energy storage medium is as brine in salt ponds, where it 
can collect large amounts of solar thermal energy in temperature range of 50–95 ℃. Due to the 
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retarding effect of dissolved salts such as NaCl and MgCl2 on convection, heat becomes trapped in a 
thick layer at the bottom of the pond. Water can also be mixed with sand or gravel-filled 
underground aquifers to provide large-scale seasonal energy storage. This avoids the expense of 
water tank construction, making it very cost-effective [27,28]. 

2.1.1.2. Mineral oil 

Concentrated solar power plants commonly use mineral oil as the heat transfer fluid (HTF). The 
oil passes through the receiver, collecting heat, and then transports it to the boiler, where the heat is 
utilized to produce steam to drive a turbine. With the use of highly insulated tanks, mineral oil can 
also be used as an overnight storage medium. In a study comparing the thermal efficiency (TE) of oil 
versus water as the HTF in a flat plate collector (FPC), the TE of oil was found to be 15–19% lower 
than that of water [29]. However, when the oil was kept flowing through the FPC, this increased by 4–9%, 
indicating that circulation is the best way to get optimal performance from this medium at 
temperatures relevant to water. Furthermore, because mineral oil has a lower vapor pressure than 
water and remains in a liquid form up to 400 ℃, it can operate at much higher temperatures. It also 
performs well at very low temperatures as, unlike molten salts, it does not freeze in pipes at night, 
obviating the need for an antifreeze system. One limiting factor for the use of oils is that they are 
age- and temperature- dependent; so they start to degrade when temperature increases beyond a 
certain point [30]. They are also high-cost, and for this reason, several molten salt mixtures with 
lower melting points have recently been investigated as potential replacements for mineral oil for 
energy storage.  

2.1.1.3. Molten salts 

The superior thermal stability at high temperature, elevated thermal conductivity, low vapor 
pressure and viscosity, non-toxicity, and non-flammability of molten salts make them ideal for use in 
solar power plants [18,31]. Their lower vapor pressure and ability to remain in the liquid form up 
to 400 ℃ mean that, unlike water, they can be used at high temperatures, improving the efficiency of 
the Rankine cycle in power plants. One issue that can limit their cost-effectiveness is that they can 
have high melting points. The most useful molten salts have a melting point near ambient 
temperature so that they stay in liquid phase throughout operation and do not require antifreeze 
overnight when there is no solar energy. A common practice is to utilize salt composites to achieve a 
melting point below 100 ℃ and a boiling point above 500 ℃ [32]. For example, Zhao and Wu [18] 
documented several ternary salt mixtures with melting temperatures that were all below 100 ℃, the 
lowest being 76 ℃. These Ca(NO3)2, LiNO3 and KNO3 mixtures had viscosities as much as 80% 
lower than commercial molten salts and synthetic oils and remain chemically stable up to 500 ℃. A 
quaternary eutectic salt with a melting point of 99 ℃ was also described more recently [33]. Molten 
salts do have the drawback that they are oxidizing and are very corrosive at high temperatures, 
making their containment problematic. They also exhibit low thermal conductivity as well as change 
in volume by approximately 6% during melting. 
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2.1.1.4. Other strategies 

It is desirable to enhance the energy density of SHS materials such as molten salts, and one of 
the most effective solutions is by amending encapsulated phase change materials (PCMs) [34,35] or 
nanoparticles [36–38]. PCM particles are encapsulated by coating them in a shell that improves their 
chemical stability and impedes the coalescence of individual particles during melting and freezing 
cycles. The addition of encapsulated PCMs to sensible materials is an example of a coupled 
technology, and will be discussed in a later section. Further, nanoparticles can be added to a sensible 
storage material to increase its specific heat. Andreu-Cabedo et al. [36] showed that 25.03% 
enhancement in specific heat of a solar salt can be achieved through amendment of 1 wt% of silica 
nanoparticles (SiO2). 

2.1.2. Solid storage media 

Solid materials including metals, concrete, rocks, sand and bricks can be utilized for both high 
and low temperature energy storage because they will not boil or freeze. They also do not suffer from 
issues such the high vapor pressure of water or the drawbacks of other liquids. As operating 
pressures are close to ambient, pressure-containing vessels are not needed, and there are no issues 
relating to leaks. However, solid storage media do have some limitations. They cannot be circulated 
easily so they can only be used for passive storage, with a fluid, commonly air, being used to transfer 
heat in and out of a storage tank loosely packed with the solid sensible medium. Direct contact 
between the HTF fluid and the solid maximizes heat transfer efficiency during charging and 
discharging. One major issue is that the temperature of the storage material is reduced by the 
discharging process, and this generally results in decline of HTF temperature over time. Microbial 
activity in this warm, moist environment can also introduce difficulties. Solid storage is therefore 
most commonly used in low-temperature applications including industrial waste heat recovery and 
space heating. Solid SHS materials also generally have a low energy density. This is not in the case 
of cast iron, which has an energy density exceeding that of water [39]. However, it is much costlier 
than brick or stone and therefore takes a longer period to become profitable. Due to their low cost, 
rock piles and pebble beds are the most commonly used materials.  

2.1.2.1. Storage in rocks  

Rocks usually take the form of a loosely packed rock pile or pebble bed. During charging, hot 
air is circulated through the gaps between the rocks; whereas during discharging, cold air is likewise 
circulated and gets heated. Heat transfer is efficient due to the large surface area over which the air 
comes into contact with the rocks. Rocks have numerous advantages, such as their easy availability, 
very low cost, non-flammability, and lack of toxicity. Nevertheless there are limitations such as 
requirement of increased pressure drops and elevated air mass flow rates [40]. The quantity of energy 
that can be stored in rocks depends on both the thermophysical properties of the solid media and its 
packing density, the shape and size of particles, and the heat transfer fluid used. The geometric and 
thermal properties of packed beds were described by King and Burns [41] on the basis of a number 
of factors including void fraction, particle size, the cross-sectional area and length of the bed, 
Reynolds number and superficial air velocity. In terms of size, 300 to 500 kg rock/m2 can be 
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considered a reasonable area for solar collection for space heating application. Concrete and rocks 
will store approximately 36 kJ/kg, for a temperature difference of 50 ℃ [40]. 

2.1.2.2. Concrete 

Concrete is very straightforward to implement as a solid SHS due to its high mechanical 
strength and there being no need for a container. Heat exchange can be achieved between concrete 
and an HTF by circulating the HTF through pipes installed within a concrete block. Its tendency to 
crack under repeated cycles of thermal expansion and contraction can be a disadvantage in high-
temperature applications, but work is being carried out to develop the optimal mixing method to 
enhance chemical-physical properties and durability at higher temperatures [42]. In terms of energy 
density, 400 kWh of energy can be stored in 20 m3 of concrete. 

2.1.2.3. Sand 

Fine-grained materials such as silica sand and gravel have a good capacity for thermal energy 
storage. This would commonly be achieved in beds of 0.2–0.5 mm diameter sand grains, using air as 
an HTF. Such beds have been shown to have storage potential up to 550 ℃ [43]. The finer the sand, 
the greater is the packing density. Gravels have larger grains, c.a. 0.4 mm in diameter. Basalt gravel 
grains can be directly employed to collect solar thermal energy in a solar receiver. In such a system, 
they drop under gravity from the top of the receiver tower and absorb heat from concentrated solar 
rays as they fall. The sand, which reaches temperatures of 700–1000 ℃, is collected at the bottom 
and used to produce steam to drive a Rankine cycle power plant.   

2.1.2.4. Bricks 

Bricks making up the walls of a building can be employed to store thermal energy and thereby 
minimize electricity costs for space heating [39]. They are heated using cheaper off-peak electricity 
at night, and then the stored heat can be extracted during the day through natural radiation and 
convection or with an electric fan to force convection [21]. This reduces the cost of heating during 
the hours when peak electricity prices are in effect.  

All sensible heat storage solutions have the advantage of being low cost: 0.05–5.00 US$/kg 
versus the 4.28–334.00 US$/kg of latent heat storage [5]. 

2.2. Thermochemical heat storage 

Thermochemical heat storage is where heat energy is stored in chemical bonds. It makes use of 
chemicals that have endothermal and exothermal reactions when certain chemical bonds are broken 
and formed, absorbing and releasing large amounts of energy [44]. For efficient storage, these 
reactions should be fully reversible. An example is that of cobalt oxide: 

2Co3O4 + ΔH ↔ 6CoO + O2         (2) 

The forward, endothermic reaction in (2) is induced by introducing solar heat to the material 
using a solar concentrator in the on-sun charging process. As long as the reaction is fully reversible, 
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the energy can be recovered and used to produce electricity in the off-sun discharging phase through 
the reverse reaction. Thermochemical heat storage has several major advantages: a constant 
discharge temperature, high energy density (allowing a smaller storage unit volume and so fewer 
heat losses), and the ability to store heat for as long as the materials remain non-degraded.  

Although probable thermochemical storage materials were first proposed in the 1970s [45], it has 
only been recently that high-temperature heat storage using thermochemical reactions has received 
significant attention. However, it should be emphasized that the development of thermochemical 
storage systems is still in its early stages and yet to reach commercial stage [19,46]. Several 
researchers investigated and showed interest on thermochemical energy storage because for several 
types of materials the thermochemical energy storage can offer an energy density approximately 6 
folds more than latent heat storage and 15 folds more than sensible heat storage [20,47]. Table 3 
shows the current state of knowledge regarding several materials that have potential in this regard. 
Some have significant weaknesses: for example, ammonia requires high pressures, and the 
dissociation of carbonates or hydroxides produce CO2 and H2O, respectively, which have to be 
removed or evaporated away. Of the possible reversible gas-solid reactions, the most promising for 
large-scale development is where a pair of redox reactions involving multivalent solid oxides is used. 
Here, air is both the reactant and the HTF, and so can directly contact the storage material, and the 
two reactions generally produce O2-rich or O2-lean air. One of the most promising oxides for this 
method is cobalt oxide, as its endothermic reduction proceeds in air at around 900 ℃. The new 
generation of solar tower power plants, which use volumetric receivers at atmospheric pressure, can 
achieve this temperature. The energy density of cobalt oxide is also among the highest of such 
oxides, 844 kJ/kg [48]. Numerous other oxides were studied by Xiao et al. [49] for their applicability 
in solar chemical reactors, including Fe3O4/FeO, MgO/Mg. ZnO/Zn, CeO2/Ce2O3, GeO2/GeO and 
SnO2/SnO. Nevertheless, extensive exploration of the potential of thermochemical storage has been 
discouraged by inherent limitations of the method such as issues with the chemical stability, 
durability, long-term reaction reversibility of the materials and the need for complicated chemical 
reactors.  

Table 3. Thermochemical energy storage materials reported in literature 

Materials 
Temperature 

range (℃) 

Enthalpy change during 

chemical reaction (GJ/m3) 
References 

Aluminium ore alumina 2100–2300 - [89] 

Calcium carbonate 800–900 4.4 GJ/m3 [90] 

Hydroxides 500 3 GJ/m3 [91] 

Iron carbonate 180 2.6 GJ/m3 [92] 

Metal hydrides 200–300 4 GJ/m3 [91] 

Metal oxides (Zn and Fe) 2000–2500 - [93] 

Methane/water  500–1000 - [91] 

Methanolation 

demethanolation 200–250 - 

[92] 
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2.3. Latent heat storage 

Thermal energy can be effectively stored as latent heat [17,50]. Latent heat storage (LHS) relies 
on the absorption and release of heat as the storage material undergoes a solid–solid, solid–liquid or 
liquid–gas phase change. The energy that the material absorbs on heating to accomplish a phase 
change is termed as the latent heat of vaporization or of fusion, depending on the phases involved. 
LHS generally has a high storage density, exhibit low energy losses as well as cost-effective 
compared to sensible storage systems, and has therefore received significant research attention. 
Padmaraju et al. [51] showed that, for the identical volume and size of storage tank, LHS systems 
stored significantly more energy than SHS (0.234 kJ/cc versus 0.144 kJ/cc). Thus, LHS systems offer 
a substantial space saving over SHS for the same heat storage capacity. The following equation 
describes the heat storage capacity of LHS system using a PCM: =	 + 	 ∆ℎ +       (3) 

where m is the mass in kg of the storage material, Cp is its specific heat capacity in kJ/kg K, am is its 
melted fraction, Δhm is its latent heat of fusion (enthalpy of fusion) in kJ/kg, and T is temperature 
in K. The first part equates to the amount of sensible energy stored within the solid-state material, 
the second is the latent heat that is absorbed/released during the phase change, and the third part of 
the equation corresponds to the increase in temperature happens in the liquid phase for solid to liquid 
LHS. Martinopoulos et al. [52] experimentally evaluated 2 sq. meter phase change flat-plate solar 
collection unit to study the impact of the inclination of the collector and volume ratio of heat carrier  
to the collector. The authors examined 19 sets and optimized that 50% volume filament at 40° 
inclination provided very high performance.  

As mentioned above, PCMs can undergo solid–solid, solid–liquid, and liquid–gas 
transformations. On the whole, solid–solid PCMs do not have appropriate transition temperatures 
and heats of fusion to be employed for thermal storage: as they have a latent heat of transition that is 
approximately an order of magnitude lesser than that of solid–liquid PCMs used for energy 
storage [53]. However, if they are used, they present the benefit that the lack of liquid means there is 
no risk of leakage so they do not require encapsulation. Though liquid–gas PCMs generally have a 
high heat of transformation, they undergo enormous volume changes during evaporation, and this 
makes storage complex or impractical [53,54]. Solid–liquid PCMs outperform them in this regard, as 
there is little volume change. They also have the advantage of storing a high amount of heat over a 
narrow range of temperature [55]. Liquid–solid PCM LHS systems usually take the form of long thin 
tubes within a container. For storage, collected solar heat is circulated through the spaces between 
the tubes, melting the PCM and storing the heat as both the latent heat of fusion and sensible heat. 
For recovery, low-temperature air is circulated through those spaces, picking up the stored energy 
and transporting it onwards for use. Thus, this storage method uses both the sensible heat in the 
liquid and solid phases and the latent heat associated with the melting and freezing phase changes. 
Thus, a good latent heat storage material requires high thermal conductivity and large latent heat [21]. 
Its melting temperature should be within the operational range of the TES system, have congruent 
melting and minimum subcooling [56], and be low-cost, chemically stable, non-corrosive, and non-
toxic. In an LHS system, the temperature of the storage medium remains constant during discharge, 
giving it an advantage over the SHS method. There is also a minor difference in temperature between 
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storing and discharging heat [21]. The energy from the latent heat of fusion is far superior to the 
specific heat. For example, the specific heat of sodium nitrate salt is 1.10 kJ/kg K, but it has a latent 
heat of fusion about 172 kJ/kg. This variation means that LHS materials offer a high density of 
energy storage, reducing the volume of vessels within TESs, which in turn reduces the surface area 
of the outer wall and reduces heat loss. 

Table 4. Thermo-physical properties of important PCMs [5,23]. 

Storage materials Density 

(kg/m3) 

Phase change 

temperature 

(℃) 

Latent 

heat 

(kJ/kg) 

Thermal 

conductivity 

(W/m K) 

Specific 

heat 

(kJ/kg K) 

NaNO3 2260 307 172 0.5 n.a 

KNO3 2110 333 226 0.5 n.a 

NaCl 2160 800 492 5 n.a 

Na2CO3 2533 854 275.7 2 n.a 

K2CO3 2290 897 235.8 2 n.a 

AlSi12 2700 576 560 1.6 1.04 

MgCl2 2140 714 452 n.a. n.a. 

LiF n.a 850 n.a n.a n.a 

KNO3–NaNO2–NaNO3 n.a 141 275 n.a n.a 

MgCl2-KCl-NaCl 2044 380 149.7 0.5 n.a 

LiNO3-NaNO3 n.a 195 252 n.a n.a 

E117 (inorganic) 1450 117 169 0.70 2.61 

A164 (organic) 1500 164 306 n.a. n.a. 

RT100 (paraffin) 880 100 124 0.20 n.a. 

RT110 (paraffin) n.a. 112 213 n.a. n.a. 

Many materials have been reported to be suitable for LHS applications [57]. They can be 
categorized as organic or inorganic compounds or eutectics of such compounds. Suitable organic 
compounds can be classed into paraffin, non-paraffins, and polyalcohols, while salt hydrates, salts, 
metals, and alloys make up the inorganic alternatives. Some of the most important PCM materials 
that have been stated in the literature are listed in Table 4.  

2.3.1. Organic 

Successful testing and implementation of organic LHS materials and their eutectic mixtures 
have been carried out for both commercial and domestic applications, including building space 
heating, refrigeration and air-conditioning, electronic devices, fabrics, food, automobiles, and space 
industries [58]. Organic PCMs have the advantageous property of undergoing congruent melting 
without separation of phases [58]. However, they also have low thermal conductivity (ranging 0.1 W/m.K 
to 0.35 W/m.K), meaning that high heat transfer rates require a large surface area [58]. Their low 
melting points also pose an obstacle to their use in high-temperature applications, e.g., power plants. 
The specific strengths and weaknesses of different types of organic PCMs are explored below. 
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Paraffin waxes mainly comprise of straight-chain n-alkanes (CH3–(CH2)–CH3) [59]. 
Commercially produced waxes have a moderate (200 kJ/kg or 150 MJ/m3) thermal storage density, 
and are cheap as well as have a narrow melting temperature range (−10–67 ℃) [21,60]. They 
accomplish heat storage because they melt when they absorb heat and release that heat when they 
solidify. They can be effective: for example, Al-Hinti et al. [61] placed paraffin wax in aluminum 
cylinders in an FPC’s conventional water tank and witnessed that the water temperature remained 
above 30 ℃ over 24 h. They have numerous positive aspects as they are chemically stable and inert, 
have no phase segregation, and undergo little subcooling. Commercial-grade paraffin waxes remain 
stable and have good thermal reliability even after 1000–2000 cycles. They are also long-lasting, 
non-corrosive, odorless, environmentally friendly, non-toxic and easily available. This means that 
they are safe and can be stored in metal containers without risk of corrosion. However, they can 
sometimes cause infiltrations and softening in few plastic types that are chemically similar to 
paraffin. For example, polymers like polyolefin [60] should be avoided for containment vessels. Despite 
the advantages of paraffin PCMs, their low (0.2 W/m.K) thermal conductivity means that heat 
transfer rates will be low and their applications are limited [60]. Paraffin PCMs are mostly mixtures 
of different types of saturated hydrocarbons containing various quantities of carbon atoms. The 
longer the average hydrocarbon chain length, the higher the heat of fusion and melting temperature. 
This makes it possible to design the optimum PCM by mixing physically different paraffins. In an 
attempt to enhance thermal conductivity and to address the need to adequately encapsulate the wax 
and avoid leakage during solid–liquid transitions, Li et al. [62] developed a composite of 
paraffin@SiO2 and microencapsulated it in inorganic shells using in situ emulsion interfacial 
hydrolysis and polycondensation. This composite perfectly maintained its phase transition over 30 
cycles of melting and freezing, and no leakage occurred after being held for 20 min at 70 ℃. This 
composite, with its elevated heat storage capacity and thermal stability has outstanding potential for 
practical thermal energy storage. Further, Chai et al. [63] prepared microencapsulated paraffin PCM 
with a brookite TiO2 shell. Apart from exhibiting enhanced thermal conductivity and superior latent-
heat storage capacity, the authors observed that synthesized microcapsules showed additional 
photocatalytic efficiency due to crystalline TiO2.  

Nanomaterials are advanced materials with a very high surface area to volume ratio and are 
used in a variety of applications, including those that require enhanced thermal properties [64,65]. 
Paksoy and Sahna [66] investigated whether adding nanoparticles of magnetite (Fe2O3) to paraffin 
with a melting range of 56–58 ℃ and latent heat of 119 J/kg would improve the thermal properties of 
the paraffin. The authors found that the addition of 10% nanocomposite enhanced the thermal 
storage capacity of paraffin by approximately 20%. Additionally, Sari and Karaipekli [67] performed 
a research to evaluate the influence of different amounts of expanded graphite on the thermal 
conductivity of n-docosane paraffin wax. The results indicated that increasing the concentration of 
expanded graphite increased the thermal conductivity and decreased melting time. More recently, 
Liu et al. [68] have used self-assembly to combine neicosane@TiO2 microcapsules with 5 wt% of 
highly thermally conductive graphene nanosheets. They found that microencapsulated 
graphene/TiO2/paraffin composite PCMs fabricated in this way had phase-change enthalpies over 160 J/g 
and thermal conductivity enhanced from 0.64 W/m.K to 0.98 W/m.K. 

An alternative to paraffins are fatty acids (general formula: (CH3 (CH2)2n-COOH)). These have 
thermophysical properties that are ideally suitable for a low-temperature LHS material. They have 
high melting and boiling points relative to paraffins and undergo only minor volume changes on 
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phase transition. Their melting and freezing behavior is reproducible, and there is very little or no 
supercooling. They do have some disadvantages: as they are mildly corrosive, have a disagreeable 
odor, are more costly than technical grade paraffins, and are combustible [59]. In general, as the 
number of carbon atoms per molecule surges, there is a rise in the heat of melting, degree of 
crystallization, and melting/freezing points [69]. 

Polyethylene glycol (PEG), also known as polyethylene oxide (PEO) or polyoxyethylene (POE), 
comprises dimethyl ether chains with the hydroxyl group at the end (HO–CH2–(CH2–O–CH2–)n–
CH2–OH) [59]. They are soluble in both water and organic compounds. There are various grades of 
PEG, e.g., PEG400 and PEG600. Numerous experimental and numerical studies have characterized 
these materials, finding that they are thermally and chemically stable, non-flammable, non-toxic, 
cost-effective and non-corrosive. However, in common with other organic PCMs, they have low 
thermal conductivity. An improvement in melting point an latent heat of fusion of PEGs can be 
achieved with an increase in their molecular weight [70,71].  

Sugar alcohols (polyalcohols) perform well as medium temperature (90–200 ℃) PCMs. Though 
they have been tested as potential PCMs for four decades, thorough research into them is still lacking. 
Studies of xylitol, erythritol, and mannitol have given promising results, showing a latent heat of 
fusion (c. 300 kJ/kg), far surpassing other organic PCM materials of this type.  

Esters are compounds that are derived from acids where one alkyl (–O) group replaces one 
hydroxyl (–OH) group. They have several thermophysical properties that make them suitable PCMs 
for LHS. The solid-liquid transition of fatty acid esters occurs over a narrow range of temperatures, 
and they form eutectics without significant subcooling. The phase transition temperatures of ester 
eutectic mixtures are near room temperature and have a high enthalpy of transition [21]. Fatty acid 
esters are easy to obtain, owing to their abundant usage in the smart clothing, cosmetics and polymer 
industry. 

2.3.2. Inorganic 

As shown in Table 4, inorganic PCMs generally have two times the capacity for heat storage 
compared to organic materials per unit volume. They also outperform organic PCMs in that they 
have superior thermal conductivity, lower cost and operating temperatures [32]. The downside to 
these materials is that they are corrosive to metals and so systems containing them have shorter 
service lives, increasing costs [72]. Salt and salt hydrate inorganic PCMs have the added 
disadvantages of demonstrating supercooling and phase segregation, which impact their energy 
storage capacity [73]. Nevertheless, these issues do not arise with metals and metallic alloys; hence 
these inorganic PCMs have better potential for elevated temperature applications [74]. The inorganic 
PCMs are broadly categorized into (a) metals and their alloys; and (b) salt hydrates and salts. 

Salt hydrates are generally employed in low temperature ranges of 30 to 50 ℃. Their general 
formula is AxBy•n(H2O), where AxBy indicates metal carbonate, sulfate, acetate, phosphate, chloride, 
or nitrite; and n is the number of water molecules. Their chemical bonding is by ion-dipole (an ion 
and a polar molecule) or H-H bonds. Molecules of H2O are loosely bounded to anion or, less 
commonly, to cation. A variety of inorganic salts are potential PCMs for energy storage, including 
NaNO3, LiNO3, LiH, AlCl3, KClO4, KOH, MgCl2, and KNO3.On the other hand, potential salt 
hydrates include Ba(OH)2•8H2O, MgCl2•6H2O, (NH4)Al(SO4)2•12H2O, Mg(NO3)2•6H2O and 
Na2P2O7•10H2O [60,75]. When the salt hydrates, some or all of the water molecules are lost and 
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latent heat is adsorbed, and this is released on dehydration. This dehydration and hydration can take 
the form of a solid–liquid phase transformation. Though these materials have some characteristics 
that make them promising for usage as PCMs, there are several obstacles to their use in practice. A 
major technical issue is basically their inferior thermal conductivity (1 W/m.K). This limitation can 
be eliminated through usage of large area for heat transfer or to form a composite with a higher 
thermal conductivity material such as graphite. A further issue is that they undergo a volume change 
at phase transition, sometimes exceeding 10% [76,77]. This requires due consideration prior to the 
adoption of any salt as a PCM. Additionally, salt hydrates have poor nucleating ability and undergo 
substantial supercooling. In an effort to address this problem, Kazemi and Mortazafi [78] 
successfully minimized the supercooling of Glauber’s salt by using a nucleating agent, sodium tetra 
borate. Other nucleating agents have also been successfully implemented for this purpose, such as 
silver nanoparticles [79], aluminum nitride [80], Si3N4, ZrB2 and SiO2 [81]. Lane [82] have also 
suggested that certain nucleating materials may prevent the problem of metal container corrosion, 
which is a common issue with salt hydrates. 

Metals and metallic alloys (eutectics) form the other class of inorganic PCMs. Their high 
thermal conductivity, thermal stability, repeatability, and reliability [60,83,84] make them very 
suitable materials. In addition, the heat from their phase transition is the highest per unit volume or 
unit mass of the different types of PCM, giving them an extremely high capacity for energy storage. 
They undergo little volume change during the phase transition and have low vapor pressure. Despite 
all these advantages, they are not commonly considered good PCM materials due to their low heat of 
fusion per unit weight, which means that the requirement of high weight makes them problematic on 
practical grounds.  

A major issue relating to the use of metallic PCMs for solid–liquid energy storage is the 
potential for interactions with metal containers [85]. Encapsulation of molten PCMs may be a good 
approach to solving this problem. Zhang et al. [38] performed encapsulation of copper balls in 
chromium/nickel layers which prevented leakage and interaction with the environment, even 
over 1000 thermal charge-discharge cycles at 1050 ℃ to 1150 ℃. These coatings can also provide 
benefits for the handling and thermal stability of the PCMs [86,87]. The former is demonstrated by 
Ma et al. [88], in which covering of Fe-23Cu alloy with a layer of FeO enhanced its resistance to 
wear. 

3. Conclusions 

This work comprehensively reviews recent advances in solar thermal energy storage systems, 
discussing the various types of state-of-the-art thermal energy storage and the methods by which they 
are integrated into solar collectors. The major conclusions are as follows:  

 The most relevant factors for evaluating types of thermal energy storage are currently storage 
efficiency and the cost of materials and operations.  

 Sensible heat storage, owing to its reliability, low cost, ease of implementation and the 
number of experimental results, is the most commonly used type of thermal energy storage. 

 Latent heat energy storage is most applicable for storage of excess thermal energy during 
periods of low consumption. However, the proper selection of appropriate phase change 
materials (PCMs) for a particular application is vital.  
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 Thermochemical heat energy storage, a method whereby heat energy is stored in chemical 
bonds, offers the highest energy storage capacity by volume of the storage methods. The 
thermochemical heat energy storage materials exhibit poor long-term reversibility, chemical 
stability, durability as well as need for a complicated reactor presents obstacle to its use and 
thereby limited its practical application.  

 We strongly believe that the discussion of and comparisons between these technological 
advances within this paper will aid in the selection of suitable materials for achieving 
effective solar thermal energy storage. 

Conflict of interest 

The authors declare no conflict of interest.  

References 

1. Ahmed SF, Khalid M, Rashmi W, et al. (2017) Recent progress in solar thermal energy storage 
using nanomaterials. Renewable Sustainable Energy Rev 67: 450–460. 

2. Kalogirou SA (2004) Solar thermal collectors and applications. Prog Energy Combust Sci 30: 
231–295. 

3. Burke MJ, Stephens JC (2018) Political power and renewable energy futures: A critical review. 
Energy Res Soc Sci 35: 78–93. 

4. Smil V (1991) General Energetics: Energy in the Biosphere and Civilization. 1st Eds., New 
York: Wiley. 

5. Tian Y, Zhao CY (2013) A review of solar collectors and thermal energy storage in solar 
thermal applications. Appl Energy 104: 538–553. 

6. Sarbu I, Dorca A (2019) Review on heat transfer analysis in thermal energy storage using latent 
heat storage systems and phase change materials. Int J Energy Res 43: 29–64. 

7. DeWinter F (1990) Solar Collectors, Energy Storage, and Materials. Massachusetts: The MIT 
press. 

8. Bai Z, Liu Q, Gong L, et al. (2019) Application of a mid-/low-temperature solar thermochemical 
technology in the distributed energy system with cooling, heating and power production. Appl 
Energy 253: 113491. 

9. Zalba B, Marı́n JM, Cabeza LF, et al. (2003) Review on thermal energy storage with phase 
change: materials, heat transfer analysis and applications. Appl Therm Eng 23: 251–283. 

10. Sarbu I, Sebarchievici C (2018) A comprehensive review of thermal energy storage. 
Sustainability 10: 191. 

11. Khartchenko NV, Kharchenko VM (2013) Advanced Energy Systems. 2 Eds., Florida: CRC 
Press. 

12. Phelan P, Otanicar T, Taylor R, et al. (2013) Trends and opportunities in direct-absorption solar 
thermal collectors. J Therm Sci Eng Appl 5: 021003. 

13. Martinopoulos G (2018) Life Cycle Assessment of solar energy conversion systems in energetic 
retrofitted buildings. J Building Eng 20: 256–263. 

14. Martinopoulos G, Tsalikis G (2018) Diffusion and adoption of solar energy conversion systems 
—the case of Greece. Energy 144: 800–807. 



522 

AIMS Energy  Volume 7, Issue 4, 507–526. 

15. Hou Y, Vidu R, Stroeve P, et al. (2011) Solar energy storage methods. Ind Eng Chem Res 50: 
8954–8964. 

16. Pelaya U, Luoa L, Fana Y, et al. (2017) Thermal energy storage systems for concentrated solar 
power plants. Renewable Sustainable Energy Rev 79: 82–100. 

17. Chen H, Cong TN, Yang W, et al. (2009). Progress in electrical energy storage system: a critical 
review. Prog Nat Sci 19: 291–312. 

18. Zhao CY, Wu ZG (2011) Thermal property characterization of a low melting temperature 
ternary nitrate salt mixture for thermal energy storage systems. Sol Energy Mater Sol Cells 95: 
3341–3346. 

19. Nazir H, Batool M, Osorio FJB, et al. (2019) Recent developments in phase change materials 
for energy storage applications: A review. Int J Heat Mass Transfer 129: 491–523. 

20. Abedin AH, Rosen MA (2011) A critical review of thermochemical energy storage systems. 
Open Renewable Energy J 4: 42–46. 

21. Farid MM, Khudhair AM, Razack SAK, et al. (2004) A review on phase change energy storage: 
materials and applications. Energy Convers Manage 45: 1597–1615. 

22. Cabeza LF (2014) Advances in Thermal Energy Storage Systems: Methods and Applications, 
Woodhead Publishing Series in Energy. 

23. Gil A, Medrano M, Martorell I, et al. (2010) State of the art on high temperature thermal energy 
storage for power generation. part 1—concepts, materials and modellization. Renewable 
Sustainable Energy Rev 14: 31–55. 

24. Wang Z, Yang W, Qiu F, et al. (2015) Solar water heating: From theory, application, marketing 
and research. Renewable Sustainable Energy Rev 41: 68–84. 

25. Antoniadis CN, Martinopoulos G (2019) Optimization of a building integrated solar thermal 
system with seasonal storage using TRNSYS. Renewable Energy 137: 56–66. 

26. Fisch MN, Guigas M, Dalenbäck JO (1998) A review of large-scale solar heating systems in 
Europe. Sol Energy 63: 355–366. 

27. Kousksou T, Bruel P, Jamil A, et al. (2014) Energy storage: applications and challenges. Sol 
Energy Mater Sol Cells 120: 59–80. 

28. Vijayaraghavan K, Raja FD (2014) Design and development of green roof substrate to improve 
runoff water quality: plant growth experiments and adsorption. Water Res 63: 94–101. 

29. Badran AA, Jubran BA (2001) Fuel oil heating by a trickle solar collector. Energy Convers 
Manage 42: 1637–1645. 

30. Marchã J, Osório T, Pereira MC, et al. (2014) Development and test results of a calorimetric 
technique for solar thermal testing loops, enabling mass flow and cp measurements independent 
from fluid properties of the htf used. Energy Procedia 49: 2125–2134. 

31. Vijayaraghavan K, Yun YS (2008) Competition of Reactive red 4, Reactive orange 16 and Basic 
blue 3 during biosorption of Reactive blue 4 by polysulfone-immobilized Corynebacterium 
glutamicum. J Hazard Mater 153: 478–486. 

32. Liu M, Saman W, Bruno F, et al. (2012) Review on storage materials and thermal performance 
enhancement techniques for high temperature phase change thermal storage systems. Renewable 
Sustainable Energy Rev 16: 2118–2132. 

33. Wang T, Mantha D, Reddy RG (2013) Novel low melting point quaternary eutectic system for 
solar thermal energy storage. Appl Energy 102: 1422–1429. 



523 

AIMS Energy  Volume 7, Issue 4, 507–526. 

34. Cingarapu S, Singh D, Timofeeva EV, et al. (2015) Use of encapsulated zinc particles in a 
eutectic chloride salt to enhance thermal energy storage capacity for concentrated solar power. 
Renewable Energy 80: 508–516. 

35. Umair MM, Zhang Y, Iqbal K, et al. (2019) Novel strategies and supporting materials applied to 
shape-stabilize organic phase change materials for thermal energy storage–A review. Appl 
Energy 235:846–873.  

36. Andreu-Cabedo P, Mondragon R, Hernandez L, et al. (2014) Increment of specific heat capacity 
of solar salt with SiO2 nanoparticles. Nanoscale Res Lett 9: 582.  

37. Seo J, Shin D (2014) Enhancement of specific heat of ternary nitrate (LiNO3-NaNO3-KNO3) salt 
by doping with SiO2 nanoparticles for solar thermal energy storage. Micro Nano Lett 9: 817–
820.  

38. Zhang G, Li J, Chen Y, et al. (2014) Encapsulation of copper-based phase change materials for 
high temperature thermal energy storage. Sol Energy Mater Sol Cells 128: 131–137. 

39. Hasnain SM (1998) Review on sustainable thermal energy storage technologies, part1: heat 
storage materials and techniques. Energy Convers Manage 39: 1127–1138. 

40. Hänchen M, Brückner S, Steinfeld A, et al. (2011) High-temperature thermal storage using a 
packed bed of rocks–heat transfer analysis and experimental validation. Appl Therm Eng 31: 
1798–1806. 

41. King R, Burns AP (1981) Sensible Heat storage in Packed Beds. In: Proc. Intl. Conf. on Energy 
Storage, Brighton, UK, 231–245. 

42. Martins M, Villalobos U, Delclos T, et al. (2015) New concentrating solar power facility for 
testing high temperature concrete thermal energy storage. Energy Procedia 75: 2144–2149. 

43. Schlipf D, Schicktanz P, Maier H, et al. (2015) Using sand and other small grained materials as 
heat storage medium in a packed bed HTTESS. Energy Procedia 69: 1029–1038. 

44. Chen X, Zhang Z, Qi C, et al. (2018) State of the art on the high-temperature thermochemical 
energy storage systems. Energy Convers Manage 177: 792–815. 

45. Wentworth WE, Chen E (1976) Simple thermal decomposition reactions for storage of solar 
thermal energy. Sol Energy 18: 205–214. 

46. Silakhori M, Jafarian M, Arjomandi M et al. (2019) Thermogravimetric analysis of Cu, Mn, Co, 
and Pb oxides for thermochemical energy storage. J Energy Storage 23: 138–147. 

47. Silakhori M, Jafarian M, Arjomandi M et al. (2017) Comparing the thermodynamic potential of 
alternative liquid metal oxides for the storage of solar thermal energy. Sol Energy 157: 251–258. 

48. Tescari S, Agrafiotis C, Breuer S, et al. (2014) Thermochemical solar energy storage via redox 
oxides: materials and reactor/heat exchanger concepts. Energy Procedia 49: 1034 –1043. 

49. Xiao L, Wu S-Y, Li Y-R (2012) Advances in solar hydrogen production via two-step water-
splitting thermochemical cycles based on metal redox reactions. Renewable Energy 41: 1–12. 

50. Arunachalam S (2019) Latent heat storage: container geometry, enhancement techniques, and 
applications-a review. J Sol Energy Eng 141: 050801. 

51. Padmaraju SAV, Viginesh M, Nallusamy N, et al. (2008) Comparitive study of sensible and 
latent heat storage systems integrated with solar water heating unit. Renewable Energies Power 
Qual J 1: 55–60. 

52. Martinopoulos G, Ikonomopoulos A, Tsilingiridis G (2016) Initial evaluation of a phase change 
solar collector for desalination applications. Desalination 399: 165–170. 



524 

AIMS Energy  Volume 7, Issue 4, 507–526. 

53. Cárdenas B, León N (2013) High temperature latent heat thermal energy storage: phase change 
materials, design considerations and performance enhancement techniques. Renewable 
Sustainable Energy Rev 27: 724–737. 

54. Zeinelabdein R, Omer S, Gan G (2018) Critical review of latent heat storage systems for free 
cooling in buildings. Renewable Sustainable Energy Rev 82: 2843–2868. 

55. Singh H, Saini RP, Saini JS, et al. (2010) A review on packed bed solar energy storage systems. 
Renewable Sustainable Energy Rev 14: 1059–1069. 

56. Su WG, Darkwa J, Kokogiannakis G, et al. (2015) Review of solid–liquid phase change 
materials and their encapsulation technologies. Renewable Sustainable Energy Rev 48: 373–391. 

57. Mohamed SA, Al-Sulaimana FA, Ibrahim NI, et al. (2017) A review on current status and 
challenges of inorganic phase change materials for thermal energy storage systems. Renewable 
Sustainable Energy Rev 70: 1072–1089. 

58. Xu B, Li PW, Chan C (2015) Application of phase change materials for thermal energy storage 
in concentrated solar thermal power plants: a review to recent developments. Appl Energy 160: 
286–307. 

59. Sharma RK, Ganesan P, Tyagi VV, et al. (2015) Developments in organic solid–liquid phase 
change materials and their applications in thermal energy storage. Energy Convers Manage 95: 
193–228. 

60. Pielichowska K, Pielichowski K (2014) Phase change materials for thermal energy storage. 
Prog Mater Sci 65: 67–123. 

61. Al-Hinti I, Al-Ghandoor A, Maaly A, et al. (2010) Experimental investigation on the use of 
water-phase change material storage in conventional solar water heating systems. Energy 
Convers Manage 51: 1735–1740. 

62. Li B, Liu T, Hu L, et al. (2013) Fabrication and properties of microencapsulated paraffin@SiO2 
phase change composite for thermal energy storage. ACS Sustainable Chem Eng 1: 374–380. 

63. Chai LX, Wang XD, Wu DZ (2015) Development of bifunctional microencapsulated phase 
change materials with crystalline titanium dioxide shell for latent-heat storage and 
photocatalytic effectiveness. Appl Energy 138: 661−674. 

64. Sathishkumar M, Mahadevan A, Vijayaraghavan K, et al. (2010) Green recovery of gold 
through biosorption, biocrystallization, and pyro-crystallization. Ind Eng Chem Res 49: 7129–
7135. 

65. Elias CN, Stathopoulos VN (2019) A comprehensive review of recent advances in materials 
aspects of phase change materials in thermal energy storage. Energy Procedia 161: 385–394. 

66. Paksoy H, Sahana N (2012) Thermally enhanced paraffin for solar applications. Energy 
Procedia 30: 350–352. 

67. Sari A, Karaipekli A (2007) Thermal conductivity and latent heat thermal energy storage 
characteristics of paraffin/expanded graphite composite as phase change material. Appl Therm 
Eng 27: 1271–1277. 

68. Liu H, Wang X, Wu D, et al. (2017) Fabrication of graphene/TiO2/paraffin composite phase 
change materials for enhancement of solar energy efficiency in photocatalysis and latent heat 
storage. ACS Sustainable Chem Eng 5: 4906−4915. 

69. Alva G, Liu L, Huang X, et al. (2017) Thermal energy storage materials and systems for solar 
energy applications. Renewable Sustainable Energy Rev 68: 693–706. 



525 

AIMS Energy  Volume 7, Issue 4, 507–526. 

70. Sarier N, Onderb E (2012) Organic phase change materials and their textile applications: an 
overview. Thermochim Acta 540: 7–60.  

71. Ong HR, Khan MR, Yousuf A, et al. (2015) Effect of waste rubber powder as filler for plywood 
application. Polish J Chem Technol 17: 41–47. 

72. Chen C, Wang L, Huang Y (2008) Morphology and thermal properties of electrospun fatty 
acids/polyethylene terephthalate composite fibers as novel form-stable phase change materials. 
Sol Energy Mater Sol Cells 92: 1382–1387. 

73. Liu H, Awbi HB (2009) Performance of phase change material boards under natural convection. 
Build Environ 44:1788–1793. 

74. Bruno F, Belusko M, Liu M, et al. (2015) Using solid-liquid phase change materials (PCMs) in 
thermal energy storage systems, In: Cabeza L.F. editor, Advances in Thermal Energy Storage 
Systems, Woodhead Publishing, 201–246. 

75. Zhao T, Zheng M, Munis A, et al. (2019) Corrosion behaviours of typical metals in molten 
hydrate salt of Na2HPO4•12H2O–Na2SO4•10H2O for thermal energy storage. Corros Eng Sci 
Technol 54: 379–388. 

76. Kong Q, Ma J, Che C, et al. (2009) Theoretical and experimental study of volumetric change 
rate during phase change process. Int J Energy Res 33: 513–525. 

77. Kenisarin MM (2010) High-temperature phase change materials for thermal energy storage. 
Renewable Sustainable Energy Rev 14: 955–970. 

78. Kazemi Z, Mortazavi SM (2014) A new method of application of hydrated salts on textiles to 
achieve thermoregulating properties. Thermochim Acta 589: 56–62. 

79. Ramirez BG, Glorieux C, Martinez ES, et al. (2014) Tuning of thermal properties of sodium 
acetate trihydrate by blending with polymer and silver nanoparticles. Appl Therm Eng 62: 838–
844. 

80. Hu P, Lu DJ, Fan XY, et al. (2011) Phase change performance of sodium acetate trihydrate with 
AlN nanoparticles and CMC. Sol Energy Mater Sol Cells 95: 2645–2649. 

81. Lu DJ, Hu P, Zhao BB, et al. (2012) Study on the performance of nanoparticles as nucleating 
agents for sodium acetate trihydrate. J Eng Thermophys 33: 1279–1282. 

82. Lane GA, (1983) Solar heat storage: latent heat materials, Vol. I: Background and scientific 
principles. 

83. Vijayaraghavan K, Sathishkumar M, Balasubramanian R (2011) Interaction of rare earth 
elements with a brown marine alga in multi-component solutions. Desalination 265: 54–59. 

84. Senthilkumar R, Prasad DMR, Govindarajan L, et al. (2019) Green alga-mediated treatment 
process for removal of zinc from synthetic solution and industrial effluent. Environ Technol 40: 
1262–1270. 

85. Park JJ, Butt DP, Beard CA, et al. (2000) Review of liquid metal corrosion issues for potential 
containment materials for liquid lead and lead–bismuth eutectic spallation targets as a neutron 
source. Nucl Eng Des 196: 315–325. 

86. Regin AF, Solanki SC, Saini JS, et al. (2008) Heat transfer characteristics of thermal energy 
storage system using PCM capsules: a review. Renewable Sustainable Energy Rev 12: 2438–
2458. 

87. Sugo H, Kisi E, Cuskelly D, et al. (2013) Miscibility gap alloys with inverse microstructures 
and high thermal conductivity for high energy density thermal storage applications. Appl Therm 
Eng 51: 1345–1350. 



526 

AIMS Energy  Volume 7, Issue 4, 507–526. 

88. Ma B, Li J, Xu Z, et al. (2014) Fe-shell/Cu-core encapsulated metallic phase change materials 
prepared by aerodynamic levitation method. Appl Energy 132: 568–574. 

89. Murray JP (1999) Solar production of aluminium ore by direct reduction of ore to Al-Si alloy. 
Proceedings of ISES’99 Solar world congress, Jerusalem, Israel. 

90. Kubota M, Yokoyama K, Watanabe F, et al. (2000) Heat releasing characteristics of 
CaO/CaCO3 reaction in a packed bed for high temperature heat storage and temperature up-
grading. In: Proceedings of the 8th international conference on thermal energy storage 
(Terrastock 2000), Stuttgart, Germany. 

91. Hahne E (1986) Thermal energy storage some view on some problems. Proceedings of the 8th 
international heat transfer conference, San Francisco, USA. 

92. Shiizaki S, Nagashimga I, Iwata K, et al. (2000) Development of plate fin reactor for heat 
recovery system using methanol decomposition. Proceedings of the 8th international conference 
on thermal energy storage (Terrastock 2000), Stuttgart, Germany. 

93. Steinfeld A, Sanders S, Palumbo R, et al. (1999) Design aspects of solar thermochemical 
engineering – a case study: two-step water splitting cycle using Fe3O4/FeO redox system. Sol 
Energy 65: 43–53. 
 

© 2019 the Author(s), licensee AIMS Press. This is an open access 
article distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/4.0)  




