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This book presents the essentials of thermal energy storage techniques along with 
recent innovations and covers in-depth knowledge of thermal energy applications. 
Different aspects of thermal energy storage systems are covered, ranging from 
fundamentals to case studies. Major topics covered include application of thermal 
energy in water heating, solar cooking and solar pond, thermal energy storage 
materials for indoor comfort in buildings, thermal management of battery, hydrogen 
production, reducing carbon footprints, and so forth. 
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clean energy perspectives 
•	 Reviews use of thermal energy in hydrogen production, the oil and gas sector, 
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•	 Includes pertinent case studies 
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engineering, energy storage, and renewables. 
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Preface
 
Fast global economic development has led to rapidly increasing energy demand. Today 
in terms of gigajoules of energy consumption per person per year, the US consumes 
about 300, Japan about 170, the EU about 150, China close to 100, India 20, Nigeria 
5, and Ethiopia 2. To grow from Nigeria to China is a 20-fold increase just on per 
capita terms. This shows the pressing need to develop and efficiently utilize clean and 
abundantly available energy resources worldwide. However, conventional fossil fuel 
energy sources are limited, and their increased usage adversely affects ecology due 
to the emission of harmful gasses, which are supposed to be responsible for climate 
change and environmental pollution. Further, conventional energy sources have several 
disadvantages, such as their unbalanced geographical distribution in different coun
tries, which increases investment costs in transport and security for countries with low 
resources, and their direct impact on the environment, signified by global warming and 
its impacts on the ecosystem. The need for clean, cheap, and sustainable energy sources 
becomes a priority to overcome the challenges mentioned earlier. Using renewable 
energy sources (solar, wind, hydro, etc.) decreases the demand for traditional energy 
resources and decentralizes the energy supply. Solar energy is abundantly available 
but intermittent in nature. Due to intermittency in the energy supply, energy storage 
devices are required to reduce the gap between energy demand and supply. The energy 
storage systems store excess energy to be used later in deficiency periods. Thermal 
energy storage through the sun is one of its best options. Thermal energy enhances the 
performance of solar thermal systems by absorbing or releasing heat energy. It can be 
utilized for several applications, such as concentrating solar power (CSP) plants, ther
mal management of photovoltaics, buildings, electronics cooling, etc. 

In this connection, the present book offers up-to-date coverage of the fundamen
tals as well as recent advancements in thermal energy storage techniques, materials, 
characterization, and their technological applications. It also covers recent innova
tions and in-depth knowledge of thermal energy applications. Different aspects of 
thermal energy storage systems are covered, from fundamentals to case studies. The 
proposed book intends to provide a comprehensive perspective to the researchers, 
scientists, engineers, technologists, students, policy-makers, etc., who wish to learn 
more about thermal energy storage systems and applications. We hope readers find 
this book interesting and that it succeeds in serving as a text and reference material 
for researchers in academia as well as in industry, enabling them to get an overall 
research update on latent heat-based thermal energy storage technology. 

We would like to convey our appreciation to all the contributors, academic and 
research collaborators, who have always been a source of inspiration to work within 
this field of study. We would also like to thank all team members at CRC Press for their 
kind support and great effort in bringing the book to fruition. Last but not least, the edi
tors are sincerely thankful to their family members, whose unending support and affec
tion have always been a driving force in making any professional assignment a success! 

Amritanshu Shukla, Atul Sharma, and Karunesh Kant 



http://taylorandfrancis.com
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1 Introduction to Thermal 

Energy and Its Storage 

Materials 

Pragya Gupta, Pradip K. Maji, and Atul Sharma 

1.1 INTRODUCTION 

Thermal energy storage (TES) is indeed demanding for its efficient utilization in var
ious economic aspects. It acts as a bridge between energy demand and supply (Garg, 
Mullick and Bhargava, 2012). The storage of thermal energy is the capability of mate
rials to stock thermal energy, which will be utilized in future for different applications 
such as maintaining the thermal comfort of occupants for heating or cooling the build
ing, industrial processes such as metallurgical transformations, and solar power gen
eration. In the current scenario, depletion of natural resources and greenhouse gaseous 
emissions are major concerns all over the globe. Thermal energy storage enhances 
the efficiency and sustainability of the energy transmission network and contributes 
significantly to overall energy conservation (Fernandes et al., 2012). Thermal energy 
storage could be accomplished by heating, cooling, melting, freezing, or evaporation 
of the material to accumulate or release the heat (Pielichowska and Pielichowski, 
2014). Thermal energy storage is categorized as chemical, latent, and sensible heat 
storage systems, which depend upon the characteristics or processing of material. 

1.2 SENSIBLE HEAT STORAGE MATERIAL 

The temperature varies with respect to the energy stored in the sensible heat stor
age system. The sensible storage material must have a high specific heat capacity 
to absorb a high amount of energy, which is unaffected during thermal cycling for 
long-term stability and compatibility with the storage container (Demirbas, 2006). 
The specific heat, temperature difference, and sensible heat storage material mass 
influences sensible heat as per eq. 1: 

Tf 

Q = m p TC d (1) ò
 
Ti 

Where Q denotes the amount of sensible heat (J), M signifies the mass of sen
sible heat stored material (kg), Cp indicates the specific heat of sensible heat stored 
material (J/kg.K), and Ti and Tf specify initial and final temperatures of sensible heat 
stored material (K). 

https://doi.org/10.1201/9781003345558-2
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The heat can be absorbed or released by conduction, convection, and radiation 
during the process (Pielichowska and Pielichowski, 2014). Liquid and solid con
stituents can be appropriate for sensible heat storage. The material should be non
flammable, non-corrosive, and have no chemical decomposition during heat absorb
ance and release phenomenon. 

1.2.1 Liquid ThermaL STorage maTeriaL 

A liquid storage medium has the advantage of being easily circulated, which enables 
it to transport heat as per the requirement. An active system is one where the storage 
material can be easily circulated. The buoyancy force contributes to the formation of 
a promising temperature gradient through the storage material due to the density dif
ference carried out by heating liquid. A few liquids can store sensible heat effectively. 

1.2.1.1 Water 
Water is a cheap, readily available thermal storage media available around the world. 
It can be used in a wide temperature range. The high specific heat of water is benefi
cial to utilize in a low-temperature application. However, it requires an insulated and 
high-pressure vessel due to the high vapor pressure of water at a high temperature 
range. For instance, the sensible heat energy of water is 250 kJ/kg at 60°C. 

For thermal comfort, energy flow, and basic household applications, hot water is 
generally employed in the radiators. Hot water is mainly used in radiators for thermal 
comfort, energy transportation, and essential household applications. For instance, 
a solar energy system could employ water as a means of energy storage and trans
portation. As a result, water may be currently the most popular storage option for 
solar-based space heating and hot water. Due to buoyancy forces, temperature drift 
occurred at the topmost and lowermost end of the tank, so thermal stratification or a 
thermal gradient can be established in a solar-powered thermal storage system. The 
removal of mixing during storage allows for stratification, which has two benefits: 
(1) if the energy is provided towards the output temperature as collected instead of 
a reduced storage temperature, it can be used more efficiently, and (2) if the temper
ature of the intake fluid to the receiver is reduced, then the amount of energy stored 
may increase. 

Steel, aluminum, reinforced concrete, fiber glass, and other materials are used to 
construct water storage tanks. Polyurethane, glass wool, or mineral wool are used 
to insulate the tanks. The tanks utilized range in size from several hundred liters to 
several thousand cubic meters. The application of subsurface natural aquifers for 
large-scale storage applications has also been explored by researchers. Basically, 
the aquifers exist as geological growths that contain groundwater and can be used 
to store heat for a long time. The sand or gravel that has been saturated with water 
serves as the storage medium in aquifers. Aquifer sizes typically range from tens 
of thousands to millions of cubic meters; therefore, there is sufficient storage space 
available. The periodic storing that is thermal energy between hot and cold weather 
is a good application for the particular category. Aquifer stowing is not promising 
for small loads, such as particular homes, due to its bulky nature. Several experi
mental and theoretical research projects on aquifer thermal energy storage have been 
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performed due to its extensive acceptance as a beneficial technology. Still, additional 
comprehensive computer simulation research is necessary to identify the ideal struc
tural alignment due to the abundance of various methods as well as bulky character
istics. Aquifer storage is attractive now because of its cheap cost, high input or output 
rate, and enormous capability. 

1.2.1.2 Storage in Salty Water 
Large amounts of solar energy can be captured and stored inexpensively and easily 
using solar ponds as low-temperature (50–95°C) thermal energy reservoirs. It reflects 
a high prospect for electric power production, industrial heat supply, and applica
tions including space heating and cooling. Four fundamental characteristics can be 
used to categorize solar ponds, such as convecting/non-convecting, partitioned/non
partitioned, gelled/ungelled, and isolated separator and collector/in-pond collector. Yet, 
the salt gradient solar pond without convection is popular in the current state of research. 
In the case of a solar pond, salt-containing water or sea water is used to generate a den
sity gradient due to the concentration difference with depth from the surface. The salts 
that are regularly utilized in the pond are sodium chloride and magnesium chloride. 
A dark or black bottom on a salt gradient pond allows sun radiation to be absorbed, 
increasing the water’s temperature up to 95°C as a result. Without disturbing the upper 
layers, it is simple to extract the thermal energy trapped in the pond’s lower levels. 

1.2.1.3 Mineral Oil 
Concentrated solar power plants transmit thermal energy by using mineral oil as a 
fluid. It allocates the heat to the boiler taken from the receiver, and steam is produced 
to power the turbine. A similar method will be able to collect heat for use in the 
night in highly insulated storage tanks. Heat transmission fluid also assists as energy 
storage in a direct system. It reduces the costs by diminishing the requirement for 
heat exchangers. The liquid form of mineral oil can be exploited at high tempera
tures up to 400°C and reduced vapor pressure in comparison to water. Mineral oil 
cannot freeze in pipes in the night, unlike molten salts, necessitating the application 
of an antifreeze system. However, molten salt amalgamates by means of low melting 
points was found as a mineral oil substitute because molten salts are less expensive 
than mineral oil. In recent development, concentrated solar power has been employed 
as an indirect system, in which molten salt combinations serve as sensible heat mate
rials and mineral oil serves as a heat transfer fluid. 

1.2.1.4 Molten Salts 
These types of salts are now common thermal energy storage material. They are 
very economic and have a high energy storage density due to their higher density in 
comparison to other liquid thermal storage material. Molten salts have a lower vapor 
pressure than water and can be employed in liquid form up to 400°C. It permits 
the system to work at high temperature, enhancing the Rankine cycle performance. 
Molten salts have a required low melting point at room temperature to facilitate their 
liquid form throughout the process and require a minimum antifreeze agent at night 
due to the unavailability of solar energy. The cons are that pure molten salts typi
cally reflect melting temperatures above 200°C (Alva et al., 2017). In the present 
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era, it is common to utilize salt composites to lower the melting point to below 100°C 
while maintaining high temperature more than 500°C. It will work as a heat transfer 
fluid, while an antifreeze system is safer to work with any freezing risk, or else, the 
heat transmission fluid will be made of mineral oil. The fact that molten salts are 
extremely corrosive and oxidizing agents make it difficult to encompass a higher 
temperature are one of their downsides. Additionally, they have a low thermal con
ductivity and a 6% volume change throughout the melting process. 

1.2.1.5 Liquid Metals and Alloys 
Pristine metal and its alloy presented a melting point over 300°C, although having 
low melting points, but utilized as sensible thermal storage materials. It also reflects 
higher working temperatures and thermal conductivity in addition with minimum 
vapor pressure. However, it has disadvantages such as expensive cost. Additionally, 
it could need an environment free from oxygen and oxides to diminish corrosion. 

1.2.2 SoLid ThermaL STorage maTeriaL 

This type of thermal storage material is inexpensive and widely accessible. It does 
not have a vapor pressure problem. Therefore, there is no requirement for pressure 
vessels and no leakage issues because it works at ambient pressure. The solid materi
als are only capable of passive heat storage due to their difficulty in being circulated, 
hence they require a heat transfer fluid such as air, water, or mineral oil to discharge 
or collect heat as per application by means of loosely bounded solid material. The 
direct contact between air and solid material increases the efficiency for heat transfer 
at the time of charging and discharging processes. The major drawback of sensible 
solid material is that the heat transfer fluid cannot maintain temperature over a long 
period because the temperature of the solid storage material reduces throughout its 
period of discharging. There are few solid materials that can be used in low temper
ature applicability, such as space heating as well as industrial waste heat recovery. 

1.2.2.1 Rocks 
Rocks can be crushed in a range of 4–5 cm and utilized in a packed bed after being 
heated with air for thermal transmitting. During the charging, heated air passes 
through spaces of the packed rocks as well as heats the rock, and at the time of 
discharging process, cooled air passes through the spaces of the packed rocks and 
absorbs the heat from the rock. The efficiency of thermal transmission between air 
and rocks can be increased by availability of contact surface area. The low ther
mal conductivity and a small interfacial surface are desirable to minimize thermal 
float during storage. Rocks have the benefits of being non-toxic, non-flammable, 
extremely affordable, and widely accessible in nature. Some disadvantages of rocks 
include the requirement for a high rate of air flow and pressure difference (Hänchen, 
Brückner and Steinfeld, 2011). 

1.2.2.2 Concrete 
A solid material that has the capability to store heat such as concrete is simple to 
work with. The higher mechanical strength of concrete does not demand a container 
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to hold it. One method is to design a heat exchanger utilizing to concrete with heat 
transfer fluid to run pipes carrying heat transmitted with a concrete block. After sev
eral sequences of thermal expansion in addition to contraction, fracture formation is 
one of the major problems that arises at high temperatures. 

1.2.2.3 Sand 
Easily accessible small particles such as silica sand can be employed as a solid sen
sible heat storage material. The silica sand ranges between 0.2–0.5 mm and has been 
used as a solid packed bed system while air has been used as a heat transfer fluid. 
Small grain particles will have a higher packing density. Basalt gravel, for example, 
has a size of about 0.4 mm. For the solar collection, the sand particles flow through 
gravitational force from an inlet to capture solar heat energy. The hot sand can be 
placed in an insulated storage tank after being heated by concentrated sun rays by 
means of fall in the tower. When the temperature of the gravel has reached around 
700–1000°C, it can generate vapor to power Rankine cycle power plants. 

1.2.2.4 Bricks 
To decrease the rate of electricity used for space heating, bricks in building walls 
contain heat. The bricks can be heated with less expensive power overnight during 
off-peak hours, and they are able to accumulate thermal energy. The stored energy in 
bricks can be released either naturally through convection or radiation or otherwise 
artificially by forced convection powered by a device in the daytime (Farid et al., 
2004). During the high demand of electricity, thermal energy keeps a building com
fortable without using extra consumption to minimize the peak load. 

1.3 LATENT HEAT STORAGE MATERIALS 

Latent heat storage material absorbs or releases heat during heating or cooling due 
to the latent heat of fusion. During the absorbing or releasing process, the phase 
of material changes with a minute variation in the temperature, which is termed as 
phase change material. Thermal energy or heat belongs to phase change material 
stated as Q = m·L, where m signifies mass of latent heat of material and L denotes 
latent heat fusion of material. Frequently, the solid-liquid phase change technique 
is employed throughout the process. Phase change from liquid to gas acquires the 
largest heat in the latent form, although the storage is complicated and unrealistic 
because the significant volume of storage materials changes by evaporation (Cárde
nas and León, 2013). When solid-solid materials have been exploited, there is no 
requirement for encapsulation because of the absence of fluid, which entirely elim
inates the possibility of spillage. The materials, having high thermal conductivity 
and high latent heat, are desirable for heat storage application (Farid et al., 2004). 
The material should melt uniformly with negligible subcooling, with a melting point 
close to a thermal energy storage system with a prerequisite operational temperature 
range, and is chemically inert, inexpensive, non-toxic, and non-corrosive. In contrast 
to sensible heat, heat transfer fluid temperature remains consistent over time because 
the storage material temperature is constant through the discharging process. Tem
perature alteration among thermal storage as well as release is smaller for materials 
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that store latent heat (Farid et al., 2004). In comparison with the specific heat, the 
latent heat of fusion should be high. As an illustration, the “latent heat of fusion” of 
sodium nitrate, which takes a specific heat of 1.1 kJ/kg. K., is approximately 172 kJ/ 
kg. The latent heat storage materials benefit from having a high energy storage den
sity as a result of this significant differential. The phenomenon decreases the volume 
of the heat storage container, which decreases the surface area in its exterior walls 
and diminishes heat loss. 

1.3.1 organic 

Several domestic and industrial applications, including space heating in buildings, 
electronic devices, refrigeration and air conditioning, solar air/water heating, textiles, 
automobiles, food, and the space industry, have successfully tested and used organic 
materials and their eutectic blends (Xu, Li and Chan, 2015). Consistent melting with
out phase separation is possible for organic material; however, the organic material 
exhibits low heat conductivity from 0.1 to 0.35 W/m K, which is why a higher sur
face area is enhanced at the rate of heat transfer. Furthermore, organic phase change 
materials have use under investigation for high-temperature applications due to their 
low melting point. 

1.3.1.1 Paraffin 
Straight n-alkanes chains (CH3-(CH2)-CH3) are arranged to form paraffin waxes 
(Sharma et al., 2015). Due to the high cost of pure paraffin waxes, only technical-
grade paraffin has been utilized as a phase change material. Technical-grade paraffin 
waxes are inexpensive, have a limited melting point range between −10°C to 67°C, 
and have enough density for thermal storage (200 kJ/kg or 150 MJ/m3) (Farid et al., 
2004; Pielichowska and Pielichowski, 2014). The paraffin wax experiences infini
tesimal sub-cooling, no phase segregation, and is chemically inert. The waxes are 
non-toxic, odorless, durable, affordable, accessible, environmentally harmless, and 
non-corrosive. Their applications are constrained due to their low heat conductivity 
(0.2 W/m K) (Pielichowska and Pielichowski, 2014). The distillation of crude oil 
produces commercial-grade paraffin. The majority of paraffin-based phase change 
materials are blends with saturated hydrocarbon with varying carbon. The hydro
carbon chain length increases with the paraffin melting and fusion temperatures. 
The properties of material will be tailored via combining physically different par
affins. Technical paraffin along with pure paraffin have high thermal cycle ability 
even after 1000–2000 cycles. Paraffins are attuned with metal containers since it 
does not encourage decomposing. The chemical structure of paraffin wax, however, 
is analogous to long chain polymer, which is why it interacts with some polymeric 
containers (Pielichowska and Pielichowski, 2014). Nowadays, researchers are using 
prepared composite with paraffin to enhance its internal properties. The micro phase 
change material was prepared by using paraffin-based core material, while methanol-
improved melamine formaldehyde- and graphene-based shell material, which is 
schematically presented by Figure 1.1. The authors reported that the incorporation 
of graphene enhances the thermal response sensitivity of synthesized material (Su et 
al., 2017). 
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FIGURE 1.1 Schematic presentation of graphene-improved melamine formaldehyde-based, 
paraffin-encapsulated latent heat storage material. 

Through interfacial polycondensation and surface self-assembly, microparticles 
with a crystallized titania shell and a specialized paraffin (i.e., n-eicosane) core 
coupled using graphene nanosheets have been developed. In a typical preparation 
method, formamide and n-eicosane were stirred. Formamide was employed to dis
perse graphene nanosheets. Pluronic 104, a non-ionic surfactant, and a suspension 
containing graphene were then poured into the flask. Subsequently, formamide con
taining water was then introduced dropwise into the emulsion. A greyish dispersion 
was obtained by continually stirring the reactant mixture. To develop a crystalline 
titania shell, sodium fluoride was successively poured into the flask with stirring. 
In the end, n-eicosane-titania-graphene microspheres are received by the filtration 
process. The microspheres are then repeatedly treated with deionized water, ethanol, 
as well as diethyl ether, and then desiccated in a vacuum before being used again. 
The prepared composite depicted an enthalpy of phase change as 160 J/g and an 
increment in the thermal conductivity (Liu, Wang and Wu, 2017). For the application 
of photothermal transformation, regenerated chitin, polyurea, and graphene oxide-
abased shell and paraffin core have been prepared by Maithya et al. (2021). 

1.3.1.2 Fatty Acids 
The fatty acids consist of optimum thermal and physical characteristics of thermal 
storage material at a lower temperature with a common structure of (CH3 (CH2)2n
COOH. Some common fatty acids include capric, oleic, lauric, d-lattic, myristic, 
palmitic, stearic acids, etc. In comparison to paraffin, fatty acids have higher melt
ing and boiling temperatures and negligible volume changes during phase transi
tions. They also exhibit repeatable melting and freezing behavior. However, they are 
costlier than commercial paraffin, corrosive, and have a stingy odor. In general, the 
carbon of fatty acids is directly proportional to melting and freezing temperatures, 
melting heat, and degree of crystallization (Pielichowska and Pielichowski, 2014). 
Fatty acids such as lauric, palmitic, and stearic acids have been utilized as a phase 
change material for solar stills (Kateshia and Lakhera, 2022). 

1.3.1.3 Ester 
Ester can be produced using acid by substituting an alkyl (-O) group for a hydroxyl 
(-OH) group. A limited range of temperatures is required for the solid-liquid transition 
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of esterified fatty acid that have been depicted in a specified temperature range. The 
eutectic mixture of fatty acid has formed without subcooling. The phase transition 
temperature for eutectic mixtures of esters are nearby ambient temperature with high 
transition enthalpy (Farid et al., 2004). Esters are classified into two types depending 
on where they come from. The esterification of bio-based acids and alcohols falls 
into one group, while another group includes animal fat. Almost all esters have melt
ing points that remain within the range of 18–30°C and have a high latent heat. The 
flame-retardant and thermal conductivity of esters can be used directly for thermal 
energy storage. Through life cycle analysis, Fabiani et al. (2020) evaluated expired 
palm oil from the food business and indicated that it exhibited excellent thermal 
stability, less risk to human health, as well as minimal leak issues. Because of this, 
it can be assumed in terms of a potential resource for future thermal energy storage. 
A granular panel composed of natural clay and cellulose fiber has been combined 
with non-cocoa vegetable fat retrieved from a confectionery business by Boussaba 
et al. (2021). The blended vegetable fat reflected excellent thermal and chemical 
stability and more than 2,000 thermal cycles. The addition of vegetable fat somewhat 
diminished the supporting matrix mechanical properties. In order to develop a com
posite based on fatty acid esters, Sari et al. (Sarı and Karaipekli, 2012) combined 
erythritol tetrapalmitate, erythritol tetrastearic acid, diatomite, and expanded perlite. 
Gypsum with bio-originated phase change material was found to have better thermal 
insulation features in comparison with pristine gypsum (Serrano et al., 2015). Esters 
have a great deal of potential for creating thermal energy storage, according to the 
studies mentioned here. There is a huge demand for fatty acid esters because of 
widespread viable use for the polymer, powder, paint, and smart clothing industries. 

1.3.1.4 Alcohols 
Polyalcohols, polyols, also referred to as sugar alcohols, are regarded as interme
diate temperature (90–200°C) phase change material. Until now, researchers have 
not explored alcoholic phase change material due to its drawbacks of supercooling. 
The latent heat of fusion for alcohols such as xylitol, erythritol, and mannitol is 
around 300 kJ/kg, which performs considerably better as compared with materials 
of the same family. Other alcoholic materials in the family comprise stearyl alcohol, 
inositol, dulcitol, xylitol, cetyl alcohol, mannitol, erythritol, and lauryl alcohol, etc. 
The chemical instability of inositol, D-mannitol, is due to its reactivity with oxygen, 
and the low cycle stability of galactitol makes it demotivated for its commercial use. 
Some candidates, though, have shown a lot of promise. For instance, erythritol can 
store more than 300 J/g of latent heat and has a very high latent heat storage capacity. 

1.3.1.5 Glycols 
The dimethyl ether with a hydroxyl on the end is composed of polyethylene glycol. 
The chemical structure is HO-CH2-(CH2-O-CH2-)n-CH2-OH. Polyethylene glycol is 
also termed as polyoxyethylene and polyethylene oxide. It exists soluble in organic 
compounds as well as water. It exists in different grades as per molecular weight. 
Polyethylene glycols are affordable, non-flammable, non-toxic, thermally and chem
ically stable, non-corrosive, and their melting temperature and latent heat increases 
with molecular weight (Sarier and Onder, 2012). The major drawbacks are poor ther
mal conductivity similar to other organic compounds. 
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1.3.2 inorganic 

The inorganic material reflected high thermal conductivity and stability after a long
term thermal cycle. The inorganic material contains high volumetric thermal density 
but is prone to phase separation and sub-cooling (Sharma et al., 2015). It also dis
solves inconsistently and is highly corrosive. 

1.3.2.1 Salt Hydrates 
The working temperature for salt hydrates is in the range of 30–50°C. The salts are 
inorganic and have the general formula ABnH2O. The salt becomes dehydrated as it 
transitions phases. However, a significant figure of hydrate that contains high latent heat 
and an appropriate melting temperature and the ability to produce phase change melts 
inconsistently. The crystalline salt that is created during the dehydration process is not 
dissolved by the water that is released during the phase transition. Phase separation and 
sedimentation take place in containers as a result of the salt’s and water’s different densi
ties. In terms of real-world applications, this is a severe technological issue. The addition 
of gelling or thickening agents is one technique used to stop the heavier phase from seg
regating and sedimenting (Pielichowska and Pielichowski, 2014). Due to the thickening 
agent’s ability to raise the viscosity of hydrate and aid in holding molecules together, 
the addition of polymer or cellulose as a gel material to salt prevents sedimentation. The 
considerable supercooling of salt hydrates is another drawback. This is because of their 
low ability to form nuclei, thus nucleating chemicals are added to the mixture to solve the 
issue. Borax, charcoal, and other nucleating chemicals, among others, aid in overcoming 
sub-cooling but also slow down heat transfer by diminishing thermal conductivity. Some 
popular salt hydrates, such as MgCl2·6H2O, NH4Al(SO4)2·12H2O, Mg(NO3)2·6H2O, 
Ba(OH)2·8H2O, CH3COONa, Na2S2O3·5H2O, Na2HPO4·12H2O, Zn(NO3)2·6H2O, 
CaBr2·6H2O, Na2CO3·10H2O, Na2SO4·10H2O, LiNO3·3H2O, CaCl2·6H2O, KF·4H2O, 
LiClO3·3H2O, are reported by researchers (Dixit et al., 2022). 

1.3.2.2 Salts 
In the case of molten salt, salts with somewhat lower melting temperatures are used 
as sensible liquid storage media, but for applications involving high temperatures 
greater than 100°C, they can also serve as latent heat storage materials. Salts have an 
extensive series of melting temperatures and are classified into numerous subgroups, 
including nitrates, carbonates, hydroxides, and chlorides, among others. 

1.3.2.3 Metals and Metal Alloys 
Higher conductivity, exceptional stability, dependability, and recurrence are charac
teristics of metals and their alloys (Pielichowska and Pielichowski, 2014). They have 
the highest heat of phase transition with respect to volume otherwise mass. They can 
store a huge amount of energy as a result. During phase shift, their volume changes 
very little and their vapor pressure is minuscule. Metals can, however, compete with 
salts when volume is a top priority. 

1.3.2.4 Eutectic 
A mixture of two or more constituents, such as organic/organic, organic/inorganic, 
and inorganic/inorganic, is called a eutectic. Each of them undergoes a consistent 
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phase shift, meaning that it has a distinct melting and freezing temperature and, dur
ing crystallization, combines to generate a variety of component crystals. There is 
typically no probability of component separation in eutectics because they typically 
melt and freeze simultaneously. 

1.4 COMPOSITE PHASE CHANGE MATERIALS 

The thermal conductivity of phase change material has been enhanced by researchers 
to solve the issue of poor thermal conductivity as a result of dissolving high thermally 
conductive material into the phase change material, such as metals, graphite, or carbon. 
The term “composite phase change material” refers to such a composition. Phase tran
sition materials that are both organic and inorganic can be used to produce composites. 
The phase change material ought to be compatible with the additional thermal conduc
tive materials. For instance, the additional conductive material needs to be corrosion 
resistant if the phase change material corrodes in the presence of a few inorganic salts. 

1.4.1 graphiTe compoSiTeS 

Graphite is also utilized in various ways. When Pincemin et al. (2008) investigated 
the effectiveness of phase change material composites made of eutectic NaNO3/ 
KNO3 with thermally conductive graphite dispersed throughout the molten salt, they 
discovered a 14-fold increase in thermal conductivity, leading to an effective conduc
tivity of 9 Wm−1K−1. The effectiveness of phase change material composites made 
of expanded graphite and n-docosane paraffin was investigated by Sari and Karai
pekli (2007). Thermal conductivities of the composite phase change material showed 
that the paraffin (0.22 W/m K) thermal conductivity increased by 81.2%, 136.3%, 
209.1%, and 272.7%, respectively, with mass fractions of 2%, 4%, 7%, and 10% 
expanded graphite. 

1.4.2 graphiTe FLakeS or naTuraL graphiTe 

Graphite reflected a strong thermal conductivity and a well-aligned crystal structure. 
It has carbon sheets that are piled on top of one another, combined by weak van der 
Waals forces instead of the strong covalent bonds that hold carbon atoms together. As 
a result, graphite flakes are tightly packed and have a high density. Graphite is also 
inexpensive to produce and requires very little processing. 

1.4.3 expanded naTuraL graphiTe 

The chemical treatment and thermal exfoliation processes have been used for the 
synthesis of this material created from natural graphite. When reacting with differ
ent acids, weak bonds are broken, and reactant molecules have amalgamated among 
graphite stacks. The reactant molecules force graphite assembly to enlarge to preserve 
the sheet. A compound has been intercalated. The graphite intercalated compound is 
heated to cause the graphite layers to rapidly expand after being washed in water, dried, 
and then intercalated. The heat treatment is carried out at temperatures above 500°C 
in an air atmosphere. During the creation of the intercalated compound, the water 
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is integrated between the layers of carbon. The expansion is caused by the water’s 
almost immediate evaporation during the heat treatment procedure. The graphene lay
ers are dispersed throughout each natural graphite particle, giving rise to a high level 
of porosity. A solidified graphite matrix with high porosity and thermal conductivity 
can be created by arranging these worms into a bed and then compressing it. 

1.4.4 expanded graphiTe powder 

Expanded graphite can be grounded into a fine powder. Compared to natural graph
ite, it is less compact and has a susceptibility to form networks even at low concentra
tion. Therefore, as compared with natural graphite, less expanded graphite powder is 
needed to achieve a specified level of heat conductivity. However, it costs more than 
natural graphite to produce due to the associated treatments required. 

1.4.5 nano compoSiTeS 

Different nanostructures have been incorporated into phase change material as addi
tives for thermal improvement. Different types of nanoparticles were investigated by 
Khodadadi, Fan, and Babaei (2013) as potential materials for thermal conductivity 
boosters. The advantage of nanoparticles is their incredibly small size. That is why 
they act as a fluid and prevent clogging while flowing through pipes. In general, 
it has been discovered that carbon-based nanostructures produce superior thermal 
improvements over metallic and metal oxide materials. 

A critical assessment of experimental research with respect to the bulk features of 
phase change material on the nanoparticles distribution was conducted by Kibria et al. 
(2015). Sarier et al. (2011) have developed intercalated composite with n-hexadecane 
as a phase change material and in the base matrix of Na-montmorillonite. The inter
calation between both components have been done surfactant, as shown in Figure 1.2. 
The prepared composite depicted high heat storage as well as release capacity. 

FIGURE 1.2 Intercalated structure of n-hexadecane and Na-montmorlionite (Sarier et al., 
2011). 
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1.4.6 Form-STabLe compoSiTe 

A composite can be considered as form stable when it can retain an identical struc
ture in a solid phase while its temperature exceeds more than the melting point of the 
material. Besides encapsulation to assist for accelerated heat transfer, phase change 
material can be molded into the desired shapes in a form-stable composite with a 
greater surface area to volume ratio. Here, increasing thermal conductivity is not a top 
priority; the major goal is to enhance the phase change material contact surface area 
with the heat transfer fluid. To prevent leakage of melted paraffin, Sari (2004) had 
investigated a form-stable composite of paraffin wax and polyethylene composites, 
in which the paraffin assists as a thermal storing media, but polyethylene acts as a 
supportive matrix. It was possible to achieve a 24% increase in thermal conductivity. 

1.5 MICROENCAPSULATED PHASE CHANGE MATERIALS 

Microcapsules are defined as constituent with sizes between 10 and 1000 μm that 
have a core substance encased in a coating or shell. Commercial uses include tex
tiles, adhesives, cosmetics, pharmaceuticals, and architecture, which all frequently 
use microencapsulation (Sharma et al., 2015). The requisite shape, diameter, and 
high mechanical properties of shell, permeability, and thermal strength are the basic 
properties of microencapsulated phase change materials. The microcapsules contain
ing pouches, tubes, spheres, panels, and other containers serve as heat exchangers 
directly. The shell protects the liquid phase change materials from the environment 
and prevents decomposition. It expands the area of contact for heat transmission. 
The shell should have enough mechanical strength to stabilize capsules as well. The 
microcapsules come in a variety of sizes and forms. The method of microencapsula
tion is rather expensive. The best materials for microcapsule shells include urea-for
maldehyde resin, melamine-formaldehyde resin, and polyurethanes. 

1.6 COACERVATION 

Electrostatic interaction due to contrast-charged particles or ions causes coacervation 
when two or more contrast particles are dispersed in a media of phase change mate
rial. Spherical droplets are made up of the concentrated colloidal particles, which are 
kept together by electrostatic forces. For instance, a combination of paraffin, gelatin, 
and gum arabic can be added to synthesized micron-sized particles. During microen
capsulation, the phase change material based core is paraffin, and the shell is made 
of gelatin and gum arabic. 

1.6.1 SuSpenSion poLymerizaTion 

A method based on suspension polymerization can produce microcapsules having 
polymer shell and a phase change material based core. Using mechanical agitation, 
such as vigorous stirring, a monomer or combination of monomers and initiator is 
distributed in an aqueous media of phase change material in this method. Heat can 
be used to break down the initiator into free radicals, and the free radicals then cause 
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the monomerization of other molecules to begin. Chemical factors such as viscos
ity, density, and interfacial tension, equipment aspects (i.e., porosity, pore and pipe 
diameter), and operating conditions (i.e., flow and shear rate and pulsation) affect the 
droplet size of microcapsules. 

1.6.2 emuLSion poLymerizaTion 

In the method, emulsion is prepared by polymerization of monomer with surfactants 
in liquid medium. The aqueous solution disperses the phase change material drops 
that work by means of an oil phase. Surfactants with hydrophilic and hydrophobic 
sides arrange themselves at the interface of liquid droplets of phase change material 
and aqueous solution monomers. Both the hydrophilic and hydrophobic components 
make contact with the liquid droplet of phase change material. As a result, the initia
tor causes the monomer molecules to begin polymerizing around the sphere-shaped 
droplet. n-Eicosane as a core and phenol-formaldehyde-based shell have synthesized 
by oil-in-water emulsion (Liu et al., 2022). The microencapsulation process has been 
done by in-situ polymerization process. 

1.6.3 poLycondenSaTion 

A phase change material incorporated microcapsule can be prepared via regulat
ing the phase change liquid temperature and by using a polymer as an outer layer. 
The monomer molecules combine, with the loss of smaller molecules as byproducts 
such as water or methanol in the polycondensation process. Microencapsulation can 
be accomplished by polycondensing a shell material with core as the phase change 
material. Rapid polymerization process and negligible absorbency of the products 
are benefits of interfacial polycondensation (Liang et al., 2009). The explanation 
for interfacial polycondensation is as follows. The droplets of the core material have 
been formed. The exterior layer of droplets generate the microsphere shell, and the 
reactive monomers begin to form oligomers. When the previously prepared oli
gomers encompass and become hydrophobic at the droplet interface, a thin layered 
film synthesizes over the droplet. The outer layer turns out to be a shell as a result of 
polycondensation, which also causes a miniature shell to form throughout droplets. 
The monomer for the preparation of a shell can be polyurea, polyurethane, polyes
ter, polyamide, and amine resin, etc. By means of interfacial polymerization using 
ethylenediamine and toluene-2, 4-diisocyanate, for example, monomer in an emul
sion system, phase change material such as butyl stearate can be microencapsulated, 
as reported by Liang et al. (2009). Toluene-2,4-di-isocyanate and ethylenediamine 
were procured for synthesis of polyurea microcapsules and butyl stearate serving 
as the main component. The synthesized material reflected the properties, such as 
29°C of phase change temperature and latent heat of 80 J/g. Zhang and Wang had 
prepared microencapsulated n-octadecane with polyurea as an outer layer for thermal 
regulation application (Zhang and Wang, 2009). The compound has been prepared 
by polymerization by using oil-based monomer (i.e., toluene-2, 4-diisocyanate) and 
water-based amines (i.e., ethylene diamine, diethylene triamine), as presented by 
Figure 1.3. The microcapsule reflected an optimized outcome at 70/30 ratio of core 
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 FIGURE 1.3 Graphic representation of microencapsulated n-octadecane with polyurea by 
the polycondensation process (Zhang and Wang, 2009). 

and shell material Zhu et al. (2019) reported nanoencapsulated material by taking n
octadecane as a core material and silica-graphene as a shell material. The shell mate
rial was synthesized by hydrolysis and the polycondensation process. In this process, 
the polymerization of tetraethoxysilane and methyltrimethoxy with the self-assembly 
of graphene take place, and the nanoencapsulated n-octadecene-silica-graphene 
composite shell have been synthesized. The method is displayed in Figure 1.4. Nano 
phase change material has been formed in the oil-in-water miniemulsion in which 
cethyltriammonium bromide acts as a surfactant to stabilize it. As a result, the outer 
surface of the generated miniemulsion droplets becomes positively charged. With the 
help of sodium dodecyl sulphate, graphene is consistently distributed in water and has 
an opposite charges surface. Electrostatic contact causes graphene to self-assemble 
on the interface of the miniemulsion droplets as soon as the graphene dispersed is 
dropped into it. The interfacial hydrolysis and polycondensation are catalyzed to 
form silica networks after the addition of aqueous ammonia. The silica-graphene 
composite shell thereby prepared the emulsion droplets. The authors claimed that 
thermal conductivity was enhanced 132.9% due to the addition of graphene. 
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FIGURE 1.4 Schematic illustration of nanoencapsulated n-octadecane with silica-graphene 
by polycondensation process (Zhu et al., 2019). 

1.6.4 poLy-addiTion 

An oil-based monomer and an aqueous-based monomer are the basis for the tech
nique for preparing phase change material filled microcapsules. In order to initiate 
the reaction by using monomers, it may be necessary to disperse an oil-based solution 
into an additional aqueous-based solution. Quickly, a polyurea membrane develops 
on the surface of the phase change material distributed oil phase droplets. The biode
gradable and solvent-free phase change material were described by Fu et al. (2017). 
The synthesized substances are characterized for accelerated thermal cycling, 

1.7 THERMOCHEMICAL HEAT STORAGE MATERIALS 

The microcapsules incorporated with phase change material have been prepared by 
interfacial poly-addition reaction between oil-phase and aqueous-phase monomers. 
In order to prepare phase change material, a monomer of oil-phase solution may be 
dispersed into a monomer of aqueous-phase solution and an initiator be added to 
begin the poly-addition process between the two monomers. At the outer layer of the 
phase change material distributed oil droplet, a membrane forms immediately. In the 
present time, the sensible and latent heat–based inventions are launched in the mar
ket, however, researchers are improving and transforming the thermochemical heat 
storage technology to increase its efficiency. The thermochemical heat storage mate
rials contain higher energy density than latent and sensible storage materials. While 
thermochemical storage materials are worked at ambient temperature, the process 
temperature is required for latent and sensible storage temperature. Therefore, the 
minimum amount of insulation and heat loss is needed for thermochemical storage. 
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 FIGURE 1.5 Preparation method of bulk composite (Miao et al., 2021). 

Thermochemical processes have negligible heat loss, hence they are hypothetically 
inexhaustible. 

While latent heat and sensible heat storage materials have simple technologies, 
other ones have a complex technical methodology. The choice of process and analy
sis for several parameters, such as reversibility, rate, and operating parameters (i.e., 
pressure, temperature, and kinetics), are essentials for development of a thermo-
chemical storage system (Pardo et al., 2014). 

The following criteria must be encountered by an appropriate thermochemical 
storage material: (1) The endothermic reaction needed to store heat must take place 
below 1273 K. It is recommended that the exothermic reaction needed to recover 
heat take place above 773 K. (2) The capacity for storing the heat can be maximized 
via high reaction enthalpy and low molar volume. (3) The chemical byproducts of 
the reactions are manageable. The environment and chemical molecules should not 
interact. (4) Magnesium sulfate and hydroxyapatite-based thermochemical heat stor
age materials have been synthesized by the impregnation process. (5) The composite 
material reflected stability over both hydration and dehydration cycles (Nguyen et 
al., 2022). (6) However, the use of expanded graphite enhances thermal and mass 
transfer characteristics of magnesium sulfate (Figure 1.5). (7) The polymethylhy
droxysiloxane and magnesium sulfate-based composite foam have been synthesized 
by Calabrese et al. (2019). Foam based on composite reflected mechanical stability 
by increasing magnesium sulfate. 
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1.8 CONCLUSION 

The broad applications of energy storage materials are crucial for developing clean 
and renewable energy for society. While they hold significant promise in terms of 
improving thermal properties, relevant theories and research have also generated var
ious promising findings. The preparation technologies are advancing recently. 
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2 Latent Heat Storage 
Materials and Applications 

Abhijith M T and A. Sreekumar 

2.1 INTRODUCTION 

The world is transitioning to a decarbonized economy after the emergence of the 
industrial revolution. Energy is vital to the nation’s economic growth and techno
logical competitiveness. The increase of resources and energy supply has failed to 
satisfy the ever-increasing demands imposed by a growing population, fast urban
ization, and an expanding economy. Energy storage device development that is 
efficient and cost-effective is critical for preserving energy, diminishing reliance 
on fossil fuels, and reducing greenhouse gas emissions. Energy storage systems 
bridge the supply-demand gap while also improving the performance and depend
ability of energy networks. Energy storage, when paired with viable energy sources 
such as solar and waste heat management, has great potential to reduce overall 
energy use. The type of energy source, length of storage, operational environment, 
economic feasibility, and other considerations all influence thermal energy storage 
(TES) selection. TES is the storage of heat in sensible, latent, and thermochemi
cal forms. Because of its low energy density, sensible heat storage requires large 
volumes and proper architecture to release thermal energy. Latent heat storage 
devices are easier and more affordable to operate than are thermochemical heat 
storage systems. 

This chapter’s goal is to help the readers by giving them a thorough review of the 
characteristics of phase change materials (PCMs) with an emphasis on their techno
logical applications. The uses of the PCM characteristics in storage applications are 
reviewed extensively, along with potential material developed by the research group 
of the Department of Green Energy Technology, Pondicherry University. PCMs’ cur
rent state and prospects for the future are examined comprehensively. 

2.2 NEED AND SIGNIFICANCE OF ENERGY STORAGE 

Energy storage systems (ESS) have the potential to significantly increase the effi
ciency of energy conversion devices usage while also providing a wide range of 
fuel alternatives in the global economy. ESS are designed to store excess energy 
and make it available to customers on demand. They can balance energy supply 
and demand by using fluctuating production of reusable energy sources such as 
solar, wind, and bio-energy and by improving overall energy system efficiency and 
lowering CO2  emissions. Energy storage cannot be adequately evaluated as to its 

https://doi.org/10.1201/9781003345558-3


  

 

  
 

 
  

 

 
 
 
 
 
 
 
 

 

23 Latent Heat Storage 

FIGURE 2.1 Energy storage classifications. 

complexity without a good grasp of energy sources and end-use considerations. The 
following qualities can be utilized to characterize an ESS: 

•	 Capacity: The stored amount of energy is determined by the storage mecha
nism, medium, and size. 

•	 Power: Defines the rate of energy stored in the system that may be dis
charged or charged. 

•	 Efficiency: Defines the proportion of energy given to users to the amount of 
energy required to charge the energy storage system. It calculates the amount 
of energy wasted throughout the charging/discharging cycle as well as dur
ing storage. 

•	 Storage duration: Elucidates how long the energy is stored. 
•	 Charge-discharge time: Explains how much time is required to charge or 

discharge the system. 
•	 Cost: Relies on the lifespan and capital costs of the system as well as the 

capacity or power of the storage system. 

Several different energy storage approaches are being explored. The methods 
of energy storage, such as mechanical, thermal, chemical, and electrochemical, are 
grouped in Figure 2.1. 

Among all storage approaches, thermal energy storage (TES) is one of the most 
widely used technologies that is affordable in practical applications. It has also been 
demonstrated that the use of TES may enhance the overall performance of the system, 
increase fuel savings, minimize investment and operating costs, boost energy supply 
security, and reduce pollution to the environment if properly built. Capacity and power 
may be dependent on one another in some storage systems, making capacity, power, 
and discharge time non-independent variables. For instance, increased power entails 
improved heat transfer in TES systems (for instance, extra fins in the heat exchanger), 
which reduces the amount of active storage material and subsequently the capacity. 
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2.3 THERMAL ENERGY STORAGE (TES) 

TES gains importance when heat demand and production mismatches. Thermal energy 
storage refers to the temporary storage technique that stores heat energy and can be 
retrieved/used for low or high temperatures. The charging and discharging process flow 
in TES medium adjusts for the imbalance between energy demand and supply while also 
improving system energy efficiency. Thermal energy storage works on a cyclic basis 
which involves three steps followed by the storage medium, as shown in Figure 2.2. 

TES is becoming a noteworthy energy scenario and is acquiring a great deal of 
relevance in a variety of engineering fields and general applications. TES has a huge 
potential for energy conservation, which can reduce its carbon footprint on the environ
ment. The major benefits that can be obtained when integrating TES into an ESS are: 

• Economically feasible: reducing capital investment and cost of operation 
• Efficiency: achieving efficient energy use with minimal loss 
• Pollution free: less CO2  emission and environmentally friendly 
• Better reliability and performance of the system 

2.3.1 SigniFicance oF inTegraTing TeS inTo SoLar ThermaL SySTemS 

The successful and expanded use of solar energy in the domains of cooling and heating, 
process heat, and power production relies on TES. Seasonal, daily (day-night), and 
hourly (cloud) flux changes in solar thermal energy prevent solar systems from pro
ducing heat or thermal electricity following the demand profiles of customer segments. 
Utilizing TES and/or operating in hybrid mode (solar + fossil fuels) are two solutions to 
this issue. Significant advantages of TES integration in solar thermal systems include: 

• TES can be utilized to cover peak demands. 
• A surplus amount of energy can be utilized without wasting/dumping. 

FIGURE 2.2 Principle of operation in TES. 
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FIGURE 2.3 Characteristics of TES. 

•	 Rapid solar flux variation may be compensated for by suitable pipework and 
heat exchangers, increasing system efficiency and performance. 

•	 TES allow operation during off-peak hours (time of no solar radiation). 
•	 The size of subsequent components can be minimized. 
•	 TES allow better thermal management of the solar system. 

Various characteristics of TES in energy storage systems are depicted in Fig
ure 2.3. 

2.4 BASIC MODES OF HEAT TRANSFER IN TES 

There are three physical methods of storage in the TES system, which include sen
sible storage, thermochemical storage, and latent heat storage. The sensible com
ponent explains the atomic and molecular movements of translation, rotation, and 
vibration. The material’s intermolecular forces, which affect the transition between 
the solid, liquid, and gaseous stages, result in the latent component. The energy held 
in the chemical bonds between atoms is explained by the chemical component. 

Based on the properties of storage material and need, TES can be divided into 
three major types: 

1. Sensible storage material 
2. Thermochemical storage material 
3. Latent heat storage material 
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2.4.1 SenSibLe heaT STorage 

The process of storing thermal energy by changing the temperature of the stor
age material is known as sensible heat storage (SHS). The heat energy is stored 
in sensible storage material based on their density, specific heat capacity, and 
temperature swing. The temperature of the material changes during the charging 
or discharging cycle but does not undergo any phase transition. SHS is most typ
ically employed for small-scale energy applications (Philip, Raam Dheep, et al., 
2020). 

The thermal energy stored in SHS is directly proportional to the specific capacity, 
mass of the material, and temperature change, which is represented by the equation: 

Q mC (T  TL = P )H 

= mCP DT 

TH  and TL  are the high and low temperatures of the SHS material in °C 
Q = quantity of heat stored in kJ 
m = mass of material in kg 
CP  = specific heat capacity of the material in kJ/kg K 

SHS is comparatively simpler in design and working as compared to latent heat 
storage. However, it has the disadvantage of being larger volume as compared to 
thermochemical and latent heat storage. Energy density of the storage material is 
considered as an important criterion for selection of material. The stratification pro
cess in tanks is currently being explored to improve the performance of SHS due to 
its inability to maintain a constant temperature during operation. 

2.4.2 ThermochemicaL STorage 

In the thermochemical storage (TCS) method, the difference in enthalpy of reactants 
and products in a chemical reaction is used to store the thermal energy. The available 
stored heat is directly proportional to the volume of material used to store energy, 
mass of the material, and heat of the reaction (endothermic), which is shown by the 
equation: 

Q a mDh= r r 

Q = heat stored on kJ 
m = mass in kg 
a  = fraction reacted in kgr
Dh = endothermic heat fusion in kJ/kgr 

Thermal insulation in not required in this energy storage. TCS systems and their 
use in power-to-heat application is a pioneering technology and highlights advan
tages of flexibility, load management, and continuous operation to increase profit
ability in the industrial sector. However, this storage method is quite expensive and 
still needs advancement. 



  

  
  
 
 
 

 

  

27 Latent Heat Storage 

2.4.3 LaTenT heaT STorage 

Because of its near isotherm functioning and high storage density, latent heat storage (LHS) 
is widely known for its advantages over traditional SHS. LHS is determined by a material’s 
phase transition. Melting and solidification of a substance are employed in the solid-liquid 
phase transition. When sufficient heat energy is given, the latent heat material melts and 
stores huge amounts of thermal energy at a steady temperature and is dissipated when the 
material solidifies. LHS storing mediums are known as phase change materials (PCMs). 

2.5 THEORY OF STORED ENERGY IN LHS MATERIALS 

Unlike SHS, latent heat storage materials provide higher storage density at a nar
rower temperature range. In addition, LHS materials such as PCMs are able to store 
5–14 times more heat for the same volume as SHS materials (Sharma et al., 2009). 
The amount of latent heat stored can be calculated as: 

Q m h= D  

Where Q is the amount of heat stored in the material (J), m represents the mass 
of the storage medium in kg, and Dh  denotes the phase transition enthalpy in J/kg. 

Also, the heat storage ability of LHS with a PCM is given by the mathematical 
expression: 

Q sensibleheat  + latent heat sensibleheat = +(melting) (solidifyiing ) 

Q m C  = . Tm  Ti . + m Cpl  (T( ) + m a H  m . f  T )ps m 

é ùQ m C T  T  (  + a H C T  T   )= ) + (ps m i m pl f m ûë 

Q = Heat stored on kJ 
m = Mass in kg 
a = Fraction reacted in kg. m 
H = Phase change enthalpy 
Ti  = Initial temperature in K 
Tf  = Final temperature in K 
T  = Temperature at which melting happens in K m
Cps =Specific capacity of solid in kJ/kg K 
Cpl = Specific capacity of liquid in kJ/kg K 

2.6 CHARACTERISTICS OF LHS MATERIALS DURING 
CHARGING AND DISCHARGING 

Figure  2.4 explains that the solid material temperature rises in proportion to the 
energy it receives when it is heated until it reaches the melting point. The chemical 
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 FIGURE 2.4 Temperature profile of LHS materials. 

linkage in latent heat materials breaks down as the temperature rises, causing the 
substance to modify its state from solid to liquid. Since the phase transition is a 
heat-seeking process, PCM absorbs heat. During charging, when the phase transi
tion temperature is reached, the material begins to melt. The temperature remains 
constant until the melting process is completed. Because the heating and cooling 
processes are comparable, it is possible to recover the stored thermal energy as latent 
heat at a constant temperature. 

2.7 PHASE CHANGE MATERIALS: CHARACTERISTICS 
AND CLASSIFICATION 

LHS materials are generally known as phase change materials. Thermal energy is 
stored and retrieved by undergoing a change in phase of the materials. Phase transi
tion can take place in the following forms: 

• Solid: Solid 
• Solid: Liquid 
• Solid: Gas 
• Liquid: Gas 

As previously stated, PCMs may store latent heat through solid-solid, solid-liquid, 
solid-gas, and liquid-gas phase shifts. However, the solid-liquid phase shift is the 
sole one employed for PCMs. Liquid-gas PCMs are not suitable for thermal storage 
due to the large volume or high pressure required to keep the components in their 
gas phase. The heat of transformation for liquid-gas phase transitions is greater than 
for solid-liquid phase transitions. Solid-solid PCMs are usually sluggish with a low 
heat of transition. 
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2.7.1 SeLecTion oF a pcm: ThermophySicaL properTieS 

There has been some general selection criteria for choosing a PCM as thermal energy 
storage material. PCMs are selected based on their uses in the required application 
(Oró et al., 2012). Thermophysical properties are initially classified as: 

•	 Thermodynamic properties
 
The PCM should possess
 
1.	 The melting point in the specified working temperature range 
2.	 High fusion latent heat per unit volume 
3.	 High specific heat 
4.	 High density 
5.	 High thermal conductivity 
6. Congruent melting 
7.	 Minimal volume changes during the phase transformation and low vapor 

pressure at operating temperature to reduce the confinement issue 
•	 Kinetic properties 

1.	 Rapid crystal formation, such that the system can fulfill heat recovery 
demands from the storage system 

2.	 High nucleation to avoid liquid phase supercooling 
•	 Chemical properties 

1.	 Chemical endurance 
2.	 Charge-discharge cycle that is completely reversible 
3.	 No deterioration after repeated heat cycling 
4.	 Non-corrosive 
5. Non-toxic 
6. Non-flammable 
7.	 Non-explosive 

•	 Economic characteristics 
1.	 Low cost 
2.	 Widespread availability of materials 

2.7.2 pcm: cLaSSiFicaTion 

PCMs are classified based on melting temperature and material composition, as 
depicted in Figure 2.5. 

Meanwhile, PCMs are classified into three types, and they are further divided 
based on the properties of the material used, as presented in Figure  2.6 (Raam 
Dheep & Sreekumar, 2019). 

•	 Organic: Organic PCM refers to the material that is carbon-based com
pounds. They are non-corrosive and can freeze and melt repeatedly with
out phase separation. Organic materials are classified into two types: paraf
fins and non-paraffins. These materials’ features include high latent heat of 
fusion, limited thermal conductivity, instability at high temperatures, and self-
nucleation with little or no supercooling. 
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FIGURE 2.5 PCMs in terms of temperature and material composition. 

FIGURE 2.6 Classification of PCMs. 

•	 Inorganic: Inorganic PCM comprises salt hydrates, nitrates, and metal
lic compounds. They can withstand temperatures up to 1500°C. Inorganic 
PCMs are superior in terms of being economical, having sharp melting 
points, high enthalpy, and very low volume change. They have drawbacks 
such as supercooling, segregation, material degradation and corrosion of 
containment, low specific heat, and reductions in enthalpy after a few ther
mal cycles owing to incongruent melting. 



 

  

   
  
 

 
 

  

 
  

 
 

  

 
  

 
 
 
 

 
 
  
  

 
  

 
  

 
 

 
  

  
  

 
  

 
 
 

31 Latent Heat Storage 

TABLE 2.1 
Classification of Latent Heat Storage Materials Based on Their Merits 
and Demerits 

ORGANIC 

INORGANIC 

EUTECTIC 

Merits 

• Possess good thermal 
and chemical stability 

• The high heat values 
• Low cost and readily 

available 
• Non-flammable 
• Non-corrosive in nature 

• Non-flammable 
• Low cost 
• The high heat of fusion 
• Good thermal 

conductivity 

• Sharp melting point 
• Good structural and 

chemical stability 
• High latent heat of fusion 
• Little or no supercooling 

Demerits 

• Lower thermal 
conductivity 

• Low enthalpy 
• Large volume change 

during phase transition 

• Chances of corrosion 
• Shows little phase 

decomposition 
• High supercooling 
• Insufficient thermal 

stability 

• Costly 
• Lower thermal 

conductivity ranging 
1 1

0.1–0.2 W m K  

Examples 

• Paraffin 
• Fatty acid 
• Alcohol 
• Esters 

• Salt hydrates 
• Metallics 

• Inorganic-organic 
• Inorganic-inorganic 
• Organic-organic 

•	 Eutectic: Eutectics are formed by the combination of two or more compo
nents. Due to their crystallization, they form a combination of components 
with a limited probability of separation back into components. Eutectics are 
classified into organic and organic, inorganic and inorganic, and inorganic 
and organic combinations based on their composition. One of the distin
guishing characteristics of eutectic substances is that they melt and freeze 
congruently with no segregation (Oró et al., 2012). 

The advantages and disadvantages of phase change materials are listed in Table 2.1, 
showing the feasibility of choosing the appropriate material. 

2.8 THERMAL ANALYSIS TO DETERMINE THE POTENCY 
OF LATENT HEAT STORAGE MATERIALS 

The phase transition temperature and enthalpy of fusion are the major concerns of 
LHS materials. Generally, thermophysical properties are calculated to determine the 
performance parameter of the TES system. The potency of the LHS materials can be 
identified and measured using the following techniques: 

•	 Differential Scanning Calorimetry (DSC). This is used to determine the 
thermal properties such as phase transition temperature and latent heat of 
fusion of PCM for the required application. A typical DSC run involves heating/ 
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cooling the sample at a controlled steady rate by monitoring the heat flow 
rates. 

•	 Differential Thermal Analysis (DTA). The thermal stability of the PCM is 
analyzed through this technique. This characterization is a basic study for 
LHS material to evaluate how applied temperature affects the material prop
erty. 

2.9 THERMAL ENERGY STORAGE APPLICATIONS OF 
LATENT HEAT STORAGE (LHS) MATERIALS 

The design and integration of latent heat thermal energy storage materials for a 
specific application is crucial in their development. Currently, researchers are con
ducting experimental and modeling research on PCMs using multiple possible 
understandings of thermal storage and operating strategies that are both economi
cally and sustainably viable. The PCMs’ environmental cost should be assessed. For 
example, if the embedded energy of a material has a long payback period, it may not 
be recovered during usage. In this method, the production of PCMs from renewable, 
biological sources is particularly desirable. TES can be made from a variety of fatty 
molecules generated by algae and plants, such as palm oil and rapeseed. Because 
these sources reproduce fast and rely heavily on solar energy, organic PCMs may be 
extracted from them in a sustainable and low-energy way. Thermal lifetime analysis 
is a useful method for determining the long-term benefits of a PCM option (Arkar & 
Medved, 2007). 

PCMs are commonly employed in TES systems nowadays and have a wide range 
of applications. Here are a few examples of the various applications that are docu
mented in the literature (Zalba et al., 2004): 

•	 Effective storage technology for solar thermal systems 
•	 PCM integrated passive and active storage system in the building environ

ment 
•	 Cooling requirements: applicable on off-peak hours and reduction of the 

conventional electrical source of power 
•	 Heating requirements: water heating using off-peak rates and adapting 

unloading curves 
•	 Human thermal comfort: maintaining thermal comfort with PCM in the liv

ing room environment 
•	 Thermal protection of food: ice cream storage, hotel trade, etc. 
•	 Thermal management in electronic devices, batteries, and e-vehicles 
•	 Engine cooling requirements 
•	 Medical field application in the transportation of blood, vaccine storage, etc. 
•	 Reducing exothermic temperature peaks in chemical reactions 
•	 Solar power plant technology 
•	 Spacecraft mission 
•	 Food, agro-industries 
•	 Milk dairy application: keeping milk temperature at 4°C for increasing 

usage duration 
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FIGURE 2.7 Application of LHS material with temperature ranges. 

LHS materials are reviewed in terms of various working temperature ranges. 
There are four different temperature ranges from the freezing temperature range to 
the high-temperature range, as shown in Figure 2.7. 

2.9.1 pcm appLicaTion in Sub-ambienT TemperaTureS 

The notion of thermal energy storage-based cooling is gaining popularity across the 
world, and many environmentally conscious entities have already implemented it. In 
cooling applications, various materials that constitute appropriate PCMs are often used 
at phase transition temperatures below the ambient temperature (–20 to 5°C). Ice is 
the most widely used and least expensive of these PCMs. It utilizes approximately 11 
kilograms of ice to store 1 kW h energy at 0°C due to its high enthalpy of fusion of 334 
J g-1 (Dutt Sharma et al., 2004). District cooling, which is used to cool both residential 
and commercial structures, centralizes the production and storage of ice. In addition to 
ice, several of Cristopia Energy Systems’ worldwide district cooling storage tanks are 
integrated with encapsulated PCMs composed of fatty alcohols, fatty acids, paraffin, 
and salt hydrates with phase transition temperature ranging from −33 to 27°C. 

On a small scale, major commercial buildings may be individually cooled using 
devices like the Ice Bank created by CALMAC (Sharma et al., 2013). During night
time, when power rates are lowest off-peak, this system freezes water held in huge 
tanks employing a cold absorption refrigeration system with an antifreeze solution 
comprised of water and glycol as a heat transfer fluid. The storage containers are 
occupied with paraffin, glycols as PCMs to retain perishable goods at or near the 
PCMs’ cold phase transition temperature. Containers made with integrated PCM 
packs provide a straightforward way to keep sensitive medicinal goods at the cold 
temperature throughout transportation (Noël et al., 2016). 
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2.9.2 pcm appLicaTion in ambienT TemperaTureS 

When power prices are higher during the daytime peak, PCMs in building materials 
with phase transition temperatures close to ambient (5–40°C) can lessen the burden 
on the air conditioning system. PCM integration into building materials has been 
researched utilizing several strategies, including immersion, direct incorporation, 
and encapsulation (Hajba-Horváth et al., 2022). Direct incorporation is the technique 
of directly combining PCMs with building materials (such as gypsum, concrete, or 
mortar); immersion is the process of impregnating building materials with liquid 
PCM; and encapsulation is the process of employing either tiny (1–1000 mm) or 
bigger particles. Cabeza et al. compiled various PCMs often used in building cooling 
applications, as well as some of their thermophysical properties. These PCMs may 
be passively implanted into a variety of building components, including wallboards, 
concrete, insulation, and ventilation systems. PCMs with a melting temperature in 
the range of 21–28°C are commonly used to provide temperature-regulated clothing 
for use in warm climates and provides cooling ease by lowering diurnal temperature 
swings from 27°C to 20–22°C (Noël et al., 2016). 

Several commercial products are available, and much research has been under
taken on the basis of the thermophysical properties of PCMs used in building con
struction materials in a variable climatic situation. To boost the heat storage capacity 
of wallboards, paraffin PCM is usually used to permeate them and Micron® wall
boards and metal ceiling tiles are two commercial products that use paraffin waxes. 
Integration of fatty acid combinations such as decanoic and dodecanoic, as well as 
esters such as butyl stearate and propyl palmitate, has also received a lot of attention. 

2.9.3 pcm appLicaTion in moderaTe TemperaTureS 

Many PCMs including salt hydrates undergo phase shifts at temperatures ranging 
from 40°C to slightly more than 80°C. One or more hydrating liquids and inorganic or 
organic salts are combined to form salt hydrate materials. Salt hydrates were mostly 
studied as materials for developing stable PCMs (Nada et al., 2020). Salt hydrates 
have higher volumetric fusion temperatures and densities in the moderate-temperature 
domain than do other materials. This study looks at a variety of salt hydrate PCMs 
as examples. The majority of salt hydrate PCMs have moderate to high latent heat 
of fusion ranging from 100–300 Jg 1  (Saqib & Andrzejczyk, 2023). A vast num
ber of organic compounds undergo phase shifts at moderate temperatures, includ
ing paraffin CH3 ( CH2 )n CH2 ) (Bhagwat et al., 2021), fatty acids ( CH3  ( CH3 )n 
COOH) (Hasan, 1994), and sugar alcohols (Mazman et al., 2008). The enticing fea
ture of being obtained from renewable, plant-based sources applies to both fatty acids 
and sugar alcohols. According to Kürklü et al. (2002) and Shukla et al. (2009), fatty 
acids cycle well and retain their thermodynamic properties through a large number of 
cycles, making them ideal for many TES applications. Solar domestic water heating 
has become more envisaging technology in mild temperature range storage systems, 
among other thermal energy storage applications. 

2.9.3.1 Solar Water Heating System 
In the moderate temperature range, PCMs are extensively used in household solar 
hot water applications. The size and weight of this sort of practical storage prevent 
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its usage in various residential or business situations, notably for retrofitting in 
limited places (Sharma et  al. 2009; Atkin  & Farid, 2015). In this design, solar 
energy may be charged into a PCM of definite volume, and chilled water may sub
sequently be heated up by flowing through a heat exchanger inside the PCM tank. 
Water acts as a heat transfer medium, which is freely allowed to pass through an 
evacuated tube or flat-plate solar collector to convert available solar thermal radia
tion to heat. This heat is then used to warm water for domestic use. Many concepts 
for PCM-based solar water heaters are investigated and studied for this moderate 
temperature range to meet the green needs of the environment and effective energy 
recovery. 

2.9.4 pcm appLicaTion in high TemperaTureS 

Metals and anhydrous salts are among the PCMs utilized for high-temperature heat 
storage, with temperatures ranging from several hundred to well over 1000°C. Var
ious chlorides, carbonates, sulphates, nitrites, and nitrates, as well as their eutectic 
mixtures, are widely utilized for the latter. Despite melting at temperatures ranging 
from 300–550°C, nitrates and nitrites exhibit a low latent heat of (100–175) J g-1. 
Despite having a greater latent heat, which typically exceeds 200 J g-1, chlorides and 
carbonates do not melt until they reach 700°C (Raj & Velraj, 2010). Because molten 
salts may corrode many types of steel and their vapors are often reactive, costly 
alloys and coatings are necessary to provide the system with an acceptable lifespan 
(Zhou et al., 2012). Metals and their eutectic alloys show good thermal properties 
as PCMs such as better thermal conductivity, less corrosivity, and high latent heat 
of fusion, so their use is occasionally competitive with salts, despite being more 
expensive. 

Because of the direct generation of steam in the absorber tubes, latent heat storage 
devices have gained interest in the development of CSP technology. The latent heat 
system serves as a steam storage system for the two-phase heat transporter water/ 
steam. The melting points of possible PCMs range from 120-–340°C. In this cir
cumstance, it is often not cost effective to adopt storage methods that involve sensi
ble heat storage. Sensible heat storage systems for two-phase heat carriers have low 
energy efficiency or considerable exergy due to significant temperature variations 
between storage medium and HTFs. A phase change in the PCM and the heat carrier, 
on the other hand, occurs at nearly the same temperature in a latent heat storage 
system. Consequently, it is feasible to further prevent greater temperature variations. 

2.10 ENHANCEMENT TECHNIQUES TO IMPROVE 
THE PERFORMANCE OF LHS MATERIALS 

Thermal conductivity and heat transfer mechanism of PCMs can be improved by 
carrying out some enhancement methods, which are classified as (Figure 2.8): 

•	 Conductivity can be enhanced by adding nanomaterials, porous media. 
•	 The rate of heat transfer can be enhanced by encapsulation methods, finned 

tube set-up. 
•	 Process uniformity can be improved by using multiple PCMs. 
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FIGURE 2.8 Enhancement techniques on PCMs. 

FIGURE 2.9 Different encapsulation methods. 

To prevent direct contact with the environment, the PCM must be encapsulated 
and cannot be employed directly in the application. Additionally, during energy stor
age and retrieval, the PCM undergoes a physical phase transition. It should not leak 
while going through the phase transition. In an encapsulating environment, the PCM 
should have properties including flexibility, strength, corrosion resistance, and thermal 
stability. Furthermore, it should give the requisite surface area for heat transmission 
and provide greater structural stability. As a result, the PCM is enclosed following the 
specifications. It can be classified as nano, micro, or macro encapsulation depending 
on its size, which is chosen according to the required applications. Metals, polymers, 
and other materials are frequently employed as encapsulating materials. Encapsulation 
of PCM can be easily done by two generally accepted techniques such as macroen
capsulation and microencapsulation. Additionally, macroencapsulation is widely used 
in the case of TES with a heat exchanger system (Chinnasamy & Appukuttan, 2019). 

The PCM encapsulated in spherical capsules, macroscale metallic or polymeric 
sheet, SS316 cylinder, and pouches are referred to as macroencapsulation, which is 
highlighted in Figure 2.9 (Philip, Veerakumar, et al., 2020). 



  

 
 
 
 
 
 
 
 
 
 

  
 

 

  
 
  

  

  
 

 

  

37 Latent Heat Storage 

2.11 FUTURE ADVANCEMENT AND CHALLENGES 
IN PCM APPLICATIONS 

To accommodate the requirements of various applications, PCMs are available in a 
range of melting temperatures and enthalpies. To utilize energy efficiently, TES sys
tems are used in applications that absorb and dissipate heat utilizing PCMs. For opti
mal performance and to maintain systems in an ideal temperature range, PCMs are 
widely used in solar-based thermal collectors, building cooling technologies, glass, 
clothing fabrics, drug storage, thermal batteries, vegetable drying, etc. The thermally 
advanced PCMs draw continuously growing attention in the following applications 
(Mehling et al., 2022): 

•	 Solar stills 
•	 Thermoelectric generators 
•	 Food storage 
•	 Solar heating 
•	 Advanced batteries with green environment 
•	 Building and HVAC 
•	 PV/T systems 
•	 Smart textiles 
•	 Glazing 
•	 Heat exchangers 

PCMs employed in many green storage applications have drawn a lot of ben
efits in TES, empowering sustainable development of energy conservation and 
audit. The major challenges and suggestions for cautious evaluation based on 
latent heat storage technology are listed as follows (Magendran et al., 2019; Meh
ling et al., 2022): 

•	 Major complications are there for PCM technologies in universal standards 
of testing and analysis, even though a lot of research is being done towards 
material advancement properties of PCMs for their suitability in vivid 
applications. 

•	 The cost of nanoparticles, structural instability, and thermal conductivities 
are all major barriers to the mainstream use of PCM materials. 

•	 The best thermal conductivity materials, such as paraffin wax or fatty acids, 
are extremely combustible. Organic PCMs have a significant problem of low 
thermal conductivity, which adversely affects their applicability in TES sys
tems. 

•	 PCM encapsulation is expensive, time-consuming, and direct to supercool
ing properties, disturbing thermal balance. To optimize the PCM encapsula
tion technique, more research is required. 

•	 Although the majority of PCMs and nano-encapsulated PCMs (NPCMs) 
have well-defined melting points, several investigations have shown differ
ent thermophysical characteristics of liquids and solids. 
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•	 Nanoparticles have proven to be effective as a PCM addition in recent 
experiments. However, there isn’t much research analyzing how to use 
hybrid nanomaterials. Therefore, more investigation focused on the ther
mophysical characterization and performance evaluation of NPCM is 
required. 

•	 Future steps in research will be more relevant in terms of phase segregation 
and supercooling of PCMs to ensure the energy-efficient performance of the 
storage systems. 

2.12 CONCLUSION 

In this chapter, several recent advancements in thermal energy storage systems 
were discussed. Among various TES technologies, latent heat storage materials 
such as PCMs contribute the best part in eradicating the imbalance between energy 
supply and demand through various operating principles. Mechanism of storage 
techniques in LHS material with energy analysis calculation shows the effec
tiveness of thermal energy storage system. The classifications of various PCMs 
and their suitability for potential applications in various operational temperature 
ranges are examined and reported in this study. Breakthroughs in the areas of 
performance enhancement of latent storage materials will increase thermal sta
bility by various approaches also mentioned in this study. Furthermore, the possi
ble integration of PCMs with solar thermal devices and conventional sources will 
cause a leap in the energy storage duration and hence achieve a sustainable energy 
economy. 

REFERENCES 

Arkar, C., & Medved, S. (2007). Free cooling of a building using PCM heat storage integrated 
into the ventilation system. Solar Energy, 81(9), 1078–1087. https://doi.org/10.1016/j. 
solener.2007.01.010 

Atkin, P.,  & Farid, M. M. (2015). Improving the efficiency of photovoltaic cells using 
PCM infused graphite and aluminium fins. Solar Energy, 114, 217–228. https://doi. 
org/10.1016/j.solener.2015.01.037 

Bhagwat, V. V., Roy, S., Das, B., Shah, N., & Chowdhury, A. (2021). Performance of finned 
heat pipe assisted parabolic trough solar collector system under the climatic condition 
of North East India. Sustainable Energy Technologies and Assessments, 45. https://doi. 
org/10.1016/j.seta.2021.101171 

Chinnasamy, V., & Appukuttan, S. (2019). A real-time experimental investigation of building 
integrated thermal energy storage with air-conditioning system for indoor temperature 
regulation. Energy Storage, 1(3). https://doi.org/10.1002/est2.43 

Hajba-Horváth, E., Németh, B., Trif, L., May, M., Jakab, M., Fodor-Kardos, A., & Feczkó, T. 
(2022). Low temperature energy storage by bio-originated calcium alginate-octyl laurate 
microcapsules. Journal of Thermal Analysis and Calorimetry, 147(23), 13151–13160. 
https://doi.org/10.1007/s10973-022-11678-w. 

Hasan, A. (1994). Thermal energy storage system with stearic acid as phase change material. 
Energy Conversion and Management, 35(10). 

https://doi.org/10.1016/j.solener.2007.01.010
https://doi.org/10.1016/j.solener.2015.01.037
https://doi.org/10.1016/j.seta.2021.101171
https://doi.org/10.1002/est2.43
https://doi.org/10.1007/s10973-022-11678-w
https://doi.org/10.1016/j.solener.2007.01.010
https://doi.org/10.1016/j.solener.2015.01.037
https://doi.org/10.1016/j.seta.2021.101171


 
 

 

  

 
 

 

 
 

  
 

 

39 Latent Heat Storage 

Kürklü, A., Özmerzi, A., & Bilgin, S. (2002). Thermal performance of a water-phase change 
material solar collector. Renewable Energy, 26, 391–399. https://doi.org/10.1016/ 
S0960-1481(01)00130-6 

Magendran, S. S., Khan, F. S. A., Mubarak, N. M., Vaka, M., Walvekar, R., Khalid, M., 
Abdullah, E. C., Nizamuddin, S.,  & Karri, R. R. (2019). Synthesis of organic 
phase change materials (PCM) for energy storage applications: A review. In Nano
structures and nano‑objects (Vol. 20). Elsevier B.V. https://doi.org/10.1016/j. 
nanoso.2019.100399 

Mazman, M., Cabeza, L. F., Mehling, H., Paksoy, H. Ö., & Evliya, H. (2008). Heat trans
fer enhancement of fatty acids when used as PCMs in thermal energy storage. 
International Journal of Energy Research, 32(2), 135–143. https://doi.org/10.1002/ 
er.1348 

Mehling, H., Brütting, M., & Haussmann, T. (2022). PCM products and their fields of application – 
An overview of the state in 2020/2021. Journal of Energy Storage, 51. https://doi. 
org/10.1016/j.est.2022.104354 

Nada, S. A., Alshaer, W. G., & Saleh, R. M. (2020). Effect of phase change material plates’ 
arrangements on charging and discharging of energy storage in building air free cooling. 
Energy Storage, 2(4). https://doi.org/10.1002/est2.142 

Noël, J. A., Kahwaji, S., Desgrosseilliers, L., Groulx, D.,  & White, M. A. (2016). Phase 
change materials. In Storing energy: With special reference to renewable energy sources 
(pp. 249–272). Elsevier. https://doi.org/10.1016/B978-0-12-803440-8.00013-0 

Oró, E., de Gracia, A., Castell, A., Farid, M. M., & Cabeza, L. F. (2012). Review on phase 
change materials (PCMs) for cold thermal energy storage applications. Applied Energy, 
99, 513–533). https://doi.org/10.1016/j.apenergy.2012.03.058 

Philip, N., Raam Dheep, G., & Sreekumar, A. (2020). Cold thermal energy storage with 
lauryl alcohol and cetyl alcohol eutectic mixture: Thermophysical studies and 
experimental investigation. Journal of Energy Storage, 27. https://doi.org/10.1016/j. 
est.2019.101060 

Philip, N., Veerakumar, C., & Sreekumar, A. (2020). Lauryl alcohol and stearyl alcohol eutec
tic for cold thermal energy storage in buildings: Preparation, thermophysical studies 
and performance analysis. Journal of Energy Storage, 31. https://doi.org/10.1016/j. 
est.2020.101600 

Raam Dheep, G., & Sreekumar, A. (2019). Thermal reliability and corrosion characteristics 
of an organic phase change materials for solar space heating applications. Journal of 
Energy Storage, 23, 98–105. https://doi.org/10.1016/j.est.2019.03.009 

Raj, V. A. A., & Velraj, R. (2010). Review on free cooling of buildings using phase change 
materials. Renewable and Sustainable Energy Reviews, 14(9). https://doi.org/10.1016/j. 
rser.2010.07.004 

Saqib, M., & Andrzejczyk, R. (2023). A review of phase change materials and heat enhance
ment methodologies. Wiley Interdisciplinary Reviews: Energy and Environment, 12(3). 
https://doi.org/10.1002/wene.467 

Sharma, A., Shukla, A., Chen, C. R., & Dwivedi, S. (2013). Development of phase change 
materials for building applications. Energy and Buildings, 64, 403–407. https://doi. 
org/10.1016/j.enbuild.2013.05.029 

Sharma, A., Tyagi, V. V., Chen, C. R., & Buddhi, D. (2009). Review on thermal energy stor
age with phase change materials and applications. Renewable and Sustainable Energy 
Reviews, 13(2), 318–345. https://doi.org/10.1016/j.rser.2007.10.005 

Sharma, S. D., Kitano, H., & Sagara, K. (2004). Phase change materials for low temperature 
solar thermal applications. Research Reports of the Faculty of Engineering Mie 
University, 29. 

https://doi.org/10.1016/S0960-1481(01)00130-6
https://doi.org/10.1016/j.nanoso.2019.100399
https://doi.org/10.1002/er.1348
https://doi.org/10.1016/j.est.2022.104354
https://doi.org/10.1002/est2.142
https://doi.org/10.1016/B978-0-12-803440-8.00013-0
https://doi.org/10.1016/j.apenergy.2012.03.058
https://doi.org/10.1016/j.est.2019.101060
https://doi.org/10.1016/j.est.2020.101600
https://doi.org/10.1016/j.est.2019.03.009
https://doi.org/10.1016/j.rser.2010.07.004
https://doi.org/10.1002/wene.467
https://doi.org/10.1016/j.enbuild.2013.05.029
https://doi.org/10.1016/j.rser.2007.10.005
https://doi.org/10.1016/S0960-1481(01)00130-6
https://doi.org/10.1016/j.nanoso.2019.100399
https://doi.org/10.1002/er.1348
https://doi.org/10.1016/j.est.2022.104354
https://doi.org/10.1016/j.est.2019.101060
https://doi.org/10.1016/j.est.2020.101600
https://doi.org/10.1016/j.rser.2010.07.004
https://doi.org/10.1016/j.enbuild.2013.05.029


40 Thermal Energy 

 

 

Shukla, A., Buddhi, D., & Sawhney R.L. (2009). Solar water heaters with phase change 
material thermal energy storage medium: A review. Renewable and Sustainable Energy 
Reviews, 13(8), 2119–2125. https://doi.org/10.1016/j.rser.2009.01.024 

Zalba, B., Marín, J. M., Cabeza, L. F., & Mehling, H. (2004). Free-cooling of buildings with 
phase change materials. International Journal of Refrigeration, 27(8), 839–849. https:// 
doi.org/10.1016/j.ijrefrig.2004.03.015 

Zhou, D., Zhao, C. Y., & Tian, Y. (2012). Review on thermal energy storage with phase change 
materials (PCMs) in building applications. Applied Energy, 92, 593–605. https://doi. 
org/10.1016/j.apenergy.2011.08.025 

https://doi.org/10.1016/j.rser.2009.01.024
https://doi.org/10.1016/j.apenergy.2011.08.025
https://doi.org/10.1016/j.ijrefrig.2004.03.015
https://doi.org/10.1016/j.ijrefrig.2004.03.015
https://doi.org/10.1016/j.apenergy.2011.08.025


DOI: 10.1201/9781003345558-4 41  

  

 

 
 
 

 
 
 
 
 

 

 
 
 

 
 

3 Thermochemical Heat 
Storage 
Materials and Application 

B. K. Purohit, Karunesh Kant, Amritanshu Shukla, 
and Atul Sharma 

3.1 INTRODUCTION 

Energy can be measured as a universal currency, considering that it is essential for 
carrying out all activities and is closely linked to the development of a country. 
Countries with more energy with respect to production and consumption levels 
are highly developed. The different types of energy include gravitational, ther
mal, chemical, mechanical, geothermal, electrical, etc. (Ding and Riffat, 2013). 
The energy sources can be classified as non-renewable and renewable. Numerous 
non-renewable (coal, natural gas, oil, nuclear power, etc.) and renewable (solar, 
water, wind, biomass, geothermal) sources are utilized to produce the required 
energy. These produced energies are supplied to a system to accomplish the work 
needed. However, due to the energy efficiency factors, the utilization of these sup
plied energies is observed to be significantly less, and most supplied energy is 
wasted on the environment. Therefore, new energy storage techniques were intro
duced for efficient and economical utilization of produced/available energy. The 
objective is to meet the peak demand to ensure a steady supply of energy during 
the demand period when primary energy sources are unavailable or with energy 
sources such as wind and solar energy (Dincer, 2002; Sharma et al., 2009; Ram
melberg, Schmidt and Ruck, 2012; Sutjahja et al., 2016; Kant, Shukla and Sharma, 
2017). This book is limited to the discussion on available thermal energy storage 
(TES) techniques. 

High storage density (expressed in energy units per unit volume) and superior 
thermal energy charging and discharging capabilities are desirable qualities for any 
TES system (Prim, 2013; Purohit and Sistla, 2021). The techniques for TES systems 
that are generally recognized include sensible, latent, and chemical heat storage tech
niques. Sensible heat storage (SHS) systems typically store thermal energy by raising 
or lowering the temperature of a solid or liquid medium (within the interval where 
no phase change involves). Among the other methods for thermal heat storage, latent 
heat thermal energy storage systems (LHS) were attractive and frequently used. 
Within the applicable temperature range, the storage medium for latent heat under
goes a phase transition from solid to liquid, liquid to gas, or vice versa. This material 
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is referred to as a phase change material (PCM). Chemical heat storage (CHS) sys
tems are further classified as sorption and thermochemical storage systems (Sharma 
et al., 2009; Abedin, 2011; Sunku Prasad et al., 2019; Kant and Pitchumani, 2022a). 
SHS and LHS were generally used for TES applications; however, the thermochem
ical heat storage (TCHS) system has a high energy density and lower energy losses 
throughout the storage period (Kant et al., 2016). This chapter will focus solely on 
various TCHS systems, including their mechanisms, advantages, drawbacks, appli
cations, and recent advancements. 

3.2 THERMOCHEMICAL HEAT STORAGE SYSTEMS 

The intermolecular connection between specific chemical material pairs can be 
broken by applying heat energy to them, and they can be divided into distinct 
reactive components. This material would eventually be able to store heat energy. 
In reverse, the different reactive components can again be reacted to obtain the 
material by releasing heat energy. Sorption and chemical storage are the proce
dures that address chemical heat storage (Farulla et al., 2020; Bao and Ma, 2022). 
Sorption is a process by which a gas or a vapor (sorbate) is captured selectively 
by a sorbent media (either a solid or liquid substance). This sorption storage phe
nomenon is carried out through the processes known as adsorption and absorption. 
According to Poppi et al. (2018), absorption is defined as “the process of one 
material (absorbate) being retained by another (absorbent).” On the one hand, the 
process of capturing a gas or a vapor by a liquid (absorbent) media is known as 
absorption. 

The capturing process may be either physical or chemical. On the other hand, the 
process of capturing a gas or a vapor on the surface of a solid or a porous (adsorbent) 
media is known as adsorption. Adsorption is defined by Poppi et al. (2018) as “a 
phenomenon occurring at the interface between two phases, in which cohesive forces 
act between the molecules of all substances irrespective of their state of aggregation.” 
Additionally, in the adsorption process, physical adsorption (or physisorption) is 
used to describe binding that happens as a result of van der Waals forces. In contrast, 
chemical adsorption is used to describe binding that takes place as a result of valency 
forces (or chemisorption) (Ding and Riffat, 2013). Chemical storage systems allow 
chemical energy conversion into other kinds of energy through chemical reactions. 
These systems use the breaking and reformation of molecular bonds in reversible 
chemical or physical reactions to collect and store thermal energy and release it. 
The processes such as electrochemical, electromagnetic (photochemical or photo
synthesis), thermochemical without sorption, chemical adsorption (chemisorption), 
and chemical absorption are used to store chemical energy effectively. The required 
thermochemical energy storage systems, in which the thermal energy utilizations or 
transactions occur, consist of the processes such as thermochemical without sorption, 
chemical adsorption (chemisorption), and chemical absorption. Table 3.1 displays 
some of the most promising materials and pertinent storage qualities. These chemical 
storage systems are classified in Figure 3.1 (Ding and Riffat, 2013; Kerskes, 2016; 
Bao and Ma, 2022). 
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TABLE 3.1 
Promising Materials for Thermochemical Energy Storage (Abedin, 2011; Ding 
and Riffat, 2013; Sunku Prasad et al., 2019) 
Thermochemical Material Solid Reactant Working Fluid Energy Storage Charging 

Density (GJ/m3) Temperature (°C) 

Calcium carbonate (CaCO3) CaO CO2 3.3 837 

Calcium hydride (CaH2) Ca H2 7.37 1100–1400 

Calcium hydroxide CaO H2O 1.9 479 
(Ca(OH)2) 

Calcium sulphate CaSO4 H2O 1.4 89 
(CaSO4·2H2O) 

Iron carbonate (FeCO3) FeO CO2 2.6 180 

Iron hydroxide (Fe(OH)2) FeO H2O 2.2 150 

Magnesium hydride (MgH2) Mg H2 3.9 300–480 

Magnesium nickel hydride Mg2Ni H4 3.12 253–523 
(Mg2NiH4) 

Magnesium sulphate MgSO4 H2O 2.8 122 
(MgSO4·7H2O) 

Sodium hydride (NaH) Na H2 2.89 600 

Silicon oxide (SiO2) Si O2 37.9 4065 

Sodium sulphide Na2S H2O 2.8 110 
(Na2S.5H2O) 

Strontium bromide SrBr2.H2O H2O 0.22 43 
(SrBr2.6H2O) 

Strontium carbonate (SrCO3) SrO CO2 1.2–1.5 900–1200 

FIGURE 3.1 Classification of chemical and sorption storage systems (Ding and Riffat, 
2013; Kerskes, 2016; Bao and Ma, 2022). 
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3.3 MECHANISM OF HEAT STORAGE FOR 
THERMOCHEMICAL HEAT STORAGE SYSTEMS 

The mechanisms of heat transition for thermochemical energy storage systems can 
be classified into two types and are different for the thermochemical process without 
sorption and with sorption (chemisorption and chemical absorption). 

3.3.1 mechaniSm oF heaT STorage in ThermochemicaL proceSS wiThouT 

SorpTion 

The three primary steps in any typical thermal energy storage cycle are charging, 
storing, and discharging. In thermochemical energy storage, capturing, storing, and 
then releasing thermal energy is carried out by absorbing, breaking/desorption, and 
reforming molecular bonds in a reversible chemical reaction (Mehling and Cabeza, 
2008; Sharma et al., 2009). 

The amount of heat associated with this type of storage medium (Q) depends 
mainly on the factors such as the mass of storage materials (m), materials heat of 
reaction ( DHR ), and the extent of chemical reaction (ε), that is, Q =Î . .m DHR 
(Sharma et al., 2009). The reversible chemical reactions as follows explain the basic 
principle for thermochemical heat storage: 

 (1) 

Initially, a required energy quantity of Q was supplied to dissociate compound AB 
by absorbing Q thermal energy (charging step). The charging process is an endother
mic reaction. After the charging process, AB breaks into its constituent components, 
A and B, as present in Eq. (1). After the charging process, the components A and B 
can be kept/stored apart throughout the charging process to prevent a quick reaction 
backlash with little or no energy losses and to control utilization of energy during the 
peak load demand conditions (Sunliang, 2010). The materials are usually stored at 
ambient temperatures, leading to no thermal losses (except during the initial cooling 
of components “A” and “B” after charging). Any other energy losses are due to the 
degradation of the materials. Because the reaction is reversible, components A and B 
combine (discharging step) to regenerate compound AB. The stored energy Q is then 
released/recovered during this reversible (exothermic reaction) reaction. 

3.3.2 mechaniSm oF heaT STorage Through SorpTion proceSS 

Both chemical absorption and chemical adsorption processes are responsible for 
thermal energy storage through sorption energy storage systems. Both processes will 
capture gas or vapor medium on the solid or liquid medium. These may be further 
classified into two distinct categories of open and closed systems. In an open system, 
during the charging of heat to the storage medium, the fluid available in the storage 
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medium is converted directly to the gaseous state. Thermal energy and gas are released 
into the environment through a heat exchanger interface. In the case of a closed system, 
during the charging of heat to the storage medium, the fluid available in the storage 
medium is converted directly to the gaseous state, but this gas is not released directly; 
the thermal energy is released to the environment through a heat exchanger interface. 

3.3.2.1 Open System 
In an open system, hot and dry air is allowed to flow across the energy storage unit, 
and the adsorbent medium absorbs the temperature from supplied hot air. Hence, the 
water content in the storage material will be trapped and then move out to the envi
ronment with the supplied air (endothermic process). During this desorption reac
tion in the storage unit, the storage material will absorb the heat from the externally 
supplied hot air, making the exit-supplied air warmer and more humid. The humid, 
warm air flowing out of the unit can then be used for primary heating purposes and 
later can be stored separately as cold, moist air with moisture. The storage material 
is now charged with thermal energy and can be stored in an adiabatic system until 
further demand. The cold, humid air stream can be passed over this hot storage 
medium for discharging or heat recovery, and the storage unit will absorb the mois
ture in the cold air stream (exothermic process). Hence, the stored heat energy from 
the storage medium will again transfer to the supplied air stream and become dry 
and warmer. The operating principle of an open system is schematically depicted in 
Figure 3.2 (Abedin and Rosen, 2012; Ding and Riffat, 2013; Bao and Ma, 2022). 

3.3.2.2 Closed System 
In a closed system, hot and dry air is allowed to flow across the energy storage unit, 
and the adsorbent medium absorbs the temperature from supplied hot air. Hence, the 

FIGURE 3.2 Operating principle of an open adsorption energy storage system (Abedin and 
Rosen, 2012; Ding and Riffat, 2013; Bao and Ma, 2022). 
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  FIGURE 3.3 Operating principle of a closed adsorption energy storage system (Abedin and 
Rosen, 2012; Ding and Riffat, 2013; Bao and Ma, 2022). 

water content in the storage material will be trapped and then moved out with the 
supplied air (endothermic process). During this desorption reaction in the storage 
unit, the storage material will absorb the heat from the externally supplied hot air, 
making the exit-supplied air warmer and more humid. The released humid, warm air 
(water vapor + air) is then passed through a condenser to utilize the available energy, 
and the condensed water is stored. 

The storage material is now charged with thermal energy and can be stored in an 
adiabatic system until further demand. The low-temperature heat source evaporates 
the collected water in the discharging cycle depending on the energy demand. The 
water vapor is subjected to flow over the hot storage medium present in the adsorber 
unit. The storage unit will again absorb moisture in the cold air stream (exothermic 
process). Hence, the stored heat energy from the storage medium will again transfer 
to the supplied air stream and become dry and warmer. The operating principle of the 
close system is schematically represented in Figure 3.3 (Ding and Riffat, 2013; Bao 
and Ma, 2022; Abedin and Rosen, 2012). 

3.4 MATERIALS USED FOR THERMOCHEMICAL 
HEAT STORAGE SYSTEMS 

When selecting a thermochemical material, several factors should be taken into con
sideration since they have an impact on TES systems. Some significant parameters are 
energy storage density, reaction temperature, rate, heat transfer capabilities, flow char
acteristics, cycling behavior (reversibility and deterioration over numerous cycles), 
cost, availability, corrosiveness, toxicity, and safety (Abedin, 2011). The creation of 
materials for TCHS is currently mainly in the laboratory stage. It is still a long way 
from any design or material successfully implemented on a large scale for commercial 
use. However, compared to other thermal storage techniques, it offers exceptional 
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FIGURE 3.4 Overview of thermochemical materials/reactants used for energy storage 
(Cot-Gores, Castell and Cabeza, 2012; Bao and Ma, 2022). 

volumetric energy density values (Cot-Gores, Castell and Cabeza, 2012; Prieto et al., 
2016). The materials used for storage can be categorized independently as chemical 
reactions and sorption storage (Figure 3.4). Reversible gas-solid, gas-liquid, and gas-
gas reactions are beneficial working pairs for heat storage in sorption processes. 

Sorption storage processes generally store low-grade heat (80–100°C) and medi
um-grade heat (100–400°C) for applications such as space heating, domestic hot 
water preparation, etc. Some of the examples of working pairs (solid, liquid, and com
posite sorbents) are LiBr solution/H2O; LiCl solution/H2O; LiCl/activated alumina; 
LiCl/expanded graphite; LiCl2 solution/H2O; CaCl2 solution/H2O; aluminophosphates 
(ALPOs)/silico-aluminophosphates; the combination of a salt hydrate with an addi
tive with a porous structure such as expanded graphite, metal foam, carbon fiber, and 
activated carbon (Farulla et al., 2020). Chemical reactions are used to store medium
(100–400°C) and high-grade (>400°C) heat. Examples of chemical reactions are dehy
dration of metal hydroxides (250–800°C); dehydration of metal hydrides (80–400°C); 
dehydration of salt hydrates; de-ammoniation of ammonium chlorides; decarboxyla
tion of metal carbonates (100–950°C); methane steam reforming; catalytic dissocia
tion; and metal oxide redox (600–1000°C) (Farulla et al., 2020; Prieto et al., 2016). 

3.4.1 ammoniaTeS 

Benfer et al. (2004) created the ammoniates pair of BaCl2/MnCl2, which had previ
ously been combined and compressed in expanded graphite, for a refrigeration pro
totype. At 15°C, 25°C, and 195°C, the material’s heat-power conversion from 20% to 
80% was examined. The prototype’s reported average heating and cooling power was 
1 kW and 1.3 kW, respectively. Coefficient of performance (COP) was calculated to 
be 0.35. In the same procedure (Benfer et al., 2004), they also created ammoniates 
of PbCl2 and MnCl2 to cool and maintain an 88 L cold box at 0°C for three hours. 
The MnCl2 reactor emitted heat into the environment, whereas the PbCl2 reactor was 
placed within the box to collect heat from the air. The resorption refrigerator’s cool
ing capacity was 48 kWh m−3 (Lépinasse, Marion and Goetz, 2001). 

With the same BaCl2/MnCl2 ammoniates pair but previously impregnated in 
expanded graphite and solidified in the shape of cylindrical blocks, Li et  al. (Li, 
Wang, Oliveira, et al., 2009; Li, Wang, Kiplagat, et al., 2009; Li, Wang, Chen, et al., 
2009) studied a double-effect sorption refrigeration system. An experimental COP 
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of 0.52 at 60% conversion at operating temperatures of 180°C, 30°C, and 10°C was 
reported. An average SCP of 301 W kg−1 was attained during the 60 minutes (Li, 
Wang, Oliveira, et al., 2009). A resorption prototype for refrigeration at 0°C based 
on the ammoniates of BaCl2 and NiCl2 that had been combined and compacted in 
expanded graphite (Benfer et al., 2004) was studied by Goetz, Spinner, and Lepinasse 
(1997). At a cooling temperature of 0°C and a heat sink temperature of 40°C, the 
mean cooling power during the 15 minutes of the refrigeration phase (41% conver
sion) was 40 W (396 W kg−1). The other ammoniates pairs used reported are NH4Cl/ 
MnCl2 (Bao et al., 2010; Bao, Wang and Wang, 2011), NH4Cl/MnCl2 (Xu, Oliveira 
and Wang, 2011), CaCl2/MnCl2 (Wang, Zhang and Wang, 2010), SrCl2/CoCl2 (Spin
ner, 1993; Vasiliev et al., 1999; Llobet and Goetz, 2000), and MgCl2/LiCl (Haije et 
al., 2007; Pal et al., 2009, 2011; Cot-Gores, Castell and Cabeza, 2012). 

3.4.2 hydraTeS 

The hydrates of MgSO4, MgCl2, CaCl2, and Al2(SO4)3 were proposed for seasonal heat 
storage of solar energy. The authors (van Essen, Cot Gores, et al., 2009; van Essen, 
Zondag, et al., 2009; Cot-Gores, Castell and Cabeza, 2012) aimed to store the surplus 
of solar energy generated during the summer and meet the heating demand for space 
heating and domestic hot water during the winter when the demand exceeds the solar 
supply. The materials were tested under practical conditions, and the performance of the 
material was assessed by measuring the temperature lift of the bed during the sorption 
process. The system with MgCl2, CaCl2, MgSO4, and Al2(SO4)3 reached a maximum 
temperature lift of 19°C, 11°C, 4°C, and 1°C, respectively. However, the MgCl2 and 
CaCl2 tend to form a gel-like material during sorption due to their hygroscopic nature. 

Zondag et al. (2010) found that HCl was formed during the dehydration of 
MgCl2.7H2O at temperatures above 135°C. The formation of this gas not only 
degrades the storage material but is also strongly corrosive. Therefore, dehydra
tion was limited to a temperature below 135°C. The hydration experiments were 
performed in an open system (atmospheric) instead of the closed system, using a 
moistened nitrogen flow of 20 slpm with a vapor pressure of 1.2 kPa. In addition, 
the overhydration of MgCl2 was avoided by impregnation into a carrier material (cel
lulose). The measured temperature lift was 15°C, and the calculated energy density 
of the material after 23 h hydration was 0.14 MJ kg−1. The other hydrate materials 
reported are Na2S (Boer et al., 2004), MnCl2 (Stitou, Mazet and Bonnissel, 2004), 
and SrBr2 (Lahmidi, Mauran and Goetz, 2006; Mauran, Lahmidi and Goetz, 2008; 
Cot-Gores, Castell and Cabeza, 2012). 

3.4.3 meTaL-hydrideS 

Two identical tube and coil-type reactors working with the MmNi4.5Al0.5/ZrMnFe 
pair were used in Ram Gopal and Srinivasa Murthy’s (Gopal and Murthy, 1999) 
experiments for the metal hydride cooling system. The specific cooling power was 
found to range from 30 to 45 W per kg of total hydride mass (60 to 90 W per kilo
gram of desorbing hydride), while the COP ranged from 0.2 to 0.35 depending on 
the operating conditions. 
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Chernikov et al. (2002) investigated a resorption system for the simultaneous pro
duction of chilled water at less than 4°C and hot water at about 50°C using high-
temperature and the low-temperature metal hydrides pair MmNi4.15Fe0.85/LaNi4.6Al0.4. 
The system was run for 8 half-cycles, each lasting 20 minutes. The output tempera
ture of the chilled water was 1.5°C, with an average cooling power of 154 W. Total 
energy used to produce heat and cold was 12.6 MJ and 1.48 MJ, respectively. With 
the help of waste heat released from manufacturing and automotive facilities, Lee 
(1995) developed a resorption metal hydride air conditioner employing the Zr0. 

9Ti0.1Cr0.6Fe1.4/Zr0.9Ti0.1Cr0.9Fe1.1 pair in a tubular type reactor. Reactors of the tubular 
type were employed. The maximum reported SCP was approximately 151 W per 
kg of total hydride mass at an operating temperature of 220oC/30oC/18oC, 4 min 
heating time, and 7 min cooling time (271 W per kg of desorbing metal hydride). 
Kang (1996) studied a resorption system utilizing MmNi4.15Fe0.85/LaNi4.7Al0.3. 
Finned tube reactors were used. The reported COP was roughly 0.2 at the operat
ing parameters of 150°C, 30°C, 20°C, and 20 min cycle time. Imoto (1996) devel
oped a solar-assisted resorption refrigerator system based on a La0.6Y0.4Ni4.8Mn0.2/ 
LaNi4.6Mn0.3Al0.1 pair. The observed thermal power and COP were 1860 W and 0.42, 
respectively, at the operating temperatures of 140°C, 20°C, –20°C, and 19 min (80% 
conversion). The other metal hydrate material reported are pair of La0.6Y0.4Ni4.8Mn0.2/ 
LaNi4.61Mn0.26Al0.13 (Qin et al., 2007), La0.6Y0.4Ni4.8Mn0.2/LaNi4.61Mn0.26Al0.13 (Ni and 
Liu, 2007), and Ti0.99Zr0.01V0.43Fe0.09Cr0.05Mn1.5/LmNi4.91Sn0.15 (Linder, Mertz and 
Laurien, 2010). Authors also reported a two-stage metal hydride heat transformer 
using pairs of LmNi4.85Sn0.15/LmNi4.49Co0.1Mn0.205Al0.205/LmNi4.08Co0.2Mn0.62Al0.1 

(Werner and Groll, 1991) and LmNi4.91Sn0.15/LaNi4.1Al0.52Mn0.38/Ti0.99Zr0.01V0.43Fe0.09 

Cr0.05Mn1.5 (Hans-Peter, 2007; Cot-Gores, Castell and Cabeza, 2012). 

3.4.3.1 Carbonates 
Because of their high volumetric density, low working pressure, non-toxic and non
corrosive chemical makeup, and very high operating temperatures (usually over 800°C), 
carbonates are particularly appealing materials for storing thermal energy (Kyaw et al., 
1997). The thermal energy is stored and released using the exothermic carbonation and 
endothermic calcination processes. The metal carbonate (MCO3) disintegrates into CO2 

and MO within the calcination reactor. The low partial pressure of CO2 and 600–700°C 
are commonly used for this reaction. To utilize the heat produced by a high-temperature 
exothermic process, the byproducts of the reaction (MO and CO2) are then combined 
in a carbonation reactor. The high partial pressure of CO2 and 900°C are used for the 
carbonation reaction. The carbon dioxide released during the calcination reaction can 
either be delivered to a carbonate reactor or held in a storage tank following proper 
compression. The calcination and carbonation reactions might happen simultaneously 
in one reactor or separately in two reactors (Sunku Prasad et al., 2019). 

3.4.4 hydroxideS 

At near-atmospheric pressures, reversible hydration/dehydration of metal oxides can 
be exploited as a high-temperature (500°C) thermal energy storage solution (Yan 
and Zhao, 2016). Common hydroxides are inexpensive, plentiful, and non-toxic 
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(Yan and Zhao, 2016). The most extensively researched common hydroxides for 
a high-temperature TCESS and chemical heat pumps are calcium hydroxide and 
magnesium hydroxide because of their high volumetric energy density (up to 600 
MJ/m3) (Rougé et al., 2017; Yan, Zhao and Pan, 2017). The pressure of water vapor 
supplied to the reaction bed determines the charging and discharging operations of 
the hydroxide-based TCES in an indirect-type, fixed-bed heat exchanger and the 
decomposition temperature. To enhance the reaction kinetics of the hydroxides, 
fluidized-bed and moving-bed reactors have also been suggested in the literature 
(Rougé et al., 2017). Compared to the Mg(OH)2/MgO/H2O system, which is inert 
to hydration in highly superheated steam and whose reaction rate decreases with 
increasing temperature, the Ca(OH)2/CaO/H2O system is more appealing (Ervin, 
1977; Sunku Prasad et al., 2019). 

3.5 APPLICATION OF THERMOCHEMICAL 
HEAT STORAGE SYSTEMS 

TCES can help balance energy supply and demand in thermal systems daily, weekly, 
and even seasonally. TES can also improve the overall efficiency of energy systems 
while decreasing peak demand, energy consumption, CO emissions, and prices. 
TCES is most commonly used to combine waste heat and district heating systems, 
heat pumps, and heat and power (CHP) generators in district heating networks in 
building constructions. Moreover, it is also utilized in concentrating solar power 
(CSP) systems as thermal energy storage. 

3.5.1 TceS in buiLdingS 

Kant and Pitchumani (2022b) analyzed a novel constructal fin tree embedded in 
thermochemical energy storage for building applications. The effect of construc
tion fin design parameters on energy storage density and levelized cost of storage 
was investigated to develop design envelopes that meet the requirements of the US 
Department of Energy Buildings Thermal Energy Storage program, which includes 
a round-trip thermal energy storage density of more than 80 kWh/m3 and a stor
age cost of less than $15/kWh. The study presents ideal designs for constructing a 
tree-augmented thermochemical reactor bed based on the lowest levelized storage 
cost and the highest energy storage density for building-integrated thermal energy 
storage applications. Later authors also discuss the advances and opportunities in 
thermochemical heat storage systems for building applications (Kant and Pitchum
ani, 2022a). Clark and Farid (Clark and Farid, 2022) experimentally investigated the 
cascade TCESS using SrCl2-cement and zeolite-13X materials. The two materials 
were chosen based on their respective hydration and dehydration requirements. The 
volumetric energy density ranged from 108–138 kWhm−3 with dehydration tem
peratures of 50–130°C and hydration conditions of 12°C, 75% RH. The cascaded 
system was revealed to enhance power output and temperature lift. Additionally, as 
compared to a standard salt-based system, the cascade system increased exergy effi
ciency by 6–38%. Kant et al. (2021) evaluated the performance of a K2CO3-based 
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TCESS using a honeycomb-structured heat exchanger. The results of this study 
provide detailed insight into the heat release processes occurring in a fixed bed 
of K2CO3. Clark et al. (2022) screened salt hydrates for thermochemical energy 
storage for building heating applications. The criteria set were volumetric energy 
density of >500 kWh m−3 with a dehydration temperature of <100°C, a material cost 
of < $3.5 USD kg−1 (< $15 USD kWh−1), melting does not occur during dehydra
tion, and safety. Based on the data for the selected materials, it was determined that 
SrCl2 and SrBr2 are the most promising salts. This research discusses the benefits 
and drawbacks of each salt and the situations for which they are best suited. Li, Luo, 
et al. (2022) predicted solar-thermal energy conversion of building envelope using 
thermochemical sorbent based on established reaction kinetics. Compared to earlier 
research, the results show that this passive building envelope can achieve more heat 
harvesting and utilization efficiency in a more compact space. Moreover, the effect 
of radiation intensity on air purification and thermal performance was studied. Sev
eral studies have been conducted on thermochemical thermal energy storage for 
building applications and reviewed in references (Li, Klemeš, et al., 2022; Marie 
et al., 2022). 

3.5.2 TceS in cSp 

Bellan et al. (2022) reviewed high-temperature thermochemical heat storage: parti
cle reactors and materials based on solid–gas reactions to produce electricity beyond 
insolation hours and supply to the electrical grid. The paper analyzes and summa
rizes several thermochemical storage systems currently under investigation, mainly 
TCS based on metal oxides. Several experimental, numerical, and technical research 
examples are provided on developing particle reactors and materials for high-temper
ature TCS applications. The benefits and drawbacks of various heat storage systems 
(sensible, latent, and thermochemical) and particle receivers (stacked, fluidized, and 
entrained) have been explored and documented. Gigantino, Sas Brunser, and Stein
feld (2020) investigated high-temperature thermochemical heat storage via the CuO/ 
Cu2O redox cycle: from material synthesis to packed-bed reactor engineering and 
cyclic operation. A technique was devised for producing porous CuO-based granules 
with yttria-stabilized zirconia (YSZ) as a sintering inhibitor. During 100 consecutive 
cycles in the air between 950–1050°C, the synthesized granules demonstrate high 
and reversible redox conversion, yielding a gravimetric energy storage density asso
ciated with endothermic/exothermic redox processes in the range of 470 to 615 kJ/kg 
for 50 to 65 wt% CuO-YSZ granules. 

Ortiz et al. (2021) proposed integrating a high-temperature thermochemical 
energy storage cycle to boost the solar contribution in solar combined cycles. The 
unique solar combined cycle investigated in this paper raises the yearly solar share 
beyond 50%, whereas existing state-of-the-art technology is below 15%. Results 
from actual solar irradiation data and clustering analysis reveal total plant efficien
cies of more than 45% (considering off-design performance) with extremely high 
dispatch ability, justifying the interest in further developing this unique cycle. Funay
ama et al. (2019) develop a suitable composite material by enhancing heat transfer 
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through the reaction bed and mitigating problems of pure CaO/Ca(OH)2 materials, 
such as forming centimeter-scale agglomerates and change in bulk volume during 
repetitive reactions. The composite material, in which CaO/Ca(OH)2 samples were 
partitioned into pores with a mean diameter of 400 mm , preserved strong reactivity 
and bulk volume during cycle reactions. Carrillo et al. (2019) reviewed high-tem
perature thermochemical heat storage systems and materials for solar energy on 
demand. This paper provides a detailed analysis of major TCS systems, with a focus 
on those employed at high temperatures (500–1000°C) and based on redox pro
cesses. Numerous technical solutions are already available, and only more extensive 
economic analyses can determine which is best suited to a particular plant design. 
Thermochemical storage methods based on ammonia dissociation, hydrides (TiH1.7 
and CaH2), and carbonates (CaCO3 and SrCO3) provide greater energy storage den
sities and use affordable materials in most circumstances. However, many chemi
cal systems have kinetic and/or reversibility constraints and necessitate gas storage, 
which adds complexity to the process and necessitates the installation of equipment 
that may have to run at high pressures, increasing the plant cost. Rodat et al. (2020) 
reviewed high-temperature solar thermochemical processes to fulfill the commitment 
toward day and night solar process operation since it can potentially increase product 
durability, quality, efficiency, and economics. The industrial processes are typically 
continuous, and daily start-up and shut-down severely limit the output capacity of 
solar-powered processes, representing a substantial barrier to scaling up. This work 
reviews and categorizes day and night continuous high-temperature solar processes 
for the first time. 

3.6 SUMMARY AND CONCLUSIONS 

This chapter describes a thermochemical TES system with an extra thermal upgrade 
of stored energy, high specific thermal powers, and the possibility of colossal storage 
capacity due to its scalable design. Because it provides exceptional flexibility in var
ious dimensions, this technique has enormous potential for deployment in industrial 
applications: The experimental results show that the TES has a wide charging and 
discharging temperature range that is particularly important for industrial operations 
(180–280°C using strontium bromide (SrBr2) and water vapor as the reference ther
mochemical working pair). The inorganic salt hydration and dehydration process 
has a high specific energy density of 291 kJ/kg (or 81 kWh/t), equivalent to high-
performance phase change materials in latent TES at similar temperatures. Thermal 
outputs of up to 1.2 kW for charging and discharging have been demonstrated for 
the storage module comprising 4.7 kg of SrBr2 (0.38 kWh capacity). Because the 
dehydration and hydration processes follow an equilibrium line, varying the steam 
pressure may change the reaction temperatures. This effect may be exploited to pre
cisely match charging and discharging temperatures to a given storage application, 
even if those temperatures fluctuate over time. Conversely, this degree of freedom 
could be leveraged to create an effectively wider temperature difference between the 
storage material and the heat transfer fluid, allowing for a smaller heat exchanger 
while maintaining the power of TES. 
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4.1 INTRODUCTION 

It is predicted that energy consumption will face significant problems in the future dec
ades due to the rapidly growing global population and the adoption of new technology. 
How to extract energy from nature is another difficulty of energy consumption; there
fore, environmental protection has become a global imperative (Gorjian et al., 2022). 
The future perspective should be created to take into account the increased use of clean 
alternative energy sources, improving energy efficiency, and considering the finite nature 
of fossil fuel resources, the rise in fuel prices, and the global warming phenomenon as a 
result of the release of greenhouse gases (GHGs), primarily caused by the combustion of 
fossil fuels to meet the energy needs of the growing population (Xu, Wang and Li, 2014; 
2030 Targets | European Commission, 2022). As a result, it is essential to create and 
deploy low-carbon, long-lasting, and reasonably priced energy systems (Kalaiselvam and 
Parameshwaran, 2014). The creation of energy storage technology is one possibility in 
this area, which is just as crucial as the creation of new energy sources. Energy storage is 
mostly utilized to lessen the imbalance between supply and demand, but it may also boost 
the efficiency and dependability of energy systems, contributing significantly to energy 
conservation (Al Shaqsi, Sopian and Al-Hinai, 2020; De Rosa et al., 2021; Olabi and 
Abdelkareem, 2021). The capture and storage of thermal energy within the framework of 
concepts for renewable energies and waste heat use is one of the most crucial areas of the 
energy strategy. About 50% of the final energy consumed globally comes from thermal 
energy, which results in 40% of the CO2 emissions (Heat – Renewables 2019 – Analy
sis – IEA, 2022). The majority of thermal demand for cooling will expand drastically 
as a result of the vast scale of human thermal energy consumption, and any improve
ment in thermal energy management methods may significantly boost society’s financial 
gain (Heating – Analysis –IEA, 2022; The Future of Cooling: Opportunities for Energy‑
Efficient Air Conditioning | U.S. Climate Resilience Toolkit, 2022). By increasing effi
ciency and lowering the ratio of energy consumption, thermal energy storage (TES) tech
nology will close the gap between energy demand and supply. It is a viable solution to 
address the problems related to energy security, which are caused by GHG emissions, 
and climate change (Finck et al., 2018). 
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TES technology uses a storage medium to keep heat or cold in reserve. In this 
method, the stored energy may be utilized later to generate power as well as for 
heating and cooling purposes. TES technologies assist in balancing energy supply 
and demand across daily, weekly, monthly, or seasonal timescales, depending on 
the availability of resources (Sarbu and Sebarchievici, 2016; Gorjian, Calise, et al., 
2021). The noted difference might be due to variations in power, location, time, or 
temperature. With three primary phases of charging, discharging, and storage that 
together create a whole cycle, energy is added to the storage system in TES technol
ogies so that it may be utilized again at a later time. As a result, TES systems should 
take into account the cycles described, including the storage’s short-, medium-, or 
long-term (seasonal) capacity (Enescu et al., 2020; Cabeza et al., 2021). 

Buildings (for space heating and cooling, and water heating), solar power produc
tion systems, and greenhouses are just a few of the thermal applications that may 
be connected with TES technologies (for heating or cooling) (Dinçer and Rosen, 
2010). People have utilized stored energy derived from natural resources throughout 
history. Stones, water, soil, and phase change materials (PCMs) are examples of nat
ural resources that have been employed for energy storage, together with the earth, 
sky, ambient air, and water evaporation (Morofsky, 2007; Jalili Jamshidian, Gorjian 
and Far, 2018). Extracting natural ice or snow from mountains, lakes, and rivers to 
keep food and beverages cold and to chill the area is one of the most traditional ways 
of storing energy. Living in natural caves or excavating in rocks and dirt that were 
chilly in the summer and warm in the winter is another method of storing energy 
since seasonal temperature fluctuations do not penetrate the depths of the ground. Ice 
was utilized for air conditioning before mechanical cooling systems were invented. 
When put within the air ducts in the early 19th century, the ice served as a cooling 
medium, chilling and humidifying the heated air blasted into it (Morofsky, 2007; Dri
jver, Dinkla and Grotenhuis, 2010). Large water storage tanks were one of the first 
kinds of constructed energy storage that helped lower peak energy demand and were 
the most popular in solar and district heating applications. Storage devices are also 
required for solar thermal applications because of the daily changes in solar energy. 
In this manner, the heat produced by the sun may be utilized after dusk. Additionally, 
variations in sun intensity lead to a requirement for weekly and seasonal storage 
(Lee, 2013). With the emergence of the energy crisis in the early 1970s, interest in 
TES technologies started to pick up steam. The long-term objective was to store solar 
heat primarily for space heating from summer to winter at the outset of large-scale 
seasonal storage research and development. Industrial waste heat, which had a high 
potential as an energy source, was another one exploited in this context (Xu, Wang 
and Li, 2014). In recent years, cooling has also grown to be a significant problem, 
leading to a rise in the usage of district cooling systems. These systems have up to 
now relied on passive cold storage, although interest in large-scale seasonal cold 
storage systems is developing. The three key forces driving the development of large-
scale seasonal energy storage systems are (Morofsky, 2007; Xu, Wang and Li, 2014): 

•	 Separation of the production of heat and electricity in cogeneration facilities 
employing heat storage to improve the proportion of the yearly heat demand 
that can be satisfied by cogeneration 



60 Thermal Energy 

  

 

 
 
  

 

 
 

   

 
 

 

•	 Solar energy may be used to cover winter heating demands with the help of 
solar central heating systems with seasonal storage 

•	 Wintertime air temperature storage for summertime cooling 

Thus, thermal energy storage may be used for the following primary applications 
(Liu et al., 2020): 

•	 Energy conservation through the use of new alternative energy sources 
•	 Peak shaving in grid networks and district heating systems 
•	 Energy conservation involves running energy conversion machinery at full 

(optimal) load rather than partial load, such as heat pumps and co-generating 
plants. This lowers the need for power and boosts efficiency. 

•	 Lowering the emissions of greenhouse gases 
•	 Release of high-quality electrical energy for commercial applications with 

additional value 

TES’s role and significance will be given a lot of emphasis for the following 
reasons: 

•	 Approximately 90% of the global energy budget is utilized for thermal 
energy, which is used for a variety of functions, including the storage, conver
sion, and transfer of heat. Figure 4.1 demonstrates the significance of thermal 
energy as a bridge between main and secondary energy sources. Therefore, by 

FIGURE 4.1 Thermal energy as the heart of the whole energy chain (Sadeghi, 2022). 
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bridging the gap between heat demand and supply, TES technologies can help 
contribute to a more suitable generation and use of thermal energy (Sadeghi, 
2022). 

•	 A sizable portion of energy consumption on the demand side is used as ther
mal energy (approximately 50% in the UK) (Taylor et al., 2013). 

•	 Thermal energy must be a byproduct or intermediary in many industrial 
operations due to thermodynamic restrictions. The use of TES offers a sig
nificant potential to increase process energy productivity, but conventional 
energy storage technologies are scarcely capable of filling this gap (Taylor et 
al., 2013; Sadeghi, 2022). 

•	 TES is essential for the storage of compressed air, the creation of solar ther
mal power, cold energy, and pumped thermal energy (Hartmann et al., 2012). 

•	 With an existing range of fewer than 200 km, TES can significantly increase 
the effectiveness and performance of electric cars. However, the usage of air 
conditioning will result in a range decrease of between 30–40%. 

•	 Adding TES to power plants can dramatically improve their capacity to 
meet peak demand and lower the cost of carbon capture (Li et al., 2011). 

According to various criteria, there are many classes for thermal energy storage 
methods, as illustrated in Figure 4.2. Thermal storage methods can be divided into 
‘heat storage’ and ‘cold storage’ depending on the temperature level of the thermal 
energy that is being stored. While ‘short-term’ and ‘long-term’ thermal energy stor
age may be obtained if the amount of time the thermal energy is held is the criterion. 
Finally, ‘sensible heat storage’, ‘latent heat storage’, and ‘thermochemical heat stor
age’ can all be taken into consideration if the material’s state (a mechanism) is the 
criteria (Hasnain, 1998a, 1998b; Alva, Lin and Fang, 2015). 

Based on the properties of the materials used for energy storage, Figure 4.3 pre
sents a very clear categorization scheme for the types of heat storage. 

Heat- and cold-storage thermal energy technologies are categorized as (Liu et al., 
2020): 

•	 Underground thermal energy storage (UTES) 
•	 Above-ground water tanks 

FIGURE 4.2 Solutions for storing thermal energy and their categorization (Sharma et al., 
2009). 
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FIGURE 4.3 TES technologies categorized using the material state criterion (Sharma et al., 
2009; Alva, Lin and Fang, 2018). 

• Rock-filled reservoirs with air circulation 
• Phase change materials (PCM) 
• Thermochemical storage 

Nature is the driving force behind the development of storage systems between 
seasons of the year because seasonal climatic variations result in the passive storage 
of thermal energy in subterranean waters. Underground water is an appropriate source 
for heat extraction in the winter since the average ground temperature is greater in 
the winter than it is in the summer. In other words, the heat extracted in the summer 
is collected and employed as a storage system. These extraction systems are mostly 
used to deliver heat in the winter and cool in the summer. It should be noted that 
additional energy storage will be required if the system’s heating demand is lower or 
greater than its cooling demand. Subsurface thermal energy storage (UTES) systems 
employ naturally occurring underground places to store thermal energy (Lee, 2013). 
The introduction of TES technologies, including the several forms of thermal stor
age, their benefits, and their significance, is the first topic covered in this chapter. The 
chapter then covers UTES technologies, including aquifer thermal energy storage, 
borehole thermal energy storage, cave thermal energy storage, pit thermal energy 
storage, and water reservoirs, and discusses their performance and uses. 

4.2 UNDERGROUND THERMAL ENERGY 
STORAGE TECHNOLOGIES 

Sensible heat is the primary kind of energy stored during long-term (seasonal) ther
mal energy storage. However, energy losses happen while the sensible heat is being 
stored. TES is now the most researched and applied method in sensible heat storage. 
Due to their ability to retain heat, availability of space, and affordability in compar
ison to water, storage materials have received interest (Gorjian, Ebadi, et al., 2021). 
A method called underground thermal energy storage (UTES) makes it possible to 
store thermal energy on a massive scale. With the help of this technology, it is pos
sible to store heat in the soil and subterranean water during the summer and recover 
it during the winter, similar to how cold may be stored in the winter and utilized 
for cooling in the summer. The data show that the temperature of the soil at a given 
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depth is basically consistent, greater in winter than the ambient air temperature, but 
lower in summer than the air temperature. Up to a depth of about 10 meters, the 
shallow soil and groundwater are affected by changes in ambient air temperature. 
The geothermal gradient causes the sun’s surface temperature to rise by an average of 
3○C every 100 m as depth rises. Consequently, the earth and subterranean water are 
appropriate spaces for storing and periodically extracting heat and cold (Lee, 2013). 

UTES systems are divided into two main groups (Novo et al., 2010): (1) open 
loop and (2) closed loop. The term ‘closed’ systems refer to those in which a tech
nical fluid (in most instances, water) is pumped via heat exchangers in the ground 
as opposed to those in which groundwater is pumped from the earth and injected 
into the ground through wells or in subterranean caves. Aquifer thermal energy stor
age (ATES), pit thermal energy storage (PTES), and reservoir/tank thermal energy 
storage (TTES) are examples of open-loop UTES systems. The opposite is true for 
closed-loop UTES systems, which have borehole thermal energy storage (BTES). 
Other UTES methods exist, such as pit and cave TES, although they are rarely used 
in the industrial setting. While BTES, TTES, and PTES systems are less likely to use 
cooling, ATES actively benefits from a balanced heating and cooling load. With or 
without a heat pump, UTES systems may be utilized for both cooling and heating 
(Li et al., 2011; Hartmann et al., 2012). As a result, several UTES systems have been 
developed since the 1970s (Paksoy and Beyhan, 2015): 

• Aquifer thermal energy storage (ATES) 
• Borehole thermal energy storage (BTES) 
• Cavern thermal energy storage (CTES) 
• Pit thermal energy storage (PTES) 
• Water tank thermal energy storage (TTES) 

4.2.1 aquiFer ThermaL energy STorage (aTeS) 

Minerals and subsurface water in the earth’s crust contain thermal energy. The stored 
energy is transferred through one or more wells. The aquifer, a saturated and porous 
subterranean layer, is used as a storage medium for thermal energy in aquifers. Ther
mal energy is transferred by withdrawing groundwater from the aquifer and reinject
ing it at a modified temperature into a separate well nearby. The ATES is the most 
cost-effective natural UTES system. ATES is expanding quickly in recent years as 
a practical solution for seasonal TES, especially in European countries, and several 
ATES studies have been conducted, where the typical modeling techniques and ther
mal performance indicators are provided (Schmidt et al., 2015). Figure 4.4 is a sche
matic illustration of this kind of TES system. Since the selection of the proper aquifer 
and well spacing heavily influences the performance of the ATES system, research is 
currently primarily focused on the variables influencing the subsurface component’s 
performance. Thermal recovery effectiveness and thermal disturbance intensity are 
the two most often utilized indicators for analyzing thermal performance. Thermal 
interference should be avoided in a doublet system to improve thermal recovery effi
ciency, whereas in a multi-well or multi-system, an adequate intensity of thermal 
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  FIGURE 4.4 ATES system schematic; flow direction is reversed in the summer to maxi
mize efficiency (Schmidt et al., 2015). 

interference should be chosen to efficiently boost the energy supply in a particular 
location (Gao et al., 2017). 

4.2.2 borehoLe ThermaL energy STorage (bTeS) 

In general, the most practical UTES are BTES systems. To facilitate the passage 
of thermal energy into and out of the earth, BTES systems comprise vertical heat 
exchangers buried 20 to 300 m under the surface (clay, sand, rock, etc.). The storage 
media in these systems is bedrock. A heat transfer medium is injected through the 
boreholes that pierce the storage volume to transmit heat. A heat transfer medium 
can be circulated through a borehole thanks to a pipe system that has been placed 
there. The temperature of the storage media rises when thermal energy is introduced 
(Schmidt et al., 2015). Figure 4.5a depicts a BTES system in schematic form. For the 
purpose of heating houses or businesses in the summer, many projects incorporate 
the storage of solar heat. Additionally, geothermal heat exchangers (also known as 
geothermal heat pumps) are frequently used in conjunction with heat pumps to col
lect or transmit low-temperature heat from or to the earth. BTES systems are among 
the most widely used types of UTES because of their versatility in virtually all soil 
situations (Gehlin, 2016). 

4.2.3 rock cavern ThermaL energy STorage (cTeS) 

In a cavern thermal energy storage system (CTES), energy is stored in the form of 
hot water in an underground cavern (Figure 4.5 a, b). In this system, with a large 
volume of water, maintaining the characteristics of the classified temperature in the 
cave is of great importance. In this system, during injection, hot water is injected into 
the tank from above, while colder water is withdrawn from below (Schmidt et al., 
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FIGURE 4.5 (a) Cutting through a single borehole system; (b) rock cavern hot water storage 
(Schmidt et al., 2015). 

2015). Water is used in massive, exposed, subterranean caverns called CTES systems 
to store thermal energy. Natural or human-made caverns can be utilized, such as 
depleted oil or gas reserves or abandoned mining tunnels and shafts. Although tech
nically conceivable, the actual use of these storage systems is currently constrained 
since they need particularly specialized site conditions that are frequently absent 
(Zizzo, 2009). 

Figure 4.6 depicts the three most popular thermal storage systems: ATES, BTES, 
and CTES. The two most promising technologies are borehole heat exchangers and 
aquifer storage. In several nations, these ideas have already been implemented as 
operating systems in the energy sector. Commercially, alternative solutions are rarely 
adopted. Aquifer separation and a reduction in water chemistry issues are benefits 
of closed systems. The greater capacity of a well for heat transmission than a bore-
hole is a benefit of open systems. Therefore, if the subsurface is geologically and 
hydrochemical compatible, ATES is often the best alternative (Schmidt, Mangold 
and Müller-Steinhagen, 2003). 

Pit thermal energy storage (PTES) and water tank thermal energy storage 
(TTES), also called artificial aquifers, are human-made structures that, like under
ground tanks, are built underground or near the surface to avoid high excavation 
costs. They must therefore be insulated at the top and the walls, at least to a certain 
depth. Hydrogeologic conditions at a particular site are not as important as for the 
other concepts. Table 4.1 summarizes some of the characteristics of main seasonal 
storage concepts. Figure 4.7 represents the main benefits and drawbacks of UTES 
technologies. 
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FIGURE 4.6 Schematic representation of the most popular UTES systems (Matos, Carneiro 
and Silva, 2019). 

TABLE 4.1
 
Comparison of Storage Concepts (Matos, Carneiro and Silva, 2019)
 
Storage Concept 

Storage medium 

Heat capacity 
(kWh/m3) 

Storage volume 
for 1 m3 water 
equivalent 

Geological 
requirements 

TTES 

Water 

60–80 

1 m3 

Stable ground 
conditions 

Preferably no 
groundwater 

5–15 m deep 

PTES 

Gravel water1 

30–50 

1.3–2 m3 

Stable ground 
conditions 

Preferably no 
groundwater 
5–15 m deep 

BTES 

Ground material 
(soil/rock) 

15–30 

3–5 m3 

Drillable ground 
Groundwater 
favorable 

High heat capacity 
High thermal 
conductivity 

Low hydraulic 
conductivity 

(K < 1 × 10–10 m/s) 
Natural groundwater 
flow <1 m/y 

30–100 m deep 

ATES 

Ground material 
(sand/water or 
gravel) 

30–40 

2–3 m3 

Natural aquifer layer 
with high hydraulic 
conductivity 

(K > 1 × 10–5 m/s) 
Confining layers on 
top and below 

No or low natural 
groundwater flow 

Suitable water 
chemistry at high 
temperatures 

Aquifer thickness 
20–50 m deep 
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FIGURE 4.7 Construction concepts of large-scale/seasonal UTES systems and their ben
efits and drawbacks (Dahash et al., 2019). 

4.3 APPLICATIONS OF UNDERGROUND 
THERMAL ENERGY STORAGE SYSTEMS 

TES systems may be used as long-term (seasonal) storage to supplement natural and 
renewable energy sources as well as short-term storage to balance peak loads. In 
situations where there is an economically advantageous timing mismatch between 
energy demand and supply, TES systems are employed for heating or cooling. UTES 
systems have a variety of uses, including in greenhouses, buildings, etc. 

4.3.1 uSe oF uTeS in agricuLTuraL greenhouSeS 

Human-made structures, such as greenhouses, are one possibility for UTES. UTES 
systems are advantageous because they utilize the extra heat stored in the summer 
to heat the greenhouses in the winter. UTES systems can meet greenhouses’ cooling 
and heating needs (Gorjian et al., 2020). A thermal energy source that is stored in 
an ATES can be made from the heat that has collected in a greenhouse. Figure 4.8 
depicts this procedure. When the aquifers’ conditions are unfavorable, UTES sys
tems are applied. CTES systems protect several subterranean cavities. In the first 
ATES greenhouse, the experimental setup was constructed in 2002, and the first com
mercial use followed in 2003 (Paksoy and Beyhan, 2015). 

Heat or cold is taken or delivered from the ground via closed-loop fluid circula
tion. The fluid often contains an antifreeze to allow the system to operate below the 
freezing point. Similar to the ATES system, the greenhouse distribution system con
nects the greenhouse with the drilling field via heat exchangers (Paksoy and Beyhan, 
2015). The ATES technology was used for the first time in a greenhouse’s heating 
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 FIGURE 4.8 Diagram of an ATES system for greenhouse application. 

Source: Courtesy of IF Tech International BV, Netherlands (Paksoy and Beyhan, 2015). 

and cooling system in a Mediterranean environment. This project, which was carried 
out at Cukurova College, consists of two distinct greenhouses with a combined size 
of 360 m2. While the second greenhouse solely employed the ATES system for the 
heating system, the first greenhouse incorporated both the cooling and heating sys
tems from ATES. The fundamental design of the ATES system as implemented for 
usage in a greenhouse is shown in Figure 4.9. The ATES system was employed in this 
pilot project for each greenhouse in a collection of wells, each of which had a mix 
of hot and cold wells. Each well was 0.4 m in diameter and 80 m deep (Turgut et al., 
2009; Paksoy and Beyhan, 2015). 

In order to look at how heating systems affect greenhouses, three various heating 
system types were examined in Geneva, Switzerland. The heating systems included 
a standard system with a natural gas boiler, one that used a tank storage system, and 
another that used an underground borehole storage system. The greenhouses with 
tanks and the subterranean storage were found to have energy offsets of 13% and 
11%, respectively, without having any detrimental effects on product performance. 
About 25% of the storage capacity is thought to be accounted for by these systems. 
The energy offset might theoretically be four times higher than it is now. It was 
discovered that tank storage has a coefficient of performance (COP) of 1.7 while 
subterranean storage has a COP of 5.8. The latter value was found to be a design flaw 
and not due to tank storage (Paksoy and Beyhan, 2015). 

The Geo-Heat Center in the US conducted research comparing the economic via
bility of using natural gas heating systems vs. ground-source heat pumps (GSHP) 
to satisfy greenhouse heating demands. The heating needs of a 4047 m2 fiberglass 
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FIGURE 4.9 Schematic view of an ATES greenhouse in Cukurova University, Turkey 
(Paksoy and Beyhan, 2015). 

greenhouse were calculated using climatic data from Boston, Dallas, Denver, and 
Seattle. BTES systems were shown to be economically viable at natural gas costs 
of $0.21–0.35/m3, while BTES systems became economically viable at natural gas 
prices over $0.53/m3 (Mehling and Cabeza, 2015). 

The Pacific Agricultural Research Centre in Agassiz, Canada, installed an ATES 
system to provide thermal energy for its greenhouses. The system included a sea
sonal energy storage element and was used for both heating and cooling. This design 
produced supplementary heat using a natural gas boiler rather than cooling towers. It 
was discovered that the older version’s building cost was higher, costing $35 billion 
less annually. As a consequence, there were about 300 tons fewer greenhouse gas 
emissions and 6,000 GJ less energy used per year. There was no ‘closed’ greenhouse 
company involved in the project (Mehling and Cabeza, 2015). For the GESKAS 
project, two miniature greenhouses were constructed at the Belgian Horticulture 
Research Institute. These greenhouses have excellent ventilation since tomatoes were 
grown there. Two open reference greenhouses outfitted with conventional methods 
were utilized for comparison, and the three characteristics of harvesting behavior, 
production rates, and energy were taken into account. Finally, the closed greenhouse 
produced more (7–11%) and used less (8–34%) primary energy. The closed green
house needed a heat pump and a suitable UTES system to operate at its best (Paksoy 
and Beyhan, 2015). In Shanghai, East China, Lee researched a 2,304 m2 solar-heated 
greenhouse with a seasonal thermal energy storage system. This energy storage sys
tem employed 4,970 m3 of subterranean soil to store heat produced by a 500 m2 solar 
collector throughout the winter months using U-tube heat exchangers. It was dis
covered that 208.9 GJ was later removed for heating the greenhouse, whereas 331.9 
GJ was charged during the first year of operation. It was discovered that the system 
can keep the inside air at a temperature that is 13°C above ambient. Additionally, the 
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 FIGURE 4.10 Schematic of a ground-based TES system with Fresnel lens in a solar green
house (Li et al., 2019). 

electrical coefficient of performance (ECOP) was higher than the typical heat pump 
heating system in the first year of operation, at roughly 8.7 (Lee, 2013). 

Li et al. (2019) investigated a solar-heated greenhouse that used a Fresnel lens 
concentrator. To provide heat in the absence of sunlight and ensure plant growth, 
the geothermal storage system was used. The experimental results showed that the 
duration of heat transfer is five days when the heating pipe is installed at a depth of 
1.65 m underground. The increase in the total temperature of the soil is about 4°C. It 
was shown that the depth of the buried pipe should be more than 2.5 meters to achieve 
seasonal heat storage in this system. It was also discovered that the usage of TES can 
guarantee an interior air temperature over 8°C during the coldest season with severe 
weather conditions, which guarantees the minimum temperature needed for plant 
development. Figure 4.10 depicts the system under investigation in schematic form. 

In another study by Lee et al. (1994), the plastic greenhouse’s usage of solar 
energy was made more effective by the subsurface heat exchange system. In a plastic 
greenhouse with an underground heat exchange system, the properties of heat energy 
that was stored and released were examined. This system’s average thermal energy 
storage and release rates were 1,484 kJ/m day and 555 kJ/m day, respectively. The 
heat exchange system’s stated average coefficient of performance was 2.86. The air 
temperature in a greenhouse composed of plastic was also attempted to be predicted. 
The findings of the forecast and those of the measurement were rather well in accord. 

In Shanghai, east China, Xu et al. (2014) examined the thermal performance of 
a solar-heated greenhouse (with a surface area of 2,304  m2) outfitted with a sea
sonal BTES system. The proposed TES system used U-tube heat exchangers to store 
thermal energy from a 500 m2 solar collector in 4,970 m3 of the subterranean soil 
(Figure 4.11). During the heating season, the heat exchanger tubes situated on the 
plant shelves and bare soil discharged the thermal energy that had been stored into 
the greenhouse. It has been shown that the created system can keep the interior air 
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FIGURE 4.11 (a) Solar-powered greenhouse; (b) the array of solar collectors; (c) BTES 
equipment (Xu et al., 2014). 

FIGURE 4.12 Schematic representation of the solar greenhouse equipped with an SSSHS 
(Zhang et al., 2015). 

at a temperature that is 13°C above the outside air when the outside temperature is 
2°C at night. In the first year, the experiment’s electrical COP (ECOP) was almost 
8.7, outperforming a typical GSHP unit in terms of performance. A low-cost seasonal 
solar soil heat storage system (SSSHS) for greenhouse heating was created by Zhang 
et al. (2015). In this design, solar energy was captured and stored in the soil to fulfill 
the greenhouse’s requirement for heating throughout the bitterly cold winter months 
(Figure 4.12). TRNSYS software was employed in this work to mimic the procedure 
and outcomes of solar energy and soil heat absorption. Then, using experimental 
data collected throughout one season, the simulated findings were verified. It was 
discovered that keeping the greenhouse area’s interior air temperature above 12°C 
led to energy savings of 27.8 kWh/m2. 

Subsurface heat exchangers were used in a study by Zhou et al. (2017), to use hot 
water produced by solar collectors to heat a greenhouse. As seen in Figure 4.13, the 
heat storage circuit runs throughout the day to charge the PCM, while the heating cir
cuit discharges the PCM at night (keep valves 1, 2, and 3 open). A project was carried 
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  FIGURE 4.13 Schematic view of a solar heating system equipped with LHTES (Zhou et al., 
2017). The flow direction in the heating loop is shown by blue arrows, while the flow direction 
in the heat storage loop is indicated by pink arrows. 

out by Turgut et al. (2009) at the University of Cukurova in the years 2005–2006 
to ascertain the heating and cooling capabilities of ATES systems in greenhouses 
in Mediterranean climates. Two greenhouses with a combined area of 360 m2 were 
taken into consideration for this project. ATES technology was employed in one of 
the greenhouses for heating and cooling, and conventional heating and cooling sys
tems were used in the other. The groundwater and exchanger water temperatures, as 
well as the outside and interior temperatures of the greenhouses, were all monitored 
during the experiment. To investigate plant development and fruit output, the tomato 
crop that was cultivated in both greenhouses was used. Also assessed were the green
houses’ energy expenses (oil for normal heating and electricity for ATES). Therefore, 
these two systems were contrasted from a technological and financial standpoint. The 
data gathered indicated that the ATES system had high potential for air conditioning 
greenhouses in the Mediterranean climatic zone, both for heating and cooling. Due to 
this performance, no heating oil was ever used in the greenhouse heated by the ATES 
system between October 20 and April 10. The internal temperature of the greenhouse 
never went beyond the crucial limit of 12°C. As opposed to the conventionally heated 
greenhouse, the ATES greenhouse saw less temperature variation. When compared 
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to the traditionally (with fuel oil) heated greenhouse, using ATES for heating resulted 
in energy cost savings of roughly 70%. In the heated greenhouse using the ATES 
system as opposed to the conventionally heated greenhouse, the tomato experiment’s 
production was around 20% greater. 

4.4 USE OF UTES IN BUILDINGS 

Since the 1990s, as experience and proof of BTES’s cost-effectiveness have 
expanded, so have the number and variety of buildings utilizing it for combined 
heating and cooling. Interest in such systems has decreased in favor of the sim
pler low-temperature BTES after the initial decades of ardent development of 
high-temperature seasonal storage (Gehlin, 2016). However, there has recently 
been a resurgence of interest in high-temperature BTES applications with seasonal 
storage of solar heat or industrial and cogeneration plant waste heat. Although 
there are not many such uses, the medium-sized Drake Landing Solar Community 
district heating project in Canada and the industrial waste heat storage system 
in Emmaboda, Sweden, both of which were successful, clearly demonstrate the 
potential for such applications. As district heating utilities adjust to a building stock 
that has been upgraded with low-temperature heating and thermally active build
ing systems, the thermal buffering capabilities of BTES systems has the potential 
to increase the efficiency and resiliency of urban-scale district heating systems. 
A tendency toward bigger BTES systems may be seen in the recent construction of 
some extremely large BTES systems with more than 1,000 wells. According to the 
total number of meters of boreholes drilled, the top five BTES systems worldwide 
include (Gehlin, 2016): 

•	 China’s Tianjin Cultural Center has 3,789 120-meter-deep boreholes (total 
454,680 m) 

•	 Ball State University, Indiana, USA: 1,806 135-meter-deep boreholes (total 
243,810 m) 

•	 Lotte World Tower, Seoul, South Korea: 720 200-meter-diameter boreholes 
(total 144,000 m) 

•	 ELI-NP Marguele in Bucharest, Romania: 1,080 125-meter-deep boreholes 
(total 135,000 m) 

•	 Zhungguancon International Center in Beijing, China: 1,060 123-meter
deep boreholes (total 130,380 m) 

In contrast to the early BTES systems built in the 1980s, which were dug only to a 
modest depth of less than 100 m, today’s boreholes are frequently bored to a depth of 
120–200 m or even deeper. New BTES projects sometimes have borehole depths up 
to 300 m, notably in Scandinavian countries. If BTES can be used to infrastructure 
applications in the real world, it will be interesting to watch. Future studies should 
focus further on how solar heat stored in a BTES system may prevent ice from devel
oping on roads, bridge decks, train stations, and parking lots. As long as BTES sys
tems are cost-competitive with less efficient systems and produce fewer greenhouse 
gases, their usage and development have a promising future (Gehlin, 2016). 
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 FIGURE 4.14 System diagram under desired operational conditions: (a) non-heating season 
and (b) heating season (Xu et al., 2018). 

Xu et al. (2018) evaluated an experimental ADH framework in Chifeng, China, 
which included a 0.5-m TES system, an on-site solar thermal system, and a lot of 
heat from a copper plant (Figure 4.14). In this study, two local heating framework cir
cumstances were examined, and the critical implementation of seasonal TES (STES) 
was examined utilizing a model-based method and Modelica. To assess the effective
ness of the STES system, several performance metrics, including the heat of extrac
tion, the heat of injection, and the storage capacity factor, were chosen. The findings 
show that improved energy performance is correlated with lower STES discharge 
temperature. Further research was done on STES’s long-term performance. It was 
discovered that STES stabilization timeframes of one to three days were reduced by 
discharging at lower temperatures. 
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A greenhouse with a hybrid adaptive BTES system, a 100-kW heat pump, and 
a TES system was created for Maere College in Norway. According to the testing 
findings, this method may reduce fossil fuel usage by 90% in a year. An extra heat
ing system is required to adequately heat the greenhouse at peak heating loads (i.e., 
extremely cold external temperatures), despite the combined system’s overall energy 
efficiency of 68% and COP of 2.6. The modification of the greenhouse’s heat distri
bution system to a conduction heating system close to the plants was the most eco
nomical option to raise the system’s efficiency (Paksoy and Beyhan, 2015). 

The usage of the ATES system is governed by stringent regulations, one of which 
is the obligation to maintain the modulation of the total heat exchange in the ground, 
to ensure environmental and energy sustainability. Typically, this technique combines 
an air handling unit (AHU) with a heat pump (HP). In either scenario, this reduces 
the ATES heating/cooling systems’ operational efficiency and energy use. This study 
assesses a useful technique for recuperation called nocturnal ventilation (NV). Fur
ther, the performance of NV, which may be utilized for excellent cold recovery with 
an energy consumption of up to 19.3 MWh per year, is compared to the operational 
efficiency and energy efficiency of a regularly used HP and AHU, which reaches a 
26.4% increase in the COP (Bozkaya and Zeiler, 2019). Ground source heat pumps 
(GSHP) are utilized in both commercial and residential settings to more effectively 
and efficiently satisfy the demands for heating and cooling. Additionally, solar ther
mal components have been added to traditional GSHP systems to boost seasonal 
heat storage and decrease the estimated size of the ground heat exchanger. Due to 
the high installation costs, this innovation has so far exclusively been deployed in big 
commercial or residential structures. 

A solar-assisted ground source heat pump (SAGSHP) was developed for use in 
home heating systems in the study by Naranjo-Mendoza et al. (2019). The method 
uses a network of irregularly spaced shallow vertical wells (each 1.5 m deep) to occa
sionally store heat in an underground ‘earth energy bank’. After 19 months of use, 
the findings showed that this system provides outstanding performance for heating 
the building in the winter. Solar power introduced into the soil functions as a heat 
storage system in addition to aiding in redressing the thermal imbalance. 

The results also indicate that the control method has to be improved, particularly to 
avoid having a higher feed temperature for the evaporator. In Overberg, Switzerland, 
a simple solar-heated house was built in 1989. It heats a 130 m2 house using 84 m2 

of solar panels and 118 m3 of capacity in three tanks (92, 13, 13 m3). The residence, 
constructed in 2006, reportedly receives 95% of its warmth from a 28  m3 buffer 
tank and 69 m2 of solar collectors on the south-facing roof. There is a building that 
complies with the passive home criteria on the west coast of Ireland (Figure 4.15a). 
A monitored and integrated subterranean thermal energy storage system is included. 
A STES system with a 10.6 m2 evacuated tube solar thermal system, a 300-liter hot 
water storage tank, a 23 m3 water STES, and a combined underfloor heating and 
reheat system is part of the 215 m2 (treated floor area) standalone passive home. 

Scandinavian Houses, a company that creates energy-efficient homes, participated 
in the FP 7 EINSTEIN project and refurbished a building by installing an STES in 
the basement of a brand-new structure (Figure 4.15 a, b). The STES is a 50 m2 solar 
array that comprises 16 flat-plate collectors (FPCs) with a total aperture area of 32 m2 
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FIGURE 4.15 (a) Photo of the passive house with solar panels and STES (under green
house); (b) installation of 600-mm-thick polystyrene insulation on STES (Navarro et al., 
2016). 

and 10 evacuated tube collectors (ETCs) with an aperture area of 1.8 m2 (Navarro et 
al., 2016). 

In a study by Paksoy et al. (2000), a special design was proposed that was a com
bination of solar energy and ATES. This system prevented the waste of electricity 
and oil, which was intended to supply heating and cooling requirements of Cokurova 
University, Balkali Hospital in Adana. In summer, this system could provide heating 
and cooling in winter requirement for the hospital by storing solar energy under
ground. The main source of cooling for this system was the hospital’s ventilation air 
and the surface water of Seyhan Lake. The simulation results showed that a square 
well field of a maximum of 350 ×400 m is sufficient for storing about 14,000 MW/ 
year as of cooling and heating at +10°C. In this ATES system, about 7,000 MW/ 
year was stored in the aquifer’s cold part with an average temperature of +9°C. This 
storage was planned to supply heat for about 2,000 hours in winter. As storage losses 
occur during storage, about 500 MW are lost, increasing the temperature by about 
1°C to +10°C. In summer, about 6,500 MW was used to supply cooling for the hospi
tal during the operation of about 3,000 hours (17 h/day). This could save about 3,000 
MW of electricity by replacing much of the traditional chiller cooling. It was found 
that the ATES system consumed about 250 MW of electricity, which was mostly 
consumed by the pumps in the system. The average COP for conventional cooling 
is considered 2.0. To preheat the ventilation air through the ATES system, from the 
warm side of the aquifer, about 7,000 MWh of thermal energy was pumped, for 
which about 300 MW of electricity was required to drive the involved pumps. How
ever, it was estimated that by using the ATES system for preheating, 1,000 m3/year 
of the oil will be saved. The environmental benefit of this project was the reduction 
in energy consumption in the form of electricity and fuel oil, and the replacement of 
refrigeration equipment that uses ozone-depleting Freon-12 gas. It was also found 
that savings of about 1,000  m3/year in heating oil reduces the CO2 emissions by 
approximately 2,100 tonnes/year, SOx by 7 tonnes/year, and NOx by 8 tonnes/year. 
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FIGURE 4.16 Falstadsenteret located in Levanger (Midttømme and Banks, 2008). 

Additionally, it was proved that replacement of existing chillers with the power of 2 
MW that uses Freon-12 results in the saving of about 0.7 tonnes of Freon-12 per year. 
The largest ATES facility located at Oslo Gardermoen Airport in Norway has heat
ing and cooling capacities of 7 MW and 6 MW, respectively (Sanner, 1998). As an 
example, a standard BTE was completed at Falstadsenteret, a historical museum with 
an area of 2850 m2 in Levanger (Figure 4.16). In this system, the heating and cooling 
units consist of a 130-kW heat pump and 13 borehole heat exchangers (BHEs), at 
a depth of 180 m. The total cost of the GSHP and BTES was calculated as 170,000 
euros, and the payback period was estimated as 12 years compared to traditional 
heating and cooling systems (Midttømme and Banks, 2008). 

In winter 2007, a BTES system consisting of 228 wells with 200 m deep was 
drilled. This system could supply heating and cooling to the new Akershus Univer
sity Hospital (Ahus), as shown in Figure 4.17. The total area of the building was 
137,000 m2 with heating and cooling demands of 26 GWh and 8 GWh, annually. 
This project aimed to supply at least 40% of the energy for cooling and heating 
from renewable energies. The planned BTES was commissioned in May 2007, but 
the second phase of drilling was implemented in 2009–2010, expanding the BTES 
system to a total of 350 wells. The wells were drilled in a layer of dioritic rock with 
a thickness of 5–40 m. This thick clay layer could increase the drilling costs. In 
this project, a combined ammonia cooler and heat pump unit was installed (Midt
tømme et al., 2009). The total cost of this project, including the BTES and GSHP 
units, was calculated as $19.5 million. The original plan was to drill the boreholes 
close to the hospital, but preliminary evaluations, including seismic geophysical 
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 FIGURE 4.17 (a) BTES at Ahus under construction in the summer of 2007; (b) boreholes to 
manifold pipelines at Ahus (Midttømme et al., 2009). 

surveys and test drilling, indicated that there are high-density, clay-filled fracture 
zones. In this regard, it was found that full-scale drilling is expensive and complex. 
Therefore, it was decided to relocate the BTES borehole array to a field approxi
mately 300 m from the hospital (Midttømme and Banks, 2008). Today, most of the 
borehole heads are located completely underground, where the farmers can grow 
their crops in the field. 

4.5 CONCLUSIONS AND PROSPECTS 

TES systems have emerged as important tools for increasing energy efficiency since 
the 1970s, despite traditional fossil-based power generation plants. TES systems are 
considered alternative heating and cooling supply solutions, which can decrease the 
consumption of electricity and fossil fuels and also be used instead of mechanical 
cooling equipment. In this context, TES technology plays a key role to overcome 
the world’s dependence on burning fossil fuels and, consequently, the tremendous 
release of GHGs. Thermal energy can simply be dissipated into the environment 
if it is not stored, necessitating more fossil fuels to be burned. As discussed in this 
chapter, the most common TES systems encountered today are STES systems, TES 
systems integrated with solar thermal power plants, TES units integrated with distrib
uted TES systems mainly for medium-temperature residential solar thermal or appli
cations of geothermal power, TES systems passively used in buildings, greenhouses, 
heat and cold storage, and heating, ventilation, and air conditioning (HVAC) systems 
mostly utilized in buildings, etc. 

Among the various TES technologies, UTES systems have proven that they can 
contribute significantly to reducing greenhouse gas emissions. In this chapter, differ
ent types of UTES systems were presented and discussed. However, the most prac
tical UTES among the technologies studied are BTES systems. For ATES systems, 
there are still no long-term observations for deeper studies, and the simulation analy
ses are always performed without considering the changing load requirements of the 
end users. In addition, given the problems with groundwater, more attention should 
be paid to saline aquifers for TES. BTES systems at low to medium temperature lev
els can supply heating and cooling efficiently of large buildings, such as commercial 
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and institutional buildings. The BTES technology has a high potential to make a 
significant contribution to sustainable and energy-efficient systems in several regions 
around the world. In cooler climates, it offers significant reductions in cooling and 
heating costs. As demand for energy efficiency increases, more and more buildings 
are being constructed with modified insulation. The well-insulated buildings, due to 
increased internal heat gains, lead to high comfort cooling demands in cooler climate 
conditions. BTES systems have the benefit of the increased cooling demand and are 
enable to supply both heating and cooling in a very affordable and elegant manner. 
More scientific research is needed in this area to further explore UTES systems. In 
addition, future studies could focus on simulating the dynamic coupling of subsys
tems below and above ground and controlling system operation to enhance system 
performance. 

NOTE 

1 Similar in energy density and volume to TTES systems, water may be employed as a storage 
medium in PTES. 
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5.1 INTRODUCTION 

Depending on the end user, whether it is any of the residential, commercial, indus
trial, or other energy-consuming sectors, the energy demand can be variable on an 
hourly to a seasonal basis [1, 2]. The supply of energy also can have a variable rate 
depending on how the energy is being sourced. Knowing this intermittent relation, 
it is a well-known problem to have mismatches between the supply and demand of 
energy [3]. This issue is more strongly pronounced when it comes to inherently inter
mittent renewables that are becoming more and more popular globally. An effective 
way to overcome this issue is utilising energy storage technologies [4]. Through stor
age of energy, it is possible to save the excess amount of generated energy and use it 
when there is a shortage of energy supply [5, 6]. However, this is not the only case 
where energy storage can be useful. Various energy-consuming technologies are not 
connected to their energy source permanently. For such technologies to work, they 
need to store their required amount of energy when connected to the source, and then 
consume the stored energy when they are operating. A common sample of such cases 
is the batteries that can be found in many devices that people use on a daily basis. On 
a larger scale, energy storage methods are employed for peak shaving purposes to 
maintain the stability of the grid [7]. 

There are several types of energy and energy storage methods for storing electri
cal, thermal, and mechanical forms of energy; however, the focus in this chapter is on 
the storage of thermal energy. The common sources of thermal energy include fossil 
fuels, nuclear fission reaction, solar energy, geothermal energy, and biomass, the first 
three of which are the main players in the generation of electricity throughout the 
world [8]. Various applications can be mentioned for thermal energy, which include 
but are not limited to: power generation and process heating [9], space heating and 
cooling [10], water heating and desalination [11], cooking [12], and drying of food 
and agricultural products [13]. 

Loss of thermal energy is inevitable, and normally it is tried to minimise it by 
either insulation or capturing the heat that is otherwise wasted for use in other ther
mal applications. There are also many cases where thermal energy is not the source 
of energy, but it is produced during a process, usually being lost in the form of heat. 
The human body, electronic devices, moving parts of a mechanical system, and exo
thermic chemical reactions are examples that produce heat [14]. Various approaches 
have been developed to date in order to take advantage of the waste heat, instead of 
letting it go [15]. 

Storage of thermal energy can help with not only balancing the supply and demand 
of energy, but also utilisation and management of the waste heat. As a result of that, 
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storing thermal energy can help with increasing the efficiency of various processes 
that lead to reducing the consumption of the energy and power systems. The fact that 
less energy would be required when storage of thermal energy is taken advantage of 
means less harm to the environment, especially if the energy source is a fossil fuel. 
Therefore, prevention of the heat losses can make storage of thermal energy a more 
environmentally friendly choice and a technoeconomically favourable solution. For 
the European Union it is estimated that introducing thermal energy storage (TES) to 
the industrial and building sectors leads to an annual energy savings of 7.8% as well 
as 5.5% reduction in CO2 emissions [16]. 

The origin of TES technology development goes back to 1955, when it was tried 
to take advantage of the heat wasted by commercial vehicles’ exhaust gas [17]. Garg 
et al. [18] published the first edition of their book on solar thermal energy storage 
in 1985. Recently, common applications of TES include storage of solar thermal 
energy [19], thermal energy management of buildings [20], batteries [21], fuel cells 
[22] and hydrogen storage systems [23–25]. More on the applications of TES will be 
presented in this chapter. 

TES methods, based on the process of storing thermal energy, can be divided into 
three main types of sensible heat storage (SHS), latent heat storage (LHS), and ther
mochemical heat storage (TCHS). Furthermore, certain categories of materials are 
associated with each of these TES methods. Figure 5.1 summarises these methods 
along with the specific material types used in each of them. 

Apart from the three main TES methods introduced in Figure 5.1, there is also the 
cold thermal energy storage (CTES) approach, which has the same process as other 
methods, with the only difference that it is operated at low temperatures. Therefore, 
the CTES approach cannot be considered as a unique method of TES and is not pre
sented in Figure 5.1. However, having the operating temperatures below 0°C, CTES 
is briefly discussed later in this chapter. 

Sensible heat 
Liquid 

Water 

Mineral oils 

Molten salts 

Liquid metals 
Solid 

Latent heat Phase change materials 

Organic 
Parrafin-based 

Non-paraffin 

Inorganic 
Metals 

Salt hydrates 

Eutectic 

Organic-Organic 

Organic-Inorganic 

Inorganic-Inorganic 

Thermochemical energy 

FIGURE 5.1 Thermal energy storage methods based on their process and the materials 
involved. 
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5.2 SENSIBLE HEAT STORAGE 

5.2.1 The concepT 

SHS is a common TES method that relies on increasing the temperature of the 
storage medium for storing heat. Then the material in which the energy is stored is 
either used directly, or its heat is transferred to where it is intended to be used. SHS 
approaches are usually cheaper and less complicated compared to other TES methods 
[26]. A simple and very popular example of this method is hot water storage tanks. 

SHS systems are mostly known to go through three main phases of charge, stor
age, and discharge of thermal energy. In the charging phase, the storage medium 
receives thermal energy. Then depending on the system design, the thermal energy 
is kept in the storage medium for the duration of the storage phase. Finally, when 
the stored energy is demanded, the discharge phase begins, and the stored heat is 
extracted from the storage medium. Based on the specifications of the TES system, 
these three phases can follow each other in a subsequent manner or can occur simul
taneously. These phases are introduced here because they will be used throughout the 
text to better explain different processes. 

5.2.2 maTeriaLS 

Table 5.1 introduces some of the common SHS materials along with some of their 
thermophysical properties. It is noteworthy that only a selected number of the SHS 
materials are given in Table 5.1. More materials and details can be found in the lit
erature [8, 27–30]. 

Water is one of the main choices for SHS applications because it is cheap, widely 
available, compatible with well-established technologies, and its thermophysical 

TABLE 5.1 
Thermophysical Properties of Common Sensible Heat Storage Materials (data 
gathered from [8, 27–30]) 
Material Type Operating Density (kg/m3) Specific Heat Thermal 

Temperature (J/kg.K) Conductivity 
Range (°C) (W/m.K) 

Water Liquid 25–90 1000 4184 0.58 

Mineral oil Oil 200–300 770 1966 0.12 

Therminol VP-1 Oil 250–400 1068 1546 0.137 

Nitrate salt Molten salt 250–450 1908 1655 0.514 

Solar salts Molten salt 120–565 ~1900 ~1500 ~0.6 

Rock Solid 200–300 2560 960 0.48 

Concrete Solid 200–400 2200 850 1.5 

Sand Solid 200–300 1602 830 1 

Brick Solid 200–1200 3000 1150 5 

Liquid sodium Liquid 270–530 850 1300 204 
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properties are more suitable for this purpose than those of other common SHS mate
rials [16]. For example, the boiling point of water at atmospheric pressure makes it 
a preferred choice for SHS in a temperature range of 25–90°C. That is, while lim
ited alternatives can be utilised at this temperature range. As another example, water 
has one of the highest specific heats amongst common SHS materials. The specific 
heat determines the capacity of a material in receiving thermal energy at the cost of 
increasing its temperature. This means with the same mass, the material with higher 
heat capacity would store more thermal energy. Or in other words, to store the same 
amount of thermal energy, less mass is required of the material with higher heat 
capacity. Therefore, water, with its high specific heat, offers superior heat storage 
performance in terms of the energy storage capacity per unit mass. Several other 
materials are employed for SHS, such as rocks, oils, and molten salts. 

Other common SHS materials are mostly employed for high-temperature applica
tions. Mineral oils and molten salts are commonly used in concentrated solar power 
plants. As these materials are in liquid form, they can flow through a process, which 
makes the charge and discharge phases easier. Liquid metals also provide the same 
benefit, but they must be employed in oxygen and oxide-free environments [27]. 

When solid SHS materials are employed, there must be a heat transfer fluid 
involved, mostly air, to charge and discharge the TES medium. Rocks, concrete, and 
sand are easily available at relatively low costs. This makes them popular choices 
for use in many solid-based SHS applications, such as process heating [31]. Bricks, 
which are usually available at higher prices, offer another category of choice and are 
usually used for heat storage applications in brick structures [29]. 

Liquid SHS materials must be kept in leak-free pressure vessels as they can 
reach their saturation points by receiving heat. There is no such concern with solid 
SHS materials, and they do not need any special equipment for their storage. Solid 
storage materials are not flowable and cannot be circulated around a process and 
must be stationary. For this same reason, it is not possible to simultaneously charge 
and discharge them. That is, whilst liquid SHS materials, because of their flowa
bility and the buoyancy forces, make it possible to establish a thermal stratification 
so that they can be charged and discharged simultaneously. This drawback of solid 
SHS materials causes them to experience temperature gradually while being ther
mally discharged. Another drawback of solid SHS materials is that they normally 
require a large flow rate of the heat transfer fluid for charging and discharging them 
while they also cause a significant pressure drop in the flow of the heat transfer 
fluid [27]. In the next section, water as the most commonly used SHS is reviewed 
in detail. 

5.2.3 waTer-baSed meThodS oF SenSibLe heaT STorage 

5.2.3.1 Water Tank 
As discussed, and reported in Table 5.1, while having a relatively low density com
pared to other options, water offers the highest heat capacity, or in other words, high
est storage capacity per unit mass, among the common SHS materials. In addition 
to that, depending on the application, hot water can be consumed directly whilst the 
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other materials normally must transfer their stored heat to the end user via a heat 
transfer medium that causes additional heat losses and delay in the process. Because 
of that, there have been various designs of SHS methods based on water, both on 
small and large scales. 

On the small scale, mostly water tanks are employed as they are easily available and 
are to some extent portable. Other common water-based SHS methods can be intro
duced as underground types and include aquifers, boreholes, pits, and rock caverns. 
Integration of the underground SHS methods with renewable sources and specifically 
solar energy [32], and heat pumps as an energy-efficient heating technology [33], are 
gaining more popularity these days. SHS systems that employ water tanks are arguably 
the most accessible and most common SHS method. Hot water tanks are commercially 
available in different shapes and sizes at reasonable prices. Moreover, the standards 
are fairly flexible with installation location of hot water tanks, and even small-scale 
versions of hot water tanks can be used as portable thermal storage units. The process 
of heat storage is also straightforward. In the simplest form, hot water is put into and 
stored inside the tank, and then it is completely removed during the discharge period. In 
many applications, including the process heating or residential hot water, the charge and 
discharge phases happen simultaneously. This means there is a continuous hot water 
flow through the storage tank. The hot water that is removed from the tank is replaced 
with cold water that is warmed by receiving heat from an external source of heat. 

The amount of sensible thermal energy stored inside a water tank can simply be 
calculated using the following equation, Eq. (1) [34]: 

Tf 

Q = mc dT (1) st. pò
 
Ti 

where Qst.  is the stored amount of thermal energy (J), m  is the mass (kg), c  isp
the heat capacity (J/kg°C), and T  is the temperature (°C) of the SHS material. The 
subscripts of i  and f  denote the initial and final temperatures of the SHS material 
during the storage of energy. The mass of the material in which the heat is stored is 
obviously an independent parameter here, and the usual SHS materials have negli
gible heat capacity changes in their operating temperature range. Because of that, 
mostly a simplified form of this equation, Eq. (2), is used to calculate the amount of 
stored thermal energy [34]: 

Q = mc T  = rVc T (2) D Dst. p p 

where V  and r  are the volume (m3) and density (kg/m3) of the SHS material, 
respectively. DT  is the temperature change (°C) during the period that energy is 
stored. Eqs. (1) and (2) can be used for any form of SHS. These equations also sup
port the role of heat capacity of the SHS materials in defining their potential to store 
thermal energy. 

Based on the geometry and specifications of the tank, there can be several meth
ods to thermally model SHS processes. However, the storage efficiency or thermal 
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efficiency (hth. )  is one of the main performance indicators that can be calculated 
regardless of system specifications, as in Eq. (3) [35]: 

extracted energy 
= (3) hth injected energy 

For water tanks with simultaneous charge and discharge phases, by assuming a 
linear change of temperature and a constant heat capacity, Eq. (3) can be expressed 
in the following form as Eq. (4): 

mc (T  T ) T  Tp f 0 f 0 = = (4) hth mc (T T ) T Tp i 0 i 0 

where Ti  and Tf  are the water temperature (°C) at the inlet and outlet of the 
storage tank, respectively. T0  is the initial water temperature inside the tank before 
getting charged up. 

5.2.3.2 Pit 
Before introducing pit TES, a general description of underground SHS methods is 
presented here. Deep in the ground, groundwater temperature is almost constant 
throughout the year. This is a unique feature of underground water TES. The temper
ature fluctuations above ground can affect up to 10 m deep shallow waters [36]; how
ever, at depths between 10 m and 20 m below ground, the groundwater temperature 
would be at an almost constant temperature of about 1–2°C warmer than the local 
annual average temperature at the ground surface [36]. By going below 20 m though, 
the groundwater temperature would increase by about 1°C for every 35 m [36]. As 
for pit TES, its schematics are shown in Figure 5.2. 

The basics of pit TES, as shown in Figure 5.2, are very similar to that of water 
tank TES, with the main difference being that for the pit type, water is stored inside 

Hot season Cold season 

FIGURE 5.2 Schematics of a pit as a sensible heat TES. 
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an excavated ground [37]. In some cases, water is stored inside an encloser made 
of concrete or stainless steel that is constructed and placed just below the ground 
surface, 5–15 m deep into the ground [38]. To obtain better storage efficiency, the 
pit is normally insulated specifically at the top side [38]. A list of real-world projects 
mostly located in Europe, along with their specifications, is given in reference [35]. 
Furthermore, a thermal modelling method of pit TES can be found in the literature 
[37]; however, to keep this chapter brief, it is not discussed here. 

5.2.3.3 Aquifer 
Aquifer SHS is one of the most popular methods of underground TES. This method 
takes advantage of saturated and permeable underground water, which is not rare and 
can be found around built-up areas [36]. The appropriate aquifers for TES would be 
somewhere in the range of 10–150 m deep in the ground and surrounded by deposits 
of sand and gravel and highly fractured rocks [39]. The water inside the aquifer is 
required to have limited mineral content, relatively high hydraulic conductivity, and 
consistent concentrations of dissolved oxygen [39]. Figure 5.3 shows schematics of 
an aquifer TES. 

The concept of the aquifer SHS type, as shown in Figure 5.3, is to simultaneously 
store and use cold and hot water, depending on the needs of the end user during the 
hot and cold seasons. There are hot and cold wells inside the aquifer. During the cold 
season, water is pumped from the hot well, where it is warmed up by geothermal 
energy. The hot water flow then goes through heat exchanging processes to provide 
heat to the end user. This flow of water is cooled down and sent to the cold well, 
and cold water is stored for usage during the hot season. During the hot season, an 
opposite process takes place, where cold water from the cold well is used to meet the 
end users’ cooling needs by using a heat exchanger. Then the warm water is sent to 
the hot well [40]. 

Hot season Cold season 

FIGURE 5.3 Schematics of an aquifer TES, recreated from [40] [with permission of reuse 
from Elsevier]. 
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The main performance indicator of an aquifer SHS is its thermal recovery ratio 
or thermal efficiency, which is defined as follows in Eq. (5) [40] by using the same 

(5) 
 

where hth  is thermal efficiency,  is water flowrate (kg/s), c  is water specific p
heat (J/kg.K), T is water temperature (°C), and t is time (s). The subscript of p 
denotes the temperature of water delivered to the end user, and i indicates the ini
tial water temperature at the source well. The subscript a  also denotes the ambient 
temperature. The water flowrate is the same throughout the aquifer TES cycle, and at 
the operational temperature range of an aquifer SHS, changes of water specific heat 
are negligible. By considering linear changes in temperature by time, Eq. (5) can be 
simplified as follows in Eq. (6) [41]: 

T  T 
= p a (6) hth T Ti a 

A vital consideration when designing an aquifer SHS is to have cold and hot wells 
inside an aquifer separated enough to prevent mixing of the hot and cold regions. In 
other words, a thermal breakthrough must be avoided where the hot and cold regions 
affect each other’s temperature. A parameter known as ‘thermal breakthrough time’ 
is normally used to quantify the possibility of a thermal breakthrough inside an aqui
fer SHS. Several relations have been presented to calculate the thermal breakthrough 
time; some are simple [40] and some are very detailed and complicated [42]. How
ever, the main simple concept is presented as follows in Eq. (7) [41]: 

well spacing 
t = (7) breakthough water front velocity 

where tbreakthough  is the thermal breakthrough time, and the waterfront velocity is 
the relative velocity of the hot and cold water fronts movement towards each other. 
This parameter determines how long it takes for thermal breakthrough to occur where 
the hot and cold regions inside the aquifer begin to get mixed. Such a mixing initially 
reduces the efficiency of the whole TES system, and as it progresses further the tem
perature difference between the two hot and cold regions can drop significantly such 
that the TES system becomes unable to operate effectively. To provide an idea of an 
acceptable thermal breakthrough time for a large-scale aquifer (as a benchmark), 
this parameter has been estimated to be about 60 years for a large-scale aquifer SHS 
system practiced in Denmark [41]. In this case, the system supplies 100 m3 of hot/ 
cold water per day, and its hot and cold wells are separated by 1 km. 

5.2.3.4 Borehole 
A borehole system is another popular method of underground SHS as the technology 
around it is not complicated. Boreholes are basically underground heat exchangers 
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Hot season Cold season 

FIGURE 5.4 Conceptual schematics of a borehole TES. 

that go 20–300 m deep into the ground [36] and can be constructed almost every
where in the ground whether it is made of unconsolidated material or rock [43]. Gen
eral simplicity and good availability have made this method a popular underground 
TES option, which is increasingly used together with ground-sourced heat pumps 
[44]. A borehole TES is schematically shown in Figure 5.4. 

In borehole TES systems, the ground itself plays the role of the storage material, 
and water acts as the heat transfer fluid. However, because the input and output of 
the TES system is water, it is considered a water-based underground TES method. 
The underground materials normally have an overall effective thermal conductivity 
in the range of 0.3–6 W/m.K that is considered to be relatively low. A large list of 
underground materials and their thermophysical properties can be found in reference 
[43]. Given that the borehole is built deep into the ground, there is no need for further 
insulating them [43]. In small-scale applications, such as space cooling and heating 
of small buildings, one borehole would suffice, but for larger-scale applications, as 
shown in Figure 5.4, usually several boreholes are used. A list of some borehole TES 
projects operating around the world, along with their number of constructed bore
holes, can be found in reference [45]. 

Borehole TES systems operate in a seasonal manner. During hot months, the 
end user is cooled down and its excess generated thermal energy is transferred to 
the ground and is stored there through the boreholes. Then during cold months, 
the ground discharges the stored thermal energy to the end user. In this period, the 
ground gradually cools down and gets ready for the next cycle. More on seasonal 
heat storage is presented in section 5.7. 

Several modelling methods have been introduced in the literature around borehole 
TES systems [36] that are not within the scope of this chapter, specifically because 
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the boreholes come in different configurations and shapes. However, a general 
approach to describe the thermal efficiency of this method is given in Eq. (8) [46]: 

 

 
 

(8)
 

 

where   , and T  are the density (kg/m3), volumetric flowrate (m3/s), 
specific heat (J/kg.K), and the temperature (°C) of the heat transfer fluid (i.e., water 
in most cases), respectively. t  is the duration of the period that either injection or 
extraction of heat is occurring (s). N  and Nin.  are the number of injection andex.
extraction processes happening during a year, and NB  is the number of boreholes 
involved in each process. The subscripts i  and o  denote the input and output tem
peratures of the heat transfer fluid, and the subscript j  represents the number of 
instances that each process occurs during a year. 

5.2.3.5 Rock Cavern 
The unique feature of rock caverns is that the rock itself, because of its relatively low 
thermal conductivity of around 2–6 W/m.K [47], acts as a thermal insulator. This 
thermal insulation layer is effective enough that SHS conditions inside rock caverns 
is not affected by the weather conditions and the seasonal changes on the ground 
surface [48]. Rock caverns have a specific advantage over other underground TES 
methods as well, and that is they either already exist naturally or were previously 
built for other purposes. Depleted oil or natural gas fields, or abandoned mine tunnels 
and shafts, all can be used as rock cavern SHS arrangements. A rock cavern TES is 
schematically shown in Figure 5.5. 

Hot season Cold season 

FIGURE 5.5 Schematics of a rock cavern TES. 
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Normally, to enhance the efficiency of a rock cavern SHS, a thermal stratification is 
established inside the storage medium that takes advantage of buoyancy forces. Natu
rally, the warmer water remains at the higher levels inside the cavern. The charging and 
discharging of the thermal energy can also be designed in a way that amplifies this phe
nomenon. As shown in Figure 5.5, charging, storage, and discharging phases of SHS 
inside the rock cavern occur simultaneously. In other words, charging and discharging 
of hot water are both from the top water levels inside the cavern. The discharge flow 
releases its stored heat to the end user and returns to the cavern as cold water. This cold 
water enters the rock cavern at lower levels, and then it is taken out from there to get 
warmed up by the energy source and get back to the cavern as the charging hot water. 

As mentioned earlier, the cavern can be pre-existing, and that would decrease the 
investment costs of rock caverns significantly. However, pre-existing or pre-built cav
erns can rarely be found in built-up areas, where the end users are usually located. Fur
thermore, the construction of caverns is too costly, which makes this method of TES 
unpopular. Consequently, there are few sources available on energy analysis of rock cav
ern TES. A detailed method for modelling cavern TES systems is presented by Lee [36]. 

5.2.3.6 Salinity-Gradient Solar Ponds 
A salinity-gradient solar pond, or in short solar pond, is another water-based SHS 
technology, which is rather more recent than the other methods mentioned in this 
section. It is under research and development, and although it has already been imple
mented throughout the world, its applications have been very limited. It is notewor
thy that solar ponds are different in nature compared to the other methods introduced 
earlier. The difference is that a solar pond is a combined solar energy absorber and 
heat storage method. Therefore, normally a solar pond is not categorised in the same 
group as other hot water storage methods, and it is mostly recognised as a solar ther
mal collector rather than a hot water storage method. However, because its operation 
is based on SHS, here an introduction to solar ponds is also presented. 

The idea of solar ponds originally came from brine lakes that would naturally trap, 
or in other words store, hot water at temperatures around 70°C at the bottom of the 
lake [49]. The discovery of this phenomenon resulted in establishment of artificial 
solar ponds throughout the world, with the USA, Israel, and Australia implementing 
them on large scales [49]. The El Paso solar pond located in Texas, USA, and the 
Pyramid Hill solar pond located in Victoria, Australia, each with an area of 3,000 m2, 
are among the world largest artificial solar ponds [50]. 

The mechanism of hot water storage by solar ponds is to some extent opposite 
to the thermal stratification employed to enhance the performance of pits and rock 
caverns. For the two latter cases, hot water enters the storage medium at the top and 
cold water enters it at the bottom. Because of its lower density, hot water remains at 
the top and cold water, having a higher density, stays at the bottom. Solar ponds, as 
the name suggests, use solar energy to produce hot water. To do so, an absorber is 
normally used, which is placed at the bottom of the pond [50]. The absorber is heated 
up by the sunlight that reaches the bottom and consequently warms up the water 
above it. In a normal situation, natural convection, which is a result of density differ
ence between hot and cold water, would cause the heat to reach the top of the pond 
and then lose to the ambient. However, in solar ponds, there is a density gradient, 
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 FIGURE 5.6 Schematics of SHS mechanism by solar ponds. 

created by adding salt or salty water at the bottom of the pond, which prevents that 
from happening [51]. Figure 5.6 provides more details on the mechanism of SHS by 
solar ponds. 

As shown in Figure 5.6, based on the salt gradient, there are three main regions 
inside a solar pond, the upper convective zone (UCZ), the non-convective zone 
(NCZ), and the lower convective zone (LCZ) [52]. The density at different regions is 
controlled by salinity. The UCZ is mainly freshwater with an almost constant density, 
and its presence helps with maintaining the salinity gradient inside the pond. Without 
the UCZ, the water vaporisation would increase salinity at the top and subsequently 
disturb the salinity gradient. UCZ itself vaporises over time, and it must be main
tained by regularly adding freshwater to the zone. LCZ also has an almost constant 
density as there is no salinity gradient in this region. This region is where the thermal 
energy is stored, and for this method to be practical, a rather considerable portion of 
the pond must be allocated to this region [53, 54]. On top of that, natural convection 
must be operational in this region so that the whole portion of the pond can play a 
part in storing the heat. NCZ, on the other hand, through its salinity gradient, which 
increases by depth, prevents heat transfer by natural convection from LCZ to UCZ 
(i.e., the thermal conductivity of water is very low). 
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Solar ponds, because they store heat inside brine with a high salinity, do not 
directly produce hot water. A heat exchanger is usually needed to transfer the heat 
stored inside solar ponds to whatever application it is being employed for. A much 
more detailed introduction and discussion around solar pond technology can be 
found in reference [55]. 

5.2.3.7 Technoeconomic Comparison of Common Water-Based TES Methods 
Table 5.2 provides a general thermal performance comparison of the discussed water-
based SHS methods. As mentioned in section 5.2.3.6, solar ponds are more of a solar 
thermal collector rather than a water storage method and are different in nature from 
other water-based SHS methods. Because of that inherent difference, solar ponds 
cannot be directly compared with the other SHS methods introduced in this chapter. 
Therefore, in this section, solar ponds are excluded from the comparisons. 

Among the methods discussed here, water tanks and an insulated pit, as suggested 
by Table 5.2, offer the highest storage efficiency and volumetric capacity of energy 
output. However, these two methods are normally employed for water storage volume 
of smaller than 100,000 m3, which can be considered for many small- to medium-
scale applications. The other three methods, which are obviously associated with 
high costs and lower efficiencies, are specifically suitable for larger-scale applica
tions and storage volumes in the range of 300,000 m3 to 500,000 m3. 

Economic evaluation of these methods is presented in the literature [56]. Cost 
figures per water storage volume ($/m3) or per amount of thermal energy storage 
capacity ($/kWh) have been the basis for economic comparison of these methods as 
discussed here. From the economic point of view, the rock cavern type stays some
where in the middle, both in terms of investment and operational costs per unit vol
ume [56]. That is because for this type of SHS, as opposed to the water tank and the 
pit, the cavern may already exist, and there is no need to construct or manufacture 
the storage medium [36]. The same goes for aquifers as well. However, as natural 
or previously built artificial caverns are not normally close to built-up areas, they 
have had limited real-world applications [36]. That is, whilst aquifers are much more 

TABLE 5.2 
Thermoeconomic Characteristics of Common Water-Based SHS Methods 
[56] 
Specification Water Tank Insulated Pit Aquifer Borehole Rock Cavern 

Specific heat capacity 1.16 1.16 0.75 0.63 1.16 
(kWh/m3.K) 

Input/output 55 55 55 55 55 
temperature 
difference (°C) 

Average storage 90 85 75 70 80 
efficiency (%) 

Energy output 57 54 31 24 51 
capacity (kWh/m3) 

Size (1000 m3) ≤100 ≤75 50–500 50–400 50–300 
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accessible, boreholes can be constructed almost anywhere [36, 43]. The latter two 
technologies are also the cheapest ones per water output volume, as their establish
ment involves the least amount of construction and manufacturing activities. Between 
the underground TES methods, the majority of the real-world applications have cho
sen the aquifer and borehole types as their preferred method of SHS, with the aquifer 
type being less applicable around the world [39]. As for boreholes, it is almost always 
practically possible to employ them. They can even be constructed under the building 
grounds given that they are built before the building is erected [36]. About aquifers, 
it is noteworthy that in some cases the water might be used to supply drinking water. 
In that case, it can be irrational to use the aquifer for TES purposes. 

When comparing the prices of these SHS methods, care must be given to the 
fact that these comparisons are per water output volume. Thus, it is not accurate 
to say water tanks are the most expensive SHS method out there. As mentioned in 
Table 5.2, water tanks are normally up to 100,000 m3. In fact, in many applications, 
much smaller tanks are employed. Residential applications, for instance, use water 
tanks of up to 0.3 m3. On the other hand, the smallest aquifer TES would have a vol
ume of around 50,000 m3. The cost of creating a TES system for an already existing 
aquifer would be much less than constructing the whole water tank TES system with 
a tank volume of 50,000 m3 [57]. 

Overall, in small-scale applications, a water tank is the best choice for SHS as it 
is much more accessible and affordable. The maintenance of small-scale water tanks 
is much easier and cheaper than that of other methods. Also, the water tank method 
outperforms all other methods by having the highest energy storage efficiency and 
energy output capacity. In large-scale applications, boreholes and aquifers win the 
competition because of their much lower investment and operational costs. Figure 5.7 

FIGURE 5.7 The main decision-making criteria when choosing a large-scale TES method 
[35], [with permission of reuse from Elsevier]. 



 

  

 
 
 
 
 
 
 

 

  

97 Thermal Energy Storage 

provides more information in the form of a decision-making flowchart by using the 
main criteria for selecting a large-scale underground water-based TES method. 

5.3 LATENT HEAT STORAGE 

5.3.1 The concepT 

As the name suggests, in this type of TES, thermal energy is stored in the form 
of latent heat when a material is going through phase change. Because of that, the 
materials that are proper for LHS are called phase change materials (PCMs). To be 
proper for LHS purposes, a PCM must receive/release a large amount of latent heat 
when it goes through a phase change, so that a large amount of thermal energy can 
be charged/discharged into/out of that in the form of latent heat. Most materials can 
go through solid-liquid [58] and liquid-gas phase changes [59]. However, there is 
also a solid-gas phase change, but that can only happen in very specific conditions, 
especially during discharge phase when the material is in the gas state and needs to 
become solid. There is a solid-solid phase transition as well, for the materials with 
crystal structures, when they are changing their crystallisation forms [60]. 

The solid-gas phase change, besides the difficulties in terms of the phase change 
from gas to solid, comes with an extreme volume change of the material, which is not 
usually favourable for the container containing the PCM. The storage and harvesting of 
stored thermal energy through solid-solid phase transition is also not very efficient and 
practical. For these reasons, LHS through solid-gas and solid-solid phase transitions 
is rarely practised [59]. The liquid-gas phase change, also because of the significant 
volume changes of the materials associated with that, have had limited applications. 
Known applications of liquid-gas LHS are in heat pipes, thermosyphon, and capil
lary pump loop [59]. Therefore, LHS methods are mostly based on liquid-solid phase 
change, and hence this type of LHS is particularly discussed in detail here. 

LHS and PCMs, compared to other TES methods, offer several major advantages 
as follows. LHS materials, i.e., PCMs, are mainly chosen because of their high latent 
heat so that they can store high amounts of thermal energy in the form of latent heat. 
That is, when a PCM is at its melting/solidification point, because of its high latent 
heat of fusion, it can receive/release a high amount of thermal energy. For this very 
fact, PCMs are capable of transferring heat at an almost constant temperature, also 
known as an isothermal condition [61]. This characteristic is very helpful in applica
tions in which the temperature must be maintained in a narrow range, such as thermal 
management applications. It also helps with mitigating any temperature fluctuations 
in the process, caused by changes in ambient temperature or the heat source condi
tions [62]. 

The amount of energy stored in a PCM when it is charged can be calculated using 
the following equation, Eq. (9): 

Q = Q + Q + Q (9) st. s  latent l 

where Qst.  is the total amount of stored thermal energy (J), Qlatent  is the amount of 
energy stored in the form of latent heat (J), and Q  and Ql  are the amount of energy s
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storage in the form of sensible heat (J) when the PCM is in solid and liquid forms, 
respectively. Eq. (9) can, however, be expanded as follows in Eq. (10) [63]: 

é ù 
, PCM i , , PCM f  , .Qst. = mPCM ´ cp PCM s, , (TPCM melt.  T , ) + qPCM latent + cp PCM l, (TT ,  TPCM solid ) 10)

ë û 

where the subscript PCM  indicates the parameter belongs to PCM; m , cp , and 
T  are the mass (kg), specific heat (J/kg.K), and temperature (°C), respectively; 

is the specific latent heat of PCM (J/kg); the subscripts i  and f  denoteqPCM latent,
the initial and final status of PCM during the charging period; and TPCM melt  and , .

 are the PCM melting and solidification points (°C). It is noteworthy thatTPCM solid., 
some materials, specifically paraffins, rather than a specific temperature, have a tem
perature range at which they melt or solidify. Thus, TPCM melt  are the , . , and TPCM solid.
starting points of melting and solidification, respectively. 

Sensible heat storage inside PCM, in both solid and liquid states, is included for 
calculating the total amount of energy stored in it. That is because, for example, 
through a full charging cycle, PCM is initially in solid state at a temperature below 
its melting point. Then it receives thermal energy and stores it in the form of sensible 
heat until it reaches its melting point. At that point the thermal energy is stored in 
the form of latent heat till the PCM is fully melted. After that, the receiving thermal 
energy is again stored in the form of sensible heat and raises the temperature of 
the liquid PCM. In cases where the PCM is not fully charged, i.e., it is not com
pletely melted, the SHS term for the liquid PCM is eliminated from Eqs. (9) and (10), 
and the amount of energy stored is in the form of latent heat only, as described in 
Eq. (11): 

Q = fm q (11)latent PCM PCM latent, 

where f  is the liquid fraction of the PCM. 
Despite the PCMs’ great capacity for storing thermal energy, they are well known 

for the major drawback of having a low thermal conductivity that results in a slow 
heat transfer rate [64, 65]. PCMs are normally confined in a storage unit and during 
melting or solidification, thermal conduction plays an important role in transferring 
the heat inside the storage medium [66]. Most of the common PCMs have low ther
mal conductivities, making their charge and discharge processes undesirably slow. 
A proper solution for this drawback can make LHS-based PCMs more effective in 
their applications. Several methods have been introduced and tested to address this 
issue, which are discussed later in section 5.3.3. 

5.3.2 maTeriaLS 

As shown in Figure 5.1, PCMs can be categorised into three main types of organic, 
inorganic, and eutectic materials. Organic-type PCMs mostly consist of different 
grades of paraffin, and there are some non-paraffin materials of this type as well. The 
inorganic materials are mainly specific metals and salt hydrates. Finally, the eutectic 
type is a combination of organic and/or inorganic materials. Table 5.3 lists some of 
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TABLE 5.3 

Thermophysical Properties of Common Phase Change Materials for Thermal 

Energy Storage by Latent Heat [58, 63] 

Material Type Melting Latent Heat Specific Heat Thermal 
Point (°C) of Fusion (kJ/kg.K) Conductivity 

(kJ/kg) (W/m.K) 

Solid Liquid Solid Liquid 

Octadecane Organic – 28.1 244 0.480 0.560 0.15 0.15 
paraffin 

n-Eicosane Organic – 37 247 0.602 0.664 0.23 0.14 
paraffin 

n-Hexacosane Organic – 56 250 0.680 0.870 0.21 0.21 
paraffin 

n-Tritricontane Organic – 72 256 0.870 1.110 0.21 0.21 
paraffin 

Lauric acid Organic – 43 180 1.950 2.400 0.15 0.15 
non-paraffin 

Stearic acid Organic – 58 191 2.830 2.380 0.3 0.1 
non-paraffin 

Acetamide Organic – 81 263 1.940 1.940 0.5 0.5 
non-paraffin 

Erythritol Organic – 118 339 1.380 2.760 0.73 0.33 
non-paraffin 

Sodium carbonate Inorganic-salt 32 267 1.920 3.260 0.51 0.22 
decahydrate hydrate 

Sodium sulphate Inorganic-salt 32.4 241 1.760 3.300 0.7 0.54 
decahydrate hydrate 

Sodium acetate Inorganic-salt 58.9 173 4.200 3.680 0.01 0.01 
trihydrate hydrate 

Magnesium nitrate Inorganic-salt 89 162 1.840 2.510 0.61 0.49 
hexahydrate hydrate 

Magnesium Inorganic-salt 117 167 2.250 2.610 0.70 0.57 
chloride hydrate 
hexahydrate 

Gallium Inorganic- 29.8 80.16 0.372 0.397 33.68 33.49 
metal 

Potassium Inorganic- 63.2 59.59 0.780 0.840 108.3 102.4 
metal 

69%Lauric+31% Eutectic 35.2 166.3 - - - 
palmitic acid 

%66AlCl3+% Eutectic 93 213 - - - 
34NaCl 

Solar salt Eutectic 220 161 1.050 1.500 0.76 0.52 
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the most common PCMs along with their selected thermophysical properties. There 
are numerous PCMs introduced in the literature, and more comprehensive lists can 
be found in references [27, 58, 63]. 

The data given in Table 5.3 clearly shows the significance of latent heat compared 
to specific heat. PCMs are normally chosen because of their high latent heat. Paraffins 
listed here have a latent heat of fusion of around 250 kJ/kg. Water has a specific heat 
of around 4.18 kJ/kg.K, which is one of the highest values among SHS materials. 
Considering the paraffins’ latent heat of fusion, the energy needed for melting 1 kg 
of solid paraffin is equivalent to that needed to warm up 1 kg of water by about 60°C. 

The PCM melting point determines the operating temperature at which the PCM 
is employed. Hence, the process for which the PCM is used is expected to have an 
operating temperature range in a narrow band above and below the PCM melting 
point. Therefore, in the LHS context presented here, the PCM melting point range 
and operating temperature can be considered interchangeable. 

In most cases of LHS applications, paraffins are chosen as the heat storage mate
rial. There are several reasons for paraffins to be popular PCM options: Paraf
fins are alkanes with a chemical formula of CnH2n+2, with fusion latent heat in the 
range of 120–270 kJ/kg.K, averaging around 200 kJ/kg.K [67]. Paraffins, at a wide 
operating temperature range of 5°C to above 100 °C, are commercially availa
ble at much lower prices compared to other PCMs [63]. Moreover, paraffins are 
non-toxic, non-corrosive, durable, physically and chemically stable even at high 
temperatures of around 100–200°C, and are not known to cause health or safety 
hazards [63]. All of these specifications have made paraffins the popular choice to 
be used as PCMs. However, as mentioned in section 5.3.1 and given in Table 5.3, 
paraffins have a low thermal conductivity of around 0.2 W/m.K or even less than 
that. This means that although paraffins can store and release large amounts of 
thermal energy, they are very slow in doing that. This has been a huge barrier fac
ing the paraffin-based LHS solutions; hence, many efforts have been made so far 
to address that issue. More on the heat transfer enhancement methods of paraffins 
is presented in section 5.3.3. 

Fatty acids are amongst non-paraffin organic PCMs and are mostly available in 
low to medium melting point range, i.e., 10–70°C [27]. However, they are relatively 
more expansive than commercial paraffins, mildly corrosive, and combustible, while 
having an unpleasant odour [27]. Sugar alcohols such as erythritol are another type 
of non-paraffin organic PCMs, which are mostly available in the medium to high 
melting temperature range of about 90–200°C. They normally have a high latent heat 
of fusion of about 340 kJ/kg.K, compared to that for paraffins (i.e., the average of 200 
kJ/kg.K). They offer a high energy density, and because of that they are combustible 
and even explosive in extreme cases [27]. 

Inorganic PCMs, i.e., salt hydrates, as indicated by Table 5.3, offer up to four times 
higher thermal conductivities of around 0.5–0.6 W/m.K, which is still quite low [68]. 
Salty environments are also associated with corrosion. Weak natural convection, 
supercooling, and phase separation are other challenges associated with hydrated 
salts [68]. High leakage in the liquid state is also mentioned as another drawback of 
this option [69]. 
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Metallic PCMs, as stated in Table  5.3, offer the highest thermal conductivity 
while showing relatively low heat storage capacities, i.e., low latent heat of fusion. 
However, when compared to other PCMs, because of their high density, in the 
same volume metals can store more thermal energy [27]. Metallic PCMs are rela
tively expensive and highly corrosive, and specific equipment is required for their 
employment. 

Eutectic PCMs, as discussed earlier in this section, are a combination of organic 
and/or inorganic PCMs. By varying these combinations, a wide variety of eutec
tic PCMs can be manufactured, many of which have been extensively tested and 
reported in the literature. When combined, the properties of the final material 
would be a mixture of those of its composing materials. Because of that, eutectic 
PCMs come in a wide range of specifications, and there is not a single set of spec
ifications associated with them. On top of that, application of eutectic PCMs has 
been very limited compared to the other types of PCMs introduced in this section. 
Detailed information on this type of PCMs is available in reference [70]. Moreo
ver, detailed information on different types of PCMs can be found in references 
[27, 58, 68, 71]. 

5.3.3 meThodS For enhancing heaT TranSFer inSide pcmS 

5.3.3.1 Thermal Conductivity, the Basis for Enhancement 
It was explained in section 5.3.1 that common PCMs (specially paraffins) suffer from 
notably low thermal conductivity, meaning that although they are superb in terms of 
their capacity for storing heat, their TES process is rather slow. For this reason, many 
attempts have been made to enhance the heat transfer performance of PCM-based 
TES systems, as they are further discussed in this section. 

Materials other than the PCM itself are often added to PCMs to make PCM com
posites with enhanced heat transfer performance. It is important though to be able to 
measure or calculate the thermal conductivity of such composites. Several measure
ment and estimation methods have been developed for this purpose. 

The transient plane source (TPS) method has been a popular approach for meas
uring thermal conductivity of enhanced PCMs, and commercial equipment working 
based on this method is available [66]. Through the TPS method, a planar probe is 
placed inside the testing sample, when the PCM is in solid state. The probe acts both 
as a heat source and temperature sensor and does the measurement based on the 
aggregation of the thermal energy. This method is based on the general differential 
heat conduction equation, Eq. (12): 

keff 2 qTPS ¶TcÑ T + = (12) c(rcp ) (rcp ) ¶t 
eff eff 

where keff  is the effective thermal conductivity (ETC) of the composite (W/m.K); 
(rc )  is the multiplication of the composite effective density (kg/m3) and effecp eff 
tive specific heat (J/kg.K); T  is the composite temperature (°C) measured by thec
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planar sensor; QTPS  is the volumetric heat generation rate of the probe (W/m3); and 
t  denotes the time (s). 

The effective density and heat capacity of the enhanced composite can be measured 
as well. For measuring the heat capacity, differential scanning calorimetry (DSC) is 
the main method widely employed, with its required equipment being available com
mercially [72]. However, because there are no chemical reactions or mass transfers 
involved with the typical PCM enhancement methods, the parameter (rcp )  is 
normally calculated by the general mixtures rule, as in Eq. (13) [66]: 

eff 

m r c + m r cPCM PCM p PCM enh enh p enh ,,(rcp )eff 
= (13) 

m + mPCM  enh 

where the subscripts PCM  and enh  indicate the parameters belong to the PCM 
and the material used for its heat transfer enhancement, respectively. 

Other measurement methods are available, such as the laser-flash method [73] for 
ETC and the transient guarded hot plate technique (TGHPT) [72] for heat capacity. 
More information on different methods for measuring thermophysical properties of 
PCMs can be found in references [66, 72–74]. 

When dealing with ETC, the measurement methods can be generally employed 
regardless of the enhancement type; however, the estimation methods are mostly 
specific to each type. That is because how the enhancement materials are spread 
through the PCM body can affect the heat transfer by conduction mechanism. In the 
following sections, wherever possible, the relations for estimation of the ETC for 
each method are presented. However, when there is no other choice, with a very low 
accuracy, the general rule for mixtures, as presented by Eq. (13) for (rc ) , can bep 
used to estimate the ETC of the enhanced PCM as well [66]. 

eff 

5.3.3.2 Thermally Conductive Additives 
Introducing materials with high thermal conductivities has been one of the main 
methods for enhancing the thermal conductivity of PCMs, with nanoparticles being 
the pioneers of this method. For heat transfer purposes, nanoparticles are normally 
made of materials with high thermal conductivity. For instance, considering the 
low paraffin thermal conductivity of around 0.2 W/m.K, that of CuO, as a com
mon and commercially available type of nanoparticle, is around 33 W/m.K [75]. 
The nanoparticles, which are scattered throughout the host materials, can provide a 
significantly larger surface area compared to the same materials in bulk form. That 
is how nanoparticles can effectively improve thermal conduction inside the host 
medium [76]. 

In the case of PCM thermal performance enhancement, nanoparticles, with a 
weight fraction of around 0.1–1%, are normally added to a PCM when it is in liquid 
phase [77]; however, fractions up to 20% are also reported in the literature [78]. Many 
studies have been presented in the literature on PCMs enhanced by adding nanopar
ticles, with a wide variety of PCM materials and at different nanoparticle concentra
tions. It is not possible to provide a definitive evaluation of the best percentage of 
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nanoparticles to be used for achieving the maximum ETC improvement. The liter
ature reports a wide range of ETC improvement by adding nanoparticles from 13% 
[62] to even 90% [79]. 

A variety of theoretical methods have been developed to estimate the ETC of a 
PCM enhanced by adding nanoparticles. A list of such methods and their respective 
equations can be found in references [80, 81]. Despite being relatively old, the Max
well Eucken model is reported to be very reliable for estimating the ETC of nano
enhanced PCMs [81, 82], as shown in Eq. (14): 

2k + k + 2f (k  k )PCM  np  np  PCM 
k = k (14) eff  PCM 

2k + k f (k  k )PCM  np  np  PCM 

where keff , kPCM , and k  are the thermal conductivities (W/m.K) of the comnp
posite, the PCM, and the nanoparticle material, respectively, and f  is the volume 
fraction of the nanoparticles inside the nano-PCM composite. 

Nanoparticles, with their nano-scale sizes, can well be scattered through a liq
uid body and establish a large surface area of a highly conductive material inside 
the PCM body. Because of this behaviour, a small amount of nanoparticles can 
result in significant improvement in the ETC of the composite [63]. However, nano
enhanced PCMs suffer from a serious issue, which is instability of the composite and 
sedimentation of the nanoparticles when the composite goes through multiple charge 
and discharge cycles. Figure 5.8 shows a small sample of a nano-enhanced PCM 
gone through several charge and discharge cycles. As Figure 5.8 shows, after only 
two charge and discharge cycles, the nanoparticles begin to significantly settle down 
inside the liquid composite. 

(a) (b) 

FIGURE 5.8 A sample of a nano-enhanced PCM, (a) in liquid state and after one to five 
charge and discharge cycles, and (b) in solid state after five charge and discharge cycles [62], 
[with permission of reuse from Elsevier]. 
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5.3.3.3 Micro/Nano Encapsulation and PCM Slurry 
Micro or nano encapsulation of PCMs is another common method for enhancing 
their heat transfer properties. Micro/nano encapsulated PCMs (M/NPCMs) are com
posed of a PCM core and a highly conductive shell on the micro/nano scale. How
ever, being on micro/nano scale, compared to a normal PCM, the composite would 
be capable of a higher heat transfer rate, which is obtained by its much larger heat 
transfer surface area. Figure 5.9 shows the structure of typical M/NPCMs and their 
different types. 

(a) 

(b) 

FIGURE 5.9 The concept of micro/nano encapsulation: (a) the structure, (b) the types [82], 
[with permission of reuse from Elsevier]. 
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For the core material, any of the common PCMs introduced in section 5.3 can be 
used and, as suggested by the literature, paraffin again has been the most common 
choice for M/NPCMs [58]. As for the shell material, formaldehyde derivatives and 
polymers are among the common ones. A  list of different materials tested for M/ 
NPCMs can be found in the literature [58]. 

PCMs, and especially paraffins, generally may experience large volume changes 
when going through phase change. In the case of paraffins, the volume change is 
around 12% [62]. This significant change in volume can cause serious challenges 
to maintain TES equipment, specifically considering that PCMs are normally kept 
in confined spaces. M/NPCMs, in addition to enhancing PCM heat transfer prop
erties, solve the volume change issue associated with PCMs as well. As shown in 
Figure 5.9a, there is enough space available inside the shell to deal with the PCM 
volume changes. When a PCM is in its solid state, there will be empty space inside 
the shell, and when the PCM is in liquid state, this additional space is almost occu
pied and the entire space inside the shell is utilised. 

In most cases, M/NPCMs are of the simple type shown in Figure 5.9a and b because 
it is easier to fabricate while they offer a good level of enhancement in heat transfer 
properties of PCMs. More than 15 methods have been employed for fabrication of 
M/NPCMs with different shapes. Those methods can be categorised into three main 
types of physical (specific to micro encapsulation), physicochemical, and chemical. 
The literature suggests that for the mentioned fabrication types, with the same order 
respectively, the methods called spray drying, coacervation, and interfacial polym
erisation are the most common methods employed to date [58, 82]. Here, to avoid 
unnecessary complexities, only one of the simple methods is briefly explained. 

In the coacervation method, a polymer such as gelatine is dissolved in an aqueous 
or organic media. Then the PCM is dispersed into the solution, and by controlling the 
solubility of PCM through pH variations, an emulsion is formed. Then by evaporating 
the solvent, the M/NPCM particles are shaped [82]. The references [58, 74, 82–84] are 
recommended to find more information on different methods of fabricating M/NPCM. 

Apart from the enhancements it brings, encapsulation can also make PCMs flow-
able through what is called phase change slurry (PCS). Considering that PCMs and 
PCSs are mainly involved in heat transfer applications, PCS is composed of a heat 
transfer fluid, normally water, mixed with a micro/nano encapsulated PCM [85]. 
However, PCSs suffer from their own drawback, which is stratification of the heat 
transfer fluid mixture, caused by the density difference between the heat transfer 
fluid and the M/NPCM particles. Through stratification M/NPCM particles can even 
cause clogging in the pipeline or the pumps [86]. 

M/NPCMs, when employed in the form of slurry, would have behaviours similar 
to nanofluids, especially for the nano encapsulation type. For this reason, the Max
well Eucken model introduced by Eq. (14) can be used to estimate the ETC of the 
slurry with a good accuracy. But when the M/NPCM is stationary, the ETC of the 
composite can be estimated by Eq. (15) [82]: 

d  d1 1 eff  PCM = + (15) 
k d  k d k d deff eff PCM PCM PCM PCM eff 
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where deff  and dPCM  are the M/NPCM and PCM core diameters (m). More on 
the prior equation and further relations with regards to thermophysical properties of 
M/NPCMs can be found in reference [82]. 

5.3.3.4 Introducing Metallic Structures into the PCM Body 
Another common and effective method of thermally enhancing PCMs is introduc
ing highly conductive metallic structures, such as fins, metal foams, metallic hon
eycombs, and heat pipes. Each of these structures has its own specifications that are 
briefly introduced here. Figure 5.10 shows some samples for each of the aforemen
tioned metallic structures. 

(a) (b) 

(c) (d) 

FIGURE 5.10 Samples of the common metallic structures used for enhancing heat transfer 
inside a PCM body: (a) fin [87], (b) honeycomb [88], (c) metal foam [89], (d) heat pipe, [with 
permission of reuse from Elsevier]. 
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Employing fins has been a popular solution to enhance heat transfer, not only for 
PCMs but also for any other heat transfer medium. Fins are normally thin metallic 
plates manufactured in different shapes and sizes that can improve the heat transfer 
in a medium by providing an extended surface area and heat transfer network [90]. 
Being available at relatively low prices compared to other metals, being easy to work 
on and to shape, and most importantly, having a high thermal conductivity, alumin
ium, copper, and steel are the common materials used to manufacture fins [91]. The 
thermal conductivities of aluminium, copper, and steel are around 220 W/m.k, 400 
W/m.k, and 45 W/m.k [92], respectively, which even in the case of steel are much 
higher than that of common PCMs such as paraffin, that is around 0.2 W/m.k. 

Arrangement of the fins, number of fins, the length and width of fins, the fins’ 
thickness, and fin pitch are the design parameters that need to be considered when 
using fins to thermally enhance a PCM [93]. All of these design parameters can affect 
the effectiveness of fins in enhancing heat transfer inside PCMs. In the meantime, 
it must also be considered that the presence of fins can affect the PCM heat storage 
capacity as well. Except for the case of PCM slurry, whose applications are minimal 
compared to other cases, PCMs are kept in a confined storage unit. That is, in most 
cases, there is a specific amount of PCM inside a unit, and to add other materials 
or structures, there would be no choice other than reducing the PCM mass. Conse
quently, the reduction in the mass of PCM would result in reducing its heat storage 
capacity. Therefore, when designing the fins’ configuration, a balance must be made 
between the enhancement in heat transfer and reduction in heat storage capacity. 

Another metallic structure used for enhancement of PCMs is called honeycomb, 
which is in fact a specific fin configuration [94, 95]. The honeycomb structure, 
because of its strong structural characteristics, is mostly employed for passive ther
mal management applications [96], which are introduced in section 5.7. Because of 
their strong mechanical features, they can tolerate the stresses caused by the changes 
in the volume of PCM when going through a phase change [97]. The honeycomb 
structures are mostly made of aluminium [98], and the shape of their cells is com
monly triangular, trapezoidal, rectangular, hexagonal, and circular [96]. 

Fins come in different shapes, namely rectangular, longitudinal, radial, annular, 
tree, planar, spiral, triangular, trapezoidal, helical, etc., and their surface can have 
different profiles such as a normal flat surface or corrugated or perforated surfaces 
[90]. All of these different shapes and surface profiles, combined with other design 
parameters mentioned earlier, create a wide variety of fin and honeycomb designs. 
Therefore, it is not possible to provide a definitive method to estimate ETC of PCMs 
enhanced with fins or honeycombs, and it is recommended to use measurement 
methods in such cases. 

Open-cell metal foam is another popular metallic structure that has been employed 
to enhance heat transfer inside a PCM body. Metal foams are porous metal structures 
with normally a high volume fraction of empty space (voids) inside their structure. 
Metal foams are commonly made of copper, aluminium, and nickel, with the thermal 
conductivity of the latter being around 90 W/m.K [92]. 

Apart from the material from which the metal foam is made of, there are two 
main specifications defined to identify the general structure of a metal foam, namely 
porosity, and pore density or pore size. Porosity is the ratio of the empty volume to 
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metal foam total volume and is normally given in percentage. Pore density, on the 
other hand, identifies the number of pores inside the structure for a specific length. 
Pore density is usually given in pores per inch (PPI), which indicates the number of 
pores in one inch of the metal foam. Pore density has an opposite relationship with 
pore size. A higher pore density equates to smaller pore sizes and vice versa. 

The porosity of open-cell metal foams employed for PCM enhancement is usually 
in the range of 90–98% and does not go below 70% [66]. This is discussed further in 
section 5.3.3.5, but to briefly explain it, although lower porosities would result in faster 
heat transfer, they also can lead to less heat storage capacity. Porosities lower than 
70%, and even below 90%, can significantly decrease heat storage capacity. As for the 
pore densities, because of manufacturing requirements, usual values are in the range of 
5–40 PPI, and it has minimal effects on the conductive heat transfer inside the PCM– 
metal foam composite [66]. Having only the material, porosity, and pore density as the 
main variables, it is much easier to identify overall thermal behaviour of metal foams. 

A PCM–metal foam composite, which like other metallic structures enhances heat 
transfer inside PCMs through conduction, can be highly effective in their enhance
ment. With the porosities in the range of 90–98%, up to 27 times higher thermal con
ductivity compared to that of pure PCM is reported in the literature [66]. Even more 
enhancement is achievable at lower porosities, such as in one case with the porosity 
of 71%, a thermal conductivity of 218 higher is reported for the PCM–metal foam 
composite, compared to its pure PCM [99]. 

Again, because there are few parameters involved in determination of metal foam 
specifications, several relations have been introduced in the literature to estimate the 
ETC of PCM–metal foam composites. One of those relations with a good accuracy 
is as follows in Eq. (16) [100]: 

é æ 1 e 1 e ö é 1 e ù
k + p  k  k k + k  k÷( PCM MF )

ù
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where kMF  is the metal foam material thermal conductivity (W/m.K) and e  is the 
metal foam porosity. A detailed discussion on the methods for estimating the PCM– 
metal foam ETC, along with a list of relations, can be found in references [66, 101]. 

Heat pipe is another type of metallic structure used for PCM heat transfer enhance
ment. There is a difference between heat pipe and other types of metallic structures 
used for this purpose though. The other three methods mostly aim to enhance the 
heat transfer and provide a good distribution of thermal energy, all inside the PCM 
body, but the heat pipe aims to transfer the heat between the PCM body and the heat 
source/sink. 

A heat pipe is a sealed and evacuated metallic container with a wick structure on its 
internal wall that also contains a working fluid inside [102]. The working fluid exists 
both in liquid and vapour phases and through its phase change and vapour diffusion, 
and also with the help of convection, it transfers the heat through the heat pipe body 
[103]. The common materials for the metallic casing are aluminium, copper, and 
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steel, and the commonly used working fluids are water, ammonia, acetone, methanol, 
and ethanol. A list of casing and working fluid materials along with details on opera
tion principles of heat pipes can be found in references [102, 103]. 

Heat transfer in heat pipes is passive by nature, meaning that without the need 
for any external force, the input heat is transferred throughout the heat pipe body. 
Heat pipes are considered as one of the most efficient technologies of passive heat 
transfer, capable of maintaining almost a uniform temperature throughout the whole 
body, even when being heated and/or cooled at several points [103]. Heat pipes have 
a wide operating temperature range between −70°C and 270°C [103], which covers 
the operating temperature of most PCMs. 

As it was briefly explained previously, inside the heat pipe both phase change 
and convection heat transfers are going on. On the metallic casing though, thermal 
conduction is in charge of transferring the heat. Modelling and estimation of all these 
different forms of heat transfer altogether can be very complicated. Because of that, 
when accurate modelling of the temperature profile inside the heat pipe is not con
cerned, normally the whole heat pipe is considered as a solid body with an effective 
thermal conductivity (not to be confused with ETC of enhanced PCMs). For the 
heat pipe alone, effective thermal conductivities in the order of 102–105 W/m.K are 
reported in the literature [104]. 

Such incredibly high thermal conductivities can greatly help with rapid transfer of 
heat inside a PCM body. Similar to fins, heat pipes come in a wide variety of shapes 
and configurations, and thus it is not possible to provide general relationships for 
estimating the ETC of PCMs that are thermally enhanced using heat pipes. 

5.3.3.5 Comparison of PCM Enhancement Methods 
Limited experimental studies on comparison of the aforementioned PCM enhance
ment methods are reported in the literature. However, using the observations of those 
studies and the specifications of each method, it is possible to provide a general pic
ture of how these methods are compared to each other. 

The addition of nanoparticles into PCMs or micro/nano encapsulation of PCMs 
are both effective ways to enhance heat transfer inside the PCMs. However, at the 
same time, both methods suffer from sedimentation and instability of the composite. 
The melting/solidification cycles that a composite goes through exacerbate this issue. 
Moreover, compared to utilising nano-PCMs and M/NPCMs, introducing metallic 
structures into the PCM body has been identified to be more effective for enhancing 
heat transfer properties of the PCM [92]. 

About the metallic structures, as mentioned in section 5.3.3.4, their presence can 
reduce the PCM heat storage capacity by occupying extra space inside the storage 
unit. Of course, this is not a concern when it is possible to compensate for that by 
using a larger unit. However, this is a factor to consider when there is no flexibility 
in terms of enlarging the storage size. In the case of using fins, given that they are 
usually thin metallic plates, if designed properly, their impact on the capacity of the 
storage unit would be minimal. As for metal foams, the situation can be worse. At 
the porosity of 95%, which is normally the highest porosity available commercially, 
the presence of metal foam would reduce the amount of PCM and subsequently the 
storage capacity of the PCM unit by 5%. This reduction is not negligible, but given 
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that metal foams provide the best distribution of thermal energy inside the PCM 
body, depending on the application, it can be an acceptable loss, especially consid
ering the fact that the rest of the PCM is utilised more effectively. Honeycomb struc
tures and heat pipes can also take a considerable space inside the unit, and again there 
would be a trade-off between the heat storage capacity and the enhancement in heat 
transfer. However, normally with a small loss of the storage capacity, a significant 
improvement in the heat transfer performance is achievable. 

Apart from the heat storage capacity, introducing metallic materials into PCMs 
can have another negative effect. While enhancement of thermal conductivity can 
improve the heat transfer performance of PCMs, conduction is not the only mecha
nism through which the heat is transferred inside a PCM. PCMs go through a solid-
liquid phase change, and when in the liquid state, natural convection also plays an 
important role in transferring the heat through a PCM body. In fact, literature sug
gests that for a non-enhanced PCM, natural convection is the dominant heat trans
fer mechanism, when a PCM is in the liquid state [66]. The presence of a metallic 
structure inside the PCM can cause movement resistance against liquid PCM, which 
consequently suppresses the heat transfer by natural convection. In the case of the 
heat pipe type, given that there are not usually too many heat pipes involved, the 
PCM surrounding the heat pipes would have enough space almost in any direction to 
move freely. Therefore, the heat pipe would have minimal effects on the convective 
heat transfer. As for the fins and honeycomb structures, their arrangement must be 
designed to minimise their effect on the movement of liquid PCM. As in convective 
heat transfer, the main direction of liquid movement is upwards and downwards, so it 
is better to take advantage of vertical arrangements rather than horizontal ones. The 
metal foam though inevitably puts movement resistance all around the PCM body. 
Minimising that resistance is only achievable by using a highly porous metal foam 
with a low pore density, i.e., large pore size. However, the suppression of convective 
heat transfer caused by the metallic structures is not usually significant enough to 
offset the positive effect of enhancement in conductive heat transfer [66]. 

For fin, metal foam, and honeycomb structures. there are a large variety of designs, 
especially for the fin type, making it a bit hard to compare the effectiveness of these 
three types of thermal performance enhancement methods. This is while even sim
ilar heat transfer performance have been reported in some published resources for 
the PCMs enhanced by these metallic structures [92, 98]. In such a condition, other 
parameters, such as economic performance, availability of these options, mass, vol
ume, mechanical strength, and installation aspects, must be considered to select the 
best structure for a specific application. 

5.4 THERMOCHEMICAL HEAT STORAGE 

The TCHS method takes advantage of reversible endothermic/exothermic reactions. 
The concept of TCHS is schematically shown in Figure 5.11. 

Using the concept schematically presented in Figure 5.11, in the charging phase, a 
molecular compound of AB is heated, and through an endothermic reaction, is split 
into its composing reactants of A and B. Then during the storage phase, these two 
reactants are kept separated from each other. The storage phase duration would be as 
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FIGURE 5.11 The concept of thermochemical heat storage [105], [with permission of reuse 
from Elsevier]. 

long as these two reactants are kept separated. Whenever needed, the discharge phase 
can get started when the two reactants are put together. The reactants recombine 
through an exothermic reaction and release heat. 

One type of reaction that has the potential for this purpose is thermal decomposi
tion of metal oxides [106], a sample of which is decomposition of potassium oxide, 
Eq. (17) [29]: 

4KO « 2K O + 3O (17) 2 2 2 

This reaction takes place over a temperature range of 300–800°C and has a 
decomposition heat of 2.1 MJ/kg of potassium oxide [29]. This capacity of heat stor
age/release for 1 kg of potassium oxide is equivalent to latent heat storage of 10.5 kg 
of a paraffin with a fusion latent heat of 200 kJ/kg; or in the form of SHS, it is equiva
lent to warming up 10 kg of water by 50°C. This is very impressive; however, not 
all such reactions come with a high heat of decomposition such as this. For instance, 
decomposition of lead oxide requires 0.26 MJ/kg of lead oxide [29]. 

A unique specification of metal oxides is that their decomposition also releases 
oxygen, which can be utilized for other purposes, and for the reverse reaction it can 
use the oxygen available in the ambient. There are other materials with decomposi
tion reactions appropriate for TCHS, such as metal hydroxides, metal chlorides, salt 
hydrates, and sulphates. 

As presented in Table  5.4, high energy densities, much higher than that of the 
LHS and SHS methods, are common in the TCHS method. The reactions given in 
Table 5.4 also suggest that apart from oxygen, hydrogen and water can also be side 
products of TCHS methods. an expanded list of TCHS materials, along with their 
decomposition reactions and their heat of decomposition, can be found in references 
[8, 30, 106–108]. 

In the charging phase of TCHS, for the decomposition reaction to begin, it is first 
needed to heat a material up to certain temperatures. As suggested by Table 5.4, this 
temperature is normally above 200°C. When this required temperature is reached, the 
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 TABLE 5.4
 
Specifications of Some TCHS Materials [29]
 
Reaction Temperature (°C) Energy Density (MJ/kg) 

Methane steam 
reforming 

CH  H  O  CO H4 2 23+ « + 480–1195 6.053 

Ammonia 
dissociation 

2 33 2 2NH N H« + 400–500 3.940 

Magnesium 
hydride 

Mg MgH H2 2« + 200–500 3.079 + 9 in form of H2 

dehydrogenation 

Calcium hydroxide 
dehydration 

Ca CaO OH H O( ) « +
2 2 

402–572 1.415 

Catalytic 520–960 1.2352SO « SN + O3 2 2dissociation 

remaining input of thermal energy would be consumed for the decomposition reac
tion itself. The following equation, Eq. (18), explains this process [74]: 

Q = Q + Q (18) charge sens ch , bind 

where Qcharge  is the total energy (J) consumed to complete the reaction, i.e., the 
charging phase; Qsens ch  is the amount of energy (J) spent in the form of sensible ,
heat, to heat the material up to the temperature required for the reaction to begin; and 

 is the binding energy (J) between the molecules of composing the materials. Qbind
As shown in Figure 5.11, Qbind  is introduced as DH  as well.reac

Because of the need for reaching high temperatures for decomposition of the 
TCHS materials, the charging phase is mostly done at high temperatures. The reverse 
reaction occurring during the discharge phase, however, does not need such high 
temperatures. Therefore, the discharge phase of TCHS is usually at a lower tem
perature than that of the charging phase [74]. However, there is still a temperature 
requirement, depending on the materials involved, for the reverse reaction to begin. 
The relation for calculating the energy released during the discharge period would 
be similar to Eq. (18), as seen in Eq. (19), with the difference that the sensible heat 
consumed to heat up the materials would not be a part of total discharged energy: 

Q = Q  Q (19) discharge bind ,sens dis 

where Qdischarge  is the total amount of energy (J) released during the discharge 
period and Qsens dis  is the amount of energy spent to heat up the reactants to begin ,
the reverse reaction. 

The discussion following Eq. (17) and the data given in Table 5.4 support the point 
that compared to SHS and LHS, generally, TCHS offers a higher storage density, i.e., 
energy storage capacity per mass unit. TCHS also has minimal heat losses as the sepa
rated materials are kept in the ambient condition, and thus it does not need heavy ther
mal insulation as the other two methods do [109]. The release of thermal energy in the 
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discharge phase is a product of chemically combining two or more materials, rather 
than a release of a directly stored thermal energy. This method of keeping materials 
separated, to some extent makes TCHS portable as the materials can be transported 
and recombined in another location. However, currently TCHS is still under research 
as it comes with its own technical complexities. Currently TCHS is rather costly and 
has its own technical complexities such as toxicity, corrosiveness, and safety issues. 
When the reactions are in process, normally the temperature must be controlled. The 
reactions can also occur at variable rates or not at a desirable rate that makes it difficult 
to match TCHS with the heat transfer requirements of the intended application [110]. 
More details on TCHS methods can be found in references [108, 109, 111]. 

A reversible endothermic/exothermic reaction is the main mechanism for TCHS. 
Some recent technologies can also be taken advantage of for this kind of TES. Metal 
hydrides, for instance, which are mainly employed for hydrogen storage applications, 
have this potential. However, further investigation is required to evaluate this poten
tial. More information on metal hydrides can be found in the literature [112–114]. 

5.5 COLD THERMAL ENERGY STORAGE 

Process-wise, cold thermal energy storage (CTES) is not an individual method of TES 
different from the ones introduced in earlier sections. In practice, CTES approaches 
are mostly based on SHS and LHS methods [115]; however, thermochemical CTES 
is also possible [116]. What distinguishes CTES from other methods is its operational 
temperature, which can be anywhere below 0°C [116]. This temperature range makes 
CTES unique and worthy to be briefly discussed in this chapter. A proper example to 
support this idea is water, which is used in SHS methods that can be employed as a 
PCM in CTES applications. Water has a latent heat of fusion of 333.6 kJ/kg [117]. As 
introduced in section 5.3.2, most conventional PCMs have a latent heat in the range 
of 200–250 kJ/kg, which is considerably less than that of water. A list of some of the 
materials appropriate for CTES applications is given in Table 5.5. 

TABLE 5.5
 
Materials Appropriate for Employment in Cold Thermal Energy Storage [116]
 
Material Heat Storage Approach Heat Storage Capacity (kJ/kg.K) 

at Below 0 °C 

Water SHS Specific heat: 1.390–2.050 

Rocks SHS Specific heat: 0.740–2.150 

Concrete SHS Specific heat: 0.830–1.160 

Sodium chloride SHS Specific heat: 0.600–0.850 

Aluminum oxide SHS Specific heat: 0.100–0.720 

Water LHS Latent heat: 333.600 

Methane LHS Latent heat: 58.430 

Propane LHS Latent heat: 79.600 

Isopentane LHS Latent heat: 71.100 

Ethanol LHS Latent heat: 108.530 
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A large list of possible CTES materials based on SHS and LHS approaches, includ
ing enhanced PCMs, along with their thermophysical properties, is presented in ref
erence [116]. The need for CTES for materials with melting points below 0°C opens 
the door for employing materials different from those conventionally employed in 
SHS and LHS approaches. This can create unique opportunities for CTES applica
tions: a great example of this is the water/ice slurry. A mixture of water and ice means 
that it is being used in the form of LHS. In normal LHS applications, as discussed 
in section 5.3.3.3, PCM slurries suffer from sedimentation and stratification, which 
can clog the process pipeline. Both sedimentation and stratification occur due to the 
slurry being composed of different materials with significant density differences. 
This is whilst in the case of water/ice slurry the sedimentation and stratification are 
not a major concern. 

As CTES systems operate very similarly to SHS and LHS methods, here they 
will not be discussed more. The applications of CTES, which are introduced in sec
tion 5.7.4, make it unique. 

5.6 OVERVIEW OF TECHNOLOGIES, CHALLENGES, 
AND THE RESEARCH TREND 

Many studies have been published on TES methods as introduced so far in this 
chapter. It is not possible to compare all those variations of the TES methods, but 
some rough estimations are given in Table 5.6 that were originally presented in a 
workshop by the International Energy Agency (IEA) in 2011 [118] and are still 
being supported by the literature [26, 29, 119, 120] to be used for comparing various 
TES methods. 

Before discussing the information given in Table 5.6, it must be noted that in this 
table the storage capacities are reported as kWh per ton of the storage material just 
to provide a common base for this comparison. The ‘application power capacity’ 
denotes the output power range of the application that the TES methods are nor
mally employed in. Furthermore, water, being the most common material employed 
in SHS, represents this type of TES. 

Based on Table 5.6, SHS offers the lowest heat storage capacity. Considering the 
maximum values given in Table 5.6, the storage capacities of TCHS and LHS are 
up to 4.2 times and 2.5 times more than that of the SHS method, respectively. In 
addition to that, SHS also has the lowest range for efficiency. A medium range and 

TABLE 5.6 
Comparison of the Three Main TES Methods [118] 
TES Method Storage Capacity Application Power Efficiency (%) Maximum Storage 

(kWh/t) Capacity (MW) Capability (Duration) 

SHS (water) 10–60 0.001–10 50–90 Days to months 

LHS (PCM) 50–150 0.001–1 75–90 Hours to months 

TCHS 120–250 0.01–1 75–100 Hours to days 
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a high range can be considered for the efficiency of the LHS and TCHS methods. 
Therefore, it can be concluded that TCHS offers the best TES performance and LHS 
somewhat closely follows it. However, as the information given in Table 5.6 sug
gests, SHS is employed in the widest range of applications. That is because water 
is easily accessible, cheap, and safe to operate. The equipment for hot water storage 
are also not complicated and widely available in different shapes and sizes. That is 
whilst the other two TES methods require their specific equipment and have more 
limitations than water to work with. Moreover, the price of the materials used in 
TES methods is an important factor to be considered for selecting them for TES 
applications. Based on the same report presented through an IEA workshop, for the 
same energy storage capacity, LHS and TCHS materials can be five to ten times 
more expensive than water [26, 29, 119]. Another drawback for those two meth
ods, and specifically for the TCHS method, is that they are capable of keeping the 
stored thermal energy for shorter periods compared to a water-based SHS method. 
This factor can become important based on the application requirements. In addition 
to that, stability and cyclability of the materials are currently an ongoing issue for 
LHS and TCHS methods [121]. Overall, the SHS approach, especially when water is 
employed, is a mature method. That is, whilst the LHS is under significant research, 
which has offered rooms for their development; and finally TCHS is considered to be 
at its early stages of research and development [121]. 

There is a challenge specific to PCMs used in the LHS method. As presented in 
Table 5.3, except for metal-based ones, which have very limited applications, PCMs 
suffer from low thermal conductivities. PCMs are mainly stored in a confined space, 
and during the TES process, they are either in solid or liquid phases or have a combi
nation of both while one is transitioning to another. To store heat or release the stored 
energy effectively, the entire material must be involved; otherwise, some parts may 
not functionally participate in the aforementioned processes. For thermal energy to 
be properly transferred through a PCM and hence engage its entire mass involved, 
they need to have a high thermal conductivity, which is not the case for many PCMs 
[61, 62]. There have been many efforts to overcome this issue, amongst which intro
ducing metal foams, nanoparticles, and fins into the PCMs or encapsulating PCMs 
with highly conductive materials [66, 92] have gained popularity. However, these 
solutions, as already discussed in sections 5.3.3.2 to 5.3.3.4, have their own draw
backs and may need further research and development for them to unleash their full 
potential. 

As for TCHS, this method is also in the research phase, with many obstacles to 
be removed before it can be widely practised. Although TCHS normally offers much 
higher energy storage density compared to the other two methods, it is very costly 
and comes with its own technical complexities such as toxicity, corrosiveness, and 
safety issues. In addition to that, controlling the reactions to obtain a specific heat 
transfer condition required by the application process is another major technical 
challenge associated with TCHS. 

Implementation of TES methods may not be cost effective in many cases, mostly 
due to their high initial costs; this makes their payback period undesirably long, 
which barely justifies the energy savings offered by TES solutions [56]. Hence, TES 
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technologies generally require further developments, with particular attention to 
making them more cost effective. TES systems are mostly used for hot or cold water 
applications. In these cases, specifically when LHS and TCHS methods or the SHS 
methods without a conventional water tank are employed, there are still concerns 
about the quality of the output hot or cold water. 

Apart from the technological advancements required, the economic viability of 
TES solutions, specifically the LHS and TCHS approaches, can be boosted through 
the allocation of government incentives. Otherwise, in the absence of a strong eco
nomic completeness, the environmental benefits of TES solutions remain the key 
driver behind their adoption. This becomes a stronger proposition though in the pres
ence of supportive environmental legislative policies. 

5.7 APPLICATIONS 

5.7.1 renewabLe energy TechnoLogieS 

The application of TES systems can be categorised into two main types of active and 
passive systems. In active systems there is a component, usually a heat transfer fluid, 
that connects the TES unit to other parts of the process and helps with charging and 
discharging the unit, whereas in passive systems, the TES unit has a direct or indirect 
thermal contact with wherever the heat has aimed to be transferred. In such systems 
there is no need for an external component to transfer the heat where it is needed 
[122]. Passive methods are mostly employed in thermal management applications, 
which are discussed in section 5.7.3. 

In many TESs that use SHS approaches, renewables such as solar energy and 
geothermal energy are perfect candidates for being the heat source. Among the 
water-based SHS methods introduced in section 5.2.3, water tanks, pits, aquifers, 
and solar ponds can use solar energy to get warmed up. The borehole and rock 
cavern methods inherently use geothermal energy as their heat source. LHS meth
ods are a perfect match with solar energy technologies, because solar energy is 
intermittent by nature. It is not available all day long and, when it is available, 
ambient conditions such as the weather can significantly affect its availability. This 
intermittency, along with the variations in demand for energy, results in large mis
matches between the supply and demand of the energy. LHS systems not only can 
help with increasing the efficiency of solar energy harvesting technologies, but also 
can mitigate those mismatches. Hence, application of PCMs with solar thermal and 
even solar electrical technologies has been very popular. Integration of PCMs with 
solar thermal collectors such as flat plate [123], evacuated tube [63], trough [124], 
heliostat [125], and solar stills (solar desalination) [126] have been widely studied 
in the literature. 

PCMs have also been used for thermal management of photovoltaic (PV) sys
tems for simultaneous harvesting of electricity and heat, also known as PV/T [127]. 
The inefficiencies of PV panels in generating electricity appear in the form of heat, 
which increases their temperature [128]. PVs show lower efficiencies at higher tem
peratures. Being able to transfer heat almost isothermally, PCMs can help with the 
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operation of photovoltaic panels at an almost constant (low) temperature. The heat 
generated by PVs can also be captured using SHS units. 

The potential offered by TES arrangements to enhance the viability of renewable 
energy technologies has made them popular solutions. More information and a list of 
some major real-world applications of solar energy technologies integrated with TES 
can be found in reference [34]. 

5.7.2 diSTricT heaTing and cooLing 

District heating and cooling (DHC) systems integrated with thermal storage have 
been highly popular globally. Different scales of DHC integrated with TES are cur
rently operating in Germany, Denmark, France, Sweden, Spain, Britain, Belgium, 
Canada, and the USA [8, 121]. TES in DHC is used in both short-term and long
term (i.e., seasonal) storage applications. Short-term applications are mainly about 
compensating real-time mismatches between supply and demand in either heating or 
cooling modes. The whole idea of the seasonal storage is to store the excess heat dur
ing the hot season and/or the excess cold energy during the cold season for later use 
in opposite seasons. This aspect of their application is receiving interest these days 
as renewable energy technologies such as solar, geothermal, and biomass are gaining 
popularity [129]. Figure 5.12 schematically shows the concept of a district heating 
system powered by solar energy integrated with a TES tank. 

The TES method being employed in DHC applications is mostly the SHS one with 
water used as the main material for that. However, in limited instances, employment 
of LHS and TCHS has also been reported, where a heat exchanging mechanism is 
employed to transfer the stored energy to a flow of water [16]. However, considering 
that DHC is a large-scale application in nature, availability and ease of operation 
make water the main choice for use as a TES material. Water is commonly stored in 
water storage tanks, a pit, boreholes, or an aquifer with water tank being mostly used 

FIGURE 5.12 General overview of a solar-powered district heating system integrated with 
TES, recreated from [130], [with permission of reuse from Elsevier]. 
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for short-term applications and all of them being appropriate for seasonal storage. 
The space required for a water storage tank in short-term applications can be any 
size around 10–100 m2, depending on the designed capacity of the DHC system. As 
for the seasonal storage, a tank or a pit-based system requires 1,000–10,000 m2, and 
a borehole or an aquifer needs about 10 m2 [16]. 

Integration of DHC with TES has been a popular subject for the researchers, with 
several valuable studies reported in the literature on this topic. The following refer
ences in particular are recommended by the authors to learn more about DHC and 
their integration with TES units and renewable energy sources: [16, 121, 129, 131]. 
Yang et al. [121] have also done a great job in providing a comprehensive technoeco
nomic review of seasonal thermal energy storage systems, including those based on 
SHS, LHS, and TCHS methods. 

5.7.3 ThermaL energy managemenT 

The applications discussed earlier in this section can be categorised as active TES 
systems, in which an external heat source charges a storage medium, and then the 
stored energy is delivered to an end user. Thermal energy management applications 
are specific to LHS methods in which a TES component operates in a passive man
ner. In thermal energy management applications, the goal is to keep the end user at an 
almost constant temperature. As discussed in section 5.3, PCMs with their high latent 
heat make it possible to receive and release thermal energy at an almost constant 
temperature. Thermal management of electrical batteries and buildings are the most 
common applications of this type. 

Electrical batteries generate heat when operating, and in the meantime their per
formance and even their lifespan are depleted if operated at elevated temperatures. 
Lithium-ion batteries specifically produce large amounts of heat whilst operating 
that can accelerate their aging and affect their charging/discharging capacities [21]. 
That is why electrical batteries must usually be operated within a narrow tempera
ture range to maintain their health and performance. PCMs facilitate the operation 
of batteries at almost constant temperature points, making them prime candidates for 
thermal management of electrical batteries. Reference [132] provides more detailed 
information on this application. 

Thermal management of buildings is another application in which PCMs can be 
very effective. Thermal comfort or a comfortable temperature range is defined for 
most buildings that are used for different purposes. For instance, in the case of build
ings with human occupants, based on the function of the building, the comfort tem
perature range is around 20–32°C [133]. PCMs, again because of their unique ability 
to transfer heat almost isothermally, are great candidates to help with keeping build
ing temperature at a desirable range. Wallboards, being easy to work with, have been 
a popular component of buildings to employ PCMs in them. Many studies in the lit
erature and real-world applications have used PCM wallboards for thermal manage
ment of buildings [134]. Several other building materials and components have been 
tested for containing PCMs, such as walls, windows, roofs, floors, concrete, gypsum, 
brick, and mortar, the details of which can be found in the literature [134, 135]. 
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5.7.4 coLd ThermaL energy STorage appLicaTionS 

Applications as simple as making ice, and then using the ice to cool down anything 
or to keep something cold, are known as cold thermal energy storage (CTES). The 
cool packs or ice packs that are even available at retail stores are among such appli
cations. One of the common CTES applications that has been around for decades is 
for preserving and transport of food and medical supplies [115]. 

Any refrigeration system, including domestic, commercial, and industrial, can also 
take advantage of CTES to increase its efficiency [116] by reducing the losses, which 
is another inherent specification of TES systems. In refrigeration cycles, a CTES unit 
is normally located around the evaporator [136]. CTES slurries can also be employed 
as a secondary loop, which receives cold energy and releases it at another point and 
at any time as required [116]. 

Space cooling is another well-known CTES application. A popular CTES-based 
space cooling application is about using the off-peak electricity [115] to generate 
some cooling effect and storing it in an appropriate PCM for later use, i.e., to min
imise the electricity consumption for space cooling at peak time. Apart from the 
savings offered by this approach, it also helps with shaving the peak of the demand 
at large scale and removing the pressure from the grid, especially during hot sea
sons. During such periods, largely due to the high space cooling demand, there is 
a peak demand for electricity during mid-day and afternoon, putting an immense 
pressure on the grid. During off-peak hours, an excess amount of electricity can be 
generated without overloading the grid. This excess amount of energy can be used 
to charge up CTES systems, which can then help with space cooling during the peak 
hours to reduce the pressure on the grid. Doing so, during the off-peak hours, the 
excess electricity can be used to produce cold water or ice. Then this cold water or 
ice is stored in a CTES unit, which is later employed as a cold supply of an air con
ditioning system [115]. For example, this concept of CTES-based air conditioning 
systems have been taken advantage of in the US, China, Korea, Malaysia, Thailand, 
and Canada [115]. 

Some applications take advantage of TES systems to store electricity through a 
process. An application of such that employs both cold and thermal energy storage 
is called pumped thermal energy storage. Figure 5.13 shows the process diagram of 

such an arrangement. 
A pumped thermal energy storage system employs an SHS approach, and its work

ing fluid is a gas, i.e., usually argon. During the charging phase, the system acts like 
a refrigeration cycle and consumes electricity to transfer thermal energy from cold 
storage to hot storage. This way, both storages get charged simultaneously. Then, 
whenever needed, the cycle is reversed and through the transfer of heat from the hot 
storage to the cold storage, electricity is produced by a generator located inside the 
expander [137]. 

There are other CTES applications, such as liquid air energy storage, super
conducting flywheel energy storage, waste cold energy recovery, and boil-off gas 
re-liquefaction of a liquefied natural gas (LNG) terminal, the details of which can be 
found in reference [116]. 
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FIGURE 5.13 The process diagram of a pumped thermal energy storage system, recreated 
from [137], [with permission of reuse from Elsevier]. 

5.8 CONCLUSIONS 

While not being a recent technology, thermal energy storage has recently drawn sig
nificant attention due to the important roles they play in thermal energy systems. 
Particularly, the emergence of renewable energy technologies, especially solar and 
geothermal, has made TES systems even more popular than before. These green 
and free sources of energy are intermittent, and in many cases, they cannot meet the 
energy demand in real-time; that is where TES solutions can play effective roles. TES 
methods can help with reducing heat losses, addressing the mismatches between the 
supply and demand of energy, and maintaining a desired temperature depending on 
applications. 

Currently, SHS types of TES, specifically water-based ones, are widely employed 
worldwide and in various small- and large-scale applications. A common example of 
SHS is the hot water tanks. Aquifers (large scale) and boreholes are other common 
water-based SHS approaches that were discussed in this chapter. 
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In addition to SHS, LHS and TCHS methods have also been developed for use 
in TES applications. The TCHS method usually offers the highest energy storage 
density, meaning it can store the highest amount of energy per unit of mass. LHS 
also generally has a higher energy storage density than what is offered by the SHS 
method. However, none of the LHS and TCHS methods has proven to be as suc
cessful as SHS in a wide range of real-world applications. The two former methods, 
specifically TCHS, and the technologies associated with them are still in the research 
and development phase with rooms for their further improvement. The main reason 
for SHS being successful is that its related technologies are not complicated and 
have been developing for a long time; they mostly use water as the SHS material, 
which is readily available; moreover, generally they cost much less than the other 
two methods. 

The high costs and the complexities associated with the technologies around LHS 
and TCHS have been great barriers to the success of these TES methods. However, 
solid justifications support the need for further development of these two methods. 
Firstly, they offer high energy storage densities while being more efficient options 
than the SHS approach. Secondly, water shortage has already become a concern 
for some regions, and it will become a more critical issue globally with population 
growth and industrial developments, which will put further stress on water resources. 
Considering that, in the future there may be a need to replace water-based SHS sys
tems with other solutions, and that is where LHS and TCHS can come into play. It 
is noteworthy that these two approaches may require stronger financial support from 
governments and decision makers in order to unleash their full potentials. 
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Cooking, and Ponds 
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6.1 INTRODUCTION 

Sunlight energy has been utilized by a wide range of thermal energy storage (TES) 
systems, which have continuously evolved over the years into a wide range of fas
cinating products having amazing applications. Solar cookers, solar heaters, solar 
dryers, and a packed bed solar TES system are some of the products developed with 
the help of various TES systems developed. A basic categorization of the TES system 
is done with reference to the approach through which energy is stored in the system, 
and there are broadly three ways (Figure 6.1), which are specific heat-based, latent 
heat-based, and thermochemical-based. 
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FIGURE 6.1 Types of thermal energy storage systems. 
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6.1.1 properTieS oF TeS maTeriaLS 

There are various thermochemical properties of these TES materials, which qualify 
them for use in different industrial conditions: 

1.	 Melting point: The temperature at which the solid starts to melt in the form 
of drops is called the melting point. 

2. Density: Mass per unit volume is defined as density. The amount of phase 
change material (PCM) used can be calculated based on the specific gravity 
of the material. 

3.	 Latent heat of fusion: The heat emitted during the conversion of solid to 
liquid is called the latent heat of fusion. 

4. Specific heat (Cp): Heat required to change a unit temperature for a unit 
mass is called sensible heat. 

5.	 Thermal conductivity: This is the measurement permissibility of conduct
ing heat through the material. 

6. Supercooling: The level of cooling without freezing below the freezing 
point is called supercooling, so during discharging of heat, the PCMs 
should freeze comprehensively near their freezing point. 

7.	 Cost and availability: The cost per unit mass should be low so 
that it can be used widely, and moreover it should be freely available for use. 

8. Thermal stability: The materials when subjected to higher temperatures 
should not crumble and should be operable at a high operating range of 
temperature. 

9.	 Chemical stability: The TES life depends a lot on the quality of the material 
being used. Generally, materials with high chemical stability last long in 
terms of their life and increase the overall life of a TES. 

6.1.2 SpeciFic heaT Source (ShS)–baSed TeS 

The sensible heat–based TES stores heat energy in form of temperature difference 
without any change in the phase of the stored material. The heat stored is the function 
of the specific heat of the storage material, its mass, and the difference of tempera
ture. Most of the specific heat–based materials available are quite inexpensive with 
good heat-conducting property, non-toxicity, higher density, and stability. Broadly, 
the TES systems with specific heat can be classified with respect to the storage 
medium, as shown in Figure 6.2. 

Based on the properties, the behaviour of SHS varies, and accordingly their 
usages and merits/demerits have been defined. Table 6.1 has detailed various SHS 
materials with merits and demerits, and it is noteworthy that none of the SHS qual
ify for all the desired properties, and there is optimization whenever a selection is 
made. 

Further, the thermochemical properties of specific heat–based TES have been con
solidated by Sarbu [2] along two different categories with solid-liquid interface and 
solid-Solid interface. 
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FIGURE 6.2 Types of sensible heat–based thermal storage medium.

TABLE 6.1 
Experiment Setup for Solar Pond with Collectors
S. No. Storage Medium Operating Merits Demerits

Temperature (C°)

1 Water 25–90 • High specific heat • High vapour pressure
• Medium thermal • Corrosiveness

conductivity
• Simultaneous charging and 
discharging possible

• Non-poisonous and easily  
available

2 Mineral oil Up to 400 • Less vapour pressure • Costly
• Don’t freeze • Less specific heat

• Less thermal 
conductivity

3 Molten salts Up to 400 • Higher density • Lower thermal 
(Liquid) • Low vapour pressure conductivity

• Oxidizing and 
corrosiveness

• Freezing risk

4 Liquid melts Above 300 •  Higher thermal conductivity • Higher in cost
•  Minimum vapour pressure

5 Rocks Up to 1000 •  Can perform as heat • Poor thermal 
exchanger and heat storage conductivity
medium •  Requires higher mass 

•  Non-toxic and easy to obtain flowrates to store 
•  Mechanical resistance higher energy

as compared with thermal •  Pressure drop is a 
cycling major problem

(Continued)
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 TABLE 6.1 (Continued)
 
Experiment Setup for Solar Pond with Collectors
 

S. No.	 Storage Medium Operating Merits 
Temperature (C°) 

6 Concrete Up to 1000 

7 Sand Up to 550 

8 Brick Up to 400 

9 Metals Up to 1400 

• Medium thermal 
conductivity 

• Great mechanical strength 
• No container needed 

• Direct use in solar receiver, 
cheap and non-poisonous, 
and simply obtainable 

• Non-corrosive 
• Non-poisonous and simply 

obtainable 
• low-cost 

• Higher thermal conductivity 
• Higher energy density 

Demerits 

• Cracks form at 
higher temperatures 
during repeated 
cycles 

• Low specific heats 

• Low density 
• Low specific heat 
• Lower thermal 
conductivity 

• Lower thermal 
conductivity and 
energy density 

• High cost 
• Increase in weight 

Source: Reprinted/adapted with permission from John Wiley and Sons by Charmala and Saini [1]. 

6.2 LATENT HEAT–BASED (LHS) TES 

The LHS stores heat energy without any variation in temperature of stored material. 
The sum of heat stored is a function of the latent heat of the storage material and its 
mass. A latent heat storage system does not undergo temperature rise, so it is safe 
for operations, and with high-density material use, the size of PCM mass for TES 
can be reduced significantly. A low size of container material can reduce the cost of 
fabrication, which means LHS can be a cost-effective solution for industries requir
ing high volumes of such products. The disadvantage associated with the LHS is low 
conductivity, which leads to poor thermal transient during cyclic charging cycles. 
The phase change during charging and discharging cycles leads to the solidification 
of the phase boundary, which is the main reason behind poor heat transfer. The heat 
flows via convection between solid and liquid boundaries and the solidified layer 
results in an increase in thermal resistance. A list of latent heat materials is presented 
in Figure 6.3. 

A latent energy source has the advantage of becoming a higher energy source with 
lower temperature variance between their storage and retrieval and features such as 
high energy density, flexible temperature range, and optimal utilization of storage 
material. Materials such as KNO3, NaNo3, KOH, and MgCl2 are used in cascade 
types of heat storage. Reversible chemical storage systems are the inter-metallic 
compounds made by alloying of different metals by milling or melting. Melting 
point and enthalpy of PCM materials have been presented in Figure 6.4 by Javadi 
et al. [3]. 
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FIGURE 6.3 Type of latent heat–based thermal storage material.

FIGURE 6.4 Melting point and enthalpy of PCM.
Source: Reprinted/adapted with permission from Elsevier, Ref. by Javadi et al. [3].
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Melting temperature, enthalpy of fusion, and thermal conductivity are the major 
properties that help in defining the usage of any application. The melting temperature 
of organic PCM is generally low, so it can be used preferably for applications near 
room temperature, but it has low heat conductivity. Similarly, inorganic PCM has a 
comparatively high melting temperature but relatively better thermal conductivity. 
Enthalpy plays a major role by defining how much less material of PCM would be 
required for a desired heat transfer. More mass is required for less enthalpy PCM and 
vice versa. So the PCM is generally used based on the kind of end conditions and heat 
transfer environment. Table 6.2 has mentioned various properties of PCM material. 

TABLE 6.2 
PCM Used for Latent Heat 
PCM Type Melting Point Heat of Fusion Thermal 

(°C) (KJ/kg) Conductivity 
(W/m-K) 

Paraffin wax (C13-C18) Organic 32 251 0.214 

Polyglycerol E600 Organic 22 127.2 0.189 

Vinyl stearate Organic 29 122 0.25 

Butyl stearate Organic 19 140 0.21 

1-Dodecanol Organic 26 200 0.169 

n-octadecane Organic 28 243.5 0.148 

Palmitic acid Organic 57.8 185.4 0.162 

Capric acid Organic 32 152.7 0.153 

Caprylic acid Organic 16 148 0.149 

Propyl palmitate Organic 10 186 N.A 

KNO3/NaNO3 Inorganic 220 100.7 0.56 

CaCl2.6H2O Inorganic hydrates 29 187 0.53 

LiNO3/KNO3/NaNO3 Inorganic eutectic 121 310 0.52 
mixtures 

(a) KNO3-LiNO3 Inorganic eutectic 124 155 0.58 
(b) KNO3/NaNO3/LiNO3 mixtures 
(c) Eutectic mixture 

LiNO3/CaNO3& solar Inorganic 130 276 0.56 
salts 

NanO3 and KNO3 

KNO3/NanO3(30%/70%) Inorganic non- 260 305 0.54 
eutectic mixture 

Capric acid (65.12%) Organic eutectic 19.67 126 0.21 
&Lauric acid (34.88%) mixture 

Polymethylmethacrylate Organic eutectic 21.37 116.25 0.15 
(PMMA)/Capric mixture 
Stearic acid mixture 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Dinker et al. [4]. 
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Dinker et al. [4] studied a comparison of various PCMs with their properties, and 
it can be construed that the selection of PCM is a trade-off due to associated merits 
and demerits with respect to end use. A PCM with low thermal conductivity and large 
variation in volume cannot be used for a small area and quick heat removal; however, 
a eutectic with higher enthalpy per unit volume and good thermal conductivity can be 
used. Generally, paraffin is preferred because of its high enthalpy and high heat stabil
ity and is consistent with all the metals, but precaution is taken due to its flammable 
nature. Salt hydrate has high corrosion issues along with supercooling, and otherwise 
is one of the best low-cost available segments of material for use. Metals have high 
conductivity and good enthalpy of fusion, but due to higher cost and weight, they are 
not used prominently. Fatty acids have quite a high cost and flammability at higher 
temperatures, but due to sharp phase transformation, they are used in solar passive 
heating appliances. Eutectics have a wide range of use as they are a mix of different 
organic and inorganic ingredients with properties of both shared as per ratio. Char
mala and Saini [1] studied certain latent heat materials for their major thermophysical 
properties and consolidated features with merits and demerits; they are presented in 
Table 6.3. Now towards the improvement of features and overcoming the demerits, 

TABLE 6.3 
Merits and Demerits of Latent Heat Materials 

Paraffin Non-Paraffin Salt Hydrates 
(fatty acid) 

Phase change -12 to 71°C 7.8–187°C 11–120°C 
temperature 

Latent heat of 190–260 kJ/kg 130–250 kJ/kg 100–200 kJ/kg 
fusion 

Features • Phase transition • Broad range • Alloy of water 
temperature and of melting and inorganic 
enthalpy of fusion point and salt 
depends on chain enthalpy of 
length fusion 

• Common PCM 

Cost Expensive Twice as costly Low 
as paraffin 

Merits • No phase • Sharper phase • Easily 
segregation and transformation obtainable 
supercooling • High density 

• Thermodynamically 	 • High thermal 
stable conductivity 

• High enthalpy of 	 • Change in 
vaporization volume is less 

• Can be used with 	 than that of 
metal containers others 

• Sharper 
melting point 

Metallic 

30–96°C 

25–90 kJ/kg 

• High weight 
and high 
cost so less 
used 

High 

• High 
enthalpy of 
fusion 

• High 
thermal 
conductivity 

Eutectics 

4–93°C 

100–230 kJ/kg 

• Two or more 
materials mix 

• Melting and 
freezing 
without phase 
segregation 

High 

• High 
enthalpy of 
fusion per 
unit volume 

• High 
thermal 
conductivity 

(Continued) 
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 TABLE 6.3 (Continued) 
Merits and Demerits of Latent Heat Materials 

Paraffin Non-Paraffin Salt Hydrates Metallic Eutectics 
(fatty acid) 

Demerit • Lower thermal • Mildly • The problem of • Lower • Low 
conductivity corrosive supercooling enthalpy of enthalpy of 

• Do not have	 • Flammable at • Corrosion to fusion fusion per 
well-defined melting high the metallic • Lower unit weight 
temperatures temperature container specific heat 

• Flammable 
• Larger variation in 


volume
 

Source: Reprinted/adapted with permission from John Wiley and Sons, Ref. by Charmala et al. [1]. 

various measures are taken. One of the measures is the mixing of specific property 
triggering components such as nanofibers, eutectics, and other PCM. This method has 
been widely explored and experimented for getting desired properties. 

The selection of PCM depends on various features and properties such as high den
sity, low vapor change, and low volume change during phase change. These properties 
help in reducing the mass of PCM required for any application. Similarly, the PCM 
selected should be stable, non-toxic, and non-flammable so that it can be used for 
high-temperature applications and can be safe for the environment. PCM should have 
high latent heat along with a melting temperature near that of the ambiance of end use. 
Further, there should be the least super cooling and crystallization so as to ensure proper 
phase change during charging and discharging cycles. Also, last but not least, the PCM 
should be cost-effective and easily available for anyone to use. It is always challenging 
to find a PCM that meets all criteria and specifications, and therefore optimization is 
done with respect to certain property that is preferably required for the end use. 

The main challenges seen generally in using PCM are low thermal conductivity, 
phase separation, supercooling, and flammability. While going through charging and 
discharging cycles, the homogeneity of PCM should be maintained at the tempera
ture of use. So generally while selecting any PCM it is ensured that phase change 
occurs in a well-reversible manner and there is no separation of phases. Thermal 
conductivity is a main challenge that is mitigated by the use of many additives in the 
form of graphite, metals, and carbon-based nanomaterials. Graphite can be added in 
the form of graphite flakes, graphite powder, and expanded graphite. Similarly, nano
materials can be added for metal oxides, silver nanowires, carbon-based, and simple 
metallic. Carbon-based nanomaterials are preferred because of their lower weight. 
Form-stable PCM composites can also be formed wherein the form of the PCM does 
not change at the melting temperature. Various types of additives have been shown 
for different carbon-based nanomaterials, as shown by Olabi et al. [5] in Figure 6.5. 

Although many additives enhance thermal conductivity performance in a PCM, 
such as metal oxides, carbon-based nanomaterials have the specific advantage of less 
weight, which reduces the overall mass of PCM. These carbon nanomaterials have 
been classified from zero dimension to three dimensions, which is shown in Figure 6.5. 
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FIGURE 6.5 Different carbon nanomaterials used as an additive in PCMs. 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Olabi et al. [5]. 

Guruprashad et al. [6] explained the technique wherein the PCM is encapsulated 
at the microscopic level, and it is surrounded by filler, enabling higher heat transfer 
and reinforcement to the matrix called microencapsulation. Comparatively, manu
facturing microencapsulated PCM is an expensive process and requires precise man
ufacturing controls. There is wide use of the microencapsulation technique, and it is 
prominently used in buildings and industries. Various types of polymers and mono
mers are added to the matrix of PCM by either mixing in colloidal mixtures or emul
sification of droplets with surfactants or condensation reaction; however, broadly the 
microencapsulation techniques studied are as follows: 

• Concertation 
• Suspension polymerization 
• Emulsion polymerization 
• Polycondensation 
• Polyaddition 

Furthermore, thermal transmission can be increased through various methods, and 
one of the most prominent methods is geometric modifications. Fins are added to the 
main body of the vessel for transferring heat from PCM to the container. There are 
different ways of attaching a fin to a body; it can be inside and outside or on the cover 
of the vessel. Dinker et al. [4] deliberated the performance of fins attached to a tube 
containing heat-carrying fluid passing into PCM, Figure 6.6 (e), and found that better 
heat transfer can be achieved with the fins. 

A combination of SHS and LHS has been studied and designed, wherein both 
approaches for thermal energy systems have been utilized. As an example, a model 
studied by Ahmed et al. [7] has been detailed in Figure 6.7. This system contains 
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FIGURE 6.6 Different ways of attachment of fins.
 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Dinker et al. [4].
 

FIGURE 6.7 Schematic of three types of TES: (a) sensible heat, (b) latent heat, and 
(c) combined system.
 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Ahmed et al. [7].
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PCM encapsulated between cylindrical structures containing sensible heat material 
combined in a cylinder. The hybrid usage of such systems can be applied widely, to 
gain advantages of both latent and sensible heat storage materials. 

6.3 THERMOCHEMICAL SYSTEMS 

Thermochemical systems (TCS) are widely used thermal storage systems due to the 
broad advantages associated with them. These materials have high energy density in 
a compact volume added with no heat loss, and further can be stored for longer peri
ods. However, the major disadvantage of the TCS is the high price of capital involved. 
Various research and studies have been conducted across the world recently. Various 
facets involved in the study of TCS has been defined by Pardo et al. [8] in Figure 6.8. 

Various TCS at medium and high temperatures have been mentioned in Figure 6.9 
by Pardo et al. [8] 

Thermochemical energy storage materials are classified as insorption and chem
ical reactions type. The sorption accounts wherein absorbent is absorbed in a liq
uid or solid during the reaction, so at least two components are needed for starting 
sorption. The chemical reaction is a high-temperature phenomenon as compared to 
sorption, but the basic principle remains the same. The pairs tested in one of the 
studies by Prieto et al. [9] in prototype under actual conditions have been mentioned 
in Figure 6.10. 

FIGURE 6.8 Various facets of a thermochemical TES system.
 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Pardo et al. [8].
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 FIGURE 6.9 Various TCS at medium and high temperatures.
 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Pardo et al. [8].
 

FIGURE 6.10 Pairs tested under actual conditions.
 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Prieto et al. [9].
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6.4 APPLICATION OF TES IN SOLAR WATER 
HEATING SYSTEMS (SWHS) 

A solar water heater (SWH) is a unique system that utilizes solar thermal radiation to 
heat water for domestic or industrial applications. Unlike conventional heaters that 
rely on electric current or some fossil fuel, SWH use solar radiation to heat water 
directly or indirectly. The components of a typical SWH consist of panels, an over
head tank, and a heat exchanger. These panels, also known as collectors, are gener
ally commissioned on the roof and collect solar energy, which is transferred to water 
in the storage tank through a heat exchanger. Heated water is kept in the tank and can 
be used as needed. SWH are eco-friendly, cost-effective, and can significantly reduce 
energy costs compared to traditional water heating systems. 

Types of SWH are direct and indirect. 

1.	 Direct SWH: In this type, water is directly heated by the sun’s energy 
through solar panels. The water circulates through the panels and is heated 
as it flows, then transferred into a tank. 

2. Indirect SWH: This type uses a heat exchanger for the transmission of heat 
from the solar panels to water in the storage tank. A heat-transmission fluid 
is intermediate, which transfers absorbed heat from the panel to water in the 
tank. 

Additionally, there are also two subtypes of SWH: active and passive. 

1.	 Active SWH: A pump is used to circulate the water or heat-transfer fluid 
between the panels and the tank. 

2. Passive SWH: This type relies on natural circulation, using gravity and 
thermal convection, to circulate the water or heat-transfer fluid. 

Both direct and indirect SWH can be active or passive, with their advantages and 
disadvantages. The SWH is chosen based on factors such as climate, water tempera
ture requirements, and the user’s budget and preferences. 

Hohne et al. [10] reviewed SWH technologies and provided highlights against var
ious types of heating technologies. An example of an SWHS along with a flat-plate 
solar collector is shown in Figure 6.11. 

Hohne et  al. [10] also made a detailed technoeconomic comparison of vari
ous types of technologies being used in SWHS, which has been elaborated in 
Table 6.4. 

Various experiments have been conducted for choosing an optimum PCM for 
application in SWHS. Kee et al. [11] presented the studies taken up with different 

types of PCM and the quantity used along with the performance measured. 
Wei et  al. [12] presented a SWHS to arrest variation of solar radiation during 

daytime by use of PCM. The oscillating tubes were used in the experiment, and 
performance was evaluated for a case with and without PCM. The diagram of the 
experiment is shown in Figure 6.12. 
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FIGURE 6.11 Solar water heater with flat-plate collector.
 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Hohne et al. [10].
 

TABLE 6.4 
Technoeconomic Comparison of Solar Water Heater 
Technology Approximate Initial Average Life Payback 

Investment per Expectancy Period (Years) 
Thermal kW(USD) (Years) 

Electric storage tank 60–90 10 — 
water heater (WH) 

Electric tankless 184–199 5–8 5–7 
WH 

SWH 165–273 8–20 3–6 

Heat-pump WH 180–282 5–8 5–7 

Gas-fired tankless 63–88 6–8 5–6 
WH 

Oil-fired WH 500–2000 10–15 6–14 

Biomass WH 1350–2300 10–12 9–15 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Hohne et al. [10]. 

TABLE 6.5 
PCM Quality 
Category PCM (Melting Point) Quantity Performance 

Water storage Paraffin and stearic acid 3 kg in 150 L water tank Water temperature within the 
tank (49–53) PCM melting range for an 

additional 6–12 hours on 
average compared to when it 
isn’t PCM. 
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Solar collector 

Paraffin wax (52) 

NaOAc.3H2O graphite 
(57.31–60.75) 

Lauric acid (57–60) 

Paraffin wax (56.3) 

Paraffin wax (55) 

Paraffin wax (46.70) 

Paraffin wax nanocom
posite with 1.0 wt% 
nano-Cu particles 
(58.4–59.6) 

Ba(OH)2.8H2O (81.83) 

Dual PCM Tritriacontane 
(72 °C) and erythritol 
(118°C) 

38 Kg in 101.4 L water 
tank 

~57 L in 105.8 L water 
tank 

Not available 

49.4 L (0.039 kg) 

5.2 L in 9.5 L water tank 

42.4 Kg in 1.248 m2 solar 
collector 

28 kg for 1 m3 solar 
collector 

14.2 L for 1.272 m3 solar 
collector 

6 kg of Tritriacontane and 
4.2 kg of erythritol for 
0.947 m2 solar collector 

Water at 30°C for 11 hours 
longer than without PCM 

Water at 50°C for 6 hours 
longer than without PCM 
(simulation result) 

Water at 43°C for three hours 
(simulation result) 

Continually emits heat for five 
hours after dark 

Increases the time to provide 
hot water by up to 25% when 
solar radiation is 
approximated by water at 
80°C constant temperature 

Collector plate temperature 
above 40°C for 4 hours after 
the afternoon’s reduction in 
solar radiation 

Water at a temperature of at 
least 50°C for one hour 
longer than without PCM 

Water tank temperature rising for 
two hours after the afternoon’s 
reduction in solar radiation 

Water at a temperature above 
40°C for two hours longer 
than without PCM 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Kee et al. [11]. 

FIGURE 6.12 Water heating system with oscillating heat pipe. 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Wei et al [12]. 
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6.5 APPLICATION OF TES IN SOLAR COOKER 

Mawire et al. [13], in 2008, used an oil-pebble bed for thermal energy storage and 
predicted its performance by calculating energy and exergy balance using two differ
ent charging methods. The variation in the study has been made based on constant 
and variable flowrates, which are done for controlling charging temperature. It was 
found that for low solar radiation, the rates of exergy and energy are higher when the 
constant-flowrate method is used (Figure 6.13). 

An experiment on the use of several ionic liquids (ILs) was carried out by D. 
Bhatt et al. [14] in 2012. Seven ILs based on tetrabutyl ammonium cation [N+4444] 
were used for application in inorganic anions. The efficiency of various ILs being 
used as PCM was determined by using thermophysical characteristics. The ILs con
taining bromide, iodate, and nitrate performed more efficiently than the thiocyanate, 
bromate, and hexafluorophosphate moieties. Himanshu et al. [15] used 16 different 
combinations of sand, iron grits, stone pebbles, iron balls, and acetamide for TES, 
along with a parabolic dish collector. 

The experiment setup consists of two concentric vessels of TES, wherein a solar 
cooker was positioned, and different combinations of materials were stored in 
between in different experiments. The energy stored by the outer TES material was 
transferred to the inner pot, due to which cooking during off-sunshine hours was 
successful. 

Gagandeep et al. [16] used a parabolic trough collector to focus solar radiation on 
an absorber tube with thermal energy storage, and the collected heat was relocated 
through a thermo siphon to the solar cooker. The working fluids used separately were 
water and thermal oil (engine oil), and acetanilide was used as the TES material in 

FIGURE 6.13 A schematic diagram of an indirect solar TES and cooking system. 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Mawire et al. [13]. 
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the solar cooker. Two times cooking was achieved, and the rate of evening cook
ing was noticed more with respect to noon cooking. Also by using thermal oil, the 
heat storage increased by 19.45–30.38% as compared with water. Harvinder et al. 
[17] compared the performance of two dissimilar heat transfer fluids (HTF) used 
in solar cookers and the influence of gate valves on the discharge process of PCM. 
The evacuated tube collector transferred heat by the thermosiphon process through 
connecting pipes, and the working fluid used was water and thermal oil (engine oil). 
TES used was commercial-grade acetanilide in the solar cooker. 

Various studies for modeling heat transfer through PCM have been carried out, 
along with a mathematical solution of the enthalpy and exergy. Tarwidia et al. [18] 
model heat transfer using heat conduction equations in the cylindrical domain by 
using various PCMs. The best performance among PCMs was found with erythritol 
during the first 2.5 hours of thermal performance, and magnesium chloride hexahy
drate showed maintaining temperature in the range of 110–116.7°C. Results achieved 
with erythritol were better as compared to others, as it can cook for 3.5 hours under 
a load of 10 kg of water until it reached 100°C. 

Nayak et al. [19] studied a joint case of a developed in-house water heating system 
with evacuated tubes, solar collector, and storage tank. The use of solar cookers for 
evening cooking along with water heating systems has been signified by this study. 
The PCM utilized was stearic acid and acetanilide. The results achieved in the study 
were cooker efficiency of 30% and collector efficiency of 60–65%, which is satisfac
tory in terms of establishing the use of solar cookers for evening food. 

Use of multiple reflectors has been shown by Talbi et al. [20] in the experimen
tation of a solar cooker of box type with three reflectors. Salt was used in the base 
of the cooker as the thermal storage material to improve the efficiency of the solar 
cooker. The temperature achieved was 140°C, power 225.49W, and efficiency of 
93%. This experiment successfully established the usage of a simple box-type con
struction solar cooker with good efficiency for cooking. 

In one of the experiments conducted by Sanjeev et al. [21], water is used as a work
ing fluid in an evacuated tube collector with PCM. Heat given by water is stored in 
acetanilide during sunshine and is transferred to the cooking vessel entirely through
out the day up till late evening time. To enhance performance, a reflector is placed 
beneath the evacuated tube collector, which also gave better results as compared to 
without a reflector. The maximum increase in the temperature of the working fluid, 
PCM, and cooking vessel with reflector is 18.3%, 20.4%, and 20.8%, respectively. 

Babu et al. [22] conducted an experiment wherein a storage tank was used for the 
collection of heated fluid from a heated working fluid, wherein solar radiations were 
focused from the parabolic trough collector (PTC) with the manual tracking mech
anism (TM). Steric acid is used as the PCM in the storage tank to act as a reservoir 
so that constant heat is produced even in the case of irregular sunshine. Two working 
fluids were used, and it was found that engine oil has greater energy extracted than 
water. 

In the latest work, Papede and Patil [23] also addressed the challenge of two meals 
being cooked by solar cookers, i.e., during the daytime and off-sunshine hours. They 
developed a system that works during the day as well as at nighttime by using a par
abolic collector for storing heat for cooking during the nighttime and during daytime 



150 Thermal Energy 

 

  

  

  

 

cooking under the impact of available sunshine. It was found that using binary salt as 
the PCM improved the performance of cooking, and it provided a huge backup for 
cooking during off-sunshine hours. It was observed by the experiment that two food 
materials could be cooked simultaneously by this method. 

6.6 APPLICATION OF TES IN SOLAR POND 

A solar pond is a unique type of artificial pond that uses solar energy to store and 
distribute heat. It is essentially a large, shallow pond designed to harness the sun’s 
energy and store it in the form of thermal energy in the water. The pond consists of 
three layers: 

1.	 Upper Convective Zone (UCZ): a shallow upper layer that absorbs the sun’s 
energy and heats up. It protects the solar pond from disturbances outside 
such as wind, waves, dust, etc. 

2. Non-Convective Zone (NCZ): this is a middle layer with a higher salt con
centration that acts as a heat barrier for the lower layer. There is no convec
tion transition in this layer. 

3.	 Lower Convective Zone (LCZ): This is a deep bottom layer with the highest 
salt concentration that serves as the heat storage area. 

Ines et al. [24] presented a study on salt gradients in a solar pond. A typical solar 
pond has been presented in Figure 6.14, where all three zones have been represented, 
along with the angle of incident radiation (ϴi) and (ϴr) angle of reflected radiation. 

FIGURE 6.14 Solar pond typical schematic view.
 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Ines et al. [24].
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Solar ponds are typically used for industrial and agricultural applications, such as 
heating greenhouses, drying crops, and generating electricity. They can also be used 
for recreational purposes, such as swimming and fishing. 

One of the main advantages of solar ponds is their low cost, as they do not require 
any fuel or energy input other than the sun’s energy. They are also environmentally 
friendly, as they do not produce any greenhouse gases or other harmful pollutants. 

Solar ponds are typically constructed in areas with high levels of solar insolation, 
such as desert regions, and are most effective in warm, sunny climates. The cost of 
construction and maintenance can vary depending on the size and complexity of the 
pond, but it is generally considered a cost-effective option compared to other renew
able energy sources. 

Overall, solar ponds offer a unique and environmentally friendly solution for har
nessing and storing solar energy and have the potential to be a valuable source of 
renewable energy in areas with high levels of solar insolation. 

Alcaraz et al. [25] studied increasing heat in solar ponds by using solar thermal 
collectors and found that the efficiency of a solar pond can be increased significantly. 
Figure 6.15 shows the experiment setup. 

There are two main types of solar ponds: salt gradient solar ponds (SGSP) and 
shallow thermal solar ponds (STSP): 

1.	 Salt Gradient Solar Ponds (SGSP): These deep ponds use a stratified salt 
solution to trap the sun’s energy and store it as heat. The bottom layer of 

FIGURE 6.15 Experiment setup for solar pond with collectors.
 

Source: Reprinted/adapted with permission from Elsevier, Ref. by Alcaraz et al. [25].
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the pond has the highest salt concentration and acts as the heat storage area. 
The middle layer has a slightly lower salt concentration and acts as a heat 
barrier, while the top layer has the lowest salt concentration and is exposed 
to the sun’s energy. 

2. Shallow Thermal Solar Ponds (STSP): These shallow ponds use a shallow 
layer of water and a black plastic sheet to trap the sun’s energy and store it 
as heat. The black plastic sheet absorbs the sun’s energy and heats the water, 
which can then be used for various applications. 

Both types of solar ponds have their advantages and disadvantages, and the choice 
of which type to use depends on factors such as the climate, the size and location of the 
pond, and the specific application for which the heat is intended. Regardless of the type, 
solar ponds are a unique and effective way to harness and store solar energy and have 
the potential to be a valuable source of renewable energy in many parts of the world. 

6.7 CONCLUSION 

Each system has some merits and demerits, but thermochemical energy storage sys
tems are the typically used TES, due to their high energy density and long storage 
time. However, the cost is one of the factors that is optimized while selecting TES for 
some specific end use. Phase change materials are one of the prospective domains in 
which lot of studies are being carried out to provide a low-cost, reliable solution that 
can address the thermal energy storage challenge. 
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7.1 INTRODUCTION 

Cooking food for survival is one of the first applications of fire as thermal energy 
after its discovery, which was a milestone in human evolution. The availability of 
thermal energy precedes the existence of living beings and is easily available in 
nature. There is a requirement for minimum ambient temperature for living beings 
to survive, which is why there is a strong need for thermal energy in our lives. The 
available thermal energy from the sun fulfills the requirement of favorable thermal 
conditions that are needed for survival on Earth, and this solar thermal energy varies 
at different locations on Earth. In the last two to three decades, the global population 
has increased rapidly, and energy consumption per capita has also increased, except 
in 2009 and 2020, following the global financial crisis and coronavirus pandemic. 
According to the Statista report published in 2021, the global primary energy con
sumption in 2019 is 581.5 exajoules, of which fossil-based or conventional fuels 
constitute a major part, but their reserves are limited, small, and non-renewable 
(Korachagaon and Bapat, 2012). From primary supply to final consumption, a large 
amount of energy is ruined, and a huge amount of greenhouse gases are emitted. The 
increase in the level of greenhouse gases due to the excessive use of fossil fuels to 
fulfill energy needs contributes to harmful environmental impacts such as climate 
warming. The major consequences of climate warming are the melting of ice in the 
Arctic and Antarctic regions as a result of sea level increase. Therefore, the urge is to 
move toward a clean and unconventional energy stream, conserve maximum energy, 
avoid geopolitical issues that occur in conventional energy reserves, and create eco
nomic instabilities. 

Among all unconventional energy sources, solar energy has received increasing 
attention because it is abundant, free, clean, and does not pollute the environment. 
Behind the excess core of the sun is the reason that involves a fusion reaction, where 
two hydrogen atoms fuse and continuously release a stupendous amount of energy 
toward the blue planet. The sun emits energy in the form of electromagnetic waves, 
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commonly known as radiation, which is composed of photons and temperature. This 
form of energy proclaims both magnetic and electrical waves that propagate in a 
packet of energy called photons. A study estimates solar energy’s global potential 
of 1,600 to 49,800 exajoules is much higher than the energy consumed by the world 
population (global primary energy consumption in 2019 is 581.5 exajoules). This 
excited difference forced us to focus on solar energy, which can completely fulfill 
the world’s total energy demand, and it is currently estimated that it continuously 
provides approximately 4 billion years. Except for some parts of the world, solar 
radiation falls on each corner with sufficient intensity; however, it varies with lati
tude, time of day, and season. The intensity of solar radiation that falls on the earth is 
approximately 1380 W.m−2. That is sufficient to satisfy the need for thermal energy 
that uses solar radiation in the form of heat for low-temperature and high-temperature 
applications, such as drying, hot water supply, and harvesting electricity through 
indirect conversion techniques, such as concentrated solar power by using reflec
tor sterilization, pasteurization, washing, cooling, dyeing, bleaching, degreasing, 
distillation, and electricity generation through concentrated solar power plants and 
photovoltaic cells. To overcome these shortcomings and achieve a clean and green 
global energy goal, it is necessary to intensify research on the efficacy and economic 
ways to capture, seize, and mutate solar energy. Sometimes, owing to unavailability 
during consumption hours and its intermittent nature, there is a necessity for energy 
storage systems, such as thermal energy systems in which phase change materials 
(PCMs) play a vital role and battery-based energy storage systems. A miniature or 
major industrial energy ecosystem involves a power supply (electric power, direct 
heat, gases, cold fluids, and steam), production plants, recovery systems, and cooling 
systems, as shown in Figure 7.1. Generally, industrial production processes require 
thermal energy that is dissipated in the production plant, and recovery and re-cooling 
systems are an integral part of the plant. This chapter focused on solar thermal energy 
for drying and other small-scale industrial applications. 

FIGURE 7.1 Industrial energy ecosystem (Schnitzer, Brunner and Gwehenberger, 2007). 
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7.2 ASSORTMENT OF SOLAR THERMAL ENERGY CHANNELS 

There are many methods for categorizing solar thermal energy systems. Depending 
on the operating temperature, solar thermal systems are divided into low-temperature 
(between 30–120°C), medium-temperature (between 130–400°C), and high-temperature 
(greater than 400°C) systems. Flat-plate collectors, evacuated tubular collectors, solar 
ponds (Kalogirou, 2003), and solar chimneys are examples of low-temperature solar 
thermal systems with efficiencies in the range of 15–40%, while linear Fresnel reflec
tors (LFR) and parabolic trough collectors are examples of medium-temperature solar 
thermal systems with efficiencies of 50–60% (Sharma et al., 2015). High-temperature 
systems with efficiencies of 60–80% include a central receiver (CR) and parabolic 
dish collector (PDC) (Zheng, 2017). Based on the axis tracking and concentration 
nature, they are divided into single-axis tracking, two-axis tracking, concentration 
modulating systems, and non-concentrating or stationary collectors. Solar radi
ation is focused on a focal point by concentrating collectors, and concentrated 
solar radiation is collected by placing an absorber at the concentrator’s focal point. 
For drying and other small-scale industrial applications, the operating temperature 
lies in the low-temperature range (30–120°C), for which flat-plate collectors and 
evacuated tube collectors (ETC) are used as solar thermal systems (Sobiski and 
Swierczyna, 2009). Further discussion focuses solely on drying and small-scale 
industrial applications of solar thermal energy (Ravi Kumar, Krishna Chaitanya 
and Sendhil Kumar, 2021). 

7.3 APPLICATIONS 

7.3.1 Drying 

It has been observed that most of the developing countries of the world are unable to 
meet their food supply needs. One of the major reasons for this is population growth, 
which directly affects the food balance. To correct this problem, attention must be 
given to the type and amount of food that spoils as a result of subpar processing pro
cedures and a lack of storage facilities. Whether it is a household, or a small- or large-
scale enterprise, energy is a significant issue that needs to be addressed. The primary 
method of food preservation is sun drying, although conventional open drying has 
a number of drawbacks. Many scientists and researchers have worked to identify 
better alternatives in recent years to lessen this effect. This has resulted in the inven
tion of solar dryers for many types (as shown in Figure 7.2) of domestic, small, and 
large-scale industries, and they are constantly being improved. Solar dryers maintain 
accurate drying conditions, which are challenging tasks in open sunlight, such as 
maintaining accurate conditions of temperature, velocity, and humidity (Ndukwu et 
al., 2020). Indirect solar dryers and direct solar dryers are alternatives to controlled 
sun dryers. This helps produce high-quality goods along with drying and dust-free 
goods in less time. These can be forced convection or natural convection (passive or 
active mode). Passive dryers have an overall efficiency that ranges between 20–40% 
depending on the material, moisture content, air temperature, velocity, and humidity 
(Patil and Gawande, 2016). A thermal energy storage system, such as latent heat or 
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 FIGURE 7.2 Types of solar dryer (Agrawal and Sarviya, 2016). 

a sensible heat storage unit, can be added to a solar dryer to continue the drying pro
cess, even when the sun’s rays do not fall on Earth (Kumar and Singh, 2020). 

The International Energy Outlook of the US Energy Information Administration 
(EIA), published in 2019, states that 4% of the heat produced is used for greenhouse 
heating, 46% for space and water heating, and the remaining 50% is used by industry 
(Goldstein, Gounaridis and Newell, 2020). Owing to the increase in demand, energy 
consumption in the industrial, transportation, residential, and commercial sectors is 
increasing continuously. It uses renewable energy commercially to power electric
ity, but its role is relatively high compared with different sources (Monthly Energy 
Review, US EIA, 2020). According to research conducted by various groups and the 
International Energy Agency (IEA) in 2018, a significant portion of total energy con
sumed by industries falls into different temperature ranges. Approximately 11.5% 
of industries require temperatures below 150°C, while 8.5% require temperatures in 
the range of 150–400°C. The rest of the industries require temperatures that exceed 
400°C (Hrudey, 2012). This trend in energy use is essentially the same across all 
industries worldwide. This section discusses the many small-scale businesses and 
their need for thermal energy for solar drying. 

7.3.1.1 Agricultural and Food Industry Applications 
Moisture is a major factor in food spoilage caused by microorganisms and bacteria. 
Drying the food material reduces the mass of the material, thereby reducing the cost 
of transportation as well as reducing spoilage and the growth and reproduction of 
microbes (Chandramohan, 2016). Agricultural products require a significant quan
tity of heat to prevent dehydration, which solar thermal energy may provide. Uti
lizing solar energy also contributes to a reduction in the use of conventional energy 
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sources. For the thermal analysis of solar dryers, many researchers have proposed 
their perspectives on different types of dryers to improve efficiency through mathe
matical, analytical, and experimental studies (El-Sebaii and Shalaby, 2013; Lamidi 
et al., 2019). 

Black turmeric’s drying kinetics were investigated by utilizing a mixed-mode 
forced convection solar drier connected to a thermal energy storage device (Lakshmi 
et al., 2018). Results from open sun drying were contrasted with those from this 
study. Two sets of 200 g thin layers of black turmeric were employed in the exper
iment; one set was dried using a solar dryer and the other using direct sun drying. 
Then 35 kg of paraffin wax was utilized as the thermal energy storage material, and 
a shell and tube heat exchanger was linked to the solar dryer to support the thermal 
energy storage system for drying the samples even at night. During the night, the air 
temperature at the exit from the system was observed to be 6–10°C higher than the 
surrounding air temperature. The turmeric dried from an initial moisture content of 
73.4% to 8.5% (Wb) in 1110.00 minutes (18.50 h) in the solar dryer and 2790.00 
minutes (46.50 h) in the open sun. The estimated energy required for drying the 
product was 5.21 kWh per kg of moisture. The efficiency of the collector was deter
mined to be 25.6%, while the overall drying efficiency was found to be 12%. It was 
concluded that sun-dried turmeric had better color, phenolic content, and flavonoid 
content compared to fresh turmeric (Baniasadi, Ranjbar and Boostanipour, 2017; 
Atalay, 2019; Atalay, Çoban and Kıncay, 2017). Similar studies have been conducted 
on various fruits and vegetables, including bitter gourd, red pepper, garlic, orange 
apricot, and apple, using solar dryers (Ndukwu et al., 2017; (Zachariah, Maatallah 
and Modi, 2021; Shringi, Kothari and Panwar, 2014). The data collected from these 
studies included drying capacity, initial and final moisture content, dry air tempera
ture, drying duration, energy storage materials used, the mass of water evaporated, 
and energy efficiency, as listed in Table 7.1. 

TABLE 7.1 
Solar Drying Experimental Analysis Data of Different Vegetables 
Product Orange Garlic Bitter Red Chili Chili Apricot Slices Black 

Slices clove ground Turmeric 

Capacity 10 — 2.5 1 40 — 15 
(Kg) 

Initial 93.5 55 92 72.2 72.8 86 73.4 
moisture 
(%) 

Final 10.76 6.5 4 10.1 9.1 25 8.5 
moisture 
(%) 

Drying air 55.4 39–69 48 41.83 50.4 65 65 
temperature 
(°C) 

(Continued) 
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TABLE 7.1 (Continued)
 
Solar Drying Experimental Analysis Data of Different Vegetables
 

Product Orange Garlic Bitter Red Chili Chili Apricot Slices Black 
Slices clove ground Turmeric 

Drying time 7.2 8 10 36.5 24 1.55 18.5 
(h) 

Thermal Packed bed PCM PVC caps, NaCl Gravel Paraffin wax Paraffin 
energy (Pebbles) Al pipes, wax 
storage and 
material paraffin 

wax 

Evaporated 0.505 0.54–1.05 0.16 0.602 0.870 0.933 0.192 
water (kg of 
water/kWh) 

Drying 34.4 — 18.6 11.89 21 10.7 12 
efficiency 
(%) 

Exergy 63.34 — 67–88 — — — — 
efficiency 
(%) 

Reference (Atalay, (Shringi, (Zachariah, (Ndukwu (Mohanraj and (Baniasadi, (Lakshmi 
2019) Kothari Maatallah et al., Chandrasekar, Ranjbar and et al., 

and and Modi, 2017) 2009) Boostanipour, 2018) 
Panwar, 2021) 2017) 
2014) 

7.3.1.2 Rubber Industry 
Rubber is an elastic material used in the production of a variety of products. Either 
artificial synthetic methods or natural latex from plants is used to create rubber. Dry
ing of raw material is an important process in rubber manufacturing from raw mate
rial to the final product, in which it is important to maintain the quality of rubber 
sheet made from raw material after drying. According to Breymayer (Breymayer 
et al., 1993), improper drying of raw rubber material produces low-grade rubber 
sheets, which account for around 80% of the entire production and must be sold at 
competitive pricing. The two most common methods for drying are smoke drying 
and the direct hot air-drying process. Moist rubber sheets are dried by creating hot 
air using open solar drying or using conventional energy sources in the air drying 
method. In an example of a smoke-drying technique, smoke is generated by burning 
biomass and firewood in a smokehouse to dry rubber sheets. Rubber usually requires 
a temperature between 45–60°C to dry, which can be easily achieved using solar 
energy. As a secondary heat source, Bremeyer built a dryer integrated with solar air 
collectors and conventional firewood/biomass smokehouses, in which the solar air 
collectors recirculated the dryer exhaust air to provide a temperature between 
45–60°C (Tanwanichkul, Thepa and Rordprapat, 2013). The rubber sheets with a 
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total weight of 0.32 tonne were dried using the solar dryer, and finally it was found 
that the moisture content of the sheets reduced from 60% to 0.5%, thereby reducing 
the fuel consumption. The need has decreased. Compared to the solar dryer used 
alone, it took five days for the biomass to attain a moisture content of 0.5% in the 
dryer. However, the technology devised is very cost-efficient as the cost would be 
high if commercial electricity is used for a week (instead of sun-drying). The natural 
rubber was dried using an indirect solar dryer with the help of an electric air heater, 
which produced high-quality rubber as the end result. The moisture contents of the 
rubber sheet were reduced from 60% to 0.5% (wb) in 8.8 hours at 100°C (Pratoto, 
Daguenet and Zeghmati, 1998). 

The greenhouse solar dryer was found to be more effective than traditional open 
solar drying methods in drying rubber sheets. The dryer could maintain temperatures 
between 32–55°C, allowing for efficient drying of 0.75 tonnes of rubber sheets with
out affecting their quality. Over the course of five days, the dryer was able to reduce 
the moisture content of the rubber sheets from 24–30% to 0.4–3.9% (Janjai et al., 
2015). 

Traditionally, drying rubber sheets using natural and open solar methods can 
take up to 20 days, leading to significant changes in the color of the final product. 
Extended drying times and high moisture levels can also result in the growth of 
fungi, further spoiling the color. These factors often result in decreased prices for 
the product, causing discomfort for rubber producers. Solar drying can address these 
problems and allow for the rubber sheets to be dried in a timely manner, preserving 
their freshness and attracting customers. However, more research and experimenta
tion is needed to optimize the drying process for different types of rubber sheets and 
to make the process accessible to industries and farmers (Lingayat, Balijepalli and 
Chandramohan, 2021). 

7.3.1.3 Tea Industry 
One of the most widely consumed beverages is tea, which is mostly produced in 
China and India. One of the primary small- and large-scale enterprises is the tea 
sector. Withering, drying, grading, and packing are a few of the energy-intensive 
processes involved in the manufacture of tea. These actions collectively consume 
15% electrical energy and 85% thermal energy (Sharma et al., 2019). Solar energy 
provides the thermal energy required for the drying stage of the tea-making process. 
Palaniappan and Subramaniam examined the financial feasibility of a rooftop solar 
dryer for drying tea (Palaniappan and Subramanian, 1998). Coal and firewood were 
offered as additional thermal energy sources for the dryer, and a collector space of 
212 m2 was created, where the use of solar energy reduced the annual fuel usage in 
the dryer by 25%. In this category of tea drying, some researchers have performed 
experimental explication of solar-assisted drying systems for drying herbal teas 
(Sopian et al., 2000), in which the solar collector has V-shaped grooves to gener
ate sufficient turbulence and increase the rate of heat transmission at a flow rate of 
15.1 m3/min, a 20 m2 collector area can produce hot air with temperatures in excess 
of 50°C. An auxiliary heating system was used when the air temperature was below 
50°C. The herb leaves were successfully dried from 87% (wb) moisture content to 
54% (wb) moisture content in 12 hours. 
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To dry black tea, Pu and Tripathi created and examined vacuum-assisted sun dry
ers (Pou and Tripathy, 2020). Input factors such as vacuum level and loading rate 
were taken into account in connection to output factors such as color, odor, drying 
time, and energy use. With the least amount of energy and drying time, the system 
was calibrated to create a wine with the greatest possible color and fragrance index. 
The calculated values of liquor color, aroma index, drying time, and energy con
sumption were 20.08, 11.65, 4.44, 140.66, and 21450.7 kJ, respectively, at an ideal 
vacuum level of 570.71 mmHg and a loading rate of 0.96 kg m2. 

After chamomile leaves (an herbal tea) were dried in a solar dryer with an electric 
heater acting as a backup heat source, as well as a solar collector, reflector, water-air 
heat exchanger, and solar-heated water storage tank, the drying kinetics were evalu
ated (Amer, Gottschalk and Hossain, 2018). During the day, heat energy was stored 
in water, which was used as a thermal energy storage medium. The volumes of the 
two drying chambers were between 32 kg and 35 kg. The required drying tempera
ture was controlled using a temperature controller. Compared with open sun drying, 
the system proved helpful in reducing the drying time of chamomile from 75% to 
6% (wb MC), and the Midilli model was used to fit the chamomile drying kinetics. 

Previous studies on drying tea leaves produced the following main conclusions: 
Vacuum-assisted sun dryers help produce high-quality black tea by providing the 
proper vacuum level and loading rate (Lingayat, Balijepalli and Chandramohan, 
2021). An exergo-economic analysis must be done to calculate the energy and exergy 
losses from the dryer. Additionally, the expenditures related to the drying method and 
payback length can be recognized because they are significant keywords for the tea 
sector. A solar dryer featuring a reflector, a thermal energy storage substance, and two 
drying chambers might drastically shorten the drying period by up to 20 hours when 
compared to open sun drying. Small-scale farmers in rural areas can benefit from the 
commercialization of these dryer types. Preheating the air used in the processing of 
tea with a solar air heating system reduces the amount of fuel used annually by up to 
26% (Palaniappan and Subramanian, 1998; Amer, Gottschalk and Hossain, 2018). 

7.3.1.4 Marine Industry 
Drying marine products is another key application of solar energy in the marine 
industry. A  solar dryer with a thermal energy storage system was created to dry 
shrimp. The energy was captured by a water-based thermal energy storage system 
at the height of the solar day (Murali et al., 2020). To assist the dryer, additional 
heating was provided by liquefied petroleum gas (LPG): 50 kg of prawns were dried 
for 6 hours, going from 76.71% (wb) to 15.38% (wb). The LPG water heater system 
helped with the remaining 26.07% of the heat, while the solar collector supplied 
73.93% of it (Murali et al., 2020). 

Marine meal is an extremely delicate tissue that requires careful drying. The partial 
wetness of food damages tissues, rendering it potentially useless. The moisture content 
of fish is between 15–20% (wb). The dryer uses a large amount of energy during the 
thorough drying process, making the solar energy insufficient or requiring additional 
research to obtain the same results. Hybrid dryers can be created in such a case to con
tinuously operate the dryer to prevent microorganism reactions. Most of the time, dry 
salt was used to dry sea dishes. Higher moisture content was always extracted from the 
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tissues using dry saline. When the muscle is dried at a higher temperature and moisture 
content, the salt spreads uniformly throughout its geometry because the diffusion coef
ficient depends on both temperature and moisture content. Other drying information 
provided in this study includes the fish-to-salt ratio of 3:1, the effective drying time of 
6–20 hours, and the air temperature range of 40–60°C. The average collector outlet tem
perature and drying efficiency for drying seafood are 75°C and 25.42%, respectively. 
The chamber’s inside has an average temperature range of 60–65°C (Rahman, 2006). 

7.3.2 PaPer inDustry 

Currently, coal, petroleum fuel, biomass, and electricity constitute the majority of the 
fuel mix used in the paper industry. It is better to use fewer fossil fuels while meeting 
the growing energy needs of the paper industry. This can be accomplished by increas
ing fuel utilization efficiency and replacing fossil fuels with renewable energy sources 
by utilizing them in appropriate processes and end use. The energy used by the paper 
industry is mostly thermal and electrical energy. Low and intermediate temperatures 
(50–250°C) are utilized for heating processes, which account for around 75% of the 
energy used to make paper (Kalogirou, 2003). Processes including pulping, drying, 
bleaching, washing (using hot water), and heating boiler feed water use the majority 
of the process heat. Heat is transferred through a heat-transfer medium, which can 
be water, steam, air, or thermic oil, depending on the needs of a particular process. 
Typical paper manufacturing processes for pulp preparation, bleaching, delinking, 
and paper drying require temperatures of 120–170°C, 120–150°C, 60–90°C, and 
90–200°C, respectively (Lauterbach et al., 2012; Sharma et al., 2015). With or with
out integrating it with conventional fossil fuel–based process heating systems, mod
ern technology makes it possible to efficiently gather solar energy to generate heat at 
the necessary temperatures (below 250°C). Agro-residues and recycled fiber are used 
as feedstock in small-scale paper factories, where solar energy for industrial process 
heat may be appropriate. To assess the potential for solar industrial process heating in 
paper mills, the following methodology was employed. Data were gathered for sev
eral factors after a thorough analysis of the paper industry, including the size and feed
stock usage classification of paper mills, the use of cogeneration in paper mills, the 
annual production of paper (based on raw materials), and the specific thermal energy 
requirements for process heating. Finally, a few commercially available solar collec
tors that could generate process heat in the necessary temperature range (50–250°C) 
were chosen in order to estimate their instantaneous efficiency for the required pro
cess heating temperatures of the paper industry based on their performance equations. 
Different solar collector types were employed for various temperature ranges. 

Some examples of the use of solar thermal energy in paper industries are as follows: 
For drying 12 A4-sized sheets (each weighing 22 g) simultaneously, an indirect solar 
dryer was created. The temperature at the collector exit ranged from 45–70°C. Over a 
drying period of 65–75 minutes, the dryer significantly reduced the moisture content 
of the sheets from 50% to 7% (wb), and the results of an economic analysis revealed 
that the dryer had a 95-day payback period (Madhavan and Ramachandran, 2015). An 
experiment showed the ability of thermal energy to process heat and its benefits in the 
scarcity of carbon dioxide emittance in the paper sectors. Based on the location and 
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raw material usage, the annual process heat requirements are calculated, and the effi
ciency of commercial systems is assessed (Sharma et al., 2017). The researchers used 
a convective solar dryer, whose diffusion coefficient varies with temperature and were 
found to vary between 1.56 and 6.98 m2/s, to determine the drying kinetics and proper
ties of the carob pulp at different drying temperatures between 50–80°C and velocities 
between 0.18–0.09  m/s. The estimates place the respective power and energy effi
ciency between 4.23–7.25% and 30.12–80.5% (Search et al., 2004). 

7.3.3 textile inDustry 

The manufacturing of yarn, fabric, and its pursuant design or distribution are the 
main concerns of the textile industry, where natural or synthetic fibers are used as 
raw materials. The fiber and yarn configurations encompass all types of textile fib
ers, including natural fibers such as cotton, jute, silk, and wool as well as synthetic/ 
human-made fibers such as polyester, viscose, nylon, acrylic, and polypropylene. 
Also included are filament yarns, such as partially oriented yarns (Schnitzer, Brunner 
and Gwehenberger, 2007). 

Spinning, weaving, and finishing are the three main steps involved in textile pro
duction. The primary energy consumers are spinning and weaving. Operations such 
as spinning, weaving, bleaching, drying, and curing require energy in the form of 
steam and/or hot water (Suleman, Dincer and Agelin-Chaab, 2014). Table 7.2 lists 
the temperatures required for various procedures. The type of products being pro
cessed (fiber, yarn, fabric, or cloth), the machine, the specific process, and the stage 
of the finished product all affect how much energy is required in the textile business. 
Typically, to produce 1 kg of fabric, 6–8 kg of water vapor, or steam, 0.8–1.5 kWh 
of energy, and 0.35 m3 of natural gas are required (Mahmood and Harijan, 2012; 
Kumar, Chaitanya and Kumar, 2021). 

Figure 7.3 depicts the relationship between the solar field and different stages of 
the textile industry. The heat requirement in the textile industry is between 40–120°C. 

TABLE 7.2 
Temperature Requirements for  
Different Procedures Involved in the 
Textile Industry (Kumar, Chaitanya 
and Kumar, 2021) 
Procedure Temperature (°C) 

Yarn Conditioning 105–120 

Sizing 80–85 

De-sizing 60–90 

Bleaching 90–93 

Dyeing 48–80 

Scouring 90–110 

Finishing 90–93 
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FIGURE 7.3 Relationship between the solar field and different stages of the textile industry. 

With the exception of yarn conditioning, most procedures do not require more than 
100°C of heat. Evacuated tube collectors can produce working fluid output temper
atures of approximately 120°C and can be installed on the building roof (Sabiha et 
al., 2015). As a result, an evacuated tube collector might be a preferable choice to 
satisfy the textile industry’s need for heat. If there is a significant need for heat and 
land around the textile business, the linear Fresnel reflector system may also be pref
erable (Ramos, Ramirez and Beltran, 2014). To lessen the effects of changes in solar 
insolation, auxiliary heaters and buffer thermal energy storage may be used. 

7.3.4 leather inDustry 

Leather is made from the skins of cows, pigs, goats, and sheep and is primarily 
produced in developing nations such as India and China. This includes both semi-
finished and finished leather goods. These include gloves, boots, saddles, clothing, 
and other leather products (Farjana et al., 2018). The following categories can be 
used to group leather production units: 

•	 Tanneries: Process unfinished skins or hides to create completed and semi-
finished leathers. 

•	 Consumer goods production units: Manufacture finished leather into goods 
such as fashionable footwear, protection gear, clothing, gloves, and other 
items. 

•	 Integrated units: Process verdant skin and hides to create downstream con
sumer items, as already indicated (Navarro et al., 2020). 

The two main production cycles used in leather businesses involve various chem
ical and physical processes. Tanning, in which raw hides and skins are converted 
into finished leather, is the first cycle of leather production, followed by the sec
ond cycle of using finished leather to manufacture consumer leather goods. The 
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 FIGURE 7.4 Integration of leather formation process and solar system. 

pre-tanning (beam house), tanning, and finishing processes are all parts of the tan
ning process. Consumer leather goods are made by marking, cutting, and dressing 
the finished leather as well as sewing and stitching (Saravanabhavan et al., 2006), 
in which energy plays an important role, with the percentage of energy used for 
leather industry processes for tanning, finishing, drying, and remaining heat han
dling being 13%, 37%, 40%, and 10%, respectively (Ravi Kumar, Krishna Chaitanya 
and Sendhil Kumar, 2021). There is a significant demand for warm water supply, 
between 60–80°C, because tanning involves numerous chemical and physical pro
cesses that require enormous volumes of warm water at key working temperatures. 
Furthermore, this sector requires heat energy in the range of 70–100°C for drying 
processes to manufacture high-quality leather. Various drying techniques have been 
employed with great success, significantly reducing the use of conventional energy. 
This demonstrates the substantial potential of solar thermal applications that can be 
used at different temperatures for different processes. The leather business requires 
heat for pre-tanning (soaking, liming, and pickling), tanning, and post-tanning (dry
ing) activities at temperatures ranging from 40–60°C, 60–80°C, and 70–100°C, 
respectively. Figure 7.4 shows how the solar system and leather formation process 
are integrated (Maina, Ollengo and Nthiga, 2019). 

7.3.5 FooDstuFF Processing anD Quencher inDustry 

The food processing sector is a highly fragmented industry that includes sub
segments for fruits and vegetables, milk and milk products, beer and alcoholic bever
ages, meat, and poultry, maritime goods, grain processing, packaged or convenience 
meals, and packaged drinks, to name just a few. Heat is needed for the majority of food 
business processes, including drying, cooking, sterilizing, washing containers, and 
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TABLE 7.3 
Different Food Industry Operations and Their Respective Operating Tempera
tures (Kalogirou, 2003) 
Sector Procedure 

Meat Washing 
Sterilization 
Cooking 

Milk Pasteurization 
Sterilization 
Drying 
Boiled feed water 

Tinned food Sterilization 
Pressurization 
Cooking 
Bleaching 

Beverages Sterilization 
Pasteurization 
Malting-steeping 

Rice mill Paddy cooking 
Drying 

Temperature (°C) 

60–90 
90–100 
60–90 

60–90 
100–120 
120–180 
60–90 

110–120 
60–80 
60–90 
60–90 

60–80 
60–70 
90–110 

80–120 
60–70 

chilling. Solar thermal collectors can be used to gather this heat energy. Table 7.3 
lists some of the most significant food industry processes along with the temperature 
ranges in which they operate. Dairy, beer, and rice mill industries all have a reason
able demand for thermal energy. Other industries just need a tiny amount of thermal 
energy to carry out their processes (Müller, Brandmayr and Zörner, 2014). 

7.3.6 rice Mill 

By removing the husks from paddy grains, the rice milling process creates polished 
rice. Rice mill process phases include pre-cleaning, parboiling, husking, husk aspi
ration, paddy separation, whitening, polishing, length grading, blending, weighing, 
and bagging (Nabavi-Pelesaraei et al., 2019). Figure  7.5 shows the several pro
cesses used in the rice milling sector and the different forms of solar thermal energy 
used. All contaminants and empty grains were removed from the paddy during the 
pre-cleaning process at the rice mill, for which the paddy is parboiled, which requires 
process heat. After parboiling, the husk was removed from the paddy and separated 
from the brown rice and the unhusked paddy. The unhusked paddy was separated 
from the rice during the whitening process, and the brown rice barn layer and path
ogens were also eliminated. Hot water at 80°C or above was pumped for 6–8 hours 
to ripen the paddy. Following this procedure, steam was immediately introduced 
into the paddy for cooking for approximately 10 minutes. In the rice mill sector, the 
parboiling process can be performed using solar thermal systems (Vijayaraju and 
Bakthavatsalam, 2020). 
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FIGURE 7.5 Flowchart of the rice milling sector and the different forms of solar thermal 
energy used (Ravi Kumar, Krishna Chaitanya and Sendhil Kumar, 2021). 

7.3.7 Beer inDustry 

Distinct nations and populations have different drinking habits. A variety of alcoholic 
beverages fall under the categories of soft liquors, hard liquors, etc. The oldest and 
most widely used alcoholic beverages in the world are beer and wine. Beer is made 
by steeping a carbohydrate source in water, which allows it to ferment with yeast. 
Malting, milling, mashing, lautering, boiling, fermentation, conditioning, filtering, 
and packaging are processes used in the beer industry (Mauthner et al., 2014). The 
malting, mashing, and meshing sections of the manufacturing process require heat 
energy between 60–110°C (Eiholzer et al., 2017), either in the form of hot water 
or heat, and evacuated tube collectors can be integrated with the beer industry pro
cesses, which is more efficient than a flat-plate collector in producing hot water or 
water vapor, i.e., steam at 120°C. The process used in the brewing industry may not 
be significantly affected by variations in solar insolation. However, it is possible to 
reduce the volatility by using supplementary heaters and/or buffer storage (Pino, 
Lucena and Macho, 2019). A flowchart of the integrated beer-making process with 
the solar field is shown in Figure 7.6. 

7.3.8 Milk inDustry 

For extended use of milk and other milk products, dairy plants process raw milk. 
It involves two basic procedures: heating milk to make it safe and dehydrating 
dairy goods such as butter, cheese, and dry milk to make them more durable and 
longer-lasting; and drying, cleaning, evaporation, sterilization, pasteurization, and 
storage. Fresh milk was placed in the storage tank after cooling to a temperature 
of 5–7°C (Ravi Kumar, Krishna Chaitanya and Sendhil Kumar, 2021). Milk was 
clarified or filtered to remove any undesirable organic elements before processing. 
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FIGURE 7.6 Integration of the beer-making industry with the solar field (Ravi Kumar, 
Krishna Chaitanya and Sendhil Kumar, 2021). 

Milk that has been previously processed is pasteurized at 71.6°C for 15 seconds 
(Quijera, Alriols and Labidi, 2011). The pasteurized milk is cooled in cold storage 
before further packaging and distribution. The industry uses a significant amount of 
heat energy for milk processing (such as pasteurization, sterilization, spray drying, 
and evaporation) and electrical energy for refrigeration during milk pre-chilling, 
chilling of milk after pasteurization, cold storage of packed milk, compressed air 
requirements for pneumatic milk packaging machines, milk homogenization, and 
clarification operations. Heat to a temperature of 120°C is necessary for steriliza
tion, and spray drying uses 16% of the overall energy used (Quijera, Alriols and 
Labidi, 2011). Twenty percent of the energy used by the dairy sector is spent on 
cooling and maintaining chilly temperatures. Its processes require temperatures 
below 250°C, but the milk sector needed a large amount of process heat. Preserva
tion methods, which include a variety of chilling processes, also greatly increase the 
amount of thermal energy used in the sector. The dairy sector needs a lot of heat in 
addition to cooling, as drying processes are essential for processing finished goods. 
The combination of the dairy business and solar field is depicted in Figure 7.7. The 
maximum quality of heat required by the dairy industry is 120°C for chilling, sterili
zation, and spraying applications. An ETC or LFR system is the optimum consonant 
for the milk industry, where the linear Fresnel reflector system is preferred over the 
evacuated tube collector system when extreme heat is required and ample acreage 
is available (Ramaiah and Shekar, 2018). By using warm water or evaporated forms 
of water from various parts of the solar field, different processes can be provided 
with varied grades of heat. To prevent variation during prolonged cloudy or rainy 
seasons, the solar field may be connected to an auxiliary heat source and/or thermal 
buffer storage. 
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FIGURE 7.7 Combination of the milk industry and solar field (Sharma et al. (2017). 

7.4 conclusion 

This chapter discusses a variety of small-scale industrial applications, showing the 
use of solar drying in agricultural and food industry applications and rubber, tea, and 
marine industries, which can be used to reduce people’s dependence on conventional 
energy and provide cheap and clean energy. Solar thermal energy has been used in 
a variety of small-scale applications, mainly in the paper, textile, leather, food, and 
beverage industries. For applications that have a temperature of less than 120°C, flat-
plate collectors or evacuated tubular collectors are used. In this way, the use of solar 
thermal energy in small-scale industries can promote the participation of clean and 
green energy and reduce the dispensation of greenhouse gases in the environment, 
in addition to improving the income and lifestyle of farmers and small- and middle-
class businesspeople. In this way manufacturers and suppliers both make a big con
tribution to the world. 
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8 Waste Heat Recovery from 
Industry Through Thermal 
Energy Storage Mediums 
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Atul Sharma 

8.1 INTRODUCTION 

Energy consumption is an essential driver for the economic development of any country. 
It is a vital parameter that determines the level of production of any region. The Interna
tional Energy Agency (IEA) report suggests that the rise in prime power consumption, 
more than 49%, has caused massive carbon emissions in the last 20 years. The significant 
chunks of this energy are derived from the burning of fossil-based resources, which is 
responsible for the degradation of the environment. Renewable energy sources have to 
play a significant position in solving the current environmental problems by providing 
clean and economic power without impairing the current pace of economic growth. 

The statistics have shown that the industrial sectors are the major consumer of energy 
worldwide. The industrial division comprises 37% of worldwide power consumption. As 
a consequence of large-scale industrial activities, industrial waste heat (IWH) generation 
is a prime concern. About 33% of this energy is wasted as heat without any proper usage. 
IWH is released into the environment through hot industrial devices, exhaust gases, cool
ing units, etc. This heat is mainly low-temperature heat (100–400°C). There is a great 
prospect of recovering this IWH and reusing it in different applications. This strategy of 
recovery and reuse will ensure lesser wastage of energy and promote energy efficiency, 
lesser environmental impacts, and low production cost. 

For the IWH recovery, two types of technologies can be usually thought of, i.e., 
active and passive, which are described in Figure 8.1. In the active IWH, the recov
ered energy is transformed into other energy forms or at a higher temperature. In 
contrast, passive IWH relies upon using the recovered energy at the same or a lower 
temperature. Thermal energy storage (TES) can be enthusiastically exploited to res
cue waste heat. In this regard, sensible heat, latent heat, and thermochemical energy 
deposits can be extensively explored and studied for the IWH option. Phase change 
materials (PCMs) can be most credible for rescuing, storing, and reusing unused heat. 
PCMs have an advantage over sensible heat storage materials in that they can store an 
enormous amount of heat energy over a narrow band of the temperature range. Based 
on the heat requirement site, IWH can be divided into on-site and off-site. When the 
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FIGURE 8.1 IWH recovery technique. 

FIGURE 8.2 On-site and off-site heat recovery and reuse. 

heat recovery and demand are located in the same spot, it is called on-site. Off-site 
is considered when the heat recovery and demand sites are located at some distance 
from each other. The on-site and off-site heat reuse has been schematically shown 
in Figure 8.2. In the off-site case, the IWH is transported from the recovery to the 
demand site using a mobile-TES system (also known as M-TES). 
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The present chapter focuses on IWH recovery, storage, and utilization using the TES, 
particularly the PCM in the industrial sector. In the first part, on-site reuse is consid
ered and divided into manufacturing industries and different industrial exercises. The 
manufacturing industries cover heavy industries such as metallic and non-metallic, 
food processing, paper and pulp, and chemical industries. The incineration plants, 
vehicle engines, and power has been covered under other industrial activities. 

8.2 ON-SITE WASTE HEAT RECOVERY AND REUSE 

On-site waste heat retrieval explains how to decrease the final product’s total cost by 
reducing the energy utilized by the system and suppressing carbon dioxide emissions. 
In specific sectors, between 15–50% of the total energy is misplaced as it wastes heat 
from exhausted gas, convection cooling, and other forms. Waste heat is dissipated, 
which results in energy waste, water use, increased greenhouse gasses, and environ
mental contamination. Reusing waste heat is a practical approach to these problems that 
has advantages for the environment and the economy and is of interest to researchers. 

8.2.1 manuFacTuring induSTry 

The technology can potentially recycle excess heat from the exhaust of the manufac
turing industry. It significantly induces overall efficiency by reusing vapour, which 
can be utilized for heating purposes in the production unit or for the power system. 
The technology recovers excessive energy during processing without any other cost. 
Although a significant amount of energy is wasted during manufacturing, it some
times cannot be used properly because of its low temperature and poor quality. The 
dynamic use of low-temperature excessive energy can be successfully transformed 
into mechanical or electrical energy. In order to outline the methods and develop 
capabilities and acceptability for manufacturing applications, an evaluation of several 
waste heat recovery systems has been done in this study (Singh and Pedersen, 2016). 

8.2.1.1 Manufacture of Essential Metals 
The refining or smelting of ore can be exploited for ferrous and non-ferrous met
als. Various on-site waste heat recovery researchers evaluated the foundry and other 
metallurgical techniques. An elevated temperature was designed for unused heat 
recovery from the foundry furnace of the Swedish pump manufacturing unit. The 
recovered heat was considered for space heating application, which benefited in the 
minimization of energy consumption. The predicted unexploited heat was around 10 
GW h/y, which can be recovered using a water-based chiller system and accumulated 
in borehole storage through the heat pump. The projection of heat recovery from the 
foundry furnace was 3800 MWh yearly. The usage of waste heat is advantageous in 
the reduction of 1500 tons per year of carbon dioxide. The electric arc heating device 
reduces power use and carbon dioxide discharge, comparable to continuous steel 
manufacturing using a blast furnace. Although electric power compensates for most 
of the energy, direct fuel combustion is also responsible for a significant percentage 
of thermal energy. Throughout the latest research, outlines are available to enhance 
energy efficiency and lower carbon dioxide emissions in an electric arc furnace. We 
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create potential process designs based on these technologies, including the switch to 
Oxyfuel slag preheating, onsite use of the CO2-rich gasification process and off-gas 
heat, and recovery of residual heat produced by the high-temperature gas channel 
of an electric arc furnace to processed boilers. The power system model is used in a 
brief study to calculate the possibilities for efficiency gains, carbon dioxide reduc
tion, and refuse heat usage. In a design, scientists examine how buffer limits, carbon 
dioxide and excess heat usage ratios, and energy and CO2 emission savings relate 
to one another. The monetary analysis produces the ideal system layout for various 
framework conditions (Dock and Kienberger, 2022). 

The heat pump combined with exhaust energy has been considered an efficient 
and advanced option to prevent global warming to 1.5°C by 2050. The excess energy 
from steel is recovered using a novel rotational heat pump technique for room heating. 
Higher energy efficiency, as well as heating capacity, were attained using centrifugal 
compressors with paralleled connected system topology. According to simulations, 
a temperature increase of far more than 30°C will result in a coefficient of perfor
mance greater than 6. To verify the results obtained, a 10 MW-sized centrifugal pump 
was set up. It is verified in China’s Angang Lingshan steel manufacturing company. 
The tested heating capacity and coefficient of performance were 6.67 and 9.67 MW, 
respectively, with wastewater inlet temperatures of 32.5°C and heated water exit tem
peratures of 62.5°C. In stimulating situations, the system’s capacity outweighed the 
heating load. The method demonstrated benefits over traditional techniques during 
the commercial and conservational evaluation (Hu et al., 2022). 

In another report, the scientists investigated how to retrieve discontinuous waste 
heat from a foundry for storage in a 10 MWh thermal energy storage system. It is a 
packed bed with a direct heat exchanger at 300°C to make it the dual thermal storage 
system. They aim to employ the energy stored as a heating intake for various heating 
strategies and rooms as high as 100°C. 

The researchers have also concentrated on using aluminium melt in sand molds as 
thermal energy storage to capture latent heat during solidification. It involved setting 
up a sand mold cavity with aluminium melt. The melt was near the cavity as it could 
soak heat released at the time of solidification. The casted pattern was then released 
from the mold and moved via a conveyor to an insulation container, where it was 
supported to heat the scrap via conduction. The energy usage declined by using this 
scrap in the furnace as fuel. Around 6.4% of the unused energy was thought to be 
recoverable and usable using the technique. 

8.2.1.2 Manufacturing of Non-Metallic Mineral Products 
The classification belongs to recycling unused energy discarded by non-metallic 
industries, including thermoelectric power generators. The process analyzes the pos
sibility of power generation due to excess heat produced by silicon casting using 
inline measurements and calculations. During silicon casting, a thermoelectric gen
erator based on bismuth-tellurium modules was taken into operation. The power was 
calculated at the highest temperature differential. Here, the forecasting has been done 
for the produced power to accelerate beyond the measured statistics. It was also pre
dicted that the output power could double the heat transfer coefficient at the cooler 
side by bringing the generator nearby the heat source. The generator design can be 
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altered to produce more power using minimum thermoelectric material. It offers rec
ommendations for planning thermoelectric generators to exploit power generation 
by utilizing unused energy released by silicon during casting (Børset et al., 2017). 

High temperatures and energy-intensive processes are required to produce sili
con. As a necessary component of silicon furnace operation, abrupt releases of high-
temperature gases to the outlet result in significant oscillations in the unused heat 
recovery procedure. Because of this, unused heat recuperation is complex, which 
often limits the generated steam and diminishes system efficiency. It is evaluated for 
a silicon processing facility in Norway to retrofit thermal power deposit to the current 
unused heat recapture system to prevent this restriction and boost system efficiency. 
It is discovered that a vapour accumulator similar to current bypasses, which doesn’t 
interrupt the current unused heat recapture system, is most suited for the situation. 
The analysis employs actual plant parameters to verify a dynamic simulation model 
developed in Modelica. Financial analyses are employed to specify the configura
tion for the steam accumulator, and a dynamic simulation model is used to assess 
how well they function. According to the analytical model, stored volumes under 
10 m3 can generate annual returns of about 23 k€, and the economic efficiencies’ 
approximations are appropriate. Based on federal spending, capital expenses, elimi
nating transit and on-site setup, are roughly 120 k€, with payback periods extending 
between three to six years. The payback periods extend from seven to ten years when 
transportation and on-site setup are considered. The plant operators thought it was 
feasible to include this size of storage. Consequently, the data would be used to 
develop a business plan with a more thorough financial estimate (Rohde et al., 2022). 

The graphite furnace frequently used to produce high-purity graphite ultimately 
releases a lot of excess heat that includes being recovered significantly to improve 
energy efficiency. The reliability of a graphite furnace for heat transfer was numeri
cally examined during electrical heating and simple cooling periods. The temperature-
dependent characteristics with heat transfer factors were employed with on-site 
observations to forecast overall waste heat recovery capability. The results demon
strate that the fossil fuel can exceed 368°C without igniting the volatiles in the coal, 
while the centre temperature could exceed 3000°C during graphitization manufactur
ing. Regarding total power input and heat output from the furnace, the heat absorp
tion from the upper surface of coal is responsible for 48.5% and 66.9%, respectively. 
The capability for unused heat recovery from the graphitization heater is explored. 
The results can be used as a guide for the performance and technological advance
ment of graphitization furnace heat recovery (Lan et al., 2022). 

8.2.1.3 Paper and Pulp Industry 
With a production of 41.8% metric tons of wood pulp per year, and around 22% of 
the average global production, Europe ranks second in producing and consuming 
paper and board. Sulfate pulp (which accounts for 60% of complete output), mechan
ical and sub-pulp (32% of overall manufacturing), and sulfite pulp (5% of overall 
output) are the three significant categories of wood pulp used for papermaking. Swe
den, Finland, Germany, and Portugal are Europe’s four largest pulp providers. How
ever, Sweden and Finland have more than 57% of the entire output, whereas Italy, 
Germany, France, and the UK are the four most significant customers. Just 0.7 metric 
tons of pulp is produced in Italy annually, most of which is made using mechanical 
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and semi-chemical pulping techniques. The remainder is made using sulfate pulp
ing. Germany, Finland, Sweden, and Italy are the top four paper manufacturers for 
different types of paper, such as graphic, sanitary, household, and packaging paper, 
with annual production totals of 22.8, 13.1, 11.7, and 9.1 metric tons for respective 
countries. Other countries followed were Germany with 13.1 metric tons, Finland 
with 11.7 metric tons, and Italy with 9.1 metric tons. 

Regarding size, more than 50% of the paper industry in Italy has an annual paper 
production of less than a 25-kilo ton, and many of them are private firms. Despite global 
growth in pulp and paper sector production from 2000 to 2018, the European trend 
remained downward in 2019, with a decrease of roughly 3%. Due to international uncer
tainty and business pressures, the EU paper and board output fell in 2019 along with the 
EU economy, in contrast to a marked increase in international pulp production (+0.8%) 
brought on by export sector requirements and investments in additional capacity. 

Because of the high demands in the pulp and paper industry, energy costs signif
icantly impact the industry’s sustainability. Different fuels are used depending on 
where the paper and pulp industries are situated. For instance, Italian pulp and paper 
industries using natural gas accounts for 95% and oil for 5% of the energy. Regarding 
energy consumption, Italy’s pulp and paper industry used roughly 2.40 Gm3 of natu
ral gas and 7.00 TWh of electric energy in 2019. For energy production, cogeneration 
facilities are present in 85 out of 153 Italian pulp and paper mills; in this study, 50 
were examined (Cioccolanti et al., 2021). 

Their combined natural gas and power use in 2019 was around 0.45 Gm3 and 1.46 
GWh, which are roughly 19% and 2.1% of the natural gas along with electricity 
needs of the total Italian pulp and paper business, respectively. With a total installed 
capacity of 613 MW, or roughly 13% of the total installed capacity in Italy’s pulp 
and paper industry, the CHP factories of the examined paper industries have received 
particular attention. Their electricity generation capacity varies from 1–105 MW. 
The analysis provides accurate projections on seeking additional low-grade unused 
heat rescued from CHP plans. The reported paper industries represent an example of 
the Italian pulp and paper industry. 

The late 1970s saw the selection of an American paper and pulp production 
plant to consider the possible energy conservation from deploying a thermal 
energy storage system to collect unused heat from internal procedures, as shown in 
Figure 8.3, when a hog fuel boiler system is running around more significant base 

FIGURE 8.3 The role of thermal energy storage in industrial energy conservation (Miró, 
Gasia and Cabeza, 2016). 
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load. It is suggested that installing 173 m3 water storage to collect the extra vapour 
so it may be used again in the same process when there is a spike in demand. 
According to the estimates, this results in a 50% reduction in the demand for fossil 
fuels. Annual fuel oil savings were anticipated from this installation (Miró, Gasia 
and Cabeza, 2016). 

8.2.1.4 Food Processing and Beverage Industry 
According to reports, the food industry uses roughly 26% of the energy in the 
EU overall and ranks as the UK’s fourth-largest processing unit power consumer. 
Low-medium temperature is the most common classification for waste heat gener
ated in food enterprises. 

The quantity of unused heat accessible in the food business greatly varies from 
industry to industry and depends mainly on the procedure. Because different sec
tors employ different production processes, the only way to accurately estimate 
the quantity of beneficial waste heat is to undertake an extensive audit of the pro
cesses’ energy consumption. However, there are widespread prospects for unused 
heat retrieval in the food business. It is supposed that energy waste ranges from 
10–45%, depending on the operation. Theoretically, hot streams of air or water uti
lized in manufacturing and heating and cooling systems are the primary origins of 
unused heat. 

For instance, the unused heat source in the red meat processing sector can be 
divided into byproduct rendering, rescue from refrigeration methods, and meat 
industries. For instance, a slaughterhouse’s most energy-intensive operation is skel
eton chilling. However, the conversion of byproducts can be a significant energy 
consumer. Activities such as scalding, singeing, and hair removal have also taken 
significant energy. The cleaning process that requires a lot of hot water can also be 
considered a huge power customer. For instance, heat is discharged into the sur
roundings during hog singeing processes, although power is required to dry off the 
hog corpses. Unused heat rescue could be heavily utilized to increase production effi
ciency by providing the power needed for the dehairing and scalding procedures. The 
singeing procedures generate waste flue gas with a temperature of 800°C. It could be 
used for boilers and to preheat the water through unused heat retrieval devices such 
as economizers. 

On the other hand, it also has the potential to retrieve heat from overflow hot water 
using automatically operated scalding chambers. Because it entails processes such as 
boiling, cooling, smoking, etc., manufacturing processed meat requires more energy 
than killing animals. Refrigeration and product curing account for most heat loss in 
food processing. Unused heat contains heat from condensers, wastewater, smoking 
vents, and cooking exhaust, depending on the type of operation. Once more, res
cue from these origins needs to be researched and established in specific instances. 
Recovery from some waste heat sources, including wastewater and cookstove out
lets, could be challenging and extravagant due to the grease and food scraps in the 
exhaust. 

Simultaneously in the poultry industry, where bird meat is prepared and processed, 
the scalding, cooling, and freezing processes account for energy use and loss. Heat 
can be recovered when the scalder and chiller overflow occurs by gathering and 
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transferring the energy to the scalder or chiller procedures. The boiler used to pro
cess wash water can be preheated using heat recovered from refrigeration condenser 
systems. A de-superheater is placed between the compressor and condenser to rescue 
heat between 60–90°C temperatures. It can be used to conduct the process of extract
ing heat from a refrigerant condenser. 

The preliminary origin of waste heat in dairy processing plants is heat rejected by 
the pasteurization procedure and refrigeration condensers. However, it is also pos
sible that the excess heat obtained from the dryer might be utilized for heating the 
stored air for the spray dryer. With heat exchangers such as economizers or CO2 heat 
pumps, chilled milk can be heated in the regenerator by recovering the heat from the 
pasteurization and milk cooling operations. 

The heat from condensers is utilized for heating culture tanks for various activities, 
preheating boiler water, and providing hot water for clean-up. The study has shown 
that the complete energy cost for preparation can be decreased by more than 46% 
with a reimbursement period of roughly 40 months when using a heat pump with an 
inner heat exchanger for coordinated heat rescue and water generation. 

In a different investigation, heat pumps increase the energy efficiency of a sizable 
meat processing facility. Heat pumps were employed in this study for maintaining 
hot water temperature of 65°C by recovering heat from the condensers, showing a 
potential daily energy savings of up to £530. 

The refrigeration technique in which the condenser releases unused heat during 
freezing operations allows the unused heat to be quickly recovered from a heated 
refrigerant. However, it has been claimed that wastewater and exhausts are the intro
ductory origins of unused heat in canning operations. Excess heat rescued from fruit 
and vegetable processing was utilized to heat water, wash cans, cleanse plants, boil 
water, etc. 

Bakeries and biscuit factories generate excess heat from cooking ovens, fryers, 
pan washers, and boilers. The recovered waste heat can generate hot water for clean
ing. Another potential for further usage is heat recovery from cooking oven exhausts. 
For instance, recovered low-quality excess heat from ovens can be used to make 
biscuits with a thermoacoustic heat engine. 

The technology’s engine, which comprises two heat exchangers and a stack of 
parallel plates housed in a cylindrical case and transforms thermal to acoustic energy, 
works without mechanical parts. According to the study, producing 1030 W of acous
tic energy in thermal engine efficiency of 5.4% is possible by recovering waste heat 
at 150°C. However, using air preheaters can reduce oven fuel usage by 4%. In one 
experiment, the primary air reserve was heated to 105°C while the heat was retrieved 
from the exhaust of an industrial cooking oven. According to this study, raising the 
prior air temperature can conclude operating cost savings of at least £4,200 (Jouhara 
et al., 2018). 

8.2.1.5 Chemical Industry 
A twin-screw, compressor-based, high-temperature heat pump technique was 
developed to rescue unused heat in the dyeing manufacturing unit. An on-site 
skein dyeing procedure examined the pump system’s performance. The heat pump 
technology can efficiently use excess heat at various ranges to supply the power 
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needed for the dyeing technique. The system’s heating capacity could be pre
cisely adjusted to perform the appropriate dyeing liquid temperature rising rate 
between 0.6–2.5°C/min throughout various heating operations. The outcomes of 
the on-site analysis additionally showed that the heat pump could be dependably 
utilized to raise the temperature to 95°C while maintaining a mean COP of 4.2 at 
the time of the heating procedure. An economic estimation has shown that a heat 
pump can keep 47% of running costs compared to conventional steam heating (Wu 
et al., 2016). 

8.2.2 oTher induSTriaL acTiviTieS 

8.2.2.1 Power Plants 
The waste heat produced by renewable power stations will only sometimes be 
enough to fulfil the needs of a particular area. Then, excess heat from different ori
gins can be blended with sustainable power sources to meet the demand. Different 
systems with sizable excess heat, such as industrial facilities and process industries, 
might produce reusable high-grade heat when combined with renewable thermal 
energy. 

In the case of a conventional solar panel–based heat pump, the excess heat from 
a solar-powered system is collected. In various distributed generating applications, 
these solar power–incorporated heat pumps can fit or even outperform solar pho
tovoltaics in terms of effectiveness, execution, and expense. The quantity of elec
tricity produced by a Rankine heat pump and photovoltaics of equal extent will be 
comparable. Still, the heat pump system can provide 4–6 units of usable heat for 
every unit of energy produced. More research needs to address excess heat from 
photovoltaic-based power facilities. To recover excess heat, it was typically used for 
desalination – the fusion of various thermodynamic cycles to produce electricity or 
water heating applications. 

For a hypothetical 5000 kWe power plant directed towards steam production 
with the parabolic channel, it has investigated the thermoeconomic factors of power 
generation and water recovery. The cogen power systems have a severe issue since, 
depending on the season, there may need to be more than just chilling or warming 
as a product to fulfil regional markets. During various months of the year, these sys
tems must effectively utilize waste heat. They suggested a trigeneration solar heating, 
cooling, and power generation strategy for a home in a remote area in Western China. 
Because the spiral screw expander’s working temperatures were suitable for Cogen, 
they used it. 

Steam is transferred via two heat exchangers after being separated from the 
superheated steam produced by the spiral screw in the steam partition. The first 
heat exchanger releases heat for radiative heat processing and chilling, and the sec
ond channels heat for superheated water storage. After that, the solar domain is fed 
with the fluid via a steam divider. Compared to a typical solar power scheme, the 
technique included a greater solar power transformation efficiency at 58.0% instead 
of 10.2%. 
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Many photovoltaic designs also utilized and explored PCMs. This type of sys
tem has a unique design, including a phase change storage connected to a photo-
voltaic board and a fluid process built into the container to transport power to a heat 
exchanger. In this design, a PCM-based photovoltaic provides power storage capabil
ity, which can benefit solar power applicability because it enables energy generation 
without direct sunlight. 

Increased latent heat of fusion, increased thermal conductivity, chemical stability, 
non-corrosiveness and toxicity, and temperature variation for the particular design 
are requirements for using PCMs in photovoltaic. Electrical power increased by 
13.6%, according to a thermoelectric analysis of the PVT system with PCM. More 
PVT opportunities will open up as PCM technology advances, better suited to vari
ous environments and applications. 

Recovering excess heat and utilizing it for various thermodynamic processes can 
boost efficiency in geothermal power stations. Adding more power generation stages 
increases net power output and improves geothermal resource use. Yet, adding phases 
also results in higher maintenance and investment expenditures. There are potential 
plans to incorporate these processes to extract more power. It is generally advised to 
keep the number of stages to two. 

The recovery of heat from low-temperature geothermal origins is the primary 
function in a binary process power system. It makes it possible to exploit geothermal 
resources that would not otherwise be able to produce energy. The working fluid in 
this plant is often a low boiling point organic liquid, typically running on the organic 
Rankine or Kalina cycles. Using a heat exchanger, the liquid takes heat from the 
primary fluid, expands it, and transforms it into a vapour. Then, a turbine is powered 
by this vapour to produce energy. After cooling in a condenser, the excess vapour is 
returned to the cycle. Alkanes, fluoro-alkanes, ethers, and fluoro-ethers are possible 
working fluids (DeLovato et al., 2019). 

8.2.2.2 Incineration Plants 
Energy recapture from excess heat converts unwanted products into proper energy, 
power, or fuel. This method is frequently referred to as waste-to-energy. Waste heat 
retrieval from incineration facilities is the analytical measure to maximize waste 
utilization and lower carbon emissions. Avesta (Sweden) constructed a 15,000 m3 

water-filled stone cave in 1981 to initially store excess power generated in a local 
ignition plant for research. These systems can also meet high powers due to the high 
injection power. 

In an available sorption procedure, portable power storage using zeolite can use 
industrial debris when a pipeline-based linkage is not economically feasible. Over 
a year, a plant was built, run, and monitored that used litter incineration plant steam 
extraction to set and hold with 130°C hot air and an industrial drying technique at the 
client 7 km from the charging process. 

The storage has a capacity of 2.3 MWh, can hold 14 tonnes of zeolite, and employs 
dryer exhaust air at the discharging status, with a temperature of 60°C and a rela
tive humidity of 0.09 kg/kg. It also keeps 616 kg of carbon dioxide in each process 
and demonstrates no degradation within the limitations of the measuring tools. The 
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desired power output cannot be achieved due to maldistribution within the dense zeo
lite bed. When considering small-scale mass production, the direct power expenses 
can be decreased to 73 €/MWh (Krönauer et al., 2015). 

Up to 6000 tonnes of garbage are landfilled daily in Ano Liosia, Athens 
(Greece), and the dump gas is utilized to power an ICE power system on the 
landfill zone. With a 23.5 MW installed capacity, the power plant contains 15 
ICEs. The increased electrical effectiveness and quick load retort of ICEs make 
them an excellent choice for power generation. But vehicle exhaust heat still 
accounts for more than half of the energy content of landfill gas emissions. Com
pared to ORC recourses, the thermodynamic study of all waste heat recovery 
cycle options reveals that water/steam processes typically increase electrical sys
tem efficacy up to 37%. A pentane cycle in the absence of a thermal lubricant 
middle trajectory can achieve a station efficiency of roughly 36% with the latter. 
Due to pentane’s intense flammability, using this cycle type could be dangerous. 
Thus, most industries use pentane cycles to employ thermal petroleum trajecto
ries (Gewald et al., 2012). 

Three distinct situations are considered and contrasted to examine the idea’s impli
cations. The first scenario involves a plant for old-design waste that uses a fuel-burning 
warming-up procedure. The second strategy implicates a heat pump plant that uses 
steam extraction from turbines for water preheating. The third technique involves 
removing the previous preheating devices from the process and replacing them with 
power recovered from the incinerator’s exhaust gas. The three scenarios are subjected 
to energy, exergy, and economic studies, and the critical interpretation elements of 
power systems have been distinguished. 

The findings indicate the efficiency of the heat retrieving case, which considers 
heat and power outcomes. It could achieve 94%. In contrast, facilities, outdated struc
tures, and steam recovery lines can achieve 77% and 82% efficacy, respectively. The 
proposed solution has the highest energetic efficiency of 81% of the three designs. 
The development expense will be the minimum, with a significance of less than 11 
$/GJ. The impacts of various operational factors on the presented system’s effective
ness are evaluated (Alrobaian, 2020). 

In this study, it is suggested and technoeconomically assessed to use the hot flue 
gas exergy of the waste-fired CHP unit to boost the organic Rankine cycle’s poten
tial for optimizing the net power production of the hybrid cycle. Also, the system’s 
performance was examined using alternative, ecologically friendly organic working 
fluids. According to the study’s findings, the size of the organic Rankine cycle may 
be significantly increased by using the same CHP unit’s flue gas, which would boost 
the plant’s power output. 

So, when the organic Rankine cycle and the primary CHP cycle operate at nom
inal load, the combined plant’s net exergy and energy efficiency values under vari
ous operational situations are improved relative to its initial configuration by around 
10% and 20%, respectively. The payback period for the parallelization project was 
reduced by nearly 10% (from 7.4 years to 6.7 years) because of this exergy utiliza
tion, making it economically advantageous as well. The substitute organic working 
fluid does not affect the system’s technical and economic performance indices (Arab
koohsar and Nami, 2019). 
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8.2.2.3 Vehicle Engines 
Both transportation and traditional power generation systems require engines as cru
cial components. In reality, the cooling streams and exhaust gases squander roughly 
two-thirds of the energy that goes into an engine. The exhaust gas temperature, for 
instance, in a four-stroke diesel engine is roughly 400–500°C while the engine is 
operating at total capacity. As these exhaust gases are released into the environment, 
it is possible to recover a significant amount of proper heat from them. However, the 
engines might not always run continuously in certain circumstances. The recovery 
of waste heat and bridging the gap between energy supply and demand is possible in 
such circumstances using TES systems. 

A water-cooled diesel engine attached to an electrical dynamometer, integrated 
with a recovery heat exchanger, and connected to the TES system made up the exper
imental configuration as shown in Figure 8.4. The stainless steel cylindrical vessel 
was part of the TES system, and 55 kg of castor oil and 15 kg of paraffin contained 
in 48 cylindrical capsules, respectively, were chosen as the visual and latent TES 
materials in the first investigation. 

If results were compared to the identical setup without TES technology, fuel con
sumption might be reduced by up to 15.2%. The thermal behavior of the TES sys
tem with paraffin was working at different engine load conditions. Depending on 
the load, a direct correlation between charging rate and efficiency was discovered. 
Also, this device recovered around 15% of the overall heat. In the first TES tank, 19 
kg of d-sorbitol and 15 kg of paraffin were utilized as the TES and HTF materials, 
respectively, while 55 kg of castor oil was employed in the second TES tank. Find
ings demonstrated the viability of the chosen TES and HTF for the intended applica
tion, and the advantages of the cascaded mode as total waste heat recovery improved 
in comparison to the initial single tank configuration by up to 20%. The hopes for 
generating financial gains are already mentioned when deploying TES systems for 
automotive applications. 

The TES system comprised a stainless steel vessel filled with 40 low-density poly
ethylene spherical containers, each containing about 100 g of PCM (paraffin). Water 
served as the HTF in this system. The energy efficiency of the integrated system 

FIGURE 8.4 Schematic diagram of the experimental setup (left); picture of the experimen
tal setup (right) (Miró, Gasia and Cabeza, 2016). 
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fluctuated between 3.2% and 34.2%, and results showed that roughly 7% of the total 
exhaust heat was recovered. 

For specific automotive engine applications, the benefits show TES addition to a 
diesel car engine at below-freezing conditions. A combination of an exhaust gas heat 
recovery system and a latent heat TES accumulator was used in place of the addi
tional heater since, under certain circumstances, the engine often requires additional 
heating to maintain the desired operating temperature (above 70°C). In a conven
tional shell and tube structure, 4 kg of a commercial PCM with a melting point of 
75°C was chosen for the heat accumulator. 

The reaction of the TES accumulator was quicker than the original system, and 
the slow response wastes were significantly decreased. A tank containing 4.2 kg of 
xylitol with a heat capacity of 1300 kJ was later proposed for storing waste heat from 
a hot engine coolant. The heat stored may be used to reheat the engine and the inte
rior of the vehicle swiftly. The researchers built and modeled a TES system for the 
engine exhaust streams in the context of marine transportation. A 1000 m3 cylindrical 
thermal oil storage tank was considered for the TES system. 

Based on numerical findings, it was possible to cut the boilers’ fuel usage by 
80%. The numerically proposed method can provide energy in remote places 
by combining a diesel engine with a CAES unit. The heat exchanger receives 
the engine’s exhaust fumes and the reservoir’s compressed air, which are then 
recycled. A ceramic matrix and an inorganic salt that melted at 210°C made up 
the suggested PCM. Findings revealed that the integrated system used just 50% 
as much fuel to meet the exact demand as a single diesel unit (Miró, Gasia and 
Cabeza, 2016). 

According to an analysis of the energy distribution in internal combustion engines, 
about 65–70% of the energy input is lost through dissipation in cooling circuits (about 
30%) and exhaust gases (about 35–40%). In other words, the radiator and exhaust gas 
system are two significant heat producers for internal combustion engines. A study 
estimated that recovering 400–500 W of waste thermal energy as electrical energy 
can reduce carbon dioxide (CO2) emission values of 6–7 gm/km, underscoring the 
potential and significance of waste heat recovery for internal combustion engines 
(Burnete et al., 2022). 

Only a portion of the exhaust energy is usable because of irreversibility, ambient 
conditions, etc. At exhaust temperatures of 600°C and higher, the exhaust exergy is 
more significant than 30% of its energy value, but it diminishes when the exhaust 
temperature is lowered. Exhaust exergy is low near the engine’s optimal efficiency 
point but high at low engine loads (across most driving cycle operating ranges). 
According to a second law analysis, the exhaust exergy is almost as large as brake 
work in contemporary gasoline automobiles. 

So, if a WHR system can be implemented, a lot of exhaust energy can be used to 
increase system efficiency overall. The exhaust waste heat of an SI engine has been 
reported to range from 4.6–120 kW depending on operating conditions, which is 
consistent with this analysis. However, the maximum ideal limit of usable energy is 
reported to be between 1.7–45 kW (Aghaali and Ångström, 2015). 
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8.3 OFF-SITE WASTE HEAT RECOVERY AND REUSE 

The off-site IWH relies on recovering the waste heat through various industrial pro
cesses and transporting it to the desired heat demand site that can be used later, which 
is located at some distance from the waste heat generation site. For heat transporta
tion, two mediums are generally used, i.e., district heating and cooling (DHC) and 
mobilized thermal energy storage (M-TES). Due to its economic viability, DHC is 
an appropriate method for supplying heat to densely inhabited areas with high heat 
demand, whereas M-TES is suitable for when the investment and maintenance cost 
of the DHC’s infrastructure is high. The research and investigation have shown that 
M-TES can be feasible for transportation up to 35 km by truck, 200 km by train, and 
three days by ship. 

For an efficient M-TES system, certain requirements should be fulfilled (Miró, 
Gasia and Cabeza, 2016), for example, the following: 

•	 High energy density to transport the maximum amount of energy in a very 
small volume 

•	 High charging and discharging capability to ensure compatibility with differ
ent IWH sources and heat demands 

•	 Temperature stability 
•	 Appropriate working strategy ensuring storage mass and number of cycles 

Guo et al. (2013) conducted research to evaluate the viability of shipping IWH 
from a Swedish utility plant to a steelworks business. Comparisons were made 
among three different ways to move the IWH: (1) a typical DH solution requir
ing new underground plumbing, (2) train transportation using PCM, and (3) train 
transportation using zeolite sorption technology. The sorption option using zeolites 
(thermochemical materials, often known as TCM) was the most effective in terms 
of price. 

Li et al. (2013) looked at the economic costs of employing an M-TES system 
with a 28 m3 prototype container that uses erythritol as the PCM to send heat to a 
demand site that is between 10–50 kilometers from the IWH source. The authors 
also compared it to other ways of supplying heat. The cost was between $30–60 
USD/MWh, according to the results, and it was noted that the cost fluctuation was 
inversely correlated with the heat demand but proportional to the transport distance. 
In addition, the cost was more responsive to PCM pricing compared to other factors, 
such as shipping costs. 

In a case study from Sweden, Wang et al. (Wang, 2010; Wang et al., 2014) showed 
how the M-TES technology was used to recover IWH from a combined heat and 
power (CHP) plant. This IWH was delivered to a DH network that served a small 
village 20 km from a CHP plant with hot water during the summer and space heating 
and tap water during the winter. In the CHP plant, four probable IWH sources were 
found, and a TES material was suggested for each stream based on the streams’ exit 
temperatures. The results revealed that 224 MWh of heat could be delivered each 
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TABLE 8.1 
PCMs with Their Thermophysical Properties
PCM Type Melting Thermal Latent Heat Specific References

Temperature Conductivity of Fusion Heat (kJ/
(°C) (W/m·K) (kJ/kg) kg·K)

D-mannitol Organic 165 0.6 341 1.26 (Alva, Lin and 
Fang, 2018; Du 
et al., 2021)

Erythritol Organic 118 0.732 (solid) 339 1.35 (solid) (Yuan et al., 
0.326 (liquid) 2.74 (liquid) 2019; Du et al., 

2021)

NaOH Inorganic 318 — 158 — (Nomura, 
Okinaka and 
Akiyama, 2010; 
Chiu et al., 
2016)

Xylitol Organic 93 0.52 (solid) 280 1.27 (solid) (Diarce et al., 
0.36 (liquid) 2015; Höhlein, 

König-Haagen 
and 
Brüggemann, 
2017)

Magnesium Inorganic 115 — 167 — (Lin, Alva and 
chloride Fang, 2018; 
hexahydrate Gan and Xiang, 

2020)

Sodium acetate Inorganic 58 0.7 (solid) 264 2.79 (solid) (Xiao et al., 
trihydrate 2018; Wang et 

al., 2019)

Sodium Inorganic- 285 — 252 — (Du et al., 2021)
carbonate Inorganic
(17%)-sodium 
hydroxide 
(83%

month, assuming an M-TES container energy efficiency of 85%, and that two TES 
containers were charged and discharged every day.

Table  8.1 shows the various phase change materials and their thermophysical 
properties that can be used in M-TES applications.

8.4 MAJOR ISSUES AND CHALLENGES

One of the major concerns of the TES system is the maturity level of the TES. The 
other barriers include financial barriers, industrial production processes, and com-
mercial confidentiality associated with the sectors. When we talk about the maturity 
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FIGURE 8.5 Developmental level of the projects. 

and commercialization level, only underground thermal energy storage (UTES), pit 
thermal energy storage (PTES), and residential hot water systems with storage have 
reached the advanced maturity level. The rest are all in the development stage. Fig
ure 8.5 shows that the majority of the projects are numerical scale and very few are 
pilot and real-scale projects, but in recent years, due to rising environmental aware
ness, IWH with M-TES is gaining popularity as a result of the large-scale commer
cialization of TES materials and systems. The major financial and administrative 
barriers include uncertainty regarding the investing company’s economic future and 
expectations of returns that are excessive. 

8.5 CONCLUSION 

Industries are the major consumer of energy worldwide. IWH recovery, storage, and 
reuse would not only help in CO2 reduction but would also reduce energy costs and 
make industrial activities less energy intensive and energy efficient. However, due to 
technological and financial constraints, the potential of IWH recovery has not been 
fully utilized. 

IWH with a TES unit can be beneficial as a thermal management tool in compari
son to other technologies, as the IWH source is intermittent and the distance between 
the energy source and heat demand site vary to a large scale and is not fixed. Thus, 
it helps in reducing the mismatch between energy demand and supply. TES with 
on-site heat recovery and reuse is beneficial for many internal processes, and off-site 
M-TES can efficiently deliver the energy from the source to the heat demand site. 

Most of the study reported at present are numerical in nature due to the techni
cal and financial constraints. The TES mediums used are also scarce. There is great 
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potential for TES in IWH in the future due to the increasing commercialization of the 
TES material and systems. 
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Energy Storage for 
Agricultural Application 
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9.1 INTRODUCTION 

Field agriculture is undergoing a revolutionary transition, spurred by advances in 
agricultural technology. Protected crops have evolved from simple covered green
house structures to high-tech plant factories that optimize plant and human labor 
productivity. A modern greenhouse works as a system. 

Greenhouse technology is strategic to intensify agricultural production and help 
meet global food demand as it provides an appropriate microclimate for plants to 
achieve better quality and higher yields. Greenhouses provide sustainable environ
ments for growing crops in almost any location. Local production, increased yields 
per area, longer harvest periods and better controlled growing environments make 
greenhouses a feasible solution in disadvantaged areas where heat is not readily 
available. 

Livestock feed worldwide is estimated to double by 2050. In fact, the unavailabil
ity of high-quality fodder profoundly affects livestock production and reproduction 
(Bradley & Marulanda, 2001). Fodder production is influenced by several constraints 
such as land unavailability, water scarcity, rainfall uncertainty as well as natural dis
asters. The mentioned limitations of conventional forage cultivation make hydropon
ics technology an attractive alternative to forage cultivation, especially for livestock. 
The hydroponic greenhouse is an above-ground cultivation offering a suitable choice 
to meet the growing needs of farm animals, guaranteeing a significant reduction in 
labor costs, space and water requirements and ensuring freshness and the good palat
ability of the fodder (Godde et al., 2021). Hydroponic technology is used to produce 
larger, healthier and tastier crops on a large scale. As a result, farmers have a great 
interest in setting up their production units. 

Most greenhouse growers combine hydroponic technology with a controlled envi
ronment to optimize the greenhouse microclimate and produce the highest quality 
produce. In a sophisticated structure, everything can be controlled, including tem
perature, sunlight, humidity and lighting, allowing year-round cultivation. Producers 
strive to maximize yields and minimize expenses. An auxiliary conditioning device 
often seems essential to improve the microclimate of the greenhouse. Heating sys
tems of an agricultural greenhouse are basically designed to respond to heat loss. 
Heating is the main cost involved in greenhouses, and this is usually done by burning 
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fossil fuels. That is why the heating of greenhouses is considered to be the most 
energy-intensive function during all of their operations. This huge energy consump
tion of agricultural greenhouses leads not only to increased operating costs, but also 
to environmental pollution. The adverse environmental effects of fossil fuels provoke 
climate change and grow concerns for energy security, making the use of renewable 
energy sources more urgent than ever. 

Thus, to address the aforementioned challenges and improve the sustainability 
of greenhouses, farmers, engineers and governments must seek innovative solutions 
to ensure a sustainable supply of food and energy. The combination of renewable 
energy sources in heating devices has grown rapidly in recent decades. Solar energy 
is the most abundant source of renewable energy available on earth. Thus, solar sys
tems appear to be the most promising technology that can provide some of the clean 
energy to meet the huge energy needs of greenhouses. 

The solutions must make better use of renewable energy sources and improve 
energy efficiency. The intermittent characteristics of many renewable energy 
sources can be offset by using thermal energy storage systems that better match 
supply and demand. Since the 1970s, thermal energy storage systems have proven 
to be important tools for increasing energy efficiency compared to conventional 
energy systems. Thermal energy storage systems provide alternative heating and 
cooling solutions to reduce electricity and fossil fuel consumption and also replace 
mechanical cooling devices. Greenhouses need a lot of thermal energy, and a sig
nificant part of their cost is heating. Therefore, major benefits can be driven from 
thermal energy storage. 

In this study, two additional heating systems with thermal energy storage were 
specifically designed and implemented to achieve energy optimization of the micro-
climate of the hydroponic greenhouse. 

9.2 HYDROPONIC AGRICULTURAL GREENHOUSE SYSTEM (HAGS) 

9.2.1 deScripTion oF hagS 

The hydroponic agricultural greenhouse system, called HAGS, is a southeast-
oriented structure, thermally insulated, whose dimensions are 8 meters by 4 meters 
by 4 meters. It consists of a galvanized framework covered with polyurethane sand
wich panels and has two separate rooms. The first room has two glazed sides, one 
with single glazing on the north and the other with double glazing on the south. The 
greenhouse features screens that can be raised or removed to regulate light and solar 
radiation. For the vegetation cultivation, there are two rows of metallic structure, 
with five levels spaced 0.5 meters apart from each one. The second room is used for 
the germination of crops such as barley, maize and wheat fodder. 

The HAGS is an under-shelter prototype including all the necessary equipment for 
ventilation, irrigation, lighting and environmental control. It has an irrigation system 
to optimize the supply of the nutrient solution composed of water and essential ele
ments to promote plant growth. It is also equipped with a ventilation system of three 
fans, one on the south and two on the north, to improve air quality. The greenhouse 
also has a lighting system with heat lamps to supplement weak sunlight in winter. 
The germination tank is supplied with oxygen through an electric aerator. 
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The temperature inside the greenhouse is measured with K-type thermocouples. To 
measure the relative humidity, a HMP155A sensor was protected from the solar radi
ation and placed in the center at 1.2 meters above the floor, and a second HMP155A 
sensor was placed outside to register the external temperature and relative humidity. 
Two Kipp and Zonen pyranometers were also installed to measure global solar irra
diation. A CR5000 data logger recorded all of the parameters every 10 minutes. 

9.2.2 ThermaL behavior oF hagS 

Figure 9.1 exhibits the variation of the air temperature inside the greenhouse (rep
resented by the air temperature at the central position in the greenhouse as being a 
significant temperature of that inside the greenhouse) accompanied with the ambient 
temperature and solar radiation variation. 

The temperature inside the greenhouse has the same evolution as the ambient tem
perature and also follows the solar radiation. For daytime temperatures ranging from 
14–27°C, the temperature inside the greenhouse varies between 18–34 °C. The latter 
are constantly higher than the ambient temperature during the day, and it can be seen 
that the difference between the two temperatures clearly depends on the values of 
the solar radiation. Indeed, on February 8, a very sunny day when the temperature 
outside varied between 20–23°C, the temperature inside the greenhouse exceeded 
34°C at 1 p.m., while the next day when the solar radiation does not reach 270 W/ 
m2, the difference between the two indoor and outdoor temperatures is around 3°C. 
In the early hours of the morning, the values of the indoor and outdoor temperatures 
approach each other, and the ambient temperature can exceed that inside the green
house, which generally varies between 12–16°C. 

FIGURE 9.1 Evolution of the temperature inside the HAGS. 
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 FIGURE 9.2 Evolution of humidity inside and outside the greenhouse. 

Humidity is also a climatic parameter that intervenes in the microclimate in hydro
ponic greenhouses and that then influences the growth of plants. Figure 9.2 shows the 
variation in indoor and outdoor humidity and the variation in ambient temperature. 

The variation of humidity and that of temperature are inversely proportional. Low 
humidity values accompany the sunniest days when the temperature is very high. 
We notice that the humidity inside the greenhouse is much more stable than that 
outside, which is explained by the effect of the insulation of the greenhouse, which 
plays a very important role in stabilizing humidity and reducing climatic variations. 
The humidity inside the greenhouse is almost always lower than that outside, and 
the difference between the two humidity levels can exceed 30%. At 2 p.m., when the 
temperature is equal to 17°C, low humidity equal to 23% is recorded. From midnight 
on, the humidity begins to increase until it reaches 80% around 9 a.m. These high 
values can be justified by the location of the greenhouse very close to the sea. 

9.3 SOLAR HEATING SYSTEM WITH SENSIBLE 
HEAT STORAGE (SHS_SHS) 

The first studied system for the heating of the HAGS is a solar heating system with 
sensible heat storage called SHS_SHS. 

9.3.1 deScripTion oF ShS_ShS 

The SHS_SHS was specially designed for heating the hydroponic greenhouse as a sensible 
heat storage system. The principle of the SHS_SHS is as follows (Baddadi et al., 2022): 
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FIGURE 9.3 The multi-stage exchanger system. 

hot water, heated by two vacuum collectors and then stored in a storage tank, is circulated 
by a circulation pump from a water storage tank to coils distributed in the different floors 
of the greenhouse, constituting a multi-floor, multi-layer exchanger. 

The main idea of the realization of this device is to heat the climate of the hydro
ponic greenhouse while homogenizing the temperature inside and attenuating the 
thermal stratification that can exist between the different levels of the culture trays. 
For this reason, the operating principle of this system is to provide the same heat to 
the different levels of the greenhouse by a multi-stage exchanger thanks to the hot 
water, which will circulate there continuously. Figure 9.3 illustrates the exchanger 
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formed by the multi-layer coils arranged under the culture trays at the different ver
tical levels. During the sunny period, the absorber tubes capture the solar energy and 
the exchanger transfers it in the form of thermal energy to the heat transfer fluid. 
The water heated by the sensors is then stored in the tank until needed. Once the 
circuit starts to operate, the pump delivers the stored hot water to the water collector 
and beyond to the coils to circulate it under all of the culture trays. After crossing 
the multi-stage exchanger, the water is then collected in the second collector to be 
sucked up and returned to the tank, where it will reward the thermal energy evacuated 
and gain other degrees Celsius to do the same again. Thus, the hot water leaves the 
tank with the same temperature and circulates in the multi-stage exchanger, generat
ing almost the same amount of heat. 

9.3.2 behavior oF ShS_ShS 

It is essential to first follow the evolution of the temperature of the water, which 
will circulate in the system for heating the HAGS. For this, the water temperatures 
respectively at the inlet and outlet of the collectors and that in the storage tank are 
presented in Figure 9.4. 

In the absence of the sun, the inlet and outlet temperatures are close to around 
17°C, while the tank temperature is around 40°C. Then, the more the sunshine and 
the ambient temperature increase, the more the water temperatures move away and 
record remarkable differences between them. During the day, the temperature at the 
outlet of the collectors increases to reach 80°C, exceeding the temperature of the 
water at the inlet by around 30°C. 

FIGURE 9.4 Variation of water temperatures at the sensor inlet and outlet. 
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Concerning the temperature of the tank, it does not vary widely since it is relatively 
isolated, but it obviously follows the variation of that of the output of the collector 
with a delay, which depends on the sunshine. On sunny days, the temperature of the 
water in the tank often exceeds 50°C and approaches 40°C at night. This temperature 
directly influences the climate of the greenhouse since it is almost at this temperature 
that the water will circulate in the coils of the multi-stage exchanger. 

9.3.3 conTribuTion oF ShS_ShS in heaTing hagS 

To clearly highlight the effect of heating on the behavior of the hydroponic green
house, we will present the temperatures at several levels during two separate periods, 
one without heating and the other after using the SHS_SHS solar installation. 

Figure 9.5 and Figure 9.6 represent, respectively, the vertical variation of the tem
perature inside the hydroponic greenhouse without and with heating for two dura
tions with relatively similar climates. 

If we compare the temperatures of the first day of each period, we notice that the 
maximum temperature T1 (at the first position at the top) is around 34°C, while it 
is around 39°C after heating. The same applies almost for the entire period when a 
temperature increase of up to 5°C is observed. If we look at thermal stratification, we 
notice that during the day, the temperatures of the different levels of the greenhouse 

FIGURE 9.5 Vertical temperature stratification without heating. 
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 FIGURE 9.6 Vertical temperature stratification with heating. 

without heating show a total difference of up to 7°C recorded between 12–14 hours 
during maximum sunshine. From about 7 p.m. this temperature difference is reduced 
considerably until the temperatures at the different levels become equal. 

9.4 SOLAR HEATING SYSTEM WITH LATENT 
HEAT STORAGE (SHS_LHS) 

The second studied system for the heating of the HAGS is a solar heating system 
with latent heat storage called SHS_LHS. 

9.4.1 deScripTion oF ShS_LhS 

Before realizing the SHS_LHS, it was sized according to the HAGS requirements 
(Baddadi et al., 2019; Bouadila et al., 2022). As shown in Figure 9.7, it is singularly 
formed of two beds, each comprising 156 spherical nodules. These nodules contain 
PCMs, and they form the absorber of the collector. The 312 nodules are arranged 
on two metal grids of 12 columns and 13 rows each. These two beds are superim
posed in a square box with a side of 1.05 m and a volume of 0.28 m3 and mounted 
on a metal support facing due south and forming an angle of inclination equal to 30 
degrees with respect to the horizontal. Above the box, there is a converging made 
of aluminum sheet, which presents the link between the sensor and the greenhouse. 
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FIGURE 9.7 Solar heating system with latent heat storage. 

To ensure the greenhouse effect and minimize convective and radiative heat loss 
from the absorber, a transparent cover glass with a surface area of 1 m2 and a thick
ness of 0.004 m covers the SHS_LHS. Two openings are also present in the design, 
one opening below the collector allowing the entry of cold air and a second opening 
located at the top in the upper part of the convergent for the exit of hot air from 
the collector. The exchange between the penetrating air and the absorber inside the 
sensor is ensured by an air extractor controlled by a variable speed drive. In order to 
ensure the thermal insulation of the collector, a 5-cm-thick layer of Armaflex covers 
the converging as well as the side and rear faces of the collector. This insulation is 
resistant to heat and humidity, it is flexible and has a quick and easy use. 

9.4.2 behavior oF ShS_LhS 

Figure 9.8 shows that the behavior of the SHS_LHS considerably follows climatic 
changes. On the sunniest days, the absorber temperature often exceeds 30°C and 
the outlet temperature is around 40°C. February 20 is characterized by the highest 
values. For an ambient temperature equal to 24°C and sunshine over 800 W/m2, the 
temperature of the absorber reaches 35°C and the outlet temperature exceeds 43°C 
around 1 p.m. 

The SHS_LHS typically provides above ambient temperature by more than 20°C. 
We can notice that the absorber is characterized by a particular look. This dissimi
larity is explained by the phenomenon of latent thermal storage, which takes place 
in the nodules of the absorber. Indeed, during the day, the extractors of the collector 
are closed and the collector captures solar radiation due to its absorber and stores the 
excess thermal energy in the form of latent thermal energy by the MCP nodules. In 
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 FIGURE 9.8 Evolution of SHS_LHS temperatures. 

the evening, in the absence of the sun, the collector extractors open and the energy 
already stored is restored to ensure the nocturnal heating of the greenhouse, which 
explains the phase shift seen on the significant curve of the absorber. 

9.4.3 conTribuTion oF ShS_ShS in heaTing hagS 

Once the temperature inside the hydroponic greenhouse drops, the collector extrac
tors open and the energy already stored by the collector is restored to ensure the 
heating of the greenhouse. So, to visualize the effect of the SHS_LHS on the climate 
within the greenhouse, we will expose the air temperature in the middle of the green
house accompanied by the ambient temperature and the sunshine for a week when 
the sensor is triggered at 6 p.m. After exhibiting the different sensor temperatures, 
Figure 9.9 implements the evolution of the temperature inside the greenhouse after 
the use of the SHS_LHS. 

It is clear that the SHS_LHS increased the temperature of the greenhouse, particu
larly at night during the operation of the collector. During the day, the temperature is 
above 32°C and it reaches 37°C at 1:50 p.m. The lowest temperature is recorded on 
February 28 when the solar radiation did not reach 400 W/m2. At night, the tempera
ture inside the hydroponic greenhouse varies from 17–20°C, registering an increase of 
about 6°C compared to the temperature of the greenhouse without heating. We notice 
the improvement of the temperature particularly during the night periods, which are 
characterized by inevitable temperature drops that can damage the growth of plants, 
especially those that require heat. This contribution of greenhouse climate optimization 
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FIGURE 9.9 Evolution of the temperature inside the greenhouse heated by SHS_LHS. 

is explained by the role of the solar collector. The energy stored by the MCP has suc
cessfully rewarded the energy lost during cold durations and nighttime periods. 

9.5 FINDINGS 

Two types of solar heating systems with thermal energy storage were investigated to 
heat a hydroponic agricultural greenhouse system. The first system is a solar heat
ing system with sensible heat storage. The absorber of this collector has played an 
indispensable role in improving the night climate and mitigating low and severe 
temperatures in a hydroponic greenhouse. Indeed, the phase change material of the 
absorber stored the excess thermal energy by latent heat during the daytime during 
very sunny periods and restored it in the evening and at times when the temperature 
drops. This restored energy has succeeded in improving the atmosphere within the 
greenhouse and attenuating the harsh climate that can harm the plants. The second 
system is a solar heating system with sensible heat storage. The latter managed to 
raise the temperature and improve the climate in the hydroponic greenhouse without 
heating. The experimental results show an increase in the temperature prevailing in 
the greenhouse of 5°C. 
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10Testing of a Lab-Scale 
Electrically Charged 

Hybrid Latent-Sensible 
Thermal Storage System 
for High Temperature 

Applications 

Rhys Jacob, Shane Sheoran, Ross Flewell-Smith, 
and Frank Bruno 

10.1 INTRODUCTION 

As we move into a carbon-constrained world, we require alternative forms of energy 
duration. Currently, the majority of energy for thermal loads is generated by fossil 
fuels (REN21, 2022), and mostly by gas. This is especially true for higher temper
ature applications (>250°C), which are seen as one of the most difficult sectors to 
decarbonise (Papadis and Tsatsaronis, 2020; Gross, 2021). The carbon footprint of 
gas coupled with its high cost make switching to renewable sources of energy more 
desirable. However, the current sources of low-cost renewable energy (i.e., solar pho
tovoltaics and wind) are variable and non-dispatchable by nature, something that 
does not suit most energy users. Therefore, storage of the generated electricity is 
required. 

A technology that is able to do this without geographic constraints or critical 
materials is thermal energy storage. In thermal storage, energy can be stored as 
heat in low-cost media such as rocks (Tiskatine et al., 2017; El Alami et al., 2020), 
molten salts (Caraballo et al., 2021; Bauer et al., 2021), phase change materials 
(Kenisarin, 2010; Jacob et al., 2019b, Liu et al., 2021b), or waste materials (Gutier
rez et al., 2016; Jacob et al., 2022), where the energy can then be later dispatched 
as heat or converted to electricity using traditional power blocks. Furthermore, 
the generated heat can be produced from renewable sources such as solar photo
voltaics (PV) or wind using resistive heaters (Stack et al., 2019; Okazaki, 2020) 
or turbomachinery (Trebilcock et  al., 2020; Liang et  al., 2022). In doing so, an 
electrically charged thermal energy storage (ECTES) system is both renewable and 
dispatchable. 

https://doi.org/10.1201/9781003345558-12
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Thermal storage has been well deployed for a number of applications such as 
concentrated solar power (Liu et al., 2016; Pelay et al., 2017; SolarPACES, 2022) 
or building heating and cooling (Heier et al., 2015, Navarro et al., 2016a, 2016b); 
however, only recently this technology has been coupled with electrically generated 
heat (Benato and Stoppato, 2018; Dumont et al., 2020). 

For example, Zanganeh et al. (2015) built and tested a 42 kWht lab-scale prototype 
for thermal storage above 575°C. In this system, a packed bed of rocks was combined 
with a layer of encapsulated aluminium alloy (AlSi12). Testing of the system indicated 
that the AlSi12 layer helped to stabilise the temperature outlet while thermal losses 
were less than 3.5%. Unfortunately, the thermal inertia and small tank-to-particle 
diameter ratio made it difficult to numerically verify the system. Stack et al. (2019) 
investigated the use of resistance heating and ceramic firebricks to store and deliver 
high-temperature heat as air (1000–1700°C). Using the firebricks as a sensible store, 
the system was simulated and shown to cycle daily with minimal issues and typically 
with a depth of discharge between 70–90%. Even with traditional insulation, the sys
tem was found to have a heat loss of less than 3% per day. Economically, the system 
was estimated to have a storage cost of $10/kWh while its use in the Northwestern 
Iowa market showed that it would achieve payback within two years. Knobloch et al. 
(2022) tested a 1 MWht packed bed with a storage temperature of 675°C. Storage 
was in a packed bed of rock with air used as the heat transfer fluid (HTF). In keeping 
the storage partially underground, the system was well insulated and mechanically 
stable with a round-trip efficiency of 80.7% reported. As a first-of-its-kind design, 
the storage cost was relatively high (€189/kWht); however, it was mentioned this 
value should be reduced with scaling. 

Therefore, to continue to build upon the promise of ECTES systems and provide 
further real-world operating results and experience with these systems, a small-scale 
system was designed, commissioned, and built at the University of South Australia 
(UniSA). 

10.2 METHODOLOGY 

Previous research has indicated that systems utilising both latent and sensible com
ponents (i.e., a hybrid system) can be more efficient and less costly (Jacob et al., 
2019b; Liu et al., 2021a). Therefore, the system designed and built was to utilise this 
configuration. 

10.2.1 maTeriaLS 

The system is designed to mainly store heat through two media, namely, quartzite 
rock and encapsulated aluminium (steel encapsulation), with the key properties of 
the materials given in Table 10.1. 

10.2.1.1 Suppliers 
The quartzite rock was sourced from Garden Grove with an average diameter of 
20 mm. Pre-sorting of the rock ensured that smaller rocks were not included, while 
the media was also washed and dried before filling to reduce dust. The aluminium 
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TABLE 10.1 
Selected Properties of the Storage System 
Material Parameter Value Material Parameter Value 

HTF-Air Density 0.3576 kg/m3 HTF-Air Viscosity 4.3E-5 Pa.s 

Specific Heat 1137 J/kg·K Thermal 0.0665 W/m·K 
Capacity Conductivity 

Filler-Quartzite Particle Diameter 20 mm Filler-Quartzite Density 2500 kg/m3 

Rocks Thermal 5.69 W/m·K Rocks Specific Heat 0.83 J/kg·K 
Conductivity Capacity 

PCM- Density-solid 2700 kg/m3 PCM- Density-liquid 2375 kg/m3 

Aluminium Thermal 205 W/m·K Aluminium Specific Heat 900 J/kg·K 
Conductivity Capacity 

Latent Heat 321 kJ/kg 

Containment- Density 7900 kg/m3 Containment- Thermal 15 W/m·K 
Stainless Stainless Steel Conductivity 
Steel 316 Specific Heat 0.5 J/kg·K 316 

Capacity 

was sourced from Bell Bay Aluminium with a purity > 99%. The packed bed tank, 
sheaths, and aluminium encapsulation material were all stainless steel 316. To mini
mise heat loss, the system was wrapped in rock-wool insulation. 

10.2.1.2 Quartzite Rock Weight 
Based on the density of the quartzite rocks and a filler fraction of 0.658, the estimated 
filler mass was 360 kg. 

10.2.1.3 Encapsulated Aluminium 

10.2.1.3.1 Tube Design 
For the proposed design, stainless steel 316 tubes with an inner diameter of 26.64 mm 
and wall thickness of 1.68 mm were used. Each tube was 680 mm in length and 
inserted through two brackets mounted to the roof of the tank. 

10.2.1.3.2 Internal Tube Pressure 
The expansion of the aluminium from solid to liquid during cycling is likely to cause 
additional stress on the tube if allowances are not made. Using the solid and liquid 
density of aluminium, it is expected that the aluminium will increase in volume by 
13%; therefore, a ≈20% void allowance will be left in each tube. The internal pres
sure after melting can be estimated by Equation 1: 

T V2 2P2 = P1 [1] 
TV1 1  

Therefore, it is estimated that the pressure will rise 10 times to 1,013 kPa, well 
below the yield point of stainless steel at the experimental temperatures. 
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10.2.1.3.3 Aluminium and Steel Encapsulation Weight 
Based on the aforementioned stainless-steel dimensions and tube void fraction, the 
estimated weight of aluminium was 10 kg while the weight of the stainless-steel 
tubes was 53 kg. 

10.3 STORAGE DESIGN 

As designed, the system was to store heat from 300°C to 700°C, while the maximum 
air flow rate during discharge was 0.1 kg/s. Of the internal volume, approximately 
0.01 m3 was to be filled with the PCM, while the rest was filled with the inlet/outlet 
manifolds and quartzite rock. 

10.3.1 Tank deSign 

10.3.1.1 Dimensions 
The tank dimensions were 700 mm ID and 700 mm length. The thickness of the stor
age tank was 6 mm and was constructed from stainless-steel 316. 

10.3.1.2 Manifold Design 
Similar to the tank and encapsulation materials, the manifold was fabricated from 
stainless-steel 316. To promote good flow distribution, a tubular design was cho
sen. Additionally, a stainless-steel mesh (> 70% open area) was placed around 
the inlet manifold and held up by four stainless-steel braces. In having such a 
design, the inlet manifold was protected from blockage from the quartzite rocks. 
A schematic of the manifold can be found in Figure 10.1. 

The manifold information and dimensions can be found in Table 10.2. 

10.3.1.3 Radiative Heater Design 
To supply heat to the system, radiative elements were utilised. To estimate the radia
tive heat transfer, Equations 2–3 were used, while the element parameters are shown 
in Table 10.3. 

2 2Ã(T2 T1 )(T1 + T2 )
h12 = [2] 

1 µ1 +1 
µ1 

Q = h A T  T 12 12 1 ( 1  2 ) [3] 

From this information, the estimated maximum and minimum radiative heat trans
fer from the elements is 9.2 kWt and 5.1 kWt, respectively. However, due to the max
imum energy output of the elements, the maximum heat transfer from the elements 
is 8.25 kW, while the actual radiative heat transfer will be based on the packed bed 
temperature at the element location. Each element was protected by a stainless-steel 
sheath (20 mm ID). The electrical elements chosen to achieve this heating were Wat-
low® LA straight stainless-steel braid (610 mm × ¾” 240V/2750W). 
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FIGURE 10.1 Manifold design. 

TABLE 10.2 
Manifold Information and Dimensions 
Manifold Holes 

Diameter 100 mm Diameter 16 mm 

Length 700 mm Spacing 60 mm 

Velocity 34.6 m/s Number/space 3 

Pressure Drop 70.9 Pa Velocity 38.6 m/s 

Pressure Drop 329.3 Pa 
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 TABLE 10.3 
Radiative Heater Design Parameters 
Parameter Value Parameter Value 

Element Diameter 20 mm Emissivity 0.8 

Element Length 600 mm Element Temperature 900°C 

No. of Elements 3 Storage Temperature 300–700°C 

10.3.1.4 Storage Capacity 
The storage capacity of the system can be calculated using Equation 4: 

Q = (cpf ´ DT ́  mf ) + (cpt ´ DT ́  mt ) + mPCM (cpPCM + DT + Dh) [4] 

where Q, cp, ΔT, m, and Δh are the storage capacity, specific heat capacity, tem
perature difference, mass, and latent heat, respectively. The subscripts f, t, and PCM 
correspond to the filler (quartzite rock), stainless-steel tubes (for encapsulation), and 
PCM (aluminium), respectively. 

Therefore, based on the storage material weights given in section 10.2.1, the stor
age capacity of the quartzite rock, aluminium, and steel is 38.06 kWt. 

10.3.1.5 Thermocouple Locations 
To measure the temperature at various locations, thermocouples were placed axi
ally and radially in three locations. This ensured an accurate temperature profile 
was recorded. Each thermocouple was protected by a stainless-steel sheath inserted 
into the packed bed at a depth of 350 mm. Each of these sheaths contained three 
thermocouples placed at 0 mm, 175 mm, and 350 mm. Additional ‘temperature
measurement studs’ were mounted around the outside of the tank to also measure 
temperature. 

10.3.1.6 Pressure Drop 

10.3.1.6.1 Packed Bed 
In an effort to better predict the pressure drop for the irregularly shaped filler, Equa
tion 5 has been suggested. In Equation 5, A, B, and ψ have values of 217, 1.83, 
and 0.6, respectively. These values have been experimentally verified for similar 
systems. 

2 æ 2 öLG ç (1 ee ) mm 1 ee ÷ DT
DP = A + B + rr gL [5]

3 2 3rr fd ç ee Y Gd e Y ÷ TY e Yè ø 

In the prior equation, the last term is the pressure drop due to temperature; how
ever, due to the low density of air, this term has been ignored. 
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As the tank is horizontal, the flow direction will be through a rectangular duct 
rather than a circular duct. To account for this, a correction factor (Equation 6) is used: 

0.625(d l´ )
De = 1.3´ 

. 
[6]

0 625(d l+ ) 
In this equation d and l are the width and length of the equivalent rectangular duct 

area. 
The estimated pressure drop through the packed bed at the specified design condi

tions is therefore 331 Pa. 

10.3.1.6.2 Tubes 
The pressure drop through the tubes has been estimated using the Kerns Method 
(Equation 7): 

2 
sDP = 8 j N 

rru 
[7]f cv 2 

where jf, Ncv, ρ, and us, are the friction factor, ratio of tank diameter to equivalent 
tube diameter, density of the HTF, and the superficial velocity, respectively. Using 
this methodology, the estimated pressure drop across the tubes is 10 Pa. 

10.3.1.7 Tank Heat Loss 
The tank heat loss was estimated as 1155 W based on an insulation R value of 
1 K·m2/W (300  mm thick, 0.3 W/mK). Based on previous testing with the high-
temperature test facility at UniSA, the expected heat loss is likely to be approxi
mately double the estimated heat loss. 

10.3.1.8 System Summary and Storage Layout 
A summary of the storage design and a simple schematic of the system is shown in 
Table 10.4 and Figure 10.2. 

TABLE 10.4 
Storage System Summary 
Parameter Value Parameter Value 

Tank Height 0.7 m Tank Diameter 0.7 m 

PCM Volume 0.01 m3 Filler Diameter 20 mm 

Filler Mass 360 kg [Quartzite] Pressure Drop 741 Pa [Total] 
10 kg [Aluminium] 331 Pa [Packed Bed] 
53 kg [Stainless-steel] 10 Pa [Tubes] 

400 Pa [Manifold] 

Storage Capacity 38.06 kWht Average Charge/ 22.7 kWt 

Discharge Rate 

Element Heating 5.1–8.25 kWt 
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 FIGURE 10.2 System layout. 

10.4 RESULTS AND DISCUSSION 

The following section documents the building, commissioning, and preliminary test
ing of the packed bed hybrid thermal storage system. 

10.4.1 iniTiaLLy conSTrucTed proToType 

The initially built as-designed prototype is shown in Figure 10.3. 
In this system, the three elements are clearly visible at the bottom of the system, 

while the port for the inlet and outlet manifolds can also be seen. Discharging was by 
way of an electrical fan using outside air. 

FIGURE 10.3 Packed bed hybrid prototype [initial]. 
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10.4.1.1 Initial Charge Test 
To test if the system would operate as expected, an initial charge test was undertaken 
using electric elements located at the bottom of the tank. During charging, the inlet 
and outlet manifolds were sealed with insulation to prevent heat loss. It was found that 
under this configuration, the maximum bed temperature was 580°C (Figure 10.4). 

In looking at the storage temperature by location (Figure 10.5), it can be seen that 
the area around the elements rises very fast in line with the element temperature and 
spreads throughout the bed. The centre of the bed heats up quicker due to losses 
through the wall or manifold. Unfortunately, the lower power of the elements was 

FIGURE 10.4 Initial packed bed charge test. 

A) 0 min B) 1800 min C) 3600 mins D) 8506 mins 

FIGURE 10.5 Temperature results from initial charge test by location. 
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FIGURE 10.6 Second charge test with natural convection. 

not able to heat up the entire bed, with a relatively stable temperature reached after 
approximately 3000 minutes. 

A second charge test was also undertaken in which the inlet and outlet were left 
open in an effort to increase the natural convection in the system and therefore 
increase the packed bed temperature. Unfortunately, several of the elements failed 
during testing, resulting in the test being cut short. Nevertheless, during charging the 
bed temperature was as high as 600°C (Figure 10.6). Despite the higher temperature, 
the increase in power required to maintain the bed temperature meant that charging 
should be undertaken in a closed system. 

10.4.1.2 Initial Discharge Test 
The system was then discharged using ambient air at a rate of 0.04 kg/s. Under these 
conditions the system was able to maintain an outlet temperature of above 150°C for 
nearly four hours (Figure 10.7). 

FIGURE 10.7 Packed bed discharge test. 
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10.5 IMPROVED DESIGN 

As previously mentioned, the initial design of the prototype was unable to deliver 
the temperatures required to adequately charge and discharge. Therefore, three new 
elements were added into the system just below the encapsulated aluminium layer 
(Figure 10.8). However, one of the elements was unable to be replaced, so only five 
elements could be used. 

Additionally, due to the low heat transfer from the original design, the resistive 
element sheath diameter was increased from 20 mm to 50 mm to increase radiative 
transfer. 

10.5.1 SubSequenT charge TeSTS 

With the new elements installed, a charge test was conducted, with the melting of 
aluminium clearly visible (Figure 10.9). 

FIGURE 10.8 Packed bed hybrid prototype [final]. 

FIGURE 10.9 Packed bed charge test [12/6–13/6]. 
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10.5.2 SubSequenT diScharge TeSTS 

With the aluminium melted, a discharge test using ambient air at 0.02 kg/s was ini
tiated. The results can be seen in Figure 10.10. Similar to before, it is possible to see 
the influence of the aluminium in stabilising the temperature. It is predicted that this 
influence will be greater with an increase in PCM. 

With the system able to charge (albeit slowly) and discharge, several more dis
charge tests using the same conditions at various charge capacities were undertaken 
(Figure 10.11). 

From these tests, the influence of aluminium is clear, with the outlet temperature 
being stabilised for between 1–2 hours. Additionally, in all tests the temperature of 
the outlet air is well over 200°C for more than four hours. 

FIGURE 10.10 Discharge test [13/6–14/6]. 

FIGURE 10.11 Comparison of various discharge tests. 
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Additionally, by extrapolating the results from the discharge test, it was estimated 
that a sensible-only system would result in an approximate 10% loss of discharge 
capacity (Figure 10.12). 

10.5.3 SySTem power 

The power requirements for the charge test performed on 19–21 June can be seen in 
Figure 10.13. 

FIGURE 10.12 Hybrid vs. sensible-only discharge. 

FIGURE 10.13 Power requirements for charging [19/6–21/6]. 
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From this it can be seen that the bottom elements quickly reach the maximum tem
perature (900°C) and only require approximately 50% capacity to maintain its tempera
ture. This results in a much slower charging for the bottom half of the tank. Conversely, 
the top elements rise much slower in temperature (albeit with deliberately throttled 
power) but continue to operate at near full power even when the element temperature 
approaches the maximum. Therefore, it can be concluded that the larger sheath diam
eter allows a significantly higher heat transfer to be achieved. Furthermore, the sheath 
temperature is consistently 100°C lower than the element temperature, further reduc
ing the charge rate but minimising the storage material exposure temperature. 

10.6 CONCLUSIONS AND IMPLICATIONS 

While the system was unable to charge and discharge in a timely manner, it was able 
to reach the required temperatures and subsequently discharge at a range of flow 
rates. From the initial and subsequent tests on this system, many lessons have been 
learnt that can be applied in future systems. The main conclusions from these tests 
are as follows: 

•	 Natural convection in the bed is negligible compared to radiation; therefore, 
element placement should be optimised for this issue. 

•	 Element temperature should be 250°C higher than the desired temperature to 
maintain good heat transfer. 

•	 Sheath diameter should be maximised to maximise heat transfer. Addition
ally, the usage of fins should be explored. 

•	 Usage of PCM resulted in a 10% increase in discharge capacity compared to 
a theoretical sensible-only system. 

•	 While forced convection was able to increase heat transfer, the loss of 
energy through the outlet was larger than the increase in heat transfer but 
led to a more uniform bed temperature. Circulation of the outlet air would 
likely require a high-temperature fan, which has many issues of its own. 
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Production Methods from 
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11.1 INTRODUCTION 

Today, most energy production uses fossil fuels, but these fuels generate pollution 
and make a harmful environment by growing toxic byproducts that affect climate 
change and environmental degradation [1]. The primary energy is provided from 
fossil fuels to more than 80% of the world, of which 32% receives energy from oil, 
which is still the largest part of fuel for the transport sector [2]. 

The global primary consumption of fuel depends on conventional energy sources, 
such as natural gas known as methane, coal, and oil. The use of conventional energy 
develops economic and environmental issues such as ozone depletion, acid rain, 
global warming, and local pollution that lead to economic and political crises [3]. The 
use of renewable energy sources becomes more important than in earlier contexts, 
but fossil-based fuels are still more important in various sectors such as industry 
fields. For example, there are an estimated 225 million cars and other light vehicles, 
which are traveling over seven million miles in a day and the consumption of eight 
million barrels of fuel a day in the U.S. Due to the increase of vehicles, imported fuel 
(oil) is expected to increase by 68% by 2025 in the U.S., even though it is third place 
in oil produced in the world [4]. 

After the era of fossil-based fuels, renewable energy (especially solar energy) has 
become a powerful driving force to maintain energy availability through the use of 
hydrogen as a fuel [5]. Hydrogen is considered an alternative energy carrier for the 
next decades as a result of its having more energy density based on mass, less con
cern for the environment, its abundance in various forms in the universe, and its 
potential to be transformed into electricity and valuable chemicals. It is a light ele
ment in the universe that is lacking odor, color, and taste, and non-toxic, and it also 
has more heating value than other fuels such as coal (4 times), gasoline (2.8 times), 
and methane (2.4 times) [6]. 

Hydrogen energy is the main chain between H2-consuming industries such as eth
anol and ammonia production plants and some other sectors such as the gas grid, 
electricity grid, agriculture, residential, transportation, and energy storage system, as 
shown in Figure 11.1 [2]. Hydrogen energy has an incorporation role between these 
areas, which increases the performance of the electricity grid [7]. It can be generated 
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FIGURE 11.1 Hydrogen participation in energy sectors [2]. 

FIGURE 11.2 Modes of global hydrogen production [5, 10]. 

from renewable sources such as water and biomass, and most other important 
sources, and it is environmentally friendly at all routes using hydrogen [8]. A study 
by the Hydrogen Council reported on the assessment of hydrogen potential and the 
roadmap to its deployment. The study presumes that 18% of energy demand (nearly 
78 EJ) worldwide can be fulfilled from hydrogen up to 2050. The current demand has 
been increased for pure hydrogen by nearly 70 million tons and for syngas by nearly 
45 million tons in 2019 [9]. 



 

     

225 Overview of Hydrogen Production Methods from Solar Energy 

The maximum production of hydrogen is generated from fossil-based fuels 
through advanced technology, as shown in Figure 11.2. It is realized that 48% use 
natural gas through a steam reforming process, for hydrogen production and others 
such as coal (18%) and oil (30%) obtained through the partial oxidation process. 
There is minimum water utilization at 4% for hydrogen production through the elec
trolysis process [5, 10]. 

Plentiful renewable energy (solar energy) is accessible to us, and consideration of 
solar-based hydrogen production is one of the alternate solutions. Numerous types 
of research have elaborated on the various hydrogen production methods from solar 
energy based on energy and exergy analysis. 

The literature covers studies on hydrogen production through renewable energy 
sources such as solar energy. Wang et al. [11] have studied solar hydrogen production 
in which thermochemical processes consume heat to split water molecules, photo
chemical methods develop photon-activated electrons to fragmented water mole
cules, and electrolysis employs electric potential to riven molecules of water. Joshi 
et al. [12] investigated exergy analysis for solar hydrogen production and discussed 
various types of hydrogen production from solar energy on the bases of energy input, 
numerous chemical reactants, and the involvement of various techniques such as gas
ification, reforming, electrolysis, and cracking. They have also analyzed hydrogen 
production based on solar PV from the exergy efficiency and sustainability index. 
Pregger et al. [13] studied hydrogen production from solar thermal energy and dis
cuss the potential of economic and technological advancement for their future hydro
gen supply. The main processes are the involvement of water electrolysis with high 
temperature, thermochemical, methane cracking, and steam methane reforming from 
solar energy. Liu et al. [19] examined hydrogen production through methanol steam 
reforming using a 5,000-watt solar reactor, maintaining a temperature range from 
150–300°C and achieving thermochemical efficiency from 30–50% for chemical 
energy conversion by solar thermal energy. 

Among the several methods of hydrogen production from solar energy identified, 
some of them have touched a phase of industrial and commercial maturity level, 
whereas others need more research. Generally, there are three main technologies 
for solar hydrogen production, such as thermochemical, photochemical, and electro
chemical, which comprise auspicious alternatives to the solar energy storage system. 
In current years, several examiners have carried out studies regarding solar-based 
hydrogen production methods as well as those comprehensive studies cited earlier. 
Although a few studies have considered a comparative approach, the main aim of the 
current book chapter is to discuss and compare some hydrogen production methods 
from solar energy. 

11.2 LITERATURE REVIEW 

11.2.1 hydrogen aS an energy carrier 

Hydrogen is an environmentally friendly, renewable energy source carrier that has 
the potential to switch to fossil-based fuels as global fuel energy [10, 14, 15]. Hydro
gen is the lightest and most plentiful component in the universe and constitutes 75% 
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availability of all matters based on mass. Although hydrogen occurs in abundant 
amounts all over the Earth, the Earth’s atmosphere comprises only around 1 ppm of 
H2 by volume. It is available as one of the two elements of water, which constitute 
75% of the Earth’s surface and also exists in several chemical components based 
on carbon such as petrochemicals and organic matter [16]. Due to its potential and 
versatility, hydrogen can be easily converted into electrical, mechanical, and thermal 
energy, making it an excellent energy carrier to use in fuel cells, internal combustion 
engines, and steam engines [17, 18]. It can also be utilized in existing internal com
bustion engines with low-cost modifications [19]. 

Hydrogen has more advantages using vehicles such as clean burning fuel, low-
producing emissions, low viscosity than other fluids, and burns more efficiently than 
fossil-based fuels [20]. It also seems well suited for industrial and domestic purposes 
as heat applications [21]. Hydrogen has demonstrated its capability to provide a mar
velous source of energy in the aerospace industry since the ignition of hydrogen 
and oxygen liberates the largest quantity of energy per unit mass of fuel [22]. For 
example, during combustion, hydrogen releases more heat at 142.26 KJ/g compared 
to petroleum at 35.15–43.10 KJ/g and wood at 17.57 KJ/g [22]. It is noted that lower 
ignition energy than methane and gasoline due to the presence of lower and higher 
ignition limits of hydrogen provides low explosion energy [17]. Additionally, it is 
being graded as a safer fuel due to its low flame emissivity and high ignition tem
perature, and it generates low toxic emissions when combustion occurs compared 
to methane and gasoline fuels [17]. Another advantage of H2 as an energy carrier is 
more efficient arrangements of hydrogen storage than batteries. It seems no negative 
effect occurs as the deep discharge of metal hydrides or hydrogen gas cylinders, 
whereas the deep discharge of battery systems is well-known to unfavorably affect 
the capacity of batteries [23, 24]. 

11.2.2 hydrogen appLicaTionS 

Although hydrogen offers a tremendous possibility as an energy carrier, applications 
of H2 are based on its ability to chemically react with other molecules. Most of the 
studies [25, 26] have investigated hydrogen applications in all parts of daily life as 
well as for industrial and domestic purposes. Generally, H2 is primarily used in the 
production of ammonia, refining of petroleum, and refining of metals such as lead, 
uranium, zinc, copper, molybdenum, tungsten, and nickel [27, 28]. In the coming 
decade, H2 as a fuel will be used in replace of fossil fuels where all applications exist 
by fossil fuel. Hydrogen would propose instant profits in terms of decreased pollu
tion and a clean environment [26]. 

Mostly, H2 is consumed for ammonia production, petro-chemistry, and other 
chemicals. Hydrogen is utilized out of 500 billion cubic meters (Bm3) as 250 Bm3 

in ammonia production, 65 Bm3 in other chemical products, and 185 Bm3 in petro
chemistry and level of accounting a50%, 13%, and 37%, respectively [29]. A recent 
study exploring countless hydrogen applications confirms their implications for elec
tricity generation, jet planes, hydrogen industries, cooking food, and fuel for auto
mobiles [15]. Figure 11.3 represents the integration of several production approaches 
and energy sources in numerous fuel cell applications. 
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FIGURE 11.3 Hydrogen as an energy carrier involving multiple production approaches and 
sources to several fuel cell applications [30, 31]. 

11.2.3 riSk and SecuriTy iSSueS 

Nejat et al. [32] presented that H2 has a higher coefficient of diffusion and lower den
sity that is much safer than other known fuels. In addition, the high specific heat of H2 

efficiently reduces the increasing temperature to a certain heat input. Normally, there 
are low energies, higher ignition temperatures, and wide ignition limits from the 
fuels that are considered less safe, as they raise the level of fire initialization. A less 
safe fuel is measured due to its high temperature of the flame, flame emissivity, and 
explosion energy as its fire could be more detrimental. A comparison of hydrogen 
(H2) along with methane (CH4) and gasoline fuel exposed that hydrogen was found 
the less harmful fuel with a factor of safety close to 1. However, the factor of safety 
of gasoline and methane fuels is declared to be 0.54 and 0.81, respectively [32]. 

Gaseous hydrogen having very light density (6.9% of air density) is more dis
persive compared to air. Hence, an H2 gas leak quickly diffuses as it develops from 
its source and lowers the risk of fire or blast. The leak of H2 is not responsible for 
damaging climate conditions due to its non-toxicity [33]. H2 can create an ignition or 
blast in a confined space by mixing with the air. Any type of fire could start and burn 
out quickly as the hydrogen gas becomes dissipated. It is very tedious to prepare a 
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mixture of hydrogen and air for detonation. Hydrogen power-driven motor vehicles 
detected minor risks compared with petrol-driven motor vehicles in that leakage of 
petrol usually creates a longer cloud of flammable gas in confined spaces. 

An additional security benefit of H2 is connected attributed to a clear flame that 
cannot scorch skin from a distance. The main cause is a flame that emits a small 
thermal radiation in the absence of soot material. Moreover, it has fewer chances to 
leak from the source due to the storage of hydrogen containers being much stronger 
than petrol containers [34]. In addition, H2 can also be safely carried in pipelines. 
However, hydrogen burns at low concentrations by mixing with air, and this can also 
be a reason for safety purposes [35]. 

11.2.4 h2 STorage 

The possibilities of hydrogen storage consist of physical and chemical methods that 
include compressed gas, cryogenically freezing or liquefying, metal hydrides, chem
ical hydrides, and sorbents respectively, as shown in Figure 11.4. There is a much 
higher energy requirement of hydrogen for freezing or liquefying processes due to its 
having a low boiling point (−252.9°C) and also low melting point (−259.2°C) [22]. 
For example, hydrogen storage requires more energy consumption for a liquefied 
or solid state of hydrogen, difficult-to-attain insulation requirements for such type 
of storage, and a 30% potential energy requirement of hydrogen stored for the solid 
or liquid state. However, a compressed form of hydrogen needs more storage space 
and less energy compared to liquefying or freezing hydrogen. Currently, hydrogen 
in compressed form has become a mature and commonly used method in storage 
technology, and it can be stored in pressurized gas from 35–70 MPa [22]. 

A metal hydride system stores hydrogen in the solid phase, which bonds the 
hydrogen to the metal on a molecular level as a result of adopting a safer method 
than others such as compressed liquid and gaseous [36]. The key research of metal 

FIGURE 11.4 Outline of various H2 storage methods, modified from Ref. [1]. 
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hydrides is concentrated on cost-reducing systems to proprieties of adsorption and 
desorption, and magnesium hydrides are offering the best solution for their storage in 
the solid state as a result of their favorable characteristics [36]. However, the system 
of magnesium hydride needs to eject gas above 27°C in the barrier of the transpor
tation field [22]. 

The most serious issues of hydrogen storage must be resolved before technically 
setting up and arranging economically feasible hydrogen fuel [37]. There are essen
tially two routes to running a vehicle with hydrogen fuel. First, H2 is burnt rapidly 
in an engine cylinder by mixing air. Second, hydrogen fuel is burnt in a fuel cell 
electrochemically with oxygen from the air, which generates heat and electricity and 
an electric engine run by it [38]. The main problem is that using H2 in transportation 
is connected with its heavy storage tank due to the lower density of H2 [25]. Power-
driven vehicles must be lightweight, compact, inexpensive, and safe for energy 
storage. 

Generally, a commercial car is not optimized for prestige even if it is for mobility. 
For a vehicle arrangement in the 400-kilometer range, a standard vehicle consumes 
around 24 kg of gasoline during combustion in an engine cylinder, while 4 kg H2 are 
required in a fuel cell for an electric engine and 8 kg H2 for combustion in an engine 
to travel off the same range of vehicle [38]. Hydrogen is the simplest, most plenti
ful, and lightest element in nature. It can be stored physically through the changing 
state conditions along with pressure and temperature and also physio-chemically in 
several solid and liquid compounds, such as carbon nanostructure, metal hydrides, 
borohydrides, methanol, alanates, methane, and light HCs [39]. Both parameters 
such as gravimeter and volumetric density of H2 about storage material are crucial 
in stationary and mobile applications. It is a possibility to store by various routes: 
(1) highly pressurized gas in cylinders around 800 bar, (2) at a very low temperature 
of about 21K in cryogenic tanks as hydrogen in liquid form, (3) adsorbed hydrogen 
through the materials of surface area at a temperature less than 100K, (4) absorbed 
host metal by interstitial sites with temperature and pressure, (5) ionic compounds 
chemically bonded by covalent with normal pressure, and (6) the reactive metals by 
oxidation, e.g., Al, Mg, Li, and Zn with H2O [40]. 

11.3 SOLAR H2 PRODUCTION METHODS 

Maximum hydrogen production is generated by nearly 99% based on natural gas and 
fossil fuels. The rate of hydrogen production is nearly 50 million tons globally, which 
denotes only 2% energy demand worldwide [41]. The cost of hydrogen production 
from various production methods is still high. As such, there is a cost of $2 USD 
per kg H2 as coal gasification process, $7 USD per kg H2 as solar hydrogen through 
the photovoltaic cell, and water electrolysis. According to the U.S. Department of 
Energy, the expected price will reduce by $1.40 USD per kg H2 and $4 USD per kg 
H2, respectively [4]. The utility of fossil fuels is expected to decline over the next 
few years, as renewable sources are completely developed and accompanied by the 
advancement of other production methods that can attain sustainability. 

Figure 11.5 represents the hydrogen production methods from solar energy [5]. 
Some methods are established for industrial purposes and others are in the laboratory 
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 FIGURE 11.5 Classification of hydrogen production from solar, adopted by [5]. 

phase, which is required for more research and advancement. The techniques of solar 
energy permit the conversion of solar radiation that transforms into heat in the range 
between 200–2000°C. This primary heat is transformed into hydrogen energy. Sev
eral different kinds of projects have been adopted to promote solar energy for hydro
gen production as the primary source of energy [5]. 

11.3.1 phoTochemicaL proceSSeS 

Photochemical routes use solar energy to develop hydrolysis of water, which consists 
of breaking the water molecules into one or more chemical bonds through a chemical 
reaction. Currently, two techniques are recognized for this method: the photobiologi
cal and the photoelectrochemical. 

11.3.1.1 Photobiological Processes 
Hydrogen production from the photobiological process is considered a huge poten
tial renewable source, and fuel is free from pollution, so it is also suitable for the 
environment as a result of using solar energy and not producing CO2 during combus
tion from this process [4]. Photobiological processes are established on the ability 
of certain organisms, for example, photosynthetic bacteria, green algae, and cyano
bacteria, to behave as biological catalysts in hydrogen production through water and 
several enzymes such as hydrogenase and nitrogenase [42]. Bio-photolysis and pho
tobiology processes are the water decomposition into other molecules as H2 and O2, 
during sunlight under anaerobic situations through the cyanobacteria and microalgae 
[41]. In biophotolysis, the microalgae discharge solar energy to produce electrons 
that are facilitated by the electron, and ferredoxin is established from hydrogenase 
enzyme to yield hydrogen [43]. 

In the photobiological process, it is the photofermentation of organic compounds via 
photosynthetic bacteria. It is a grouping of dark fermentation and photofermentation. 
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Hydrogen is formed via anaerobic bacteria that decompose the organic compounds 
deprived of light in dark fermentation, whereas photofermentation is possible by 
light [44]. 

11.3.1.2 Photoelectrolysis of Water 
The cycle started in the 1970s with hydrogen production through water electrolysis 
from photovoltaic (PV) cells using electricity [45]. Solar heat is first converted into 
electrical energy from a PV cell, and electrolysis of water occurs through the current 
developed by the PV cell. The current efficiency of the photo converter and electro
lyzer is 20% and 80%, respectively [46]. However, the overall efficiency of solar 
radiant converted to chemical hydrogen energy is close to 16% [47]. This technology 
is more expensive, and PV cells are also costly. Therefore, more extensive research 
is required in this field. Water electrolysis technology consists of dissociating water 
molecules into hydrogen and oxygen. The main benefit of this method can achieve 
99.99 Vol% of pure hydrogen [48]. An illustration of a PV unit to hydrogen produc
tion is referred to in Figure 11.6. Additional challenges for the wide-ranging uses of 
water electrolysis are the drop in energy consumption, cost and system maintenance, 
and upturn energy efficiency, durability, safety, and reliability [49]. 

11.3.2 ThermochemicaL proceSSeS 

Thermochemical processes include methods for solar hydrogen production such as 
thermochemical cycles, direct thermolysis of water and solar cracking, gasification, 
and reforming of hydrocarbons. These methods depend on concentrated solar radia
tion and produce high temperatures through the solar device to perform the endother
mic reaction. Various kinds of devices can be used to achieve higher ratios of solar 

FIGURE 11.6 A systematic process for hydrogen production from a PV unit. 
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 FIGURE 11.7 Process of solar thermal hydrogen production. 

concentration, such as tower systems, parabolic disks, and solar furnaces [5]. Fig
ure 11.7 shows a decomposition of water for hydrogen production during the opera
tion of a concentrated solar power (CSP) system. Despite the different kinds of CSP 
systems, they all depend on concentrated solar light using hundreds of mirrors and 
converting them into solar heat or electricity. The required heat energy is absorbed 
into H2 production from various CSP systems such as solar towers, a parabolic dish, 
and others known as heliostats [50]. 

11.3.2.1 Solar Cracking of Hydrocarbons 
The solar thermal cracking of hydrocarbons (HCs) contains the recognition of the 
co-synthesis of H2 and black carbon. This process consists of the thermal decarboni
zation of hydrocarbons as natural gas, as shown in Figure 11.8. 

Hydrogen production through methane decomposition was started in the 1970s 
[51]. The separation of methane was permitted at a temperature of 2100K from the 
developed reactor, and this method was again encouraged in 1993 [52, 53]. The gen
eral equation of this method is given as follows in Equation 1 [5]: 

75KJ
CH ® C solid ) + 2H , DH = , 190KJ /( mol at2000K (1) 4 2 mol 

Dahl et al. [54] achieved 90% methane conversion at 2133K through an Ar/CH4 

mixture inside the reactor, and Hirsch and Steinfeld [55] experimented with a very low 
temperature on cracking of methane in a reactor directly irradiated with a power of 
5000 W under solar flux intensity of 2.8 MW/m2. Currently, solar hydrogen production 
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FIGURE 11.8 Graphical presentation of the solar cracking process [5]. 

from methane cracking in coming decades is disclosed to an exploited arrangement, 
i.e., consume fossil-based fuels and releases waste byproducts as pollution. 

11.3.2.2 Steam Reforming of Hydrocarbons 
Steam reforming technology is developed for hydrogen production using various 
feedstocks such as propane, butane, methanol, jet fuel, and diesel naphtha [56]. The 
process is presented in Figure 11.9 and Figure 11.10. 

FIGURE 11.9 Principle diagram for solar reformation, adopted and modified [5]. 
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 FIGURE 11.10 The flow process of steam reforming of natural gas (methane) [56]. 

It is the process of the conversion of syngas from various hydrocarbons using steam 
with the presence of a catalyst such as nickel [10]. The reaction takes place at a pres
sure range from 20–30 bar with a high temperature of 840–950°C. It is a complex 
production chain and endothermic reaction that includes various operations to yield 
pure hydrogen. Generally, the desulphurization process is done before entering into 
the unit for all hydrocarbons, mainly methane [5]. In this method, feedstock as natural 
gas (methane) contains different mixtures of gases such as CH4 (95%), N2 (1%), CO2 

(0.5%), and small traces of sulfur elements. A higher H/C ratio initiates reduced emis
sion of CO2, while a lower H/C ratio refers to a negative impact by producing more 
CO2 as 7.05 kg CO2/kg H2 during hydrogen production to insufficient feedstock char
acteristics [56]. The basic equations for this process are as follows (Eqs. 2 and 3) [57]: 

Reformer Equation: 

æ kJ ö
CH + H O  ® CO + 3H D = + 206 2 (2) H .4 2 (Steam ) 2 , 298K ç ÷

è mol ø 

Water Gas Shift Reaction (WGSR): 

æ kJ ö
CO + H O  ® CO + H ,DH = 41 2 . (3) 2 (Steam ) 2 2 298K ç ÷

è mol ø 

The reaction (Equation 2) is referring to the endothermic reaction, steam reform
ing phase, and close to 3 for the H2/CO2 stoichiometric ratio. CO enclosed in gas 
being hazardous is removed by the next reaction (Equation  3), which allows the 
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restoration of hydrogen. Reaction (Equation 3) refers to exothermic reaction and CO2 

conversion from CO known as WGSR. In this stage, the involvement of high- and 
low-temperature shift reactions at 400°C and 200°C obtained gas product as H2, CO2 

(nearly 16–20% in Vol.), CH4, and small traces of CO [58]. 
Marty [59] performed a study on propane steam reforming with a non-catalytic at 

a higher temperature using a solar reactor. Tamme et al. [60] also performed a steam 
methane reforming operation through a solar reactor and attained a methane conver
sion of approximately 87% with an H2 molar fraction of 49.3%. 

11.3.2.3 Thermochemical Transformation of Biomass 
Biomass comprises all types of plants growing on the surface of the earth. It can 
derive from the photosynthesis of CO2, H2O, and sunlight; it produces molecules of 
the same composition as C6H9O4 such as cellulose, lignocellulose, and lignin. The 
stored energy can then be recovered as fuel through sufficiently efficient energy con
version and economic points [61]. This occurs through alcoholic fermentation, meth
anation, combustion, and thermochemical transformation [62]. The scheme is mainly 
suitable for the valorization of lignocellulosic products such as wood or straw. This 
area leads to the gasification of carbon-based elements and constitutes a consecu
tive chain of processes that require the simultaneous transfer of physical amounts, 
proportion control, and reaction time contacts at a given prompt [63]. Figure 11.11 

FIGURE 11.11 Processes involved in the thermochemical transformation of biomass [5]. 
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details the various operation steps. Generally, H2 can be produced from the following 
reaction (Eq. 4): 

H O  + 2H O ® 6CO + 6 5. H (4) C6 9 4 2 2 

In that case, supplementary hydrogen can be produced from a gas shift reaction 
for their favorable condition, the reaction is given in Eq. 5: 

6CO + 6H O  ® 6CO + 6H2 (5) 2 2 

In the end, among 12.5 hydrogen molecules obtained, 4.5 were obtained from 
biomass and 8 molecules come from water that was used as a reactive agent. In 
addition, 6 molecules of CO2 emitted can be considered a non-effective greenhouse 
because it is the same molecule that is captured and recycled by photosynthesis in the 
atmosphere for plant growth [5]. 

11.3.3 eLecTrochemicaL proceSSeS 

Apart from the reformation of the gas system, water electrolysis is the most devel
oped and applicable method for the industrial production of hydrogen. Water elec
trolysis is an electrochemical process in which water can be split into its constituent 
components hydrogen and oxygen using electrical energy as a result of two chemical 
reactions occurring separately from the anode and cathode [64]. The principle of the 
electrochemical process is cited in Figure 11.12. The general equation of electrolysis 
reaction (Eq. 6) is as follows. For anode and cathode reactions, refer to Equations 7 
and 8, respectively [5]: 

H O  + electricity ® H + . O0 5  (6) 2 2 2 

+ H O  + electricity ® 2H + 0.5O + 2e (7) 2 2 

+ 2H + 2e ® H (8) 2 

The electrodes are detached through an electrolytic conductor composed of ions, 
which can easily transport ionic particles between the electrodes. The electrical 
energy entering the system is converted into chemical energy in the form of hydro
gen. Although water electrolysis is well known, it is not economically viable because 
electricity must be obtained from renewable sources. Some important technology of 
water electrolysis is polymer membranes, alkaline electrolytes, electrolysis of steam, 
and oxide electrolytes of ceramic that are obtained from the electrolysis process in 
the range from 65–85% [64]. 

Grigoriev et al. [65] reviewed electrolyzers PEM (Proton Exchange Membrane) 
and showed the various technologies from water electrolysis and found that one of 
the electrolyzers PEM technology is practical for pure hydrogen. Agbli et al. [66] 



 

 

237 Overview of Hydrogen Production Methods from Solar Energy 

FIGURE 11.12 Principle of alkaline water electrolysis process [5]. 

have established a graphical model of the electrolyzer as a macroscopic energetic 
representation. Much of the work has been done on the solar-based electrical elec
trolyzers model [67]. The main commercial advantages of electrolytic hydrogen pro
duction are scalability and zero-emission hydrogen production (when produced from 
renewable energy sources). It is difficult to establish the main applications of elec
trolyzers for hydrogen production, especially the high capital and electricity costs. 
For example, a solar power PV cell costs about $30/kWh, ten times the cost of com
petitive electrolysis, and the cost of the electrolyzer must be significantly reduced to 
allow for large-scale application [5]. 

11.4 SUMMARY OF SOLAR H2 PRODUCTION METHODS 

Table 11.1 offers the relevant important studies that are considered for this study. 
The various ways of using solar energy for hydrogen production are deliberated, and 
evaluation of several parameters in terms of energy and exergy performances, effi
ciencies, and hydrogen production rates are carried out, as referred to in Table 11.2. 
The efficiency of converting solar energy into electricity is a major barrier to improv
ing the overall efficiency of hydrogen production. By comparison, solar electrolysis, 
photo electrochemical and photochemical technologies for hydrogen filling stations 
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TABLE 11.1 
Several Kinds of Literature on Solar-Based H2 Production 
Method Study Type Source Authors Country Reference 

Hybrid Review Concentrated solar Ngoh and Njomo Cameroon [5] 
thermochemical 

PV/fuel cell Review and case Concentrated solar Yilanci et al. Turkey [47] 
hybrid study 

Thermochemical Review Solar energy Xiao et al. China [68] 
cycle 

Photochemical, Review Solar energy González et al. Spain [69] 
electrochemical, 
and 
thermochemical 

Thermochemical Review Concentrated solar Steinfeld A Switzerland [50] 
radiation (high 
temperature) 

Biological, Review Renewable Chaubey et al. India [70] 
electrochemical, 
and 
thermochemical 

Thermochemical Review Concentrated solar Agrafiotis et al. Germany [44] 
cycles power 

TABLE 11.2 
Several Studies on Solar-Based Hydrogen Production Systems 
Source Process Performance Efficiency Hydrogen Year Authors Ref. 

Analysis production 

Solar energy Thermochemical Energy and 18.8 — 2014 Ozcan and [71] 
(Mg–Cl) Exergy Dincer 

Solar Electrolysis Exergy — 0.064 (kg/s) 2014 Ngoh et al. [72] 
photovoltaic/ 
thermal energy 

Solar energy Thermochemical Energy 20.4 — 1999 Steinfeld et al. [73] 

Solar and wind Electrolysis — 26–19 (kWh/ 2011 Dagdougu et [74] 
m2 yr) al. 

Solar energy Thermochemical Energy and 46.60– 366.74–328.1 2014 Ratlamwala [75] 
(Cu–Cl), Exergy 56.41 (kg/day) and Dincer 
photocatalytic 

Solar energy Thermochemical Energy 34 — 2012 Liberatore et [76] 
(H2SO4) al. 

Solar energy Photovoltaic, Exergy — 2010 Joshi et al. [12] 
photoelectrolysis, 
biophotolysis 
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TABLE 11.2 (Continued) 
Several Studies on Solar-Based Hydrogen Production Systems 

Source Process Performance Efficiency Hydrogen Year Authors Ref. 
Analysis production 

Solar energy Photocatalytic Energy and 0.085 0.1–0.21 2014 Shamim et al. [77] 
Exergy (mmol/h) 

Solar energy Solar process, Energy 29–36 81–138 2010 Villasmil and [78] 
hybrid process, (million-kW Steinfeld 
Claus process h per year) 

Solar energy	 Thermochemical Energy 79 — 2014 Mallapragada [79] 
Electrolysis and Agrawal 

Solar energy Electrolyte Energy 80.81 — 2014 Scamman et [80] 
membrane al. 
(PEM) 
electrolyzer 

Solar energy Thermochemical Energy 20–28 — 2012 Hong et al. [81] 

Solar energy Photocatalytic Energy and 39 — 2014 Shamim et al. [82] 
(H2S) Exergy 

Solar energy Power cycles/ Energy and 52.9 — 2013 Ozturk and [83] 
polymer exergy Dincer 
exchange 
membrane 

Solar energy PV-Electrolyzer Exergy 17 kg/h 2012 Bozoglan et [84] 
al. 

Solar energy PV/PV/proton — 20–29 (m3/ 2013 Ghribi et al. [85] 
exchange year) 
membrane 
(PEM) 

Solar energy Thermochemical Energy 49 — 2010 Ghandehariun [86] 
(Cu–Cl) et al. 

can be cost-effective because they require fewer processes and avoid external energy 
sources and additional systems for distributing hydrogen. 

High-temperature methods require additional material development, focusing on 
high-temperature membranes and heat exchangers for solar processes. Thus, the 
global solar hydrogen system mainly consists of solar hydrogen systems for trans
port and stationary applications. The environmentally friendly production of hydro
gen using solar energy is very important since no greenhouse gases are generated 
during operation. The low exergy efficiency of photovoltaic generators, and hence 
the overall exergy efficiency of solar-hydrogen systems, is currently a challenge for 
researchers and scientists. Numerous renewable energy sources have their own social 
or environmental issues that need to be addressed. However, all of these obstacles are 
being actively addressed by organizations and industries, and it is worth considering 
whether the benefits justify further investment now. 
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11.5 CONCLUSION 

The current study commenced a review of the literature concerning solar hydrogen pro
duction approaches. The following conclusions are offered through this research study: 

•	 Among the various hydrogen production processes studied and associated, 
solar hydrogen production is one of the most important sources of renew
able hydrogen production, with zero or low greenhouse gas emissions in the 
production process. 

•	 According to the latest technologies, the production of hydrogen based on 
solar energy requires further research and development in terms of the sys
tem implementation process, a more “cost-effective” system, and more effi
ciency for their efficiencies. 

•	 Although the production of solar hydrogen in a thermochemical cycle is in 
the development phase, it offers countless benefits. In particular, it offers 
eco-friendly and sustainable opportunities. 

•	 Existing research shows that solar hydrogen production from numerous 
methods can play an important role in decreasing greenhouse gas emissions 
and provide opportunities for sustainable development and environmental 
improvement. 
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12.1 INTRODUCTION

Global energy demands have been considerably impacted by population growth and 
urbanisation. The use of conventional resources such as fossil fuels in energy infra-
structure results in air pollution, acid rain, and greenhouse gas (GHG) emissions that 
include different gases such as methane (CH4), carbon dioxide (CO2), nitrous oxide 
(N2O), water vapour, and ozone (O3). This results in serious environmental prob-
lems including global warming, environmental degradation, and dwindling energy 
resources that significantly contribute to climate change (Amin et  al., 2022). The 
increase in GHGs is also a contributing factor to both non-infectious and infectious 
diseases, poor diet, shortage of water, and other societal problems. The global average 
temperature is gradually rising over the years, and the greenhouse effect’s augmen-
tation has caused the atmospheric CO2 concentration to exceed 400 ppm (Mikhaylov 
et al., 2020). Climate change and air pollution are already causing severe harm to 
children’s mental and physical health, because the foetus, newborns, and kids are 
especially susceptible to the adverse effects of these factors (Perera and Nadeau, 
2022). Excessive fossil fuel consumption has also had a significant adverse effect 
on GHG emissions, which are the primary factor triggering global warming (Nayak 
et al., 2022). The ongoing exploitation of fossil fuels and issues with their carbon 
emissions have encouraged researchers to think more about sustainability, which cre-
ates a need for exploring alternate energy resources that are environmentally friendly, 
such as biomass, hydro, solar, wind, geothermal, and tidal energy (Callegari et al., 
2020). Hydrogen (H2) is a renewable energy carrier that has the capacity for reducing 
dependency on fossil fuels and lowering CO2 emissions to counter the impacts of 
global warming (Hosseini and Wahid, 2020). H2 in itself is a clean fuel with almost 
zero emissions during burning. H2 can be synthesized using various energy forms 
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such as nuclear and renewable energy sources including geothermal, solar, wind, 
and hydroelectric power to split water, as well as fossil fuels such as coal and natural 
gas (preferably with carbon capture, utilisation, and storage) (Kayfeci et al., 2019). 
H2 is a diverse energy carrier that can assist many industrial operations, storage of 
energy, and power generation, as well as can be used as fuel for vehicles. Multi
ple energy-consuming sectors can use H2 for to enhance energy flexibility, improve 
energy security, and decrease environmental emissions. As the H2 production sys
tems are diverse, they can help in supplying surplus energy to the power grid (Wang 
et al., 2018). H2 has many positive properties as it is a clean fuel with zero carbon 
emission, reduces GHG emissions, is non-toxic, highly efficient, and has minimised 
carbon footprints if produced from renewable energy resources. H2 production from 
renewable energy resources also supports Sustainable Development Goal 7 (SDG 7), 
which is affordable and clean energy for all (Ahmad et al., 2023). Although produc
tion is a challenging task and has major constraints with storage and supply too, that 
will be discussed in the upcoming sections. 

12.2 HYDROGEN PRODUCTION 

H2 being a versatile fuel, it can be prepared from different methods. Further, these 
methods can be categorised on the basis of the source used for their production. The 
fossil fuel–based methods include steam methane reforming (SMR), partial oxida
tion and carbon dioxide reforming, and autothermal reforming (ATR). Biological 
methods include fermentation (dark and photofermentation), and biophotolysis. The 
thermochemical methods are gasification and pyrolysis. Figure 12.1 summarises dif
ferent methods of H2 production. 

12.2.1 hydrogen producTion From FoSSiL FueL 

The current trends show the highest use of fossil fuels for H2 production. Differ
ent energy sources used include coal, natural gas, and oil (Wang and Han, 2022). 
The different approaches to H2 production from fossil fuels include steam methane 

FIGURE 12.1 Hydrogen production methods. 
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reforming (SMR), partial oxidation and carbon dioxide reforming, and autothermal 
reforming (ATR). 

12.2.2 Steam methane RefoRming (SmR) 

SMR is an endothermic process that uses methane or natural gas at elevated tem
peratures and pressure. In this process, steam is used along with catalysts to pro
duce H2 (Muritala et al., 2020). In SMR, methane and steam are combined with a 
catalyst to generate H2, CO, and a negligibly minor quantity of CO2 under a range 
of pressures from 3–25 bars (1 bar = 14.5 psi). As SMR is an endothermic process, 
constant external heat is required to run the process. At 450˚C temperature and 300 
kilopascals (kpa) of pressure, the natural gas reforming reaction achieves more than 
an 80% conversion rate of the higher hydrocarbons and more than 65% H2 recov
ery, outperforming the steam methane reforming reaction (Anzelmo et al., 2018). In 
the context of the H2 economy, the endothermic and equilibrium-limited reaction of 
SMR is crucial for the synthesis of syngas and the creation of H2 (Chompupun et al., 
2018). Palladium (Pb) is being used as an excellent material in industrial sectors for 
developing inorganic metallic membranes to convert methane and natural gas into 
H2 (Jokar et al., 2022). 

SMR is a commercial process for hydrogen production but is responsible for dam
ages in the environment. According to the literature, every kilogram of hydrogen 
produced with SMR releases about 7 kilograms of CO2. 

12.2.3 PaRtial oxidation and CaRbon dioxide RefoRming 

The partial oxidation of methane is another process for the production of syngas at 
lower temperatures (Goodman et al., 2018). Syngas can also be produced from natu
ral gas through its partial oxidation and carbon dioxide reforming. The reforming of 
carbon dioxide involves the reaction of CO2 with short-chain hydrocarbons such as 
methane in the presence of metal catalysts such as nickel or its alloys. It also results 
in the syngas production having H2 and carbon monoxide (CO) as major products. 

Direct conversion of methane (CH4) and CO2 into syngas is mainly used in indus
trially utilised methane partial oxidation reactors. As per Chen and Gan (2022), the 
ideal preheating temperature is 923K and input velocity is 200–300 m/s, respectively, 
and the ideal reactant ratio is 5:4:1 for CH4, O2, and CO2. The percentage conversion 
value of CO2 and CH4 is about 47% and 99.88% respectively, and yields of CO and 
H2 are about 91% and 65%. CH4 is partially oxidised without catalysts in steam and 
H2 at atmospheric pressure in a sorption-enhanced gasification (SEG) environment 
with a non-premixed burner (Kertthong et al., 2022). 

12.2.4 autotheRmal RefoRming (atR) 

ATR involves the use of O2 with CO2 steam for reacting with CH4 to produce syngas. 
Autothermal reforming is a viable technology that combines steam reforming with 
partial oxidation for cost-effective H2 production. It has many advantages over steam 
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reforming due to its easy operational conditions and ability to be operated in small 
systems. It also requires less input energy and has lower operational temperatures. 
Moreover, an air separation unit (ASU) is necessary to provide a supply of pure O2, 
which prevents the use of ATR in industrial applications due to the expensive initial 
investment and operating costs (Kim et al., 2021). The two processes that produce 
H2 at the lowest and highest costs, respectively, are ATR with carbon capture and 
storage (CCS) and SMR with CCS. The life cycle of GHG emissions of blue H2 

from autothermal reforming are the lowest at 3.91 kgCO2eq/kg H2 (Oni et al., 2022). 
A similar study by Zhang et al. (2022) used Pd-Zn/Al2O3 catalyst for the autothermal 
reforming process because of its excellent oxidation and reforming activities, and it 
increased H2 selectivity. 

12.3 BIOLOGICAL METHODS OF HYDROGEN PRODUCTION 

Biological methods of H2 production utilise living organisms such as microbes 
and algae. There are numerous methods for the synthesis of biological H2, such as 
fermentation (including dark and photofermentation) and bio-photolysis. 

12.3.1 FermenTaTion 

Fermentation induces a metabolic change in organic matter by microbial activity. 
In fermentation, sugar molecules are digested enzymatically into simpler molecules 
and compounds. It can be divided into two types: dark fermentation and photofer
mentation (Kothari et  al., 2012). Dark fermentation proceeds anaerobically while 
photofermentation operates under light conditions in the presence of specially abled 
photosynthetic microbes. Substrates including carbohydrates, lipids, and proteins are 
consumed to produce H2, organic acids, and CO2. 

12.3.1.1 Dark Fermentation 
Dark fermentation is a biological process for H2 production that involves facultative 
and obligate anaerobic microorganisms in a light and oxygen-deficient environment. 
A wide range of substrates ranging from lignocellulosic biomass, carbohydrate-rich 
materials including industrial wastewater rich in sugars, and municipal wastewater 
(MWW) can be used in fermentation. In the case of complex lignocellulosic materi
als such as bagasse and crop residues, pretreatment and hydrolysis are carried out to 
break down complex biomass forms into simple organic molecules. These important 
steps lead to greater efficiency in the overall process. Further, microorganisms take 
up the electrons present in the organic substrate rich in H2. The metabolic pathway 
results in the production of excess electrons that reduces protons (H+) into biohydro
gen (H2). 

12.3.1.2 Photofermentation 
Photosynthetic bacteria are the catalysts in producing biohydrogen (H2) using a light 
source. The source of light can be natural sunlight or artificial light. H2 is majorly 
produced using purple non-sulfur bacteria (PNSB), and rarely, strains of green and 
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purple bacteria are also used. Electrons are generated via oxidation of biomolecules. 
Mainly nitrogenase enzyme, and in some cases hydrogenase enzyme, catalyses the 
H2 production. 

12.3.2 biophoToLySiS 

Another process involving microorganisms for H2 production is biophotolysis. It 
involves different microorganisms including cyanobacteria (blue-green algae) and 
green algae. Biophotolysis can be classified into direct and indirect types. In direct 
biophotolysis, green algae are the main driver for H2 production involving hydro
genase. Species including Chlamydomonas reinhardtii and Anabaena sp. can be 
used for biohydrogen production (Goria et  al., 2023). The latter, indirect biopho
tolysis, involves two stages. First, photosynthetic microbes produce a large amount 
of biomass, and second, the blue-green algae (BGA) produce H2 using nitrogenase 
enzyme. The efficiency of direct biophotolysis is lesser as H2 and O2 are produced in 
separate stages in indirect biophotolysis (Melitos et al., 2021). 

12.4 THERMOCHEMICAL METHODS 

The thermochemical methods of H2 production involve the use of heat for degrading 
biomass into simpler compounds. The two thermochemical methods mainly used for 
H2 production are pyrolysis and gasification. 

12.4.1 gaSiFicaTion 

Gasification is a process of turning solid biomass or liquid hydrocarbons into gas 
(syngas) that can be utilised for a variety of purposes, including power generation 
and H2 production. Syngas is the major product of gasification systems that are being 
employed mostly for heat and electricity generation (Singh et al., 2022). High tem
perature and low-pressure conditions are favourable for syngas production (Meramo-
Hurtado et al., 2020). H2 can be produced by gasifying carbon-based feedstock such 
as biomass, or municipal solid waste to produce syngas. The H2 and other compo
nents of the syngas are subsequently extracted and refined. The gasification process is 
often divided into five stages: drying, pyrolysis, combustion, cracking, and reduction 
(Singh et al., 2022). The feedstock is dried in order to remove any moisture present. 
The feedstock is pyrolyzed by heating it without oxygen, resulting in the separation 
of its constituent solid, liquid, and gaseous phases. The gaseous components undergo 
additional heating and chemical transformation into syngas during the gasification 
phase. Syngas is burned at the combustion stage to produce heat and electricity. Many 
benefits of gasification make it preferable to other techniques of producing H2. It is 
flexible enough to handle a variety of feedstocks, including waste materials, and to 
work in tandem with other processes such as CCS (Meramo-Hurtado et al., 2020). 
Also, gasification can be more efficient than other processes, such as SMR, for pro
ducing H2. However, there are several difficulties with gasification for H2 production. 
The setup and running costs of the process can be high, and the syngas produced may 
need to be purified before it can be utilised to make H2 (Yadav et al., 2015). 
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12.4.2 pyroLySiS 

Pyrolysis is the chemical process of heating organic material in the absence of or 
limited O2 conditions. Typically, organic matter is plant biomass. In the absence of 
oxygen, the thermochemical pyrolysis of biomass or other organic materials pro
duces H2 gas. This method of producing H2 is considered renewable and sustainable 
because it employs organic materials that can be grown again or recycled. The end 
result of pyrolysis is liquid fuel (bio-oil), volatile gases, solid char, and tar. Usually, 
pyrolysis is used at the industrial scale for converting biomass into energy. The pyrol
ysis process can be separated into three stages on the basis of the temperature range. 
At 120–200°C, a slight weight reduction of biomass is observed due to bond break
ing, rearrangement, and dehydration. In the second stage, there is significant weight 
reduction due to thermal decomposition. The third stage (end stage) is marked by the 
breaking of carbon-hydrogen bonds (C-H bonds) and carbon-oxygen bonds (C-O 
bonds) (Singh et al., 2022). Slow pyrolysis favours higher production of char while 
fast pyrolysis yields more bio-oil. 

In order to produce H2 through pyrolysis, biomass must be heated at higher tem
perature ranges. Aiming H2 production through pyrolysis can be achieved using two 
different methods. In one method, raw biomass can be subjected to suitable catalysts 
in the pyrolysis reactors. Another method of H2 production is a multi-step approach 
that starts with producing bio-oil via pyrolysis and then subjecting it to catalytic 
steam reforming (García et al., 2015). When biomass is heated to the point where the 
molecular bonds holding it together are disrupted, H2, CO, and other gases including 
CH4 and CO2 are released. This process produces an H2 gas with an exceptionally 
high degree of purity as a byproduct. 

The production of H2 through pyrolysis has the benefit of being adaptable to a 
wide range of feedstocks, including food residues, wood scraps, and energy crops. 
This serves to reduce reliance on finite fossil fuels and diversify sources of H2 fuel. 

Biochar and bio-oil, for instance, have multiple applications in agriculture, 
carbon sequestration, and as feedstocks for chemicals and biofuels, and can be 
generated as a byproduct of this process. Pyrolysis reduces landfill waste and car
bon dioxide emissions by producing new products from otherwise useless organic 
resources. 

Nonetheless, the production of H2 via pyrolysis is not without its challenges. The 
process requires high temperatures and specialised apparatus, which can be expen
sive and energy-intensive. The nature of the feedstock and pyrolysis conditions influ
ence both the yield and quality of H2. 

Thermochemical and biological methods of hydrogen production are mostly based 
on biomass materials, which convert to more complex and non-degradable deriva
tives after final hydrogen production. So, the approach of selection of biomass is 
needed to reduce the production cost and full utilization of materials. 

H2 is a flexible source of energy that can be used to power a wide range of things, 
from fuel cell cars to industrial processes. These methods have their own merits and 
demerits. While determining which strategy to utilise, it is essential to take into con
sideration both the benefits and drawbacks of each process. Table 12.1 summarises 
the advantages and disadvantages of the methods adopted by researchers. 
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TABLE 12.1 
Advantages and Disadvantages of Hydrogen Production Methods 
S. No.	  Methods

1.	 Steam Methane 
Reforming (SMR) 

2.	 Partial oxidation 
(POX) 

3.	 Autothermal 
Reforming (ATR) 

4. Dry reforming 

5. Direct Biophotolysis 

6.	 Indirect 
Biophotolysis 

7. Dark Fermentation 

 Advantages

Steam availability 
enhances the efficiency; 

the operating temperature 
is less than ATR; 

extensively used and 
commercially available; 

no need for O2; 
H2 is produced in high 

concentration. 

No need for supplying 
external heat; 

commercially accessible; 
CH4 concentrations are 
low; 

quick startup and response 
time. 

Low operational 
temperature; 

low CH4 concentrations; 
no need for supplying 
external heat. 

CO2 can be used. 

H2 is directly produced 
from H2O and sunlight. 

Blue-Green Algae (BGA) 
can be used for H2 

production from water. 

Different substrates can be 
used; 

light is not required. 

 Disadvantages

Energy balance is not 
a favouring factor as 
in ATR; 

excessive air 
emissions; 

CH4 concentrations 
are high; 

coke mostly forms. 

Low H2 to CO ratios; 
formation of soot; 
quick phase sintering; 
pure O2 is required. 

Limited commercial 
availability; 

air or O2 is required; 
risk of process 
deactivation. 

A constant supply of 
pure CO2 is 
required; 

catalyst coking is a 
common 
phenomenon; 

high input of energy. 

It decreased in 
photochemical 
efficiency and light 
conversion. 

Removal of 
hydrogenates 
uptake. 

Low yield and 
inhibitory effect of 
O2 towards 
hydrogenase 
enzyme. 

 References 

Aouad et al., 2018; 
Wang, 2012 

Aouad et al., 2018; 
Wang, 2012 

Wang, 2012 

Aouad et al., 2018 

Germscheidt et al., 
2021 

Kothari et al., 2017 

Yadav et al., 2015 

8. Light Fermentation Any wastewater can be Low photochemical Chaurasia and 
decomposed; efficiency and Mondal, 2021 

light is required. hydrogen yield. 



 

 

 

 

 

253 Efficient Hydrogen Production Using Solar Thermal Energy 

TABLE 12.1 (Continued)
 
Advantages and Disadvantages of Hydrogen Production Methods
 

S. No.  Methods  Advantages  Disadvantages  References 

9. Gasification Low emissions; High operating and Yadav et al., 2015 
high H2 production; installation costs; 
biochar also produced purification of syngas 
along with H2. adds to the product 

cost; 
high energy input 

10. Pyrolysis Emission less, simple and High energy input; (Nikolaidis and 
reduced-step process. carbon-rich biochar Poullikkas, 2017) 

is the major product. 

12.5 INTEGRATION OF SOLAR ENERGY FOR H2 PRODUCTION 

About 99% of H2 is still being produced through the direct use of fossil fuels or using 
electricity originating from fossil fuels. Also, 96% of H2 put into commercial use 
directly comes from fossil fuels. An estimate suggests the emission of 2 to 5 tonnes 
of CO2 per tonne of H2 produced (Burton et al., 2021). All of these concerns are valid 
for thinking of novel approaches for H2 production. Integrating solar energy with 
modern H2-producing systems is expected to address environmental and sustainabil
ity concerns. 

Technological innovations in solar concentrating systems have influenced 
researchers to explore H2 production via solar thermal energy. Solar thermochemical 
processes are among the most promising methods currently being researched for H2 

production. The solar-based thermochemical method allows utilisation of the entire 
solar spectrum. Since no precious metal catalysts are needed, it provides a favourable 
thermodynamic route for the production of solar fuels with the potential for high sun-
to-fuel efficiencies. Thermochemical processes utilise the highly concentrated solar 
spectrum supplied by concentrating devices to carry out endothermic chemical reac
tions at elevated temperatures. The following describes the basic structure of ther
mochemical processes. Initially, solar energy is passed through optical concentrating 
devices that allow for the generation of high temperatures. These systems include 
highly reflecting structures that track the sun’s path and concentrate its light on a 
fixed spot. Concentrating structures such as parabolic dishes, power towers, and solar 
furnaces are ideal for utilising the solar spectrum. The concentrated solar energy is 
further absorbed in the solar reactor to raise its temperature. Further thermolysis of 
H2O splits water to produce H2 and O2. However, thermolysis of water takes place 
above 2500 K (Villafán-Vidales et al., 2019). The desired temperature can be reached 
by concentrating structures but faces tough constraints due to the limited availability 
of materials that can withstand such temperature ranges. 

Another approach to H2 production is water splitting using photovoltaic (PC) cells 
as a source of electricity. Photovoltaic solar electrolysis offers H2 with higher energy 
content in comparison to the conventional SMR method (Pathak et al., 2020). Using 
an electrical current generated from PV cells, H2O molecules are separated into H2 
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 FIGURE 12.2 Diagram representing water splitting using solar PV cells for H2 production. 

and O2 in this method. This approach offers various advantages over conventional 
methods of H2 production, such as avoiding the use of biomass and fossil fuels. The 
electricity from PV cells is supplied to the electrolysis unit. The O2 and H+ ions are 
liberated at the anode, and further H+ ions move towards the cathode to form H2 gas. 
The setup can be visualized in Figure 12.2. 

12.6 HYDROGEN CONSUMPTION IN DIFFERENT SECTORS 

H2 being a versatile fuel has the potential to play an important part in the transition to 
a low-carbon economy and can be utilised in a variety of industries. Its demand is ris
ing day by day. Different industries need H2 for a variety of purposes. For instance, in 
the food processing industry, H2 is necessary for the conversion of vegetable oil into 
fats by hydrogenation; in the petroleum sector for sulphurous compounds removal 
during the refining process; in the power sector as a coolant in power plants for 
electricity generation; in aviation and automobile sectors, as fuel; and in welding 
industries as atomic hydrogen torches and oxyhydrogen torches for cutting and weld
ing processes (Goria et al., 2022). It is also needed for aviation fuels and laboratory 
gas for running different instruments (Agyekum et al., 2022; Osman et al., 2022). 
According to a World Health Assembly WHA, International Inc (2020) report in 
2020, around the world 55% of hydrogen is used in the production of ammonia, 25% 
of hydrogen is used for refining, 10% is used to make methanol, and only 10% of 
other applications such as food processing, metalworking, welding, flat glass produc
tion, electronic manufacturing (displays, LEDs, etc.), and medical, etc. Figure 12.3 
illustrates the various industrial applications of H2. 
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FIGURE 12.3 Different sectors using hydrogen. 

12.7 INDIAN SCENARIO 

Currently, almost all of the H2 used in India originates from fossil sources using 
natural gas. The H2 is mostly used for fertilizer industries and refineries. The cost 
of low-carbon H2 (green and blue H2) at present is expensive in comparison to grey 
hydrogen. Although it is expected that by 2050, approximately 80% of India’s H2 will 
be produced through renewable electricity mainly involving electrolysis. In India, H2 

was previously produced on a modest scale through the electrolysis of water, but 
this practice is decreased as the demand for electricity has increased alongside the 
availability of natural gas. A limited amount of hydrogen is still produced by splitting 
for on-site applications or as a byproduct of the chlor-alkali industry. 

The cost of electrolysers will decrease in the upcoming years. For instance, it is 
anticipated that the cost of alkaline electrolysers will decrease from approximately 
Rs. 6.3 Cr/MW presently to approximately Rs. 2.8 Cr/MW by the end of 2030. A vir
tuous circle amid lowering costs and tightening policy to support H2 will help in 
reducing electrolyser costs, which will be partially fuelled by large-scale distribution 
in India and around the world. The cost of green H2 would be reduced to less than Rs. 
150/kg ($2/kg) by 2030 from today’s Rs. 300–440/kg ($4–6/kg) by boosting solar 
plant load factors and electrolyser efficiency (Hall et al., 2020). 

In 2030, home use will have the largest electrolysis (green H2 generation) capacity 
in the world, at over 60 GW/5 million tonnes. This will assist India in achieving its 
goal of 500 GW of renewable energy. Also, the cost of natural gas in India is higher 
in comparison to electricity, which will also favour shifting towards green H2. The 
production of green steel will reach its peak globally by 2030, announcing between 
15 and 20 million tonnes, in a ground-breaking endeavour to make green steel more 
widely used. By 2028, India and the rest of the globe will have access to the biggest 
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annual production capacity of 25 GW of electrolysers. By 2030, India will have the 
greatest green ammonia output in the world, which will aid in the decarbonisation of 
India’s partners. 

Some pioneer institutes of India working in the electrolysis sector are Bhabha 
Atomic Research Centre (BARC), Mumbai; CSIR-CECRI, Karakudi; and ONGC 
Energy Centre. To understand the magnitude of the potential demand for H2 in the 
fertiliser industry, it is necessary to evaluate past and anticipated fertiliser production 
and consumption. Fertiliser consumption is projected to increase from approximately 
45 kg per capita today to 75 kg per capita by 2050. But the demand for fertilisers 
saturates between 85 and 135 kg per capita. The Indian fertiliser industry uses around 
3 metric tonnes of H2 at present, and this demand is expected to rise up to 7.5 Mt by 
the end of 2050. Green H2 may be needed in amounts of up to 100 GW. An invest
ment of $1  billion in H2 research and development could enable game-changing 
innovations for the world at scale and at the required speed (Niti Aoyog, 2022). 
The use of H2 in the transport sector is very limited; a few pilot projects are started 
but are in the developmental stage. Overall, the consumption pattern of H2 in India 
shows dominance by the industrial sector, with H2 consumption in transportation in 
the early stages. Further H2 production and consumption in residential areas is also 
expected by the development of electrolysers. The government is also planning to 
blend 15% of H2 with natural gas by the year 2070. 

12.8 CHALLENGES 

H2 as a fuel source has a large number of challenges that limit its viability. The 
environment is being harmed by rising populations and growing urbanisation, while 
most developing nations face significant issues from waste generation and energy 
crises. One of the most promising energy sources, H2 is able to supply the world’s 
energy needs, replace fossil fuels, and simultaneously minimise hazardous emissions 
(Chaurasia and Mondal, 2021). The high cost of manufacturing and the large storage 
needs are the major obstacles in the path of hydrogen energy commercialisation. H2 

is low energy density and difficult to transport and store for long periods of time. 
The biggest environmental challenge of H2 is its production from fossil-based 

fuels, including technologies such as SMR. A low H2 yield and a high manufacturing 
cost are the two main obstacles to bio-H2 synthesis (Pal et al., 2021). The sensitivity 
of this method to O2, the key inhibitor of the hydrogenase enzyme responsible for 
producing H2, is one of the largest hindrances to the production of H2 via biopho
tolysis (Javed et al., 2022). Economic challenges are also vast, such as the low cost-
competitiveness of the H2 economy is the fundamental barrier to its growth. The 
green H2 technology (Maroušek, 2022) is in the development phase so efficiency is 
quite low. Still, in order to shift from fossil fuels, the facilitation of green H2 initia
tives is required in India with a steady approach. 

12.9 FUTURE PERSPECTIVES 

H2 is considered a future energy source as of the development of H2 production tech
nologies and renewable feedstock. Due to poor infrastructure and high costs, there 
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are mainly problems with H2 production (Amin et al., 2022). More than 95% of H2 

is produced by reforming fossil fuels, which often results in excessive CO2 emissions 
(Finke at al., 2021). About 90% of the H2 that is produced worldwide is of the grey type 
that is made by reforming fossil fuels. The grey H2 is a less expensive H2 production 
approach, but the CO2 emissions are high (Qureshi et al., 2022). As far as sustainability 
is concerned, green H2 is the future of energy with long-term decarbonising goals (Xu 
et al., 2022). Green H2 does not involve fossil fuel burning and can be produced from 
different methods such as electrolysis, fermentation, photolysis, etc. It is expected that 
the cost of renewable H2 will decrease in future along with curtailment in its produc
tion cost (Aziz et al., 2021; Rasul et al., 2022). All of the developed and developing 
countries are showing great interest in green energy projects. The feasibility of the H2 

energy network must be assessed, together with the network’s tools, production pro
cesses, storage, fuel transport, dispensing, and consumption, before H2 fuel cell vehi
cles may be widely adopted in the road transportation sector (Habib and Arefin, 2022). 

In the future, the market for green H2 is expected to rise as the energy markets 
shift towards low-carbon fuels to combat climate change. As green H2 has low carbon 
emissions, it is an attractive alternative for nations working to reduce their carbon 
footprint. Green H2 also has the potential to be used as a transportation fuel for com
mercial and private vehicles. Rapid advancement in technologies will also favour 
its high production, which can be used further as an energy source for producing 
electricity during peak hours. 

12.10 CONCLUSION 

H2 production holds a prominent space at the present time. Different methods 
are available for its production. At present, commercial H2 is being produced 
by fossil fuels and renewable methods are in the developmental phase. Present 
viable technologies are more oriented towards SMR for H2 production The cur
rent dependency of H2 production through fossil fuels must be curtailed in the 
upcoming time. The demand for green H2 is increasing day by day and has solu
tions to numerous environmental problems such as gaseous emissions and cli
mate change. The demand and acceptance of H2 is rising, which can be supported 
by renewable approaches. Many renewable H2 production technologies are in 
the pilot stage. Electrolysis for H2O splitting is gaining momentum, but supply 
of renewable energy is a constraint. Many developed and developing countries 
including India have launched special policies that will support and endeavour 
current efforts in research and development (R&D). Another viable solution to 
green H2 production can be an integration of solar energy using photovoltaic 
systems for water splitting and H2 production. At present, stringent R&D is being 
done to increase efficiency of the green H2 production. 
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13 Solid Particle Thermal 
Energy Storage for 
High-Temperature CSP 
Applications 

Karunesh Kant and R. Pitchumani 

13.1 INTRODUCTION 

The utilization of renewable energies, particularly solar energy, necessitates deploy
ing a thermal or electrical storage system, depending upon the technology, to com
pensate for the mismatch that might develop between the supply of renewable energy 
and its usage. Solar energy may be stored in various methods, depending on the 
temperature range, the quantity of energy to be stored, the duration of storage (ranges 
from a few hours per day to many months), and the final usage of the energy. Con
centrating solar power (CSP) efficiently converts solar energy into electricity with 
cost-effective energy storage for grid-scale, dispatchable renewable power genera
tion. The prime advantage is the ability of the technology to store the sun’s energy 
as heat, which can then be transferred to a power block for conversion to electric
ity. However, to compete with other power production technologies, CSP plants are 
required to be cost-effective. Using low-cost materials in the system and supporting 
a high-efficiency power conversion system are two strategies to decrease the cost of 
CSP (Ma et al., 2015). 

Conventional CSP systems, called Generation 1 or Gen1 CSP systems, are based 
on a field of large parabolic trough concentrators with a maximum operating tem
perature of around 400°C to reduce the thermal deterioration of oil used as the heat 
transfer fluid (HTF) medium (Stekli, Irwin and Pitchumani, 2013). A heliostat field 
that reflects solar beam radiation onto a central receiver is another type of CSP 
system, referred to as the Generation 2 or Gen2 CSP system (Nithyanandam and 
Pitchumani, 2014). This type of CSP plant employs molten nitrate salt eutectics as 
the HTF, which allows for a higher maximum operating temperature of up to 565°C 
(Rodríguez-Sánchez et al., 2014). There is now a significant effort in advancing CSP 
technologies to higher operating temperatures in excess of 650°C toward improving 
plant efficiency and reducing the levelized cost of electricity. These Generation 3 
(Gen3) CSP systems call for HTFs, energy storage materials, and technologies that 
allow for higher maximum working temperatures, up to around 1000°C (Ho, 2017; 
Ho et al., 2017). The existing HTF has limitations, including a restricted operating 
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temperature domain for nitrate salts (usually 240–565°C), extremely high pressure 
for steam, inadequate heat transfer capacity for air, corrosion of materials in contact 
with higher temperature molten carbonate and chloride salts (Kondaiah and Pitchum
ani, 2021, 2022a, 2022b), and high cost. To circumvent these disadvantages, the use 
of solid particles as HTF and thermal energy storage is being actively pursued (Fla
mant et al., 2014). While there are several treatises on the liquid pathway for heat 
transfer and energy storage, a dedicated treatment of the emerging solid particle heat 
transfer and energy storage media is less available, which is sought to be filled by 
this chapter. 

This chapter presents an overview of solid-particle-based thermal energy storage 
(TES) for CSP systems for economic, continuous, dispatchable, grid-scale electricity 
generation. Solid particles of bauxite, silicon sand, or silicon carbide can be uti
lized as HTF in CSP systems in direct or indirect heating receiver configurations. In 
the direct heating configuration, solid particles receive concentrated solar radiation 
directly, whereas a heat transfer wall absorbs solar radiation and transfers it to a heat 
transfer medium in the indirect heating configuration (Flamant et al., 2014). Solid 
particle solar receivers used in conjunction with solar tower CSP systems provide 
exciting possibilities for high-temperature and high-efficiency power cycles, thermal 
energy storage (utilizing the same particles as storage media and HTF), and chemical 
applications of concentrated solar energy (water splitting for hydrogen production, 
cement processing, etc.). 

Figure 13.1a depicts the integration of a solid particle CSP thermal system into a 
power tower solar field. An enclosed particle receiver (Figure 13.1b), a particle heat 
exchanger, low-cost, high-temperature solid particle containment comprising of a 
cold silo (integrated into the tower) and a hot silo for TES, and auxiliary equipment 
(a bucket lifter and particle distribution system) are some of the primary components. 
Inside a solid particle receiver, the particles are heated by focused solar radiation. 
The particles exit the receiver and fall into a hot silo, where they are used as a storage 
medium. High-temperature particles discharged from thermal storage flow via a heat 
exchanger, heating the power cycle’s working fluid. 

13.2 PARTICLE SELECTION FOR THERMAL ENERGY STORAGE 

TES development aims to lower the cost of TES while enhancing its performance 
in terms of usable temperature and storage efficiency. Numerous TES technologies, 
including thermocline, phase-change, and chemical energy storage, have been pro
posed and are actively being developed. The particle-TES system may employ almost 
any stable particle with good fluidization capabilities. In practice, particle selection 
must consider particle stability, fluidization performance and flowability, cost, design 
knowledge of heat transfer, material handling, and equipment compatibility. Fur
thermore, the following considerations govern the selection of solid particles for the 
particle-TES system: 

•	 Composition, softening temperature, density, heat capacity, particle size, and 
void fraction are the properties affecting the CSP thermal system’s overall 
performance, stability, and energy density. 
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FIGURE 13.1 Schematic: (a) fluidized-bed, solid particle thermal energy storage CSP sys
tem; (b) a near-blackbody enclosed particle receiver. 

Source: Reproduced with permission from Elsevier (Ma et al., 2015). 

•	 Particle sizes need to be chosen appropriately. Although particle storage is 
not sensitive to the size of the particles, particle size is crucial for thermal 
transport, heat exchanger, and particle receiver performance. The heat trans
fer coefficient is a function of the particle size, with higher values being 
associated with the smaller particle size. 
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TABLE 13.1 
Comparison of Solid-Particle Thermal Energy Storage Materials 
Material Composition Specific Heat Density Cost Benefits Concern 

(J/kg°C) (kg/m3) 

Silica sand SiO2 710 2610 Low Stable Low thermal 
conductivity 

Graphite C 710 2250 High High heat Oxidization, 
pebble capacity easy attrition 

Silicon carbide SiC 670 3210 High High thermal Hard for 
conductivity surfaces 

Fly ash SiO2+Al2O3 720 2100 Low Moderate Containing 
corrosive 
minerals 

Alumina Al2O3 880 3960 High Stable High cost 
powder 

Quartz sand SiO2 755 2650 Medium Purity Quartz inversion 

CARBO 75% Al2O3, 11% 1,150 3,300 High Highly stable — 
proppants SiO2, 9% Fe2O3, 

3% TiO2 

Calcined flint SiO2, Al2O3, TiO2, 1,050 2,600 — — Mined abundant 
clay Fe2O3 

For details on the optical and thermal properties, refer to (Calderón et al., 2019). 

Sand and ash are suitable alternatives among regularly available particle materials 
in Table 13.1. Ash may outperform silicon sand due to its Al2O3 composition, which 
contributes more substantial heat conductivity and stability. Ash and sand are abun
dant, inexpensive, and stable. 

13.3 THERMAL ENERGY STORAGE SYSTEM 
BASED ON SOLID PARTICLE 

Particle storage CSP systems are being developed all over the world (Ma, Glatzmaier 
and Mehos, 2014; Wu et al., 2015; Ho, 2016). Particle-based TES for CSP appli
cation provides numerous advantages over typical molten-salt-based TES systems, 
including eliminating issues of low-temperature salt freezing, high-temperature salt 
stability, and corrosion of metal parts. Solid particle receivers offer a way to directly 
irradiate a curtain of falling ceramic particles without using pipes. Particle-TES may 
handle a variety of power cycles, ranging from the traditional steam-Rankine (Ma, 
Zhang and Sawaged, 2017) to the more efficient Brayton combined power cycle 
(BCPC) adopted from gas turbine combined cycle (GTCC) or a developing super
critical carbon dioxide (sCO2) Brayton cycle (Turchi et al., 2013). When combined 
with highly efficient power cycles, TES becomes economically viable for electric 
grid storage. 
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The operation of a particle-TES system entails heating particles to high tempera
tures to store surplus energy that can subsequently be discharged to power a power 
cycle. The particle-TES system has a robust thermal performance and can store hot 
particles well over 900°C. The high particle temperatures enhance the TES capacity 
because they widen the temperature gap between hot and cold particles. The par-
ticle-based CSP system further supports the supercritical carbon dioxide Brayton 
power cycle, which achieves >50% thermal-electric conversion efficiency. Figure 13.2 
shows how these key characteristics can be included in a particle-TES design frame
work that considers the planning and technology screening processes. The frame
work explains how storage needs from a CSP plant, nuclear power plant, or grid 
energy storage application constrain TES operating parameters and particle selec
tion to serve a specific power system, such as a sCO2 Brayton cycle, steam-Rankine 
cycle, or BCPC derived from a GTCC system. The choice of thermal insulation, 
containment silo structural design, and particle-handling technology is influenced by 
operating conditions and particle selection. 

FIGURE 13.2 Design framework of the particle-TES system for CSP/grid energy storage 
requirements (Ma, Davenport and Zhang, 2020). 
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The TES system capacity can be calculated by multiplying the power-cycle design 
point thermal load by the desired storage period ( DtTES ), then dividing the power-
cycle efficiency (h ) and TES exergetic efficiency (hTES II ), as shown in Eq. (1): p , 

 
(1) 

 

The power-system operating parameters and particle type determine the possible 
stored energy density. Because the TES system includes sensible storage, the net 
stored energy can be represented as the total of sensible heating and cooling, as 
shown in Eq. (2): 

æ Th ö 
DE = ç mi p i, 

÷C dT (2) åç ò ÷ 
i Tcè ø 

where m and Cp denote the mass of the storage medium and specific heat, 
respectively, and Tc and Th are the temperature range in which the TES operates (hot 
and cold). The lowest desired mass of the TES medium is calculated by taking into 
account the operating conditions and incorporating the system TES capacity from 
Equation (1) into Equation (2). It should be noted that the storage medium used must 
be stable and suitable with the containment materials above the charging temperature. 

Ma et al. (Ma, Zhang and Sawaged, 2017) developed a particle-based TES for a 
CSP system to indicate that particle-based TES can realize high thermal, storage, 
and energetic efficiency. Particle-TES design emphasizes foundation, containment 
silos, and material choices. The hot solid particles discharged to the heat exchanger 
drive the power cycles. Gas fluidizes solid particles within the fluidized bed when 
they come into contact with the boiler’s heat exchanger. The gas/solid flow enters 
a unit that separates the solid particles from the carrying gas after the working fluids 
have been heated. The cooled particles are collected in a cold particle silo. When 
solar radiation is available, the cold solid particles are raised to a particle receiver, 
which absorbs solar radiation and heats the particles, which subsequently drop into 
the hot silo and are transported to the heat exchanger. 

Reyes-Belmonte (Reyes-Belmonte et al., 2018) presented a particle-based TES 
system for CSP and applied it to different CSP plant layout scenarios. The system’s 
main component is the fluidized-bed heat exchanger (DPS-HX), which connects the 
particle-based storage system to the solar loop and the power block. It is conceiva
ble to include no temperature constraints, no freezing or temperature deterioration, 
simplicity of handling, and lack of toxicity as advantages of particle-based thermal 
energy storage. The efficiency of the particle heat exchanger was determined to be 
high (between 91–99% in most situations), and the amount of power needed for 
fluidization is little compared to the thermal power transmitted to the work transfer 
fluid. Instead of transferring complete particles and work transfer fluid via a single 
heat exchanger component, it is preferable for large power plants to distribute the 
particles across several heat exchangers connected in parallel. 

Diago et al. (2018) characterized desert sand to be used as a high-temperature TES 
medium in particle solar receiver technology. The thermophysical and mechanical 
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parameters of many samples taken from different desert regions in the United Arab 
Emirates (UAE) are analyzed. Additionally, the optical characteristics of desert sand 
are examined to assess how well it acts as a direct solar absorber. Following an initial 
mass loss during the first heating cycle, thermogravimetric measurements demon
strate that the samples appear to be thermally stable between about 650–1000°C. 
The conversion of calcium carbonate to calcium oxide at higher temperatures dur
ing the initial heating phase reduces the sand’s solar absorption. Furthermore, the 
high calcium concentration causes sand agglomeration, which considerably impacts 
receiver design and operation. As a result, finding sand collection locations with low 
carbonate concentrations is crucial. 

Trevisan et al. (Trevisan, Wang and Laumert, 2022) conducted a high-temperature 
thermal stability and optical property study of inorganic coatings on ceramic parti
cles for potential TES applications. The thermal stability of the six inorganic coatings 
presented in Table 13.2 on ceramic particles was examined at 1000°C. Figure 13.3 

TABLE 13.2 
Coatings for Thermal Stability and Thermal Cyclic Test (Trevisan, Wang 
and Laumert, 2022) 
Sample Name Main Material (Adhesive) Reference 

Base Denstone® 2000 (NorPro, 2000) 

Coating 1 HIE-Coat 840MX (Aremco Products 
Incorporated, 2018) 

Coating 2 Pyromark 2500 (Ho et al., 2014) 

Coating 3 Pyro-Paint 634-ZO  (Aremco, n.d.) 

Coating 4 MgO (Aremco 571) (Aremco, 2015) 

Coating 5 TiO2 (Aremco 643-2) (Aremco, 2000) 

Coating 6 SS 304 (Durabond 954)  (Strength, n.d.) 

FIGURE 13.3 Photographs of the cured coated samples (MP 3). The uncoated Denstone 
2000® is seen in the base sample. The average hydraulic diameter of a particle is 6 mm. 

Source: Open-access article, permission not required under Creative Commons CC-BY license 
(Trevisan, Wang and Laumert, 2022). 
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shows photographs of the samples after curing. The findings demonstrate that HIE-
coated 840MX and Pyropaint 634 ZO have outstanding thermal stability at high tem
peratures (1000°C), as well as thermal cycle temperatures ranging from 400–800°C. 
Titanium oxide (TiO2) coatings may be a feasible alternative if the powder has been 
pre-treated to avoid polymorph transition throughout the operation. Because the adhe
sive suppresses oxidation and preserves the coating from corrosion, stainless-steel 
304 powder-based coating may also be a suitable alternative. In contrast, Pyromark 
2500 and MgO-based coatings exhibited various degradation issues, limiting their 
use in high-temperature applications subjected to thermal cycles. The thermal emis
sivity of the coatings studied ranged from 0.6–0.9, with steady or decreasing trends 
with temperature. This allowed for a 20% modification in the packing structure’s 
effective thermal conductivity. 

Chung et al. (Rovense et al., 2019) measured the thermal conductivity of CAR
BOBEAD HSP 40/70 and CARBOBEAD CP 40/100 (with average particle sizes 
of ~405 μm and ~275 μm, respectively, and thermal conductivities ranging from 
~0.25 W m−1 K−1 to ~0.50 W m−1 K−1) in N2 gas and air environment under different 
gaseous pressures. A custom-made high-temperature transient hot wire (THW) setup 
was developed to operate within a temperature range of room temperature to 700°C, 
the target operating temperature of the next-generation CSP systems. The Zehner, 
Bauer, and Schlünder (ZBS) model calculations agreed well with the measurements. 
According to the model, the effective thermal conductivity of packed particle beds 
is dominated by gas conduction, with solid conduction and radiation accounting for 
roughly 20% of the effective thermal conductivity at high temperatures. 

In order to simulate prolonged operation at a high temperature in the air between 
700–1000°C, Siegel et al. (2014) measured the radiative properties, solar-weighted 
absorptance, and thermal emittance for several commercially available particle can
didates both in the as-received state and after thermal exposure. Within 24 hours of 
exposure to air at 1000°C, heating the particles was demonstrated to dramatically 
diminish the solar-weighted absorptance of as-received particles, although heating 
at 700°C in the air had virtually little impact. Solar-weighted absorptance in the 
as-received condition can reach up to 93% before dropping to 84% after 192 hours at 
1000°C. At 700 oC, particle stability is greater, and after 192 hours of exposure, the 
solar absorptance was still over 92%. In the sintered bauxite particle materials, which 
comprise oxides of aluminum, silicon, titanium, and iron, analysis utilizing X-ray 
diffraction (XRD) reveals evidence of several chemical modifications after heating in 
the air. Table 13.3 displays the physical properties of the three proppant formulations 
examined. The data in Table 13.3 do not represent a comprehensive set of properties 
for a thermal storage media. Hruby et al. (Hruby, 1986) provide an in-depth exami
nation of these features. 

Wünsch et al. (2020) conducted numerical investigations and bulk heat conduc
tivity estimation of fluidized-bed particle-TES (FP-TES). This paper focuses on 
geometrical and fluidic design through numerical studies using computational par
ticle fluid dynamics (CPFD). During the process, a controlled transient simulation 
approach known as co-simulation of FP-TES is established, which serves as the 
foundation for test bench design and future co-simulation. This procedure involves 
developing an enhanced design of rotating symmetric hoppers with extra baffles 
in the heat exchanger (HEX) and internal pipes to stabilize the particle mass flow. 
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 TABLE 13.3 
Summary of the Physical Properties of Commercially Available Proppants 
Investigated 
Composition/Physical CARBOHSP® CARBOACCUCAST® CARBOPROP® 

Properties 

Al2O3 83 75 72 

SiO2 5 11 13 

TiO2 3.5 3 4 

Fe2O3 7 9 10 

Other components 1.5 2 1 

Median diameter [μm] 697 300 443 

Heat capacity [J·kg−3·K−1] 1275 (700°C) 1175 (700°C) 1175 (700°C) 

Bulk density [g·cm−3] 2 2 1.88 

Solar-weighted 93% 91% 89% 
absorptance as received 

Furthermore, a contribution of bulk heat conductivity was shown to indicate reduced 
thermal losses and minimum thermal insulation requirements by accounting for the 
thermal insulation of the hopper’s outer layer. Thermal insulation analysis suggested 
that the outer layer of the hopper should be considered. When quartz sand is used as 
a storage medium, the thermal conductivity of the bed is double that of a typical insu
lating material. As a result, quartz sand is an excellent choice for long-term storage, 
but alternative materials with higher heat capacity and conductivity are preferable 
for short-term storage. A second part (Sulzgruber, Wünsch, Walter, et al., 2020) of 
the foregoing study confirmed the numerical results using a cold test rig. Future 
computations should be undertaken to fine-tune the FP-TES design and analyze the 
temperature profiles in the hopper. Furthermore, one of the most challenging issues 
is constructing a reliable mass flow measurement to provide the groundwork for 
creating a control algorithm and demonstrating the FP-TES operation in a real-world 
industrial setting. 

Sment et al. (2022) performed a cost analysis of commercial-scale particle-based 
TES systems. The heat exchanger temperature difference was shown to have the 
greatest influence on the overall TES cost, followed by particle cost. Narrow towers 
(<20 m) can minimize tower materials; however, they may not be a choice in seismi
cally active locations or for towers with significant capacity. It is expensive and tech
nically challenging to install enough refractory insulation to keep concrete surface 
temperatures at 100°C. With compressive strengths of more than >65 MPa (9000 
psi), calcium aluminate-based, heat-resistant concrete may withstand cycle tempera
tures of up to 1100°C. Thermal models without insulation demonstrate that particles 
lost 3.4% of their heat after 14 hours of storage, whereas insulation lost <1%. 

Rovense et al. (2019) performed thermodynamics modeling of a closed Brayton 
cycle coupled with particle-based TES and power block concept for flexible electric
ity dispatch in a CSP plant. To manage the turbine inlet temperature (TIT), the closed 
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Brayton cycle employs a mass flow regulation system based on pressure regulation 
(auxiliary compressor and bleed valve). As a result, the system can modulate turbine 
electricity production in response to fluctuations in solar resources and changes in 
power energy demand. It was found that the suggested power block can fully cover 
the electricity demand curve on days with abundant solar resources. When a particle-
based high-temperature TES system is integrated, the power block may extend its 
output until the next day by following the electricity curve demand throughout the 
summertime. Because of the lower solar resource and more significant electric curve 
demand load during the winter, the power plant can extend its output for a few hours. 

Sment et al. (2020) report ongoing development at the National Solar Thermal Test 
Facility (NSTTF) of Sandia National Laboratories on a Generation 3 Particle Pilot 
Plant (G3P3) that utilizes falling sand-like particles as the heat transfer medium. The 
system will comprise a 6 MWht TES bin that will need 120,000 kg of circulating 
particles. Testing and modeling were carried out to provide a validated modeling tool 
for understanding the temporal and spatial temperature variations within the storage 
bin as it charges and discharges. Particle discharge temperatures obtained from ther
mocouples installed throughout a small steel container were used to validate model 
findings. The model was then utilized to forecast heat loss during the G3P3 scale’s 
operational modes of charging, storing, and discharging. The model captures many 
of the key features of the transient particle outlet temperature over time, according to 
comparative results from modeling and testing of the small bin. 

Sulzgruber et al. (Sulzgruber, Wünsch, Haider, et al., 2020) performed a numeri
cal investigation on the flow behavior of a novel fluidization-based particle thermal 
energy storage (FP-TES). The most significant benefit of the FP-TES over conven
tional particle-based storage systems is the substitution of mechanical transport 
mechanisms with superior fluidization technology. Numerical simulations were used 
to prove and develop this particle transport concept. As a result, an optimum shape 
for a cold test rig using 800 kg of quartz sand is constructed, and its behavior, particle 
mass flow, and pressure drops are predicted. In addition, the outcomes of experimen
tal studies conducted using the test rig are compared to numerical calculations. The 
modeling and the experiment reveal that the proposed advanced fluidization tech
nique can achieve regulated stable particle mass flow. Finally, the energetic efficiency 
of an exemplary application was assessed, and a basic layout of the application was 
built. 

Trevisan et al. (Corona et al., 2022) used optical techniques to characterize par-
ticle-based thermal storage performance for usage in next-generation CSP reactors. 
An optical-based thermal analysis approach was used to determine particle beds’ 
heat exchanger efficiency by measuring their near-wall thermal conductivity. Pho
tothermal modulation radiometry was used to monitor the dynamic temperature, 
which allows the extraction of the most important thermal parameters, such as ther
mal conductivity, specific heat, and effusivity. The system employs a modulated 
laser source to generate a damped periodic heat flow, resulting in a frequency and 
thermal property-dependent surface temperature detected via radiometry. Lock-in 
procedures (Breitenstein, Warta and Langenkamp, 2010) are used to extrapolate the 
signal’s amplitude. Plotting the amplitude against the root angular frequency may be 
used to measure the effusivity as a ratio to a known sample. The thermal conductivity 
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of HSP16/30 was measured by modulated photothermal radiometry (MPTR), and 
thermal plan source (TPS) techniques and results show good agreement. The error 
between the techniques is around 0.1%. The simplicity of MPTR to probe through 
the depth of the bed is ideal for use in CSP for dynamic thermal performance moni
toring. However, TPS are often applied to other bulk materials but can be difficult to 
apply to particle beds due to size differences between probes and particles, resulting 
in a large source of measurement error. 

13.4 SUMMARY AND CONCLUSIONS 

The utilization of solid particle materials has enormous potential for developing 
a new generation of solar power towers. The storage medium extends the oper
ating temperature range and can help CSP thermal power plants lower electric
ity costs while also increasing flexibility to the electric grid, thereby enabling 
greater renewable energy adoption. Increasing the current CSP service temper
ature provides performance benefits when turning heat into electricity in the 
power block by employing more efficient thermodynamic cycles or mixed cycles 
using exhausted heat from the topping cycle as input for one or more bottom 
cycles. The particle route to high-temperature CSP is likely to develop into com
mercialization in the following years. So far, the advancement in solid particle 
technology has proved to be viable in specific components such as solar particle 
receivers and heat exchangers. 

Nonetheless, further study on conveyance and particle thermal energy storage sys
tems is needed. Materials issues must also be considered because various components 
of the power plant are subject to different interactions with the particle media. Issues 
such as erosion, wear, and improving heat transfer on the particle side are among 
the considerations for the future development of this technology. Finally, once the 
best candidate materials have been thoroughly investigated, material combinations 
or material augmentation might be explored to mitigate the potential disadvantages 
of the material choice. 
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14 Thermal Management 
of Batteries by Thermal 
Energy Storage Materials 

Fathimathul Faseena A M and A. Sreekumar 

14.1 INTRODUCTION 

The expeditious rise in energy demand from the ever-growing overall inhabitants 
has encouraged the demand for extra significant and more efficient energy storage 
technologies. Currently, the entire world depends significantly on fossil fuels, which 
contribute nearly 80% of world energy needs. New batteries have emerged in recent 
years that provide potential technology for storing energy. Factors such as uneven 
temperature dispersion among battery cells, temperature rise or fall, and overheating 
can negatively affect battery safety, performance, and cycle lifetime. 

The temperature fluctuations in batteries are normally unavoidable, as they 
release heat through chemical reactions during charging and discharging with the 
environmental conditions. The battery function is highly correlated to its operating 
temperature because it is a temperature-sensitive device. During the charging and 
discharging cycles, untimed heat dissipation of batteries will lead to overheating of 
the battery, adversely affecting its smooth functioning. As a result, the lack of a suit
able thermal management system raises the battery temperature, having a negative 
impact on battery performance. To prevent temperature-related adverse effects, the 
development of an efficient and safe battery thermal management system (BTMS) is 
needed to minimize the temperature gradient and maintain a proper range. Further
more, proper thermal management is vital for public adoption of new technologies, 
e.g., electric vehicles (EVs), hybrid electric vehicles (HEVs), and battery electric 
vehicles (BEVs). This chapter discusses various thermal management strategies and 
how a thermal energy storage system helps in addressing the problem of thermal 
management in batteries. 

14.2 TYPES OF BATTERIES 

An electrochemical device that can produce a specific amount of energy wherever 
it is required is termed a battery. In order to achieve the voltage and power require
ments, a battery pack comprises numerous individual cells. The cell comprises four 
elements: two electrodes—cathode and anode, an electrolyte for ion transportation, 
and a separator to provide a barrier between the anode and the cathode during the 
exchange of ions (Goodenough & Park, 2013; Alaswad et al., 2016). Batteries are 
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TABLE 14.1 
Some Features of Rechargeable Batteries 
Battery Type Specific Power Specific Energy Self-Discharge Life Cycle Charge Time 

(kW/kg) (Wh/kg) Rate (loss per (up to 80% (hour) 
month, %) capacity) 

Lead-acid 150–250 25–40 5 200–700 8 

Nickel-cadmium 200 45–80 20 500–2000 1 

Nickel-metal 200 60–120 30 500–1000 1 
hydride 

Lithium-ion 300 110–180 10 > 1000 2–3 

Lithium-ion 300 100–130 10 300–500 2–4 
polymer 

Source: Adapted from (Larminie & Lowry, n.d.). 

commonly utilized in various appliances such as mobile phones, cameras, and vehi
cles (Jouhara et al., 2019). 

Batteries are generally categorized as primary or secondary, based on whether 
they are rechargeable or not. The electron flow in the battery is caused by a reversible 
redox process, which takes place between various electrodes and electrolytes. Some 
of the specifications of rechargeable batteries that are commonly used for commer
cial applications are depicted in Table 14.1. 

14.3 BATTERY THERMAL PERFORMANCES 

14.3.1 eFFecT oF TemperaTure on baTTerieS 

Temperature is the most significant state variable as it directly impacts the redox 
reactions that take place in the course of discharging and charging in batteries. Tem
perature also affects the reaction rate, local resistance, and heat generation. Based 
on the material utilized for manufacturing the cells and type of battery, variable 
temperature ranges and hence a distinct thermal management system would have 
adopted. Even though, for most common batteries, the optimum temperature should 
be between 15–35°C (Khan et al., 2017). 

Temperature of the cell is influenced by the internal structure and load profile of 
the battery, along with the ambient conditions, due to the endothermic and exother
mic reactions that come along with the charging and discharging operation. Thus, 
temperature within the cell enormously varies with time, affecting nearly all of its 
characteristics transiently (Sato, 2000). Since the exponential Arrhenius equation (1) 
can be utilized to determine the electron transfer reaction rate, even minor tempera
ture changes greatly impact the amount of the reaction. 

æ EA ö
k k  exp =  (1) 0 ç ÷

è R T  ø× 
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Since the molar gas constant R  (8.314 J mol−1 K−1) and the reaction constant K0 
(unitless) are always constant, and the activation energy EA (J mol−1) has only a 
minimal temperature dependence, it is clear that the temperature T  (K) is the most 
essential factor (“Encyclopedia of Sustainability Science and Technology,” 2012). 

14.3.2 ThermaL iSSueS in baTTerieS 

Heat production within the battery is primarily caused by chemical reactions and 
charge transmitted during the normal charging/discharging process. Furthermore, 
heat can also emerge from uncontrolled side reactions at increased temperature. The 
positive electrode produces the majority of heat in the battery, which is higher than 
that generated from the remaining parts (Selman et al., n.d.). Thus, the overall heat 
output consists of reversible and irreversible heat, as shown in Figure 14.1. 

Generally, at cold conditions, battery performance is usually diminished. It can 
impact battery lifespan, charge acceptance, round-trip efficiency, power capacity, etc. 
(Burow et  al., 2016). At extreme temperatures, battery performance is negatively 
impacted in a number of ways, including power/capacity loss, as well as it can induce 
autonomy loss at self-discharge. These effects can cause a significant loss in availa
ble energy (Wright et al., 2003). Increased temperature can also reduce the discharge 
rate and cycle life, as well as reduce overall power density and capacity. Whenever 
an internal cell breaks, the neighboring cells rapidly receive an influx of energy from 
the failing cell. 

However, apart from far and near temperature performance, a uniform temperature 
diffusion is crucial in ensuring that batteries work efficiently. Temperature maldistri
bution could vary electrochemical performances and charging or discharging behav
iors. Since the morphological features and thermophysical properties of materials 
within the cell varies, heat production in various elements and its transmission in 
overall directions differ widely. Consequently, a temperature gradient is developed 

FIGURE 14.1 Battery thermal issues. 

Source: Reproduced from (Abada et al., 2016). 
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within the cell (Wu et al., 2018). Compared to other regions of the cell, the temper
ature is higher adjacent to the electrode. Similar unequal distribution of temperature 
will cause uneven reaction rates of the electrode, which would lower the cell effi
ciency and lifetime. 

Exothermic reactions within the cells can emit excess heat that can be dispersed to 
the surroundings at a specific starting temperature threshold, resulting in thermal run
away, an irreversible self-accelerating heating. An improper charging or discharging 
and short circuit are more often responsible for thermal runaway (Lamb et al., 2015). 
When the temperature rises, the rate of reaction gradually gets increased. Hence, a tre
mendous temperature rise would possibly lead to an explosion (Spotnitz et al., 2007). 

Thermal runaway is initiated and accelerated by the following processes (Q. Wang 
et al., 2012): 

• Interior shorts induced by separator melting 
• Electrolyte oxidation by the cathode 
• Electrolyte reduction by the anode 
• Electrolyte thermal degradation 
• Thermal decomposition of the anode or cathode 

14.4 BATTERY THERMAL MANAGEMENT SYSTEM (BTMS) 

Thermal management entails monitoring and controlling battery temperature to 
ensure that the battery is not damaged by low or high temperatures. Unlike state of 
charge (SOC) and state of health (SOH), which have been estimated using multiple 
parameters, temperature estimation is solely based on individual cell temperature 
measurements. 

A battery should perform in its optimal temperature range for maximum efficiency 
and longevity. For example, the operating temperature specified by the manufacturer 
for a Li-ion battery ranges from −20°C to 60°C, with 30°C being its optimum tem
perature (Malik et al., 2016). A highly effective thermal controlling system is vital to 
retain the temperature under the operating range and beneath the threshold of the cell 
in order to control, monitor, and manage the battery performance and to improve the 
lifespan. A BTMS is a functional mechanism that employs a monitoring technique for 
maintaining the battery under the optimum working temperature (Malik et al., 2016). 

BTMS should have some properties to optimize the battery performance (Siddique 
et al., 2018): 

• Low cost 
• Rigidity 
• Compact and lightweight 
• Easy to operate 
• Easily packaged 
• Low maintenance 
• Safe and reliable 
• No harmful gas emissions 
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14.5 THERMAL MANAGEMENT TECHNIQUES 
FOR BATTERY COOLING 

The two forms of heat management for batteries are heating and cooling (An et al., 
2017). Thermal management of a battery suffering from low-temperature effects is 
relatively simple. This is easily accomplished by utilizing the thermal energy pro
duced in the interior of the battery using selective heaters or by constantly charging 
and discharging the battery, which generates internal heat continuously (Ghadbeigi 
et al., 2018). However, the techniques used for cooling the batteries are more com
plex than those for heating. 

The primary benefits of cooling techniques include: 

•	 Overheating protection 
•	 Heat dissipation 
•	 Heat distribution 

Some technologies can be used to avoid excessive temperature rise in batteries 
and to implement heat management of the same. To mitigate the generated heat, two 
strategies can be employed (R. Zhao et al., 2015): 

•	 Interior modifications in the chemical composition and components of the 
battery to minimize heat production, such as modification of electrode thick
ness. 

•	 External heat management technique to improve heat elimination from 
the battery includes coolant circuits, air circuits, heat pipes, or employing 
PCMs. 

Currently, the exterior thermal management system is extensively used. The key 
concerns with these techniques are their complicated installation, relatively high 
expense, unreliability, and thorough power consumption (Ianniciello et al., 2018). 
During the design process of BTMS, the system reliability, capability, energy con
sumption, and weight have to be considered (J. Chen et al., 2019). Rapid develop
ment is expected to continue for BTMS, with estimates indicating up to 39% growth 
between 2020 and 2024 (Murali et al., 2021). The production and analysis of EVs, 
which require this technology to ensure reliable operation, are two main areas where 
it is in high demand. 

Based on whether a power drive is present in the heat transfer medium, cooling 
techniques are categorized into two types: 

•	 Active cooling: The cooling method that consumes energy 
•	 Passive cooling: The cooling method that doesn’t use energy 

The application determines the selection between active or passive cooling. Fig
ure 14.2 shows the classification of cooling methods. The benefits and drawbacks of 
active and passive BTMS are illustrated in Table 14.2. 
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FIGURE 14.2 Flowchart showing different techniques for battery cooling. 

TABLE 14.2 
Advantages and Disadvantages of Active and Passive Cooling 
(Al-Zareer et al., 2018; Shen et al., 2021; Siddique et al., 2018) 
BTMS Types 

Active system Forced air cooling 

Liquid cooling 

Thermoelectric 
cooling 

Passive Natural 
system convection 

Advantages 

Low maintenance 
Low initial cost 
Commonly used 

High cooling capacity 
High efficiency 
Commonly commercialized 
More uniform temperature 
distribution 

Higher specific heat capacity 

Noise-free 
Low maintenance cost 
Low cost 
Reliable and long lifespan 

Lightweight 
Simple configuration 
Low operative cost 
Easy to maintain 

Disadvantages 

Low specific heat 
Low efficiency 
Low heat transfer coefficient 
Insufficient for extreme 
conditions 

Complex structure 
Expensive 
Risk of leakage 
Maintenance difficulty 
High operative cost 
Short lifespan 
Insufficient for extreme 
conditions 

Consuming power 
Low cooling efficiency 
Low coefficient of 
performance 

Low specific heat 
Low efficiency 
High temperature gradient 
Unsuitable for fast charging 
Low heat transfer coefficient 
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TABLE 14.2 (Continued)
 
Advantages and Disadvantages of Active and Passive Cooling 

(Al-Zareer et al., 2018; Shen et al., 2021; Siddique et al., 2018)
 

BTMS Types Advantages Disadvantages 

Heat pipe cooling High efficiency Complex structure 
Flexible shape design Expensive 
High thermal conductivity High operative cost 

Electricity consumption 
Limited thermal contact area 

PCM cooling More uniform temperature Low thermal conductivity 
distribution Still under laboratory study 

Fast temperature response Volume expansion 
Compact system design Risk of leakage 
Low maintenance cost PCM restoration 
Higher efficiency supercooling 
Able to function in extreme 
conditions 

14.5.1 cLaSSiFicaTion oF bTmS 

14.5.1.1 Air Cooling 
Air cooling is the process whereby air is propagated through the inner channels of a 
battery pack. Heat transmission occurs on the battery surface, thus the heat goes out 
with the air. Here, the air inlet velocities determine the heat transfer rate (Behi et al., 
2020). 

It is categorized into two types: natural air convection (passive cooling) and 
forced air convection (active cooling). In natural convection, airflow occurs without 
any power consumption. However, for forced air convection, a dedicated energy-
consuming system forces the airflow into the battery system. 

Forced convection is not needed when the C-rate is less than 0.5C because nat
ural convection is sufficient to maintain a safe temperature. However, as the C-rate 
increases, the current quickly rises, which causes a proportional increase in the 
development of heat within the cell. The cooling effect of any system is monitored 
by various elements such as cell spacing, air flow direction, inlet air temperature, fan 
location, design, etc. (K. Chen et al., 2017; Yu et al., 2019). 

Air-based systems stabilize the battery cells using conditioned ambient air as a 
medium. The heat removal rate in an active cooling system is more significant than 
that in a passive cooling system. All air-based systems benefit significantly from the 
shortage of an insulator between the battery and the air, leading to configurations that 
are comparatively simple and extremely stable. 

Air cooling is widely used in vehicle applications, computer cooling, or residential 
applications, etc. (Fathabadi, 2014). Higher velocity air cooling reduces the time 
needed for the cell to acquire a steady state while also minimizing overheating and 
thermal runaway effects. 
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14.5.1.2 Liquid Cooling 
Liquid cooling can significantly reduce the battery temperature owing to the high 
heat transfer coefficient of commonly used heat transfer fluids (HTF). Hence, it has 
superior efficiency over air cooling. The liquid typically has a thinner liquid bound
ary layer and a much greater heat transfer coefficient than air, resulting in a higher 
effective thermal conductivity than air. Depending on whether or not the liquid makes 
direct contact with the battery, it can be distinguished into two types: 

1. Direct-contact cooling: HTF has direct contact with the surface of battery. 
2. Indirect-contact cooling: Use of a jacket, cooling plate, or distinct piping, 

beside each battery cell. 

Insulating mineral oil with a high viscosity is served as the heat transfer medium 
in direct-contact cooling. To prevent electrical shorts, HTF for cell cooling would be 
dielectric, like mineral oils, silicon-based oils, or deionized water. 

The indirect system is relatively easier to develop and maintain. Compared to the 
dielectric fluids used in direct cooling, the cooling media in indirect cooling has 
low viscosity, resulting in a significantly higher flow rate. Indirect cooling is further 
divided into three types: 

• Jacket cooling 
• Tube cooling 
• Cold-plate cooling 

Due to the risk of electrical short, water is not directly used for cooling. Also, 
water has the potential to freeze in cold-temperature regions. Hence, a blend of water 
and ethylene glycol is commonly used as HTF in indirect-contact cooling. Further
more, liquid metal can be used as a battery coolant as it has a low T  and a goodmax
temperature uniformity compared to water (Jiaqiang et al., 2018; Yang et al., 2016). 

The channel counts, width, height, and coolant flowrate have a strong effect on the 
cooling capacity of this method. The flowrate and channel numbers are the primary 
elements and have a similar effect, while channel width and height are secondary. 
This technique is more efficacious than other cooling strategies since it has a com
pact structure and massive specific heat capacity. 

14.5.1.3 Heat-Pipe Cooling 
A heat pipe can operate on its own without being pumped by an external power 
source. It transmits a large amount of heat energy at high speeds over long distances 
using phase change heat transfer despite minimal temperature variations. Simply, 
it is a heat transfer device that contains a little quantity of fluid that vaporizes and 
produces heat. The three main parts of a heat pipe include: an evaporator portion, an 
adiabatic portion, and a condenser portion. 

Heating the evaporator portion leads to the vaporization of the working fluid, 
where it transmits the heat from the battery to the condenser portion. Then, the vapor 
fluid discharges heat through the condenser into the surroundings and condenses into 
a liquid form (Ling et al., 2018; Ye et al., 2015). The evaporator part is connected 
to a heating element that requires cooling. The fluid in the heat pipe vaporizes by 
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absorbing heat from the heating element, and then further it moves to the condenser 
part. Due to the external heat exchange, fluid gets condensed, which becomes liquid 
and goes back to the vaporizing part. Depending on the surging force, there are vari
ous methods to return the fluid to the evaporating section from the condenser section. 

14.5.1.4 Thermoelectric Cooling (TEC) 
A TEC can transform electrical energy into thermal energy to heat and cool a wide 
range of objects, utilizing the Peltier effect (D. Zhao & Tan, 2014). A TEC is mainly 
composed of alternating n- and p-type semiconductors sandwiched between two thin 
ceramic wafers. Simply, a portion of TEC is maintained in connection with the bat
tery, whereas the remaining portion is attached to the cooling channel. The heat pro
duced is transmitted to different portions of the TEC, if a direct current flows through 
the system, and thereby it cools the battery. The primary benefit of thermoelectric 
cooling is that it is able to heat the battery by simply inverting the flow of current. 

14.5.1.5 Phase Change Material (PCM) Cooling 
The ability of PCM to operate both as a passive and semi-passive system makes 
it an enticing alternative to traditional cooling systems. Researchers have become 
increasingly interested in PCM-based BTMS in recent years due to its better temper
ature-regulating ability, low energy requirement, and simple structure. 

A PCM is capable of storing thermal energy in both latent and sensible forms 
and then releasing it through the inverse action. As the temperature elevates, PCM 
absorbs and stores energy until it arrives at its melting point, and then the temperature 
falls under the melting point, thereby the PCM reverts back into the previous phase 
and releases the stored energy. Thermal management using PCM as an energy stor
age medium is discussed in detail in the following sections. 

14.6 APPLICATION OF LATENT HEAT 
STORAGE MATERIALS IN BTMS 

14.6.1 ThermaL energy STorage (TeS) 

Various TES technologies are introduced to improve thermal energy utilization effi
ciency, allowing excess thermal energy to be stored and used later at larger scales. TES 
applications employ a wide range of materials. The TES systems are mainly classified 
as three categories according to whether the material is cold or hot storage (Figure 14.3). 
Three basic approaches to store thermal energy can be distinguished. The following 
sections discuss the fundamental processes and their suitability for battery application. 

FIGURE 14.3 Classification of TES. 
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14.6.2 cLaSSiFicaTion and properTieS 

14.6.2.1 Sensible Heat Storage (SHS) 
Storing sensible heat inside a material increases the energy and causes a temperature 
gradient. An SHS system uses the temperature difference and thermal capacity of the 
material, during the charge-discharge process. 

The quantity of heat stored ( Q ) in a given condition of materials at a certain tem
perature change ( Tf – final temperature, Ti – initial temperature) can be calculated 
from the amount of storage material ( m ) and temperature-dependent specific heat 
capacity ( Cp ) using Equations 2 and 3 (Raam Dheep & Sreekumar, 2014): 

Tf 

Q = m p TC d (2) ò
 
Ti 

= mC (T  T ) (3) p f i 

The given relation can be applicable for temperature levels in which the entire mate
rial is in a homogeneous and defined gaseous, liquid, or solid phase. In addition, spe
cific offsets should be maintained towards the phase transition temperature regions. 
When approaching phase change temperatures, additional latent heat correlations 
must be considered. The thermal inertia caused by sensible heat storage can help mit
igate internal or external thermal peaks, depending on the battery mass (Furbo, 2015). 

14.6.2.2 Thermochemical Storage (TCS) 
Thermochemical systems use thermochemical materials that absorb and release heat 
via splitting and remaking molecular bonds through a totally reversible endothermic 
and exothermic process. Briefly, to store and retrieve heat, reversible reactions and 
sorption methods should be used. As shown in Equation 4, the thermochemical sub
stance AB, which is utilized to store thermochemical energy, dissociates into A and 
B via an endothermic reaction, whereas the reverse product is formed through an 
exothermic reaction: 

AB Q A B (4) + « + 

[ Q  – amount of heat required to dissociate A  and B ] 
An endothermic reaction occurs during charging, causing the substance to absorb 

heat and split into reactants. The resulting reaction products should be kept off-site. 
To regain the thermal energy stored, reactants are mixed at suitable conditions; an 
exothermic reaction occurs, and hence energy is released (Sarbu & Sebarchievici, 
2018). The amount of heat stored ( Q ) is estimated by the given Equation 5: 

Q a m hD (5) = r r 

[ a  – fraction melted, m  – amount of storage material (kg), Dh  – endothermicr r
heat reaction] (Sharma et al., 2009). TCS possess more energy density than any other 
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TES, while the reaction efficacy reduces gradually. Meanwhile, the complexity of 
handling, particularly separating/combining the liquid components, prevents it from 
being used in almost all battery applications. 

14.6.2.3 Latent Heat Storage (LHS) 
In the LHS system, thermal energy is stored in the latent heat of TES materials during 
a continuous process like phase transformation. Latent heat is the heat that a material 
stores when it goes through a phase transition. Due to its isothermal storage mechanism, 
the PCM-based LHS system provides an efficient method for storing thermal energy. 

The amount of energy stored in a LHS substrate can be calculated as follows in 
Equations 6 and 7: 

T T 
m f 

Q = mC dT ma  Dh + mC dT + (6) p m m pò ò
 
T Ti m 

Q m  C  sp (Tm Ti ) + am D m + Clp (Tf Tm )= é
ë h ù

û (7) 

[ Ti  – initial temperature (°C), T  – melting temperature (°C), m  – mass of heatm
storage medium (kg), Cp  – specific heat (kJ/kg K), am  – melted fraction, hm  – heat 
of fusion per unit mass (kJ/kg), Tf  – final temperature (°C), C – average specific sp 
heat between Ti  and T  (kJ/kg K), Clp  – average specific heat between T  and Tfm m
(kJ/kg K)] 

Phase changes comprise processes that result in a change in the aggregation state: 
crystallization and melting, evaporation and condensation, as well as processes that 
occur in the liquid or solid phase. Depending on the properties within the chosen 
material, it can store a substantial quantity of heat or cold. The phase change occurs 
from solid to liquid with only a slight volume change. All of this causes the stored 
material to melt and solidify at a fixed temperature, which is termed as the phase 
change temperature. When the melting process is complete, additional heat transfer 
causes sensible heat to be stored again. At the melting point, the temperature remains 
nearly constant until the phase transition of the entire mass has completed. The pri
mary benefit of using LHS over SHS is its ability to store heat at nearly constant 
temperatures. At first, this material functions as SHS material, where the tempera
ture increases proportionally with the energy of the system; but even if, there upon 
a change in phase, heat is absorbed or released under nearly isothermal conditions. 

Hence, a group of materials known as PCMs has emerged as the best suitable for 
storing latent heat for various applications. Their characteristics, as well as the bene
fits of LHS, made them intriguing options for battery applications. 

14.6.3 phaSe change maTeriaLS 

14.6.3.1 Generalities About PCM 
PCM is extensively utilized in thermal management applications due to its unique 
properties (Farid et al., 2004). According to the phase changing abilities by absorption 
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and desorption of heat, LHS materials are categorized as solid-solid, solid-liquid, or 
liquid-gas. 

Latent heat thermal energy storage (LHTES) using PCMs is an effective method 
for achieving passive thermal management and ensuring the Tbattery  remains within 
the specified limit. When the solid PCM reaches its melting point, it melts and stores 
energy. Similarly, if the liquid material cools below its melting point, it solidifies and 
releases energy. 

14.6.3.2 Classification of Phase Change Material 
There are numerous classification standards for PCMs. Figure  14.4 depicts an 
explicit classification. On the basis of phase transformation, PCMs are divided into 
liquid-gas, solid-liquid, and solid-solid. Among them, solid-liquid PCMs have the 
characteristics of minor change in volume during phase change and large latent 
heat capacity. As solid-liquid PCMs can be generalized and classified as organic 
PCMs, inorganic PCMs, and eutectic PCMs. The phase transition temperature and 
specific latent heat storage capacity are the key characteristics of PCMs for technical 
applications. 

The desired operating temperature range is predefined in most technical applica
tions, particularly battery thermal management. Thereupon, the melting point should 
be the first preference for choosing a PCM, which must be within the application’s 
limit. A wide temperature range can be covered due to the variety of PCM. The range 
of storage density for the material is as broad as the range of melting temperatures. 
Generally, the material would have large specific latent energy density to be selected 
for battery applications. Moreover, there are extensive features unique to these types 
of materials that affect their suitability for use. 

FIGURE 14.4 Classification of PCMs. 
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14.6.3.2.1 Organic PCMs 
An organic compound is distinguished with carbon atoms in its composition. Organic 
materials have the potential to undergo concurrent melting with no phase separation about 
a multitude of cycles while degrading the latent heat of fusion and are neither affected 
by supercooling. These substances are accessible with a variety of melting points. 

Organic PCMs have been the primary raw material source for PCMs due to their 
stable phase change temperature, less corrosive nature, non-toxicity, superior chem
ical endurance, lack of supercooling (self-nucleation), and subsequent degradation 
of latent heat of fusion. Apart from the numerous advantages listed, the major dis
advantages are low thermal conductivity, a supercooling effect, and PCM spilling in 
chambers. Organic PCMs can also be subdivided into paraffins and non-paraffins. 

14.6.3.2.1.1 Paraffins 
Paraffins are straight-chain n-alkanes having the general formula CnH2n+2. The blend
ing of (CH3)-chain dissipates a substantial fraction of latent heat. Paraffin chains can 
be even (n-paraffin) or odd (iso-paraffin) depending on the length of carbon chain 
(Abhat, 1983). 

The melting point ( T ) range of paraffins are between 5.5–76°C, where the Tm m 
and heat of fusion are linearly proportional to the carbon chain length. The increased 
melting temperature is due to the increased attraction between n-alkane chains 
(Sarier & Onder, 2012). Because kinds of paraffin are synthesized by the oil refin
eries, their cost varies with the crude oil prices. So, due to cost constraints, techni
cal-grade paraffin is the only type that can be employed as PCMs in LHS systems. 
Meanwhile, paraffins are non-corrosive, reliable, non-toxic, and easy to recycle, 
making them convenient for a variety of LHS applications (Lane, 1983). 

They are stable and chemically inert below 500°C and exhibit minimal volume 
change when melted. Hence, a system using paraffin typically has a longer freeze-
melt cycle for these properties. In addition to a number of advantageous properties 
such as congruent melting and good nucleating properties, they have some flaws 
such as: 

1. Moderately flammable 
2. Low thermal conductivity 
3. Noncompatible for plastic chambers 

All of these drawbacks are being limited to some extent by altering the storage 
system and the wax. 

14.6.3.2.1.2 Non-Paraffins 
Non-paraffin PCMs are the largest category available among PCMs with diverse 
characteristics, unlike paraffins, that have extremely comparable features. It is the 
most extensive group of phase change storage candidates. These organic materials 
have the following characteristics: 

1. Unstable at high temperatures 
2. Variable toxic effects 
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3. Low flashpoints 
4. High latent heat of fusion 
5. Inflammable 
6. Low thermal conductivity 

This category includes fatty acids, esters, alcohols, and glycols. 

14.6.3.2.1.3 Fatty Acids 
Fatty acids are primarily obtained from vegetables and animals, enabling a non-polluting 
supply. These are classified as follows: stearic, caprylic, lauric, capric, myristic, and 
palmitic (Sarier & Onder, 2012). When compared to paraffins, these substances have 
exceptional phase transition features and also freeze without supercooling. Their primary 
disadvantage is the price, which is approximately three times more expensive than that of 
technical-grade paraffin. Fatty acids possess excellent characteristics such as good ther
mal and chemical stabilities, non-toxicity, biodegradability, and a range of melting points 
that is suitable for a wide range LHS applications. It can withstand about thousands of 
thermal cycles with no deterioration in the thermal properties (Feldman et al., 1991). 

14.6.3.2.1.4 Esters 
Esters are formed by replacing one hydroxyl group with one alkyl group in an acid. 
Fatty acid esters exhibit a small solid-liquid transition range. Therefore, they can 
generate eutectics with little subcooling (Nkwetta & Haghighat, 2014). Such materi
als are widely available in huge amounts for commercial use. 

14.6.3.2.1.5 Sugar Alcohol 
They are commonly called polyalcohols with a moderate melting range (90–200°C). 
Prior research has shown that alcohols such as mannitol, erythritol, and xylitol have 
significantly better latent heat potential than remaining compounds in the group. 
Among sugar alcohols, erythritol has proven to be an excellent thermal energy storage 
material. PCMs at low temperatures, sugar alcohol displayed a significantly high rate 
of supercooling, which should impair thermal energy storage efficiency. During melt
ing, these materials experience a 10–15% increase in volume (Kaizawa et al., 2008). 

14.6.3.2.1.6 Polyethylene Glycols 
Polyethylene glycols (PEGs), consists of dimethyl ether chains. Since they have 
a terminal hydroxyl group, they are soluble in both organic substances and water. 
They are available in various grades, and they have some advantages such as being 
thermally and chemically stable, less corrosive, non-flammable, safe, and affordable 
(Meng & Hu, 2008). With the increasing molecular weight of the PEGs, the T  andm
latent heat of fusion are also enhanced. PEGs also possess low heat conduction, as 
like other PCMs. There have been extensive numerical and experimental researches 
performed to improve this property. 

14.6.3.2.2 Inorganic PCMs 
Metals, salts, and salt hydrates are the common inorganic substrates used for latent 
heat storage applications, as they can store a significant amount of energy due to their 
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higher phase change enthalpy. However, at elevated temperatures a phase change 
takes place, particularly for salts and metals, preventing a wide range of technical 
applications. Salts are commonly used for commercial uses, but there are not known 
battery applications (Mathur et al., 2014). Salt hydrates and metallics are the main 
two categories. 

14.6.3.2.2.1 Salt Hydrate 
They are blends of water and inorganic salts that produce crystalline solids having 
the formula A.nH2O (A – salt, n – number of molecules, H2O – water molecule) (Su 
et al., 2015). Salt hydrates, which are formed by anhydrous salt at room temperature, 
possess a phase change enthalpy that varies with bond strength between the salt and 
the water molecules. The major limiting factor restricting their application in LHTES 
systems are supercooling during crystallization, corrosion, and phase segregation. 

The transition of salt hydrates from solid to liquid is a deterioration of the salt. 
The hydrate crystals disintegrate at its melting temperature into anhydrous salt and 
water or lower hydrate and water. There are distinct behaviors shown by molten salts 
such as congruent, semi-congruent, and incongruent melting. At the phase transition 
temperature: 

•	 The salt is fully soluble in its water of hydration, referred to as congruent 
melting. 

•	 When the salt is fully insoluble in its water of hydration, incongruent melt
ing occurs. 

•	 Semi‑congruent melting occurs when the solid and liquid phases are in equi
librium. 

Some of the intriguing characteristics of salt hydrates are as follows: 

1.	 Minimal volume variations during melting 
2. Relatively high thermal conductivity 
3. High latent heat of fusion per unit volume 
4. Low corrosiveness 
5. Compatible with plastic and less toxic 

14.6.3.2.2.2 Metallic 
This category includes metals and their alloys, having low melting temperature, high 
heat of fusion per unit volume, superior thermal conductivity over other PCMs, and 
minimal volume change during phase transition. However, these are rarely consid
ered for latent heat storage applications because of its relatively low heat of fusion 
per unit weight (Ge et al., 2013). Some of the characteristics of these materials are as 
follows (Su et al., 2015): 

1.	 Low specific heat 
2. High heat of fusion per unit volume 
3. Relatively low vapor pressure 
4. Low specific heat of fusion 



290 Thermal Energy 

  
  

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

5. High thermal conductivity 
6. Small volume change during phase transition 

Hence, when a specific metal is employed as a PCM, the heat transfer ability is 
considerably enhanced when compared to traditional PCMs. 

14.6.3.2.3 Eutectic PCMs 
Eutectic mixtures are made by two or more low melting materials, such as organic, 
inorganic, or both inorganic and organic compounds, with almost similar freezing 
and melting points. They are crystal mixtures of multiple soluble components that 
exhibit simultaneous melting and solidification, and their freezing and melting points 
are usually lower than those of individual components. 

In contrast to other PCMs, eutectics usually melt and freeze without segmentation. 
When compared to other PCMs, eutectic PCMs possess high thermal conductivity 
and density (Sharma et al., 2009). Variations in the T  of the resulting eutectic mix-m
ture could be achieved by changing the mass of the individual substrate. Due to the 
abundance of prevailing organic compounds and inorganic salts, the eutectic types 
are expanding with different combinations. 

14.6.3.3 Selection Criteria of PCM for Thermal Management 
The efficiency of thermal management is significantly dependent on proper PCM. 
The following are the primary criteria for selecting a PCM for BTMS: 

• Melting point in the desired operating temperature 
• High specific heat 
• Minor volume change in phase transition 
• No supercooling 
• Long-term chemical endurance 
• Non-poisonous 
• High latent heat 
• Non-corrosive 
• Non-flammable and non-explosive 
• Easily available 
• High thermal conductivity 
• Compatibility with materials of construction 

14.7 PCM-BASED THERMAL MANAGEMENT 

Battery thermal management using PCM, first demonstrated and patented by Al 
Hallaj and Selman, outperformed the conventional systems (al Hallaj  & Selman, 
2000). This study analyzed a thermal management system for EV batteries. In order 
to evaluate the temperature profile for a 100 Ah battery cell, they performed a numer
ical simulation. They experimentally investigated a battery pack with paraffin wax 
( T –56°C) between eight cylindrical cells. Hence, they tested thermal performance at m 



  

  

 

 

  

291 Thermal Management of Batteries 

a 1C discharge rate from the experimental prototype developed, observing a decrease 
in T .max 

The required mass of PCM for the battery thermal management is calculated as 
follows in Equation 8 (Shen et al., 2021): 

Q
M = dis (8) PCM C T(  T ) + Hp m i 

[ Qdis  (J) – heat released by the battery, MPCM  (kg) – quantity of PCM, Cp  (J kg−1 

K−1) – specific heat of PCMs, T  (°C) – melting point, Ti  (°C) – initial temperaturem
of PCMs, H  (J kg −1) – latent heat of PCM] 

PCM absorbs heat from the battery through the phase change by latent heat of the 
material, and inhibits the Tbattery  from rising too quickly. It can not only minimize 
the temperature gradient between moieties but also store energy in cold environ
ments and transfer energy into batteries to attain thermal insulation and increase 
battery performance in cold environments. 

Conversely, some researches are concentrated on the thermal or mechanical prop
erties of PCM. Rao et al. (2011) studied the impact of phase transition temperature 
range and discovered that a lower T  of PCM might be advantageous for cooling m
performance. 

Duan and Naterer (2010) performed an investigation experimentally on the usage 
of PCM for thermal control of an Li-ion battery in 2010. Two different PCM designs 
are being investigated: one consists of a heater surrounded by PCM cylinders, while 
the other consists of a heater wrapped by PCM jackets. The experimental results 
show that two models are capable of keeping the Tbattery  within the defined limits. 

Ramandi et al. (2011) examined the exergy analysis using four various PCMS hav
ing a melting point ranging from 30–40°C: capric acid, Na2(SO4)10H2O, eicosane, 
and Zn(NO3)26H2O. BTMS using a single layer of capric acid had a maximum 
exergy efficiency of 46%, while in double-layer PCM, a blend of capric acid and 
Zn(NO3)26H2O has been observed as more effective. According to the results, the 
double-layer configuration has higher efficiency than the single-layer configuration. 
PCM-based BTMS is significantly influenced by the geometric characteristics. 

The effect of PCM plate thickness on LiFePO4 battery performance is investigated 
by Malik et al. (2017). They observed that Tbattery  is lowered by increasing PCM 
thickness at low discharge rates, while no substantial progress is noticed by increas
ing PCM plate thickness at high discharge rates. Javani et al. (2014) also analyzed 
the influence of PCM layer thickness on the heat transfer performance of the battery. 
With increased thickness, temperature uniformity was attained; however, there was 
no noticeable drop in T .max 

The uncertain phase transition thermal energy transfer of an Li-ion battery employed 
in solar automobiles with volumetric heat production is numerically studied by Mor
aga et  al. (2016). They examined a thermal control system incorporating several 
PCMs with varying thickness in one or three layers wrapping the battery. Three suc
cessive layers of PCM reduced the temperature more effectively than a single-layer 
PCM. They also found that for better performance, the PCM having low thermal 
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conductivity must be inserted into the exterior wall, and the PCM possessing high 
thermal conductivity should be organized close to the battery. 

When compared to conventional systems, PCM can attain lower T  and goodmax
temperature uniformity (Wu, Wu, et al., 2017). 

14.8 PERFORMANCE ENHANCEMENT OF PCM-BASED BTMS 

PCMs, which integrate into the battery, absorb heat and control battery temperature 
during charge and discharge cycles. Reduced heat transfer rate on account of low 
thermal conductivity and limited thermal storage capacity of PCMs are the most 
significant drawbacks of the PCM-based BTMS (Al-Zareer et  al., 2019; Li et  al., 
2021). PCMs with a lower Q  would not absorb the battery heat rapidly, since a sig
nificant fraction of PCM stayed as unmelted, resulting in the elevated rate of Tbattery 
(Barnes & Li, 2020). 

Several techniques were proposed to elevate the performance of PCM-based 
BTMS. These are categorized as follows: 

•	 Increasing heat transfer rate 
For enhancing Q, two commonly adopted strategies are extending the heat 
transfer area Ah and increasing thermal conductivity lPCM , which allows bat
tery heat to be dispersed gradually, hence preventing the accumulation of heat 
in batteries. 

•	 Retrieving thermal storage capacity of PCM 
For recovering HPCM, coupling with other cooling methods removes the heat 
contained in PCMs. 

•	 Reduction of PCM cooling load 
Hybridization of cooling techniques with PCM is developed to reduce the 
PCM cooling load. Here, the PCM absorbs only a fraction of heat from the 
battery, and the rest is dispersed by other cooling techniques. 

14.8.1 improving heaT TranSFer raTe 

A generic equation for estimating the heat transfer rate, Q , between PCMs and bat
teries should be stated as follows in Equation 9: 

Q kA T  = (  T )	 (9) h battery pcm 

[ k – heat transfer coefficient, Ah  – heat transfer area, and TPCM  – melting point 
of PCM] 

Hence, Tbattery  is affected by three key parameters: k , Ah , and TPCM , in accord
ance with Equation  9. Since the intended working temperature of batteries is 
15–35°C and other thermophysical characteristics of PCM need to be taken into 
account concurrently, choosing a PCM with low T  to increase Q  is practicallym
impossible. 

Therefore, two ways to improve the heat transfer rate are increasing thermal con
ductivity and broadening the heat transfer area of PCM. 
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14.8.1.1 Enhancing PCM Thermal Conductivity 
As PCMs have low thermal conductivity, the rate at which heat may be transferred 
to the materials is also limited. Fillers having high heat conduction ability, such as 
porous materials and nanomaterials, are added to increase the thermal conductiv
ity. After comparing various methods and numerous experiments to increase this 
property, carbon-based additive particles outperform metal-based additives (Singh 
et al., 2019). 

The PCM might fully melt in summer weather or by multiple charge-discharge 
cycles, while the poor heat conduction will become a barrier for transmission of ther
mal energy. According to the studies on PCM cooling BTMS, the primary concern is 
its poor thermal conductivity (Farid et al., 2004). Herein are presented some works 
based on strategies for enhancing PCM thermal conductivity. 

14.8.1.1.1 Adding Porous Materials 
The composite PCMs are prepared to enhance the ability of pure PCM to conduct 
heat, as well as a metal foam combination has gained the most attention. The porous 
material must have high porosity, low heat transfer resistance, and high thermal con
ductivity to be used as fillers. Aluminium foam, nickel foam, and copper foam are 
usually mixed with the PCM. 

Hussain et al. (2016) performed a study by designing an effective thermal control 
system for a lithium-ion battery with a nickel foam-paraffin wax composite PCM. 
Compared to the cooling by pure PCM and natural air, a drop in the battery surface 
temperature ( Tsurface )  of 31% and 24% is obtained with the composite PCM under 
a 2C discharge rate. With nickel foam, the heat transfer rate of PCM was raised by 
a factor of 4.8. 

This study reveals the impacts of the geometrical properties of the foam on the 
Tsurface  of the battery. The battery Tsurface  diminishes with the porosity of metal foam 
and pore density. The discharging efficiency, in contrast, expands with porosity but 
lowers with pore density. Moreover, nickel foam provides an economic benefit since 
it costs less than most other metal foams. The schematics pack surrounded by CPCM 
is shown in Figure 14.5. 

FIGURE 14.5 Battery pack wrapped by nickel foam-paraffin composite. 

Source: Reproduced from (Hussain et al., 2016). 
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X. Wang et al. (2018) developed a passive technique by utilizing copper foam-par
affin composite PCM, where the PCM has the indirect interaction with the cell. In 
this work, they numerically and experimentally investigated the temperature gradient 
with composite PCM and air cooling techniques. Here, the Tbattery  is managed within 
the intended range even at a high discharge rate. 

14.8.1.1.2 Nanomaterial Additives 
Nano-enhanced PCMs are produced via uniform diffusion of nanomaterial fillers in 
the PCM. To ensure the stability of composite PCM, nanomaterial additives must 
possess high chemical endurance and high thermal conductivity. Metal nanoparticles 
and carbon nanomaterials are commonly used as fillers. 

The heat transfer characteristics of a battery-like prototype are investigated by 
Karimi et al. (2016) using three different metal nanoparticles: Cu, Ag, and Fe2O3. 
The findings demonstrated that the improvement in heat transfer potential of the sys
tem differed with nanoparticle, in which the composites containing Ag nanoparticles 
have the highest potential. 

Lin et al. (2015) studied the BTMS with an EG matrix/PCM cooling system exper
imentally and numerically. An expanded graphite matrix mended with PCM has been 
utilized to maximize the heat conduction and temperature uniformity. The T  ismax
lowered by 32% and 37% at 1C and 2C discharge rates while maintaining the DTmax 
under 5°C. Hence, the studied composite PCM is suitable for EV/BEV vehicles with 
high-capacity rectangular batteries. 

PCM blended with carbon-based materials have shown superior physical, chem
ical, thermal, and electrical properties. Samimi et al. (2016) proposed carbon fiber 
PCM composites for an Li-ion battery cell. Carbon fiber-enhanced PCM boosts the 
heat transfer ability of the paraffin mixture significantly. This study shows that CPCM 
having a higher percentage of carbon fibers exhibit excellent temperature uniformity. 
Therefore, this composite PCM is viable for using in BTMS. Several other numerical 
and experimental studies have been conducted in nanomaterial addition (Ghadbeigi 
et al., 2018; X. Zhang et al., 2018). 

14.8.1.2 Expanding Heat Transfer Area ( Ah ) 
14.8.1.2.1 Adding Fins 
The incorporation of fins to the PCM cooling system raises the transmission of ther
mal energy. Copper and aluminium are widely used as fin materials, because of their 
higher thermal conductivity and specific heat capacity relative to other materials. 

A novel PCM-fin structure BTMS proposed by Ping et al. (2018) determines the 
heat dissipation effect and the thermal response of a prismatic LiFePO4 battery mod
ule during the discharging process. Three different paraffin waxes having close phys
ical properties were used as PCMs: n-pentacosane, n-tetracosane, and n-docosane. 
Longitudinal aluminum fins are mounted between batteries, as demonstrated in Fig
ure 14.6. The study found that BTMSs with fin structure could keep the T  ofmax
the battery surface below 51°C, even at a 3C discharge rate. Moreover, apart from 
heat conduction, it also improves natural convection. In this work, the effects of 
PCM thickness, fin thickness, and fin spacing are numerically analyzed. Reducing 
fin thickness could decrease the T  and DT  of the battery module by raisingmax max
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(a) (b) 

FIGURE 14.6 Schematic diagram of closely placed PCM fin structure and prismatic cells: 
(a) side view, (b) top view. 

Source: Reproduced from (Ping et al., 2018). 

the heat exchange area with the PCM. Also, close arrangement of the fins would 
contribute to a negative impact on lowering PCM volume. Increasing PCM thickness 
can improve thermal performance without exceeding the critical value. 

Z. Wang et al. (2017) investigated BTMSs with PCM-fin structures using bench 
testing and simulation. Both the finned and pure PCM casings are subjected to a 
heat transfer analysis. The results show that when 8-fin was incorporated, the heat 
transfer area increased by 170%. Also, Tbattery  can be maintained under 50°C at a 5C 
discharge rate when contrasted to pure PCM-based BTMS. 

Although the potency and the dominance of thermal management with PCM-fin 
structures have been demonstrated, researches on extending the heat transfer area are 
far limited in comparison to maximizing the thermal conductivity of PCM. 

14.8.2 reTrieving ThermaL STorage capaciTy ( HPCM ) 

During the charging and discharging process, PCM absorbs battery heat. There
upon, liquid fraction increases by absorbing heat. As the phase change occurs in 
an isothermal condition, Tbattery is precisely controlled prior to the PCM melting 
entirely. Owing to the restricted HPCM , PCMs, however, will undoubtedly undergo 
a complete meltdown with continuous discharge. Tbattery  will drastically increase 
once fully melted, exceeding the maximum value and triggering thermal runaway. 
Coupling with other cooling methods such as forced liquid cooling, air cooling, 
thermoelectric cooling, and HP cooling that remove heat from the battery is one of 
the popular methods for recovering HPCM . Here, the cooling methods are used to 
remove the heat occupied in the PCM. 

As demonstrated in Figure 14.7a, the air is forcefully passed through the PCM 
casing, thereby dissipating PCM-absorbed heat. Since air convection has a low heat 
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 FIGURE 14.7 PCM coupled with (a) forced air, (b) forced liquid, (c) HP, and (d) TEC 
cooling. 

Source: Reproduced from (Shen et al., 2021). 

transfer coefficient, PCM coupled with liquid cooling has been proposed, as depicted 
in Figure 14.7b. As illustrated in Figure 14.7c, heat pipes, having a higher heat transfer 
coefficient and a low temperature gradient, have been chosen to expedite heat absorp
tion from the phase change material. The evaporator part is encased within PCMs, 
while the condenser part is opened to the surrounding. Furthermore, to dissipate heat 
in the PCMS, Peltier effect-based thermoelectric coolers (TECs) have been utilized, 
as shown in Figure 14.7d. PCMs came in contact with the colder side of TECs. The 
current flowing through TECs primarily controls the cold side temperature. 

14.8.2.1 Coupled BTMS with PCM and Forced Air Cooling 
R. D. Jilte et  al. (2019) recreated a battery system to investigate the temperature 
controlling potency of the coupled system with active air cooling and PCM. Here, 
the conventional battery system, where the basic units upon the whole battery are 
placed in one PCM, is altered to stimulate passive and active cooling for every bat
tery cell. Each module contains six cells packed in a 1S6P pattern, where the cells 
are encased in a 4 mm cylindrical space loaded with lauric acid (melting point –43.5 
°C to –48.2°C) PCM, as illustrated in Figure 14.8. It demonstrates that PCM usage 
in battery aids in maintaining the uniform temperature under 0.05°C for the entire 
battery working at a 2C discharge rate. The maximum increase in cell temperature 
with the suggested cooling design for individual cells are below 5°C, even at high 
ambient temperatures. 

The study performed by Ling et al. (2015) deduced that, in a PCM-based conven
tional system, after two cycles of the 5S4P pack with 1C charge rate and 1.5C/2C 
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FIGURE 14.8 BTMS with enhanced PCM cooling system and natural ventilation. 

Source: Reproduced from (R. D. Jilte et al., 2019). 

discharge rate at a room temperature of 25°C, the T  surpassed the safety limit ofmax
60°C. Forced air convection is used to evacuate the occupied heat from the PCM, as 
illustrated in Figure 14.9. This hybrid system succeeded in keeping the T  undermax
50°C in cycles at less than 2C, with a 7°C rise in Tambient . The investigation on air
speed effect demonstrates that the T  and DT  in the battery are independentmax max
of airspeed, whether the PCMs possess sufficient thermal energy storage potential. 
Therefore, the roles handled by PCMs and forced air convection seem to be distinct. 
PCMs regulate the T  and DT , whereas forced air convection cools the PCMs max max 
between two discharges, assisting in the recovery of PCM latent heat. 

The experiment agrees reasonably well with the numerical model, having a mean 
temperature gradient below 2.3°C. The numerical results clearly show that the frac
tion of PCMs that have melted at the completion of each cycle rises in the purely 
passive BTMS, whereas in the hybrid system, it remains zero, through which heat 
deposition in PCMs can be explained. 

A novel hybrid structure proposed by Bamdezh and Molaeimanesh (2020) com
prising an air cooling system and PCM wrapped around 18650 lithium cells studied 
the geometry of coupled PCM and forced air cooling. These authors investigated 
the impacts of major structural factors on performance with the simulation of two 
arrangements of cells, three different distances between adjacent cells, and three dif
ferent PCM thicknesses. The results showed that the geometrical factors significantly 
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 FIGURE 14.9 (a) 5S4P battery pack diagram; (b) air channel structure. 

Source: Reproduced from (Ling et al., 2015). 

impacted the system efficiency. With increasing PCM thickness, Tbattery  decreased 
while the maximum temperature difference increased. 

14.8.2.2 Coupled BTMS with PCM and Liquid Cooling 
R. Jilte et al. (2021) proposed and analyzed a novel design for coupling liquid pas
sages to a PCM chamber in a battery system with liquid passages enveloped on the 
exterior of the PCM casing. Heat can be dissipated from the PCM chamber to both 
a convecting air and circulation medium using the channelling method. Moreover, 
the design enables the cooling system to operate without the circulation of liquid 
media when the Tambient  is low. Even at an incredibly high atmospheric temperature 
of 40°C, the coupling of liquid passages to phase change chambers did result in a 
Tbattery  under 41.2°C. 

14.8.2.3 Coupled BTMS with PCM and Heat Pipe Cooling 
An HP-assisted PCM-based BTMS for EVs and HEVs was designed by Wu, Yang, 
et al. (2017). Experiments show that heat pipes can influence the temperature dis
tribution of a battery module when activated at high discharge rates of the batteries. 
The schematic diagram is shown in Figure 14.10. With active convection of air ele
vating the heat dispersion of the condenser portion, the temperature rise has been 
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FIGURE 14.10 Schematic diagram of battery pack and sub-modules. 

Source: Reproduced from (Wu, Yang, et al., 2017). 

maintained under 50°C even at a high discharge rate of 5C. Hence it results in an 
extra stable and minimized temperature gradient during the cycling process. How
ever, elevating the air velocity has minimal effectiveness when it reaches a crucial 
point during the PCM phase change process. 

14.8.2.4 Coupled BTMS with PCM and Thermoelectric Cooling 
Song et al. (2018) analyzed the functioning of PCM and semiconductor thermoe
lectric cooling (TEC) device-coupled BTM systems. The effect of various factors, 
particularly cooling and heating power, thermal management temperature range, and 
TEC device arrangement, was numerically investigated. The exterior portion of the 
aluminium casing that enclosed the PCMs was equipped with TECs. As illustrated in 
Figure 14.11a, four TEC configurations were analyzed. 

Semiconductor thermoelectric devices are distributed uniformly beneath the 
battery module in case 1. It is mounted on the two opposing faces of the battery 
module in cases 2 and 3. Likewise, it is arranged along each of the four flanks of 
the pack in case 4. In the context of DT , case 2 was the highest and case 3 was max 
the lowest. 

14.8.3 reducTion oF pcm cooLing Load 

In this method, PCMs absorb only a fraction of the heat generated, with the remain
der being removed by other cooling strategies including forced air cooling, liquid 
cooling, and HP cooling. 

Here, cooling strategies are employed in order to eliminate the heat directly from 
the batteries or concurrently from the batteries and the PCMs (Molaeimanesh et al., 
2020). Because of the decreasing thermal resistance among the batteries and the 
ambient, the heat emission rate for this method is greater than that of retrieving 
HPCM . 
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(b) 

FIGURE 14.11 (a) Layout of semiconductor thermoelectric devices; (b) battery pack with 
PCMs and TEC. 

Source: Reproduced from (Song et al., 2018). 

14.8.3.1 Hybrid BTMS with PCM and Forced Air Cooling 
Lv et al. (2020) proposed a hybridized configuration in which the serpentine CPCM 
(S-CPCM) plates replaced the common block-shaped CPCM (B-CPCM) mod
ule. This novel structure effectively minimizes the mass of the CPCM module by 
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FIGURE 14.12 Serpentine composite PCM modules. 

Source: Reproduced from (Lv et al., 2020). 

approximately 70%, enhancing the energy density of the battery pack from 107.7 to 
121.6 Wh kg−1. Under forced air convection, the S-CPCM module outperforms the 
traditional bulky CPCM module in terms of heat dissipation, as the S-CPCM plate 
with good stability provides multiple air convection channels and a larger surface 
area for heat transfer. A schematic diagram is shown in Figure 14.12. 

14.8.3.2 Hybrid BTMS with PCM and Liquid Cooling 
Cao et al. (2020) developed a hybridized thermal control system having a combina
tion of liquid cooling and PCMs for lithium-ion cylindrical cells. A cooling plate was 
kept at the middle portion of batteries with three liquid channels through by water 
that goes into a PCM matrix. A  combination of expanded graphite and RT44HC 
composites is used here. A schematic representation is illustrated in Figure 14.13. 
Due to the contact with PCMs, HPCM was recovered simultaneously by liquid via 
absorbing the stored heat in the PCMs. The reduction of maximum temperature and 
planar DTbattery  was restricted, whereas the axial DTbattery  increased substantially. 
Hence, a low flowrate was favorable. Therefore, a managing approach was proposed 
that would limit the liquid temperature under 40°C and relatively closer to room 
temperature as possible. 

14.8.3.3 Hybrid BTMS with PCM and HP Cooling 
Putra et al. (2020) proposed and tested the performance of hybridized HP and PCM 
cooling with battery simulators. The integrated PCM and finned L-shaped HP test cell 
consists of a PCM container, two finned L-shaped HPs, two heater-equipped battery 
simulators, and a stainless-steel conductor. Each battery simulator was equipped with 
a heater to resemble the heat produced by an actual Li-ion battery. Consequently, a 
voltage regulator could be used to manage the heat load. 



302 Thermal Energy 

 

 

 

 

 

(a) (b) 

FIGURE 14.13 (a) battery pack; (b) model diagram of the cold plate. 

Source: Adapted from (Cao et al., 2020). 

For this study, two battery simulators and cables with heating elements are inte
grated into an air duct. The heat gets transferred to the battery simulator from the 
heater, raising its temperature. Between the battery simulators, the HPs are placed. 
The PCM and HP were used here to control the battery simulator temperature. The 
experimental outcomes demonstrate that the HP can lower Tbattery for various heat 
energies, relative to a battery with no passive cooling mechanism. 

In this study, two PCMs were considered: RT44HC, where the T  is around them
defined temperature of the battery, and beeswax, where the T surpassed the specim 
fied temperature of the battery. Two parts of a heat pipe are an evaporator and a con
denser part. In the evaporator, the fluid is in the liquid form, while it is in the vapor 
phase in the condenser portion, as shown in Figure 14.14. In comparison to the HP 
system, the PCM-HP system can minimize the Tsurface  by 31.9°C or 33.2°C. 

14.9 CONCLUSION 

BTMS has a critical role in removing thermal impacts from batteries, which improves 
the temperature uniformity, reduces the T , and extends the lifespan, safety, and max 
performance of the battery pack. Effective BTMS is crucial to improve the safety and 
efficiency of batteries through cooling and heating. A battery with low-temperature 
effects can be thermally managed quite easily. However, strategies used for battery 
cooling can be more complicated than heating methods. Battery cooling systems 
were designed to actively or passively remove heat generated by batteries using var
ious heat transfer principles. The main benefits of cooling techniques were demon
strated to be heat dissipation, uniform heat distribution through the battery pack, and 
protection from overheating. Thermal management methods can be active or passive, 
as well as categorized according to the medium: air, liquid, heat pipe, PCM, and 
thermoelectric cooler. 

PCM-based BTMS is considered as the latest novel cooling technology. In a 
phase change process, the PCM cooling systems could absorb a substantial fraction 
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FIGURE 14.14 A diagrammatic representation showing the combined PCM and heat pipe 
system (Putra et al., 2020). 

of heat at the constant temperature while consuming little or no energy. With the 
growing trend of rapid charging and discharging and large capacity, the performance 
improvement of PCM cooling technology is crucial. The efficiency of PCM cooling 
is significantly affected by the phase transition point, mass, thermal conductivity, and 
thickness of PCM. In addition, temperature effects, type of batteries, heat generation 
sources, and thermal parameters should be considered and optimized to achieve bet
ter cooling performance. 

Currently, BTMS research is focusing on improving cooling efficiency by extend
ing heat transfer area, enhancing thermal conductivity, and recovering the heat storage 
capacity of PCMs. Several researches have been conducted to increase the thermal 
conductivity of PCMs by adding metal meshes, porous media, and nanomaterials to 
the pure PCM. As a common strategy for extending the heat transfer area, inserting 
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fins can promote heat transmission inside the PCM and reduces heat occupation at 
the bottom of the battery. Cooling methods such as forced air, liquid, heat pipe, and 
thermoelectric coupled with PCM are commonly used to recover the storage capacity 
of PCM. Hybrid cooling methods are used to reduce the cooling load of PCMs, while 
researches on hybrid systems are far more restricted as compared to coupling systems. 
PCM with air, liquid, and HP are commonly studied in the recent work on hybrid 
PCM-based BTMS. Hybridizing with other cooling techniques can be considered 
in the future. Furthermore, paraffin wax is the extensively used PCM, due to its ease 
of availability and low cost. Although composite PCMs are widely used to enhance 
thermal management performance, many problems, such as design of hybridized sys
tems, additive filling strategy, large-scale studies, and more still need to be fulfilled 
before commercialization. Even so, significant hurdles persist with this technology, 
such as low structural strength and leakage of melted PCM, minimal surface heat 
transfer coefficient, low thermal conductivity, and exhaustion of potential latent heat. 
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